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ABSTRACT

The Australian marbled gecko, Christinus marmoratus has the ability to voluntarily shed its
tail (autotomy) and subsequently regenerate the lost tail. The lymphatic vessels of the gecko
tail are severed during autotomy and yet the regenerated tail is not lymphoedematous,
indicating that the mechanisms for interstitial fluid drainage are maintained, presumably by
the growth of new lymphatic vessels (lymphangiogenesis). In contrast, disruption to the
lymphatic system in humans can readily result in lymphoedema due to inadequate lymphatic
regenerative capacity. Hence, the regenerating gecko tail offers an excellent model to study
the process of and fundamental molecular mechanisms behind lymphatic regeneration. Here, [
examine lymphangiogenesis within regenerating gecko tails. I hypothesise that physiological
function of lymphatic vasculature is recovered by tail regeneration. Further, I hypothesise that
lymphatic regeneration is, in part, regulated by vascular endothelial growth factor C (VEGF-
C) and VEGF-D via binding to their receptor, VEGFR-3, a key lymphangiogenic pathway in
mammals.

Lymphatic uptake and transport, of different sized radiolabelled tracers, were
examined using lymphoscintigraphy. Basic lymphatic function is apparent at 6 weeks of
regeneration, however lymph clearance and velocity are not restored to near original levels
until 12 weeks of regeneration. Differential clearance and lymph velocity between tracers are
likely influenced by changes in the cellular matrix and lymphatic vessel permeability.

Molecular control of lymphangiogenesis within regenerating gecko tails was studied
by identifying and characterising VEGF-C, VEGF-D and VEGFR-3 in gecko tail tissue
extracts. This is the first study to demonstrate the presence of these genes within any reptile.
Sequence alignments and molecular modelling highlight conservation of many
lymphangiogenic functional residues within the gecko proteins at both a sequence and

structural level.



Real time PCR established differential expression profiles of VEGF-C, VEGF-D and
VEGFR-3 mRNA throughout tail regeneration, with up-regulation during the early, late and
mid-phases of regeneration, respectively. These data are consistent with mammalian studies
in wound healing and suggest differing roles during gecko tail regeneration and potentially
the lymphangiogenic process following autotomy.

Sites of expression of VEGF-C and VEGF-D in regenerating gecko tails,
demonstrated by immunohistochemistry, include keratinocytes and fibroblasts. Positive
staining lining blood and lymphatic-like vessels is demonstrated for VEGF-D and VEGF-C,
respectively indicating possible associations of the proteins with VEGFRs on endothelial cell
surfaces and hence angiogenic and lymphangiogenic capabilities. Strong positive staining of
VEGF-C and VEGFR-3 is also observed in adipose tissue in both regenerated and original tail
tissue suggesting potential roles in adipogenesis and lymphangiogenesis during fat store
expansion.

Positive immunostaining using the LYVE-1 lymphatic endothelium marker
demonstrates that lymphangiogenesis does occur during tail regeneration. Technical
limitations, possibly related to antibody cross-reactivity prevented detection of VEGFR-3
staining on lymphatic (or blood) endothelial cells in all regenerated and original tails. A
suspected lack of mammalian-derived antibody reactivity to the reptilian proteins was also
encountered with ELISA and western blotting analyses, with both yielding inconclusive
results.

In conclusion, this study demonstrates that adequate lymphatic vasculature and
function are restored during gecko tail regeneration. Furthermore, this study provides several
lines of evidence, through sequence conservation and mRNA and tissue expression profiles,

that VEGF-C, VEGF-D and VEGFR-3 play a role in lymphatic regeneration in a reptile.
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Chapter One

INSIGHTS INTO LYMPHANGIOGENESIS AND LIZARD TAIL
REGENERATION

1.1. OVERVIEW

Introducing the topics covered, and the aims addressed, in this thesis requires a wide range of
background information. Therefore, in this chapter I provide background to the lymphatic
system in mammals and other vertebrate groups and the process of lymphangiogenesis
(lymphatic vessel growth) in different physiological and pathological states. I then introduce
the vascular endothelial growth factor (VEGF) family and in particular the lymphangiogenic
factors VEGF-C, VEGF-D and their receptor VEGFR-3 and discuss the evidence
demonstrating their importance in the molecular regulation of lymphangiogenesis in
mammals and also in birds, frogs and fish. I follow this with a description of the processes of
tail autotomy (tail-loss) and subsequent regeneration in lizards along with previous work that
suggests the probability of new lymphatic growth within regenerating tails and regulation by a
potential reptilian VEGF-C/D homologue. I conclude with the rationale for choosing the

Australian marbled gecko as my model and the aims that I will address in this thesis.

1.2. THE LYMPHATIC SYSTEM

1.2.1. LYMPHATIC SYSTEM STRUCTURE

The lymphatic system is a specialised component of the circulatory system consisting of a
network of vessels that drains excess fluid and protein (termed lymph) from the tissues and
returns them back into the blood circulation. In humans and other mammals, initial lymphatic
networks are found in almost every tissue in the body with the exception of the brain and

central nervous system and avascular organs such as the epidermis, the cornea (in non-



pathological states), cartilage and bone marrow (Alitalo et al. 2005). Tissues near the surface
of the body for example the skin and mucous membranes of the gastrointestinal and
respiratory tracts commonly have an abundance of lymphatic vessels supplying them (Jeltsch
et al. 2003).

Lymphatic flow is unidirectional, beginning in small blind-ended lymphatic capillaries
(initial lymphatics), draining into pre-collector vessels that then merge into larger collecting
lymph vessels (Swartz 2001). Lymph from collecting vessels eventually empties into the

thoracic and right lymphatic ducts where it’s drained into veins (Fig. 1.1.).

Lymphatic capillaries (Fig. 1.2.) are comprised of a single-cell layer of thin-walled,
non-fenestrated lymphatic endothelial cells (LECs). The capillaries are blind-ended vessels of
approximately 30-80 pum in diameter with a discontinuous or absent basement membrane.
Junctions between LECs within lymphatic capillaries are discontinuous or “button-like”
(Baluk et al. 2007; Tammela et al. 2007), unlike the continuous interendothelial junctions of
blood vessels. This structural organisation makes lymphatic capillaries highly permeable to
protein-rich lymph uptake (Leak 1976) and facilitates leukocyte entry (Baluk et al. 2007).
When interstitial pressure is reduced, overlapping junctions of the LECs are arranged such
that they act as valves to prevent lymph escaping back into the interstitial spaces (Schmid-

Schonbein 2003; Trzewik et al. 2001).
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Figure 1.1. Organisation of mammalian lymphatic vasculature. Interstitial fluid, collected by
initial lymphatic capillaries, is transported by pre-collector lymphatic vessels to larger collecting
lymphatic vessels and returned to the circulation through the thoracic duct. Collecting lymphatic
vessels have smooth muscle cell coverage (red) and luminal valves to propel and maintain
unidirectional lymph flow. Deep lymphatic vessels run along arteries (A) and veins (V). Figure

reproduced from Alitalo et al. (2005).
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Lymphatic capillaries depend on specialised, sensitive, elastic structures, termed
anchoring filaments, to link LECs to the extracellular matrix (ECM) framework (Gerli et al.
1991; Leak and Burke 1968). This connection between the lymphatic network and the ECM is
vital to lymph uptake as the anchoring filaments prevent lymphatic capillaries from collapsing
under increased interstitial pressure (arising from increased fluid build-up). Instead increased
interstitial pressure results in increased tension on the anchoring filaments that in turn opens
the intercellular junctions (Rossi et al. 2007). Opening of the junctions between the LECs
creates a pressure gradient that drives interstitial fluid and cell influx into the vessel. The
importance of the associations between lymph vessels and the ECM is highlighted in
transgenic mice that are deficient in a primary anchoring filament component, ECM
glycoprotein Emilin-1 (Danussi et al. 2008). Mice lacking adequate lymphatic/ECM
associations as a result of Emilin-1 deficiency display impaired lymph drainage and increased
lymphatic leakage.

Following lymph uptake by lymphatic capillaries, lymph is drained into pre-collecting
vessels (Fig. 1.2.), which in-turn merge into larger collecting vessels. The pre-collectors and
collectors, unlike capillaries, contain a basement membrane, continuous “zipper-like”
interendothelial junctions and are surrounded by smooth muscle cells with intrinsic contractile
activity to promote lymph flow (Alitalo et al. 2005; Baluk et al. 2007). Collectors also contain
intraluminal valves that aid in lymph propulsion by preventing backflow (Petrova et al. 2004;
Ryan 1989). Pre- and post-nodal collectors take lymph through at least one or several regional
lymph nodes, where lymph is screened and filtered before being returned to the venous
circulation. In humans, only two lymphatic/venous anastomoses exist; the thoracic duct
draining into the left subclavian vein and the right lymphatic trunk draining into the right

subclavian vein (Casley-Smith 1980).
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Figure 1.2. Structure of the lymphatic vessels. Lymphatic vessels are thin-walled and have a
relatively wide lumen. The endothelial cells of lymphatic capillaries (green) lack tight junctions.
Instead, the neighboring endothelial cells partly overlap, forming valve-like openings, which allow
easy access for fluid, macromolecules, and cells into the vessel lumen. Lymphatic capillaries lack
vascular mural cells and have no or only an incomplete basement membrane. Elastic fibers known as
anchoring filaments connect lymphatic capillary endothelial cells to the surrounding stroma and
maintain vessel patency during increased interstitial pressure. The pre-collecting and collecting
lymphatic vessels have a basement membrane, are surrounded by vascular smooth muscle cells
(vSMCs; red ) with intrinsic contractile activity to promote lymph flow, and contain valves that
prevent backflow of the lymph. The valve regions are devoid of vSMCs. Figure reproduced from

Karpanen and Alitalo (2008).


a1172507
Text Box
 
                          NOTE:  
   This figure is included on page 5 
 of the print copy of the thesis held in 
   the University of Adelaide Library.


Lymph transport occurs via a passive drainage system. It is not “pumped” around the
body as is the case for the blood circulatory system but rather lymph is moved as a result of
contraction of smooth muscle in the walls of larger vessels and by indirect external pressure

due to contraction of adjacent skeletal muscles (Bridenbaugh et al. 2003).

1.2.2. LYMPHATIC SYSTEM FUNCTION

The primary function of the lymphatic system is to maintain normal tissue fluid homeostasis
by restoring excess interstitial fluid to the cardiovascular system. This interstitial fluid, along
with extravasated plasma proteins and macromolecules (lymph), arises from blood capillary
leakage as a result of the hydrostatic pressure differential between the arterial and venous
ends of capillaries (Landis and Pappenheimer 1963). The return of fluid and plasma proteins
into the blood stream ensures that osmotic and hydrostatic gradients between blood capillaries
and tissues are sustained thereby guaranteeing adequate interstitial protein transport (see
(Jeltsch et al. 2003; Swartz 2001) for reviews) and the maintenance of both plasma and tissue
volume. Impaired lymphatic function, characterised by inadequate transport of fluid,
macromolecules or cells can result in a number of pathologies characterised by oedema,
impaired immunity, and fibrosis (Ryan 1989; Skobe and Detmar 2000) (further discussed in
section 1.4.).

Another important function of the lymphatic system is in immune defence. The
lymphatics are the main transport route of immune cells from peripheral tissues to the lymph
nodes and into the blood circulation. Lymphoid organs such as the lymph nodes, tonsils,
Peyer’s patches, spleen, and thymus, are all part of the lymphatic system and all play
important roles in the immune response. Lymph nodes, in particular, are extremely important
in the body’s defence as they filter and screen lymph for bacteria, viruses, cancer cells, and
other unwanted substances and are the site where immune responses to these are initiated

(Cavanagh and Von Andrian 2002). Within the lymph node, antigens are presented to B and T
6



cells, which, in collaboration with the antigen presenting cells, proliferate and mount an
immune response against foreign pathogens, including inflammatory cell responses, killer T-
cell activation and antibody production (Cavanagh and Von Andrian 2002). Activated B-cells
produce antibodies that, along with other activated immune cells are delivered into the normal
circulation by the lymphatics to begin their surveillance; additionally the immune cells use the
lymphatic network to drain from peripheral tissues back to the lymph nodes.

The lymphatic system also plays a crucial role in intestinal absorption and transport of
dietary lipids and the fat-soluble vitamins A, D, E and K from the digestive tract (Blomhoff et
al. 1990). The intestinal villi of the digestive tract contain highly permeable lacteal lymphatic
vessels, which preferentially take up large molecules and colloids. Up to 90% of dietry fat is
absorbed from the gut via the lacetals (Casley-Smith 1962). Further links between lymph
vessels, fat digestion and adipose tissue have recently been highlighted in Prox1 heterozygous
mice. Prox1 is a homeobox gene that is a specific marker for LECs and is considered the
master control gene for the specification of LEC fate and the maintenance of LEC identity
(Wigle et al. 2002; Wigle and Oliver 1999). Mice heterozygous for Prox1 either die in the
neonatal period (Wigle and Oliver 1999) or display adult onset obesity with fat deposits
situated within tissues surrounding leaky lymphatics (Harvey et al. 2005).

The crucial role of the lymphatic system in returning excess interstitial fluid and
escaped plasma proteins back into the blood, thereby maintaining tissue fluid balance and
homeostasis, is highlighted when disruptions to the lymphatic system occur (discussed in

section 1.4.1.).

1.2.3. LYMPHATICS IN OTHER VERTEBRATES

1.2.3.1. Fish

The existence of a lymphatic system in fish has been debated. It is thought that primitive fish

species lack well-established lymph vasculature and instead possess a secondary vascular



system (described by (Steffensen and Lomholt 1992; Steffensen et al. 1986; Vogel 1985)) that
has been hypothesised to be an evolutionary predecessor of the lymphatic system (Steffensen
and Lomholt 1992). This secondary vascular system is proposed to function in skin
respiration, osmoregulation and immune defence and the vessels are in open communication
with arteries by multiple connections. In contrast, Kampmeier (1969) documented a detailed
classification of the lymphatics of adult teleost fish, which consists of longitudinal superficial
trunks (dorsalis, ventralis and laterale) and deeper trunks (spinal and subvertebral) along with
profuse networks of smaller vessels on the surface of the organs. This work was supported by
findings of Yaniv et al. (2006) in the adult zebrafish and in a recent review (Isogai et al. 2009)
evidence was provided from both views, with the authors concluding that in zebrafish at least
there is a well defined lymphatic system that shares many common features with those of

other vertebrates (Isogai et al. 2009).

1.2.3.2. Amphibians

All amphibian orders have a lymphatic system that is analogous to the mammalian system
except for a few key differences. Adult animals possess a system of interconnected cutaneous
lymph sacs or sinuses rather than tubular lymphatic vessels (Kotani 1990). Amphibians also
possess lymph hearts, positioned near lymphatico-venous communications. These hearts are
muscular, contractile structures that receive many lymphatic vessels and act in facilitating the
entry of lymph into the venous circulation and also to maintain lymph flow directionality.
Frogs can have anywhere between 4 and 6 lymph hearts positioned in the jugular, lumbar and

caudal regions of the body, whereas caecilians can have over two hundred.

1.2.3.3. Birds

Birds, like mammals, have lymph nodes and no lymph hearts. The number of lymph nodes

present, however, is considerably lower than that in mammals. For example ducks have 4



lymph nodes (Jeltsch et al. 2003) compared to 400-500 in humans. Such few lymph nodes
implies that not all lymph passes through a node before entering the venous circulation as is
the case in humans. Only lymph vessels in the cervical and lumbar regions drain into lymph
nodes before their junction with a vein. Similarly, birds also possess valves within the lymph
vessels that ensure unidirectional lymph flow, however these are less numerous than in

mammals.

1.2.3.4. Reptiles
Reptiles, like mammals, possess superficial lymphatic nets penetrating most organs and
structures (Ottaviani and Tazzi 1977). These nets collect lymph from the intercellular spaces
in preparation for delivery to the lymphatic sinuses via collecting vessels. Lymph is
transported via the collectors to the principal (or main) trunks, which are large vessels that
convey lymph to the venous system (Ottaviani and Tazzi 1977). Reptilian lymphatic flow is
also unidirectional as a result of specialised valves within the lymphatic vessels (Kotani 1959)
(quoted in (Ottaviani and Tazzi 1977)). Despite similarities in anatomy and function, several
distinct differences between the reptilian and mammalian lymphatic systems exist. Reptiles
appear to lack lymph nodes and instead have lymphatic sinuses (characteristic dilations of the
vessels) occurring at the sites where lymph nodes are normally present in mammals and birds
(Panizza 1833) (quoted in (Ottaviani and Tazzi 1977)). Reptiles also possess a single pair of
pelvic lymphatic hearts acting to pump lymph into the venous system. Further differences are
observed in lizards, which appear to have additional lymph drainage sites into the systemic
blood circulation compared with mammals. The reptilian lymphatic system is also generally
composed of relatively larger vessels than those of mammals (Panizza 1833) (quoted in
(Ottaviani and Tazzi 1977)).

The basic anatomy of the major trunks of the lizard lymphatic system is shown in Fig.

1.3. (Ottaviani and Tazzi 1977). Evidence of lymph drainage at a site other than the thoracic
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region (as is generally the case for mammals) is provided by visualisation of radiocolloid
movement and migration following injection into the tail of the lizard Pogona vitticeps, which
does not exhibit caudal autotomy. Colloid uptake and flow within the lizard tail shows
emptying of lymph into the venous system near the cloacal plexus (Tsopelas et al. 2002). This
transit pattern was also observed in the gecko Christinus marmoratus (Daniels et al. 2003). In
comparison, visualisation of lymphatic flow following injection into the tail of mice shows
drainage via the thoracic and right lymphatic ducts (Tsopelas et al. 2002). In general for the
lizard, the jugular trunks drain lymph from the head and neck, the subclavian trunk drains the
anterior limbs, the lumbar trunks drain the posterior limbs and organs of the pelvis and the
thoracic ducts drain the trunk and coelom and continue caudally into the lumbar trunk
(Ottaviani and Tazzi 1977). Along with these major trunks there are two major sinuses that
convey lymph to the venous system; these are the pre-cardiac sinus and the ischiatic sinus.
The pre-cardiac sinus, also known as the cardiac plexus (Panizza 1833) or jugular cistern
(Chapman and Conklin 1935), occurs in all reptiles and is the site of confluence for the major
lymphatic trunks in the anterior portion of the body that drain lymph to the venous system.
The ischiatic sinus in lizards is the confluence of the lateral collectors of the tail and other
collectors, branches and sinuses of the posterior portion of the body. It also marks the
beginning of the lateral lymphatic trunk. The lymphatic hearts are found in the caudal part of
the ischiatic sinus. In Lacerta vivipara and other lacertids the lymph heart pumps the lymph
into the venous system at the ischiatic sinus at a rate of 50-78 pulses per minute (Spanner

1929) (quoted in (Ottaviani and Tazzi 1977)).
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Figure 1.3. The Reptilian Lymphatic System. The major trunks of the lymphatic system in lizards.
1. Axillary sinus; 2, cisterna chyli with intestinal collectors; 3, cloacal plexus; 4, deep jugular trunk; 5,
dorsal collector of anterior limb; 6, dorsal collector of posterior limb; 7, ischiatic sinus with lymphatic
heart; 8, lateral trunk; 13, pelvic plexus; 14, perimasseteric lymphatic ring; 15, precardiac sinus; 16,
submandibular trunk;; 18, subvesical sinus; 19, thoracic duct; 20, thoracic sinus; 21, transverse sinus;
22, ventral collector of anterior limb; 23, ventral collector of posterior limb with periglandular sinus;

24, ventral trunk of the tail. Figure reproduced from Ottaviani and Tazzi (1977).
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1.2.4. LYMPHATICS OF THE LIZARD TAIL

The lymphatics in the subcutaneous layer of the ventral surface of the lizard tail are comprised
of a set of paired, longitudinal, axial vessels that collect lymph from this region and drain it
into the cloacal plexus (Ottaviani and Tazzi 1977). Along the lateral surfaces of the tail there
are also lateral collectors, which enter the ischiatic sinus near the caudal base. The deeper part
of the tail is drained by the perivertebral lymphatic vessels (Ottaviani and Tazzi 1977). The
ventral and lateral lymphatic networks appear to be connected, although, while the lateral
trunks in the tail connect with those in the upper body, the ventral trunk ceases near the
cloaca. As previously described, radiocolloid injection into the tail of P. vitticeps (Tsopelas et
al. 2002) and C. marmoratus (Daniels et al. 2003) shows migration along the ventral trunk
alone, without any uptake of the lateral lymphatics suggesting that overall lymphatic flow in
the tail is directed solely towards the ventral lymphatic vessel. Adipose tissue in the tail of
certain reptiles has also been found to contain lymphatic vessels. Geckos, for example, have
thick, spongy lymphatic nets within the fat bands of their tails (Ottaviani and Tazzi 1977),
suggesting that the tail in general for these lizards is particularly rich in lymphatic

vasculature.

1.3. LYMPHANGIOGENESIS

Lymphangiogenesis is a term that describes the growth of new lymphatic vessels, both during
development and postnatally, by sprouting from veins and/or pre-existing lymphatic vessels

and/or de novo growth from lymphangioblasts (Ji 2006).

1.3.1. FACTORS DRIVING LYMPHANGIOGENESIS
To fully discuss the process of lymphangiogenesis in development, normal physiology and in
pathological conditions a brief introduction is necessary to the lymphangiogenic growth

factors vascular endothelial growth factor C (VEGF-C), VEGF-D and their receptor VEGFR-
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3 prior to a more detailed description in section 1.5. VEGF-C and VEGF-D, through binding
and activation of the receptor VEGFR-3 have been suggested to constitute the key
lymphangiogenic pathway (Achen et al. 1998; Joukov et al. 1997a; Joukov et al. 1996;
Joukov et al. 1997b). VEGF-C and VEGFR-3 are essential for normal lymphatic
development; inactivation of these genes prevents adequate lymphatic vessel production and
function and is fatal as a result of severe lymphoedema (Karkkainen et al. 2004; Makinen et
al. 2001a). VEGF-C and VEGF-D promote, via activation of VEGFR-3, migration,
proliferation and survival of lymphatic endothelial cells (Jeltsch et al. 1997; Makinen et al.
2001b; Oh et al. 1997; Veikkola et al. 2001). In adults, up-regulation of VEGF-C, VEGF-D
and VEGFR-3 stimulates lymphangiogenesis. This pathway is crucial to wound healing
(section 1.3.3) and is also implicated in stimulating lymphangiogenesis in tumours (section

1.4.3) and inflammatory diseases (1.4.2).

1.3.2. EMBRYOGENESIS OF THE LYMPHATIC SYSTEM

The precise mechanism behind the embryogenesis of the lymphatic system remains unclear.
Two opposing theories for the embryonic origin of the lymphatic vessels have been proposed;
Sabin’s centrifugal sprouting theory (Sabin 1902) and Huntington and McClure’s centripetal
theory (Huntington and McClure 1910).

In the centrifugal sprouting hypothesis, LECs are derived from the venous
endothelium and bud off from veins during early development to form primitive lymph sacs
in the jugular region. The peripheral lymphatic system develops from these embryonic lymph
sacs exclusively by sprouting of endothelial cells into surrounding tissues and organs to
produce an organised network of lymphatic capillaries and collecting lymphatic vessels. Most
recent research appears to support Sabin’s theory. For example, the lymphangiogenic receptor
and a LEC marker, VEGFR-3, is expressed in the venous endothelium and by precursor

lymphatic endothelial cells during early development (Dumont et al. 1998; Kaipainen et al.
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1995; Kukk et al. 1996) and then becomes largely restricted to the lymphatic endothelium in
adults (Kaipainen et al. 1995; Partanen et al. 2000). Similarly, expression patterns and gene
knockouts of Prox1, the master control gene for lymphatic endothelial cell phenotype (Hong
et al. 2002; Wigle et al. 2002; Wigle and Oliver 1999), demonstrate a venous origin of
lymphatic development.

Conversely, the centripetal theory suggests lymphatic endothelial cells arise
independently of the venous endothelium and instead derive from mesenchymal progenitor
cells (lymphangioblasts). These cells fuse into primitive lymph networks, which subsequently
spread centripetally and connect to the venous system. Evidence for this theory has been
provided primarily in avian lymphatics, where lymph vessels in both the chorioallantoic
membrane and also in early wing buds are derived not only from sprouting from the lymph
sacs but also local lymphangioblasts (Papoutsi et al. 2001; Schneider et al. 1999; Wilting et al.
2006; Wilting et al. 2001). Similarly, lymphangioblasts have been documented in Xenopus
tadpoles, and have been found to contribute to lymphatic vessel formation (Ny et al. 2005).
These lymphangioblasts within the developing frogs where characterised as Prox1 positive
mesodermal precursor cells, sharing a common origin with vascular progenitor cells (Ny et al.
2005).

Despite the fact that the precise nature of the origin of the first lymph vessels within
the embryo remains unclear, a working model for embryonic lymphatic vasculature
development has been proposed (Oliver 2004; Oliver and Harvey 2002) based on evidence
from studies using molecular markers and transgenic mouse models. This model is
highlighted in Fig. 1.4. and incorporates 4 steps: LEC competence, LEC bias, LEC
specification and lymph vessel differentiation and maturation.

LEC competence is conferred by the expression of the endothelial cell surface marker

lymphatic endothelial hyaluronan receptor-1 (LYVE-1) (Banerji et al. 1999; Jackson et al.
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2001) on a small population of endothelial cells lining the cardinal vein (Oliver 2004; Wigle
et al. 2002). In mice, this occurs at embryonic day E9 (Oliver 2004; Oliver and Alitalo 2005;
Wigle et al. 2002) and indicates that the cells are now able to respond to a lymphatic-inducing
signal.

LEC bias is signified by the expression of Proxl on a subpopulation of LYVE-1
positive endothelial cells shortly after the expression of LYVE-1 (E9.5 in mice) (Wigle and
Oliver 1999). Prox1 expression signifies that these cells are now biased towards the lymphatic
lineage as this gene has been demonstrated to be required for the induction of LEC fate
(Wigle et al. 2002; Wigle and Oliver 1999). Deletion of the Prox1 gene in mouse embryos
prevents the formation of the lymph vasculature due to the failure of the appearance of
lymphatic cell-type progenitor cells (Wigle and Oliver 1999). Furthermore, cultured blood
vascular endothelial cells can be reprogrammed into LECs by increasing Prox1 expression
(Hong et al. 2002; Petrova et al. 2002). Prox1 positive endothelial cells are polarised to one
side of the cardinal vein and subsequent LEC budding, towards the region where the primary
lymph sacs are formed, is also polarised (Wigle and Oliver 1999). Sabin’s theory of a venous
origin of lymph development is strongly supported by the specific polarised localisation of
Prox1 expression in venous endothelial cells, which then go on to form the entire lymph

system (Harvey and Oliver 2004).
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Figure 1.4. Stepwise model for the development of the mammalian lymphatic vasculature. Early
during mouse embryonic development (E9.0-9.5), Prox1 begins to be expressed in lymphatic
endothelial cell (LEC) progenitors located in one side of the anterior cardinal veins. Following this
expression, those progenitors acquire a LEC phenotype (LEC bias) and bud in a polarised manner.
This budding, which is dependent on a VEGF-C signal in the surrounding mesenchyme, gives rise to
the primary lymph sacs. Sometime during this process, the lymphatic and venous systems become
separated in a process that involves the Syk/SLP-76 signalling pathway, and the sprouting of LECs
from those sacs is initiated. Finally, lymphatic vessel maturation and remodeling occurs in a stepwise
manner, leading to the formation of the complete lymphatic network. Reproduced from Oliver and

Alitalo (2005).
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During the stage of LEC specification a precise cascade of molecular steps occurs in
which the lymphatic endothelial “precursor” cells decrease the expression of blood vascular
endothelial cell specific markers such as CD34, collagen IV and laminin (Wigle et al. 2002)
and begin to increase the expression of markers associated with LEC differentiation e.g.
neuropilin 2 (NRP2), podoplanin and VEGFR-3. By E12.5 expression of CD34 and laminin is
completely absent on the immature LECs and expression of VEGFR-3 by the blood
vasculature is being down-regulated (Kaipainen et al. 1995; Wigle et al. 2002). The
specification stage also sees budding of immature LECs, which are specified into the lymph
programme, from the anterior cardinal vein and the appearance of the primary lymph sacs at
E12.5 (Oliver 2004).

Lymph vessel differentiation and maturation is the final stage in the development of
the lymphatic network. At this stage, lymph capillaries and vessels are forming and spreading
around the developing embryo via budding and sprouting of immature LECs from the primary
lymph sacs (Oliver 2004) but these vessels are not yet considered fully mature nor are the
cells terminally differentiated (Oliver and Harvey 2002; Wigle and Oliver 1999). Further
lymph-specific markers are expressed by the lymphatic vasculature as the immature LECs
undergo terminal differentiation, for example podoplanin and secondary lymphoid chemokine
(SLC) are detected around the time the LEC’s bud from the cardinal vein (Schacht et al. 2003;
Wigle et al. 2002). In this final phase of development the LECs are responsive to
lymphangiogenic factors and express genes that are important in the final maturation and
remodelling of the lymph vasculature. Only immediately prior to birth do lymphatic vessels
express the complete profile of markers found in mature, terminally differentiated lymphatics
(Oliver 2004; Saharinen et al. 2004).

The formation of the blood vasculature is dependent on vascular remodelling to

achieve it’s final mature state (Risau 1997). A recent report (Makinen et al. 2007) has
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provided strong support for the idea that this process is also required during the maturation of
the lymphatic system. Lymph vascular remodelling reorganises the system resulting in the
formation of a hierarchically organised network of lymphatic capillaries and collecting
lymphatic vessels. Remodelling ensures the development of competent luminal valves within
and precise smooth muscle recruitment and coverage on collecting vessels. Crucial genes to
this remodelling/ maturation process include angiopoietin-2 (Ang2) and the VEGF-C/D/R3
pathway (Maisonpierre et al. 1997; Veikkola and Alitalo 2002). These genes will be discussed

in more detail in section 1.5.

1.3.3. WOUND HEALING AND REPAIR

Normal lymph function is thought to be crucial to wound healing and tissue repair following
injury. Lymph vessels at wound sites remove protein-rich lymph and wound debris thereby
maintaining tissue homeostasis as well as functioning to deliver cells that mediate the immune
response. Impaired lymph function following injury has been implicated in delayed wound
healing, persistent oedema and delayed removal of debris and inflammatory cells (Ji 2005).
Lymphangiogenesis is therefore assumed to be a vital component of the wound healing
process and is assumed to occur by sprouting from existing lymphatics, similar to embryonic
development (Clark and Clark 1932; Paavonen et al. 2000; Shimoda et al. 2004). It is
unknown whether lymphangiogenesis during tissue repair also involves the incorporation of
progenitor cell populations, as is suggested in blood vessel angiogenesis (Rafii 2000).
Lymphangiogenesis has been demonstrated in several wound healing studies. For example,
wounds in pig skin (Paavonen et al. 2000), mice skin (Ji et al. 2004), rabbit ears (Bellman and
Oden 1959; Oden 1960) and the muscle coat of the rat jejunum (Shimoda et al. 2004) all
display sprouting and regeneration of lymphatic vessels. Lymphangiogenesis in pig skin
punch biopsies was characterised by rapid growth of VEGFR-3 positive lymph vessels,

followed by a regression in lymph vessel number. This transient increase in lymph vessels
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was suggested to be an integral part of normal wound healing, whereby increased numbers of
vessels are required early to promote lymph removal and lymphocyte trafficking and once
healing is complete increased vessels are no longer needed (Paavonen et al. 2000). Impaired
healing in chronic pig skin wounds showed an absence of lymph vessels (Paavonen et al.
2000). Likewise, mouse cornea excisional wounds show increased formation of lymphatics
during the acute phases of healing, despite this tissue normally being devoid of lymphatic
vessels (Maruyama et al. 2005). Similarly, lymphatic vessel regeneration is observed in
unilateral autotransplantation of rat hindlimb tissue (Anthony et al. 1997) where a rapid return
to near normal levels of lymph clearance is observed following replantation. The pattern of
lymph flow in this model, however, was abnormal, relying on multiple small channels of the
superficial lymphatic system bypassing the usual deeper routes of lymphatic drainage
(Anthony et al. 1997). In humans, lymphatic imaging has shown a re-establishment of
lymphatic pathways following replantation of amputated extremities (Smith et al. 1987) and
following microvascular free-flap tissue transfer (Slavin et al. 1997). It is unclear whether the
re-establishment of flow seen in many wound healing studies is through the same pathways as
seen before the injury/trauma or whether new pathways are formed and similarly whether
restored flow is due to passage through simple fluid channels within tissues, growth of new
vessels and/or reconnection to existing vessels. More research into lymphatic regeneration
and lymph flow re-establishment within the setting of wound healing is needed and could

provide further knowledge into the mechanisms behind lymphangiogenesis.

1.4. PATHOLOGY OF THE LYMPHATIC SYSTEM

The lymphatic system and the lymphangiogenic process have recently been highlighted in

several pathological conditions where there is either a malfunction in the process of
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lymphangiogenesis (up or down-regulated) or a breakdown in the normal function of the

lymphatic system.

1.4.1. LYMPHOEDEMA

Malfunctions of the lymphatic system can result in impaired lymphatic drainage and lead to
excess fluid accumulation within the tissues, otherwise known as lymphoedema (Szuba and
Rockson 1997). This painful and debilitating disorder is either an inherited disease where
these is an underdevelopment of the lymphatic network (primary lymphoedema) or may be
the result of lymphatic vessel trauma or obstruction as a result of infection, radiation therapy,
or surgery (secondary/ acquired lymphoedema). While not life threatening, lymphoedema is
often complicated by fibrosis and susceptibility to infections and inflammation (Tabibiazar et
al. 2000).

The genetic basis for some primary lymphoedema diseases has recently been
uncovered. Milroy disease (Milroy 1892) appears to be a result of mutations that lead to
inactivation in the kinase region of the VEGFR-3 gene (Brice et al. 2005; Butler et al. 2007;
Karkkainen et al. 2000). Inactivation in this part of the VEGFR-3 gene prevents adequate
receptor phosphorylation and hence inhibits downstream signalling. Furthermore, the Chy
mouse model, which displays a lymphoedema phenotype, was discovered to contain a
heterozygous inactivating VEGFR-3 mutation in the germ line resulting in hypoplasia of the
cutaneous initial lymphatics. This model is consequently being used for the design and testing
of new therapeutic strategies for lymphoedema (Karkkainen et al. 2001; Kriederman et al.
2003; Pennisi et al. 2000). Encouraging results have already been obtained using VEGF-C
gene therapy in animal models of lymphoedema (Karkkainen et al. 2001; Saaristo et al.
2002b; Szuba et al. 2002), which is discussed in more detail in section 1.5.2.1. Further

understanding of the molecular control (up-regulation and inhibition) of the process of
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lymphangiogenesis in both normal and pathological scenarios is needed to aid in therapy
development.

Secondary (or acquired) lymphoedema occurs much more frequently than primary
lymphoedema and is a consequence of lymphatic vessel damage or obstruction. The most
common causes of secondary lymphoedema are parasitic infection (filariasis (Routh and
Bhowmik 1994)) of the lymphatic vessels (in developing countries) and surgery or radiation
(in developed countries).

Surgery to remove cancerous tissue and radiation are common therapies in cancer
treatment. Surgery often results in resection of the lymphatic vessels and removal of lymph
nodes impairing lymphatic drainage. Radiation therapy can induce tissue fibrosis, which can
also compromise lymph flow (Petrek et al. 2000). A common example of post-cancer
lymphoedema is seen in breast cancer treatment by either full or partial mastectomy. In this
operation, several lymph nodes in the armpit are excised, (Mortimer et al. 1996), which can
impair lymphatic drainage in the arm resulting in fluid accumulation and hence
lymphoedema.

Untreated lymphoedema progressively worsens and can become excruciating,
unsightly and incapacitating, which has both physical and psychological connotations for
sufferers (Bianchi and Todd 2000). It can also make the affected limbs more susceptible to
bacterial infection. Current treatments of lymphoedema (reviewed in (Board and Harlow
2002b)) include: compression therapy, massage, diuretics and surgery. These treatments aim
to stabilise and restore the equilibrium between capillary filtration and lymphatic drainage
(Badger et al. 2000; Leduc et al. 1998; Mortimer 1990; Todd 2000), however, none
effectively address the cause of the lymphoedema and no curative therapies are currently

available.
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1.4.2. INFLAMMATION

An active involvement of lymphatic vessels in the regulation of inflammation and of
lymphangiogenesis in certain inflammatory diseases has recently been demonstrated
(reviewed by Ji (2007)). Pro-inflammatory cytokines can induce expression of the
lymphangiogenic factors VEGF-C (Ristimaki et al. 1998) and VEGF-D (Watari et al. 2008).
Activation of lymphangiogenic factor secretion by pro-inflammatory cytokines is presumably
through promoter activation by NF-kB, a transcription factor typifying inflammation (Watari
et al. 2008). Furthermore, cells involved in the inflammatory process such as dendritic cells,
macrophages, neutrophils and epithelial cells also express VEGF-C and VEGF-D (Baluk et al.
2005; Watari et al. 2008).

Macrophages, when recruited to inflammation sites, are not only able to secrete
lymphangiogenic growth factors VEGF-C and VEGF-D to induce lympangiogenesis
(Schoppmann et al. 2002a) and chemotaxis of additional macrophages (Skobe et al. 2001a),
but are also capable of trans-differentiating to LECs, which incorporate into the lymphatic
endothelium (Kerjaschki 2005; Kerjaschki et al. 2006; Maruyama et al. 2005; Schledzewski et
al. 2006).

Mouse models of chronic airway inflammation, stimulated by infection with
Mycoplasma pulmonis, show vigorous lymphangiogenesis, driven by immune cell secretion
of VEGF-C and VEGF-D (Baluk et al. 2005). This new lymph vessel growth within the
airway inflammation model prevents mucosal oedema. Blocking the action of VEGF-C and
VEGF-D results in bronchial lymphoedema, thus demonstrating the importance of the
lymphatic vasculature in the removal of immune cells and excess fluid (Baluk et al. 2005).

Inflammation is stimulated in cases of rejected kidney transplants and is associated
with increased lymphangiogenesis (relative to normal kidneys) of the host lymphatic vessels

(Kerjaschki et al. 2006). Likewise, excess lymphangiogenesis is implicated in corneal
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allograft rejection (Cursiefen et al. 2003). Lymphatic vessels are not normally present within
the cornea unless stimulated under inflammatory conditions (Albuquerque et al. 2009;
Cursiefen et al. 2002). Rabbit and mice corneal inflammation models demonstrate that
inflammatory cells can respond to, and express, lymphangiogenic signals to mediate
lymphangiogenesis (Cursiefen et al. 2004; Hamrah et al. 2003).

In the mouse corneal model a serendipitous discovery of a naturally occurring
antagonist to VEGF-C was made which may prove useful in therapeutic strategies aimed at
blocking lymphangiogenesis (Albuquerque et al. 2009). A soluble protein generated by
alternative splicing of the gene encoding VEGFR-2, termed soluble VEGFR-2 (sVEGFR-2),
was capable of binding to and blocking VEGF-C function and consequently inhibit
lymphangiogenesis (Albuquerque et al. 2009).

In addition, other inflammatory diseases seem to be associated with lymphatic
activation and dysfunction. For example, lymphatic hyperplasia is observed in UVB-
irradiation induced skin inflammation resembling psoriasis and in human psoriatic skin
lesions (Kajiya and Detmar 2006; Kunstfeld et al. 2004). A primary role for VEGF-C/D/R3
signalling in inflammatory lymphangiogenesis is also suggested by overexpression of VEGF-
C in the joint synovium of rheumatoid arthritis patients (Paavonen et al. 2002). These studies
underline the close relationship between inflammation, the immune response and the
adaptability of a mature lymphatic network.

Further research into the molecular mechanisms behind lymphangiogenesis and the
development of new tissue or animal models in which lymphangiogenesis occurs may
uncover further agonists or antagonists to aid in therapies to treat lymphatic based
pathologies. In the context of inflammatory lymphangiogenesis, for example, more
knowledge on how to effectively block the process may help prevent graft rejection and allow

the manipulation of certain inflammatory diseases.
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1.4.3. TUMOUR LYMPHANGIOGENESIS

Research into the lymphatic system has recently attracted much interest due to the role of the
lymphatic vasculature in metastatic dissemination of tumour cells. The lymphatic vasculature
serves as a primary pathway for the initial metastasis of malignant tumour cells to regional
lymph nodes (reviewed by (Stacker et al. 2002b). Tumour spread, as detected by the presence
of tumour cells within lymph nodes, has long been used as a prognostic indicator of disease
progression, dictating treatment options for human cancers and determining the likelihood of
disease recovery. To enable metastatic spread, tumours must either invade pre-existing
lymphatic vessels in the surrounding tissues or utilise peri-tumoural (vessels adjacent to the
tumour) and/or intra-tumoural lymphatic networks (Cao 2008; Karpanen et al. 2001;
Mandriota et al. 2001; Skobe et al. 2001b; Stacker et al. 2001).

Many studies performed over the past decade have suggested that tumour cell
dissemination via the lymphatics occurs as a result of lymphangiogenesis, whereby tumours
actively stimulate lymphatic vessel growth to gain access to pre-existing lymph vasculature.
Experimental cancer models have provided evidence that lymphangiogenesis is associated
with and may facilitate metastasis (Saharinen et al. 2004; Stacker et al. 2002a). Likewise,
clinical findings have shown strong correlations between tumour lymphangiogenesis and
metastasis to lymph nodes in tumours, including inflammatory breast carcinoma (Van der
Auwera et al. 2005), non-small cell lung cancer (Renyi-Vamos et al. 2005) and cancers of the
bladder (Fernandez et al. 2008), head and neck (Beasley et al. 2002). Furthermore, in some
human cancers such as cutaneous melanoma, the presence of tumour lymphangiogenesis
serves as a prognostic indicator for metastasis and survival (Dadras et al. 2003). However,
metastasis is not always dependent on lymphangiogenesis. Tumour cell spread to lymph
nodes has been observed in the absence of tumour lymphangiogenesis, presumably by tumour

cells accessing pre-existing lymph vessels only (Wong et al. 2005).
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Tumour lymphangiogenesis is likely to be induced via the production of
lymphangiogenic growth factors by the tumour cells themselves and by tumour-associated
cells such as macrophages (Hirakawa et al. 2007; Hirakawa et al. 2005; Schoppmann et al.
2002b). In addition to actively stimulating lymphatic vessel growth these factors could dilate
pre-existing lymph vessels (making entry easier) and facilitate transmigration of tumour cells
through the lymphatic endothelium (Alitalo et al. 2004). Studies in animal models of cancer
have provided direct experimental evidence that VEGF-C or VEGF-D promote active tumour
lymphangiogenesis and lymphatic tumour spread to regional lymph nodes (Karpanen et al.
2001; Mandriota et al. 2001; Skobe et al. 2001a; Stacker et al. 2001). Expression of VEGF-C
and -D in transgenic mouse models or via xenotransplantation by tumour cells shows growth
of new lymph vessels, mainly at the tumour margin as well as dilation of pre-existing
lymphatic vessels draining the tumour. This VEGF-C/D driven lymphangiogenesis increased
metastasis of the tumour cells (Kawakami et al. 2005; Mattila et al. 2002). Likewise, many
clinicopathological studies report the expression of VEGF-C and/or -D by tumour cells along
with positive correlations between increased lymphangiogenic factor expression, lymphatic
invasion, lymph node metastasis and poor patient survival, but not necessarily with the
density of tumour-associated lymphatic vessels (reviewed in ref (He et al. 2004; Pepper et al.
2003; Stacker et al. 2002a)). Conversely, VEGF-C expression was insufficient to induce
lymphatic metastasis in human soft tissue sarcomas (Lahat et al. 2009).

Gaining a better understanding of the lymphatic system and the process of
lymphangiogenesis could lead to effective strategies for the treatment of cancer. Despite
strong evidence for the role of intra/extra-tumour lymphangiogenesis in cancer growth and
metastasis, together with the correlations between lymphangiogenesis or lymphangiogenic

factor secretion with lymph node metastasis and poor patient prognosis, the mechanisms of
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tumour lymphangiogenesis are still poorly understood and are the focus of much research to

aid in therapeutic development.

1.5. THE VEGF FAMILY: ANGIOGENIC AND LYMPHANGIOGENIC GROWTH
FACTORS

Members of the VEGF family of growth factors and their receptors are essential components
in guiding both blood and lymphatic vessel development and growth. The VEGF family
consists of a group of homologous and evolutionarily conserved glycoproteins including,
placenta growth factor (PIGF; (Maglione et al. 1991)), VEGF (also known as VEGF-A;
(Leung et al. 1989)), VEGF-B (Olofsson et al. 1996), VEGF-C (Joukov et al. 1996), VEGF-D
(Achen et al. 1998), VEGF-E (homologs of VEGF encoded by the orf virus) (Lyttle et al.
1994) and the most recently described VEGF-F (present in snake venom) (Suto et al. 2005).
VEGF family members are encoded by separate genes (Stacker and Achen 1999) that
demonstrate similarities to the primary structure of VEGF characterised by a highly conserved
central VEGF homology domain (VHD), which includes six conserved cysteine residues
making up the cysteine knot motif.

The VEGF family of proteins binds to specific receptors of the class III tyrosine
kinase family. These receptors include VEGFR-1 (also known as FLT1), VEGFR-2
(KDR/FLKI1) and VEGFR-3 (FLT4), which are almost exclusively found on endothelial cells
(reviewed by (Jussila and Alitalo 2002)). Fig. 1.5. shows the interaction between the VEGFs
and their receptors. All VEGF family members are dimeric, whereby, in mature proteins,
monomers bind one another via disulphide bridges (VEGF, VEGF-B) or non-covalent bonds
(VEGF-C, VEGF-D) to form anti-parallel homodimers before specific receptor binding.
VEGF-A binds and activates both VEGFR-1 and -2 (Ferrara 2001), VEGF-B binds only to
VEGFR-1 (Olofsson et al. 1996), while VEGF-C and —D are the major ligands for VEGFR-3

and can also bind and activate VEGFR-2 to a certain degree (Achen et al. 1998; Joukov et al.
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1996). Each of these proteins and their receptors has different and specific roles. VEGF-A and
VEGEF-B are thought to be primarily angiogenic, controlling permeability and growth of
blood vessels, via signalling through the primary angiogenic receptor VEGFR-2 and VEGFR-
1, which are predominantly expressed on BECs (Mustonen and Alitalo 1995). VEGF-C and
VEGEF-D are thought to be lymphangiogenic via VEGFR-3, which is expressed by blood and
lymphatic vasculature during embryogenesis and becomes largely restricted to lymphatic
endothelial cells in adults (Dumont et al. 1998; Kaipainen et al. 1995; Partanen et al. 2000).
As VEGFR-2 is also expressed on LECs VEGF-C and VEGF-D binding can also stimulate

lymphangiogenesis through that receptor.
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NOTE:
This figure is included on page 28 of the print copy of
the thesis held in the University of Adelaide Library.

Figure 1.5. Interactions between VEGF family members and VEGF receptors. VEGF-A, VEGF-
B and PIGF bind VEGFR-1 on blood vascular endothelium. VEGF-A and fully processed VEGF-C
and VEGF-D are capable of binding VEGFR-2 on blood and (to a lesser extent) lymphatic
endothelium. VEGF-C and VEGF-D primarily bind VEGFR-3 on lymphatic endothelium. Binding of
ligand homodimers triggers receptor dimerisation, subsequent autophosphorylation and signal
transduction. The specific actions of receptor binding on blood or lymphatic vessels are shown, along
with the structures of the VEGF receptors. Neuropilins 1 and 2 (NRP-1 and NRP-2) are co-expressed
with the VEGFR receptors on blood and lymphatic endothelium and interact directly with VEGFRs to
guide vasculogenesis (NRP-1) lymphatic sprouting (NRP-2). Asterix denotes that VEGF-D binds
VEGFR-2 in humans but not mice (Baldwin et al. 2001). Figure modified from Jussila and Alitalo
(2002).
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1.5.1. THE KEY LYMPHANGIOGENIC PATHWAY: VEGF-C, VEGF-D AND THEIR
RECEPTOR VEGFR-3

VEGF-C and -D form a subfamily of the VEGF family, characterised in terms of their amino
acid sequence, by the presence of N- and C-terminal extensions (propeptides) flanking the
VHD, which are not present in other family members (Achen et al. 1998; Joukov et al. 1996).
The full-length sequence identity between human VEGF-C and —D is 31%, whereas the VHD
identity alone is 61%. On the other hand, VEGF-C has only 30% VHD sequence identity with
VEGF-A (Joukov et al. 1996). Both VEGF-C and VEGF-D undergo proteolytic processing
upon secretion (Fig. 1.6.) to generate mature versions of the proteins, which essentially
consist of the VHD (Joukov et al. 1997b; Stacker et al. 1999). Proteolytic cleavage of the
propeptides by proteases such as the intracellular secretory proprotein convertases, furin PC5
and PC7 (McColl et al. 2007; Siegfried et al. 2003) and plasmin (McColl et al. 2003)
modulates the availability and bioactivity of both VEGF-C and VEGF-D (Baldwin et al.
2002). It is supposed that the C-terminal and N-terminal extensions are responsible for
interactions of these ligands with the surrounding extracellular matrix, serving to retain these
molecules close to their secretion sites, where they are needed. The C-terminals of both
VEGF-C and VEGF-D contain C10XCXCXC motifs resembling the Balbiani ring 3 protein, a
secretory protein and a component of silk produced in larval salivary glands of the midge
(Chrionomus tentans) (Chilov et al. 1997). The silk-like nature of this region of the C-
terminal suggests it would promote adhesion to tissues within the site of secretion. The N- and
C- terminal extensions are also important in regulating receptor-binding affinities thereby
modulating ligand action and function. VEGF-C and VEGF-D are both initially synthesised
as pre-proteins with the N and C- terminal extensions intact. Stepwise processing (Fig. 1.6.)
results in cleavage of the extensions and the generation of several forms of the proteins, which

have sequentially increased binding affinity and activity for their receptors VEGFR-3 and

29



VEGFR-2. Only the mature fully processed forms of each of these proteins can bind and
activate VEGFR-2 and hence promote angiogenesis (Achen et al. 1998; Joukov et al. 1997b;
Stacker et al. 1999). Surprisingly, it appears that VEGF-D binds only to VEGFR-3 in mice
and not VEGFR-2, but the mature human VEGF-D binds to and activates both VEGFR-2 and
VEGFR-3 (Baldwin et al. 2001).

The secreted propeptide of VEGF-C consists of a 31kDa subunit and a 29kDa subunit
bound together by disulphide bonds. This secreted form is able to bind VEGFR-3 without any
further processing. The VEGF-C propeptide is then further proteolysed in the extracellular
environment to generate the mature 21-kDa non-disulfide-linked, anti-parallel homodimeric
protein with high affinity for both VEGFR-2 and VEGFR-3 (Otrock et al. 2007). The VEGF-
C and VEGF-D receptors also dimerise upon ligand binding and can form homo-VEGFR-3
dimers, homo-VEGFR-2 dimers or hetero-VEGFR-3/VEGFR-2 dimers (Dixelius et al. 2003a)

with each having different signal transduction properties.
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NOTE:
This figure is included on page 31 of the print copy of
the thesis held in the University of Adelaide Library.

Figure 1.6. Schematic model of the stepwise proteolytic processing of VEGF-C and VEGF-D.
Stepwise proteolytic processing regulates VEGF-C and VEGF-D activity. Both factors are synthesised
as precursor proteins (prepropeptides). The C-terminal cleavage occurs in all producing cells and
activates binding to VEGFR-3 (lymphangiogenic receptor), which is the only signal needed for
lymphangiogenic activity in vivo (Veikkola et al. 2001). After the N-terminus is fully processed, the
short form binds to and activates VEGFR-2 (angiogenic receptor) as well, resulting in angiogenic
activity (Cao et al. 1998). Thus, both angiogenic and lymphangiogenic signals can be generated from a
single molecule depending on the degree of processing and the relative expression of the receptors.
Abbreviations are as follows: VHD, VEGF homology domain; SS, signal sequence; N-term, amino-

terminus; C-term, carboxy-terminus. Figure reproduced from Oliver and Alitalo (2005).

31



Proteolytic cleavage is an important regulator of lymphangiogenic and angiogenic
processes. Both VEGF-C and VEGF-D acquire the ability to bind VEGFR-2 (in humans) only
after proteolysis (Achen et al. 1998; Joukov et al. 1996; Joukov et al. 1997b; McColl et al.
2003). Mature VEGF-D has a 290-fold greater affinity for the VEGFR-2 receptor than
unprocessed VEGF-D (Stacker et al. 1999). Similarly, VEGF-C and VEGF-D bind VEGFR-3
with far greater affinity following proteolytic maturation (Joukov et al. 1997b; Stacker et al.
1999). The importance of proteolysis in VEGF-C function is highlighted when mutations are
made within cleavage sites. Lymphangiogenesis is greatly reduced in a mouse tumour model
as a result of a mutation in a VEGF-C proteolytic cleavage site (Siegfried et al. 2003). The
necessity for proteolysis in determining different receptor binding affinities and abilities
means that a collection of inactive VEGF-C and VEGF-D molecules can be present at all
times but are only activated when required. This allows for rapid lymphangiogenic responses

when needed for example, following tissue damage (McColl et al. 2004).

1.5.1.1. VEGF-C

VEGF-C is a potent stimulator of survival, proliferation and migration of endothelial cells
mediated through VEGFR-2 for BECs (Cao et al. 1998) and via VEGFR-3 for LECs
(Makinen et al. 2001b; Taipale et al. 1999). The VEGF-C protein can exhibit angiogenic
effects, in some circumstances; for example in the undifferentiated chorioallantoic membrane
(CAM) model (Cao et al. 1998), mouse cornea (Cao et al. 1998) and rabbit hindlimb model of
ischemia (Witzenbichler et al. 1998) through binding of VEGFR-2. Similarly, VEGF-C seems
to be an inducer of vascular permeability (Joukov et al. 1997b). However, proliferative,
mitogenic and angiogenic functions on BECs demonstrated by VEGF-C are far less potent
than those induced by VEGF-A. Instead, the primary function of VEGF-C is as a
lymphangiogenic factor through VEGFR-3 binding, as demonstrated in the differentiated

CAM (Oh et al. 1997), ears of injected mice (Karpanen et al. 2001) and transgenic mice
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(Jeltsch et al. 1997). The capacity of VEGF-C to be angiogenic in some circumstances and
lymphangiogenic in others is determined by the location of its expression, whether lymph
vessels are present at the site of expression, the developmental or pathological stage of the
tissue and which receptor is available.

VEGF-C is essential for the development of the lymphatic system. It is produced by
vascular smooth muscle cells and by mesenchymal cells in regions adjacent to the sites of
initial sprouting of LECs from veins (Karkkainen et al. 2004; Kukk et al. 1996). Mice with
homozygous deletions of the VEGF-C gene (VEGF-C™) die around embryonic stage E15 due
to failure of lymph vasculature development and subsequent oedema (Karkkainen et al. 2004).
Heterozygous deletions (VEGF-C™) in mice are not fatal, but adults display severe lymphatic
hypoplasia (Karkkainen et al. 2004). It is suggested that VEGF-C expression is the signal
responsible for the polarised sprouting and directed migration of lymphatic progenitor cells
(cells that are Prox1’, LYVEl", VEGFR-3") from the cardinal vein during development.
These pre-LECs arise normally in VEGF-C”" mice but do not bud from their initial location.

In adults, VEGF-C remains an important stimulator of lymphangiogenesis during
wound healing, inflammation and certain pathological conditions (see section 1.4.).
Overexpression of VEGF-C in the skin of transgenic mice induces lymphatic (but not
vascular) endothelial cell proliferation and vessel enlargement (Jeltsch et al. 1997; Veikkola et
al. 2001). Adenoviral expression of VEGF-C also stimulates the growth of functional
lymphatic vessels in mice (Enholm et al. 2001; Saaristo et al. 2002a). However, blood vessel
changes were also apparent as a result of adenoviral induced VEGF-C expression with veins
being excessively leaky and enlarged (Saaristo et al. 2002a). Long term expression of
activated and mature VEGF-C and VEGF-D induced by recombinant adeno-associated virus
(rAAV) transduced in mouse skeletal muscle is both angiogenic and lymphangiogenic;

resulting in functional growth of both blood and lymphatic vessels (Anisimov et al. 2009).

33



While both VEGFR-2 and VEGFR-3 are expressed on LECs it is suggested that the
lymphangiogenic activity exerted by VEGF-C is purely through binding to VEGFR-3 and not
VEGFR-2. Evidence for this is provided by overexpression of a mutant form of VEGF-C
(designated VEGF-C156S with a mutation at cysteine residue 156, a crucial residue for
structural integrity and biological activity) that is unable to bind VEGFR-2 (Saaristo et al.
2002b; Veikkola et al. 2001). The resultant lymphangiogenic effects generated by VEGF-
CI156S are no different to the action observed through expression of wild type VEGF-C,
suggesting that VEGFR-2 does not contribute to normal lymphangiogenesis. Furthermore,
adenoviral VEGF-C156S induced lymphangiogenesis has no effect on the blood vasculature,
indicating that angiogenic effects of VEGF-C are driven only through VEGFR-2 binding
(Saaristo et al. 2002b; Veikkola et al. 2001).

The lymphangiogenic capacity of VEGF-C has made it an attractive therapeutic
candidate to ameliorate conditions of lymphatic dysfunction, such as lymphoedema, which
currently has no cure. In a rabbit ear model of post-surgical lymphatic insufficiency,
recombinant VEGF-C increased lymphatic vascularity and restored lymphatic function
(Szuba et al. 2002). Similarly, in rabbit ear and mouse-tail secondary lymphoedema models,
VEGF-C gene therapy improves fluid drainage from the accumulated site through the
induction of lymphangiogenesis (Yoon et al. 2003). Other models of lymphoedema, for
example the Chy mouse model, can be improved with the aid of VEGF-C gene therapy that
stimulates functional lymphatic vessel growth (Karkkainen et al. 2001). However, while
experimental studies have shown the promise of using growth factors for therapeutic
neovascularisation, more knowledge is required for this process to work effectively in a
clinical setting. The utilisation of angiogenic factor proteins or genes to rescue ischemic
organs by stimulating angiogenesis has shown limited efficacy in clinical trials (Epstein et al.

2001a; Epstein et al. 2001b). Similarly, lymphangiogenic therapies have yet to be optimised
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for use in clinical trials. Some VEGF-C induced lymphangiogenesis is transient with vessels
regressing after the VEGF-C therapy has stopped and not displaying adequate function
(Paavonen et al. 2000). New methods of protein delivery for example long lasting expression
of growth factors via rAAV transduction at specific sites may overcome these issues; however
whether these technologies are feasible in a clinical setting remains to be seen. Identification
of the conditions required for lymphangiogenic factors to stimulate neovascularisation,
including the choice of factor and their required expression levels will contribute to the
understanding of the molecular and cellular mechanisms of functional, long-lasting
lymphangiogenesis. Furthermore, while therapies targeting induction of VEGF-C are
warranted the inhibition of VEGF-C could also be useful in blocking inflammatory
pathologies and graft rejection and also in blocking cancer metastasis and growth. Further
research examining the expression of lymphangiogenic factors may aid in the development of
therapies that both promote and inhibit lymphangiogenesis within certain pathologies. Such
research, including the use of multiple animal models and systems, may reveal new

antagonists/stimulants in the regulatory mechanisms of such factors.

1.5.1.2. VEGF-D

In comparison to VEGF-C, relatively few studies have thoroughly examined the biological
actions of VEGF-D, partly due to its later discovery (Achen et al. 1998), but also due to its
apparent lack of importance in embryonic lymphatic development. Gene deletions of VEGF-
D are not fatal in mouse embryos, as they are for VEGF-C (Baldwin et al. 2005), and little
effect is observed in the lymphatic system as a result of a lack of VEGF-D except perhaps for
some minor lymphatic vessel hypoplasia within the lung. VEGF-D delivery can, however,
rescue the VEGF-C™ phenotype and lead to adequate vessel development in the absence of
VEGF-C (Karkkainen et al. 2004). VEGF-D is lymphangiogenic, although it appears to have

certain, specific target tissues where it elicits a greater effect. VEGF-D is strongly expressed
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in the developing lung during embryogenesis, and in the adult human, VEGF-D is found in
many tissues, most abundantly in the lung and heart (Achen et al. 1998; Yamada et al. 1997).
VEGEF-D is the most potent inducer (of all VEGF family members) of lymphangiogenesis in
skeletal muscle (Rissanen et al. 2003), where it also stimulates angiogenesis (Byzova et al.
2002). VEGF-D also induces lymphangiogenesis (but not angiogenesis) in subcutaneous
tissues when expressed by skin keratinocytes (Veikkola et al. 2001) but here it appears to act
to a lesser extent than VEGF-C. VEGF-D can also stimulate the migration of endothelial cells
in vitro and can increase cell proliferation in vifro and in vivo (Marconcini et al. 1999).
VEGEF-D appears to be more angiogenic than VEGF-C; it induces angiogenesis in the rabbit
cornea assay (Marconcini et al. 1999) and when injected in rat cremaster muscle. Similarly,
VEGF-D is angiogenic (along with being lymphangiogenic) when injected into epigastric skin
(Byzova et al. 2002). Human VEGF-D is mitogenic for endothelial cells and angiogenic as
well as lymphangiogenic in vivo (Saharinen et al. 2004).

In experimental tumours VEGF-D plays a pivotal role in stimulating
lymphangiogenesis and lymphatic metastasis (Stacker et al. 2001). VEGF-D has been
proposed as a prognostic indicator as it is expressed by many tumour types and stimulates
tumour angiogenesis and lymphangiogenesis in melanoma (Achen et al. 2001), pancreatic
cancer (Von Marschall et al. 2005), oesophageal squamous cell carcinoma (Kleespies et al.
2005), breast cancer (Akahane et al. 2006) and lung cancers (Ishii et al. 2004). Because of this
tumoural expression VEGF-D, along with VEGF-C, has been proposed as an attractive target

for cancer therapies.

1.5.1.3. VEGFR-3

VEGFR-3 (fms-like tyrosine kinase 4, Flt4) is a member of the endothelial cell receptor
tyrosine kinases. In contrast to VEGFR-1 and VEGFR-2, a disulphide bridge disrupts the fifth

Ig domain of VEGFR-3 (Pajusola et al. 1994). The VEGFR-3 receptor was identified as one
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of the first lymphatic endothelial markers and is a key signalling molecule for
lymphangiogenesis. VEGFR-3 transduces mitogenic and migratory signals in LECs, and
stimulation of the receptor blocks apoptosis induced by serum starvation (Makinen et al.
2001b). It is expressed by both BECs and LECs during development, however VEGFR-3
expression becomes restricted to the lymphatic endothelium as development advances and at
birth is present only on lymphatic endothelia (Dumont et al. 1998; Kaipainen et al. 1995;
Partanen et al. 2000). VEGFR-3 gene knockout mice die from cardiovascular failure early
during development, prior to the formation of the lymphatic vasculature (Dumont et al. 1998).
Blocking of VEGFR-3 function via transgenic expression of a soluble VEGFR-3 —
immunoglobulin G Fc-domain fusion protein during development after the blood vascular
system has formed, results in inhibition of lymphangiogenesis, regression of lymphatic
vessels and subsequent lymphoedema (Makinen et al. 2001a), highlighting the importance
VEGFR-3 signalling in the development of the lymphatic system. In adults, along with being
a specific LEC marker, VEGFR-3 expression is up-regulated on many fenestrated endothelia
for example within endocrine glands and the kidney (Partanen and Paavonen 2001). VEGFR-
3 is also expressed by blood vascular endothelial cells in pathological states such as in chronic
inflammatory wounds (Paavonen et al. 2000), tumour models (Kubo et al. 2000) and in
human tumours (Partanen et al. 1999; Saaristo et al. 2000; Valtola et al. 1999). The crucial
role played by VEGFR-3 in the development of the lymphatic system is also demonstrated
when mutations of the VEGFR-3 gene occur. Missense mutations in the VEGFR-3 gene that
reduce the biological activity of the protein are the leading cause of human primary
lymphoedema as a result of deficient lymphatic vessel growth (Irrthum et al. 2000;
Karkkainen et al. 2000). In adults, VEGFR-3 does not seem to have a role in the normal
maintenance of the Ilymphatic vasculature, however it is up-regulated during

lymphangiogenesis in wound healing (Paavonen et al. 2000), tumours (Petrova et al. 2008; Su
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et al. 2007) and in inflammatory conditions (Flister et al. 2010) and as such is a crucial

regulator of new lymphatic vessel growth.

1.5.3. VEGFs IN NON-MAMMALS

Members of the VEGF family have been identified in birds (Eichmann et al. 1998; Wilting et
al. 2000), frogs (Ny et al. 2005) and fish (Ober et al. 2004; Song et al. 2007). In these animals
they appear to exhibit the same functions as in mammals and display a high level of sequence
conservation. For example, avian VEGF-C interacts with avian VEGFR-2 and VEGFR-3
(Eichmann et al. 1998) and in embryos is expressed in regions destined to be rich in lymph
vessels (Wilting et al. 2001). VEGF-C and VEGF-D also have important roles in
vasculogenesis in zebrafish (Ober et al. 2004; Song et al. 2007) and Xenopus tadpoles (Ny et
al. 2005; Ny et al. 2008) with VEGF-C being crucial to the development of the lymphatic
system in both species (Kuchler et al. 2006; Ny et al. 2005). VEGF-D is not critical for
developmental lymphangiogenesis in frog embryos (Ny et al. 2008); however it does appear
to enhance the function of VEGF-C. Combined knockdown of both genes in Xenopus results
in greater lymphatic defects than single knockdowns of either gene (Ny et al. 2008).
Correspondingly, VEGFR-3 expression is critical for lymphatic development and function in
Xenopus (Ny et al. 2008). Zebrafish VEGF-C is proteolytically processed and the mature
protein binds and induces autophosphorylation of both human (Ober et al. 2004) and zebrafish
(Khatib et al. 2010) VEGFR-2 and VEGFR-3. Furthermore, proteolytic processing of VEGF-
C is necessary for fin regeneration following injury (Khatib et al. 2010), though the precise
role of mature VEGF-C in this process is yet to be elucidated.

Alignments of the amino acid sequences of zebrafish VEGF-C, human VEGF-C and
mouse VEGF-C show many regions of identity, particularly in the VHD (Ober et al. 2004) .

Similarly, zebrafish and Xenopus VEGF-D appear to share sequence similarity with their
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mammalian counterparts (Ny et al. 2008). The wide variety of species from many branches of
the vertebrate evolutionary tree which express both VEGF-C and VEGF-D suggests a high
level of conservation throughout evolution and that these factors are likely to also be found in
reptiles.

The only study that has examined the presence of VEGF-C or VEGF-D in reptiles has
been from our laboratory and focused on the possible association of these factors with tail
regeneration following autotomy (voluntary trail dropping; see section 1.6.) in the gecko
Christinus marmoratus. Western blot analysis on protein extracted from regenerated tail
tissue from C. marmoratus using a human reactive VEGF-C antibody indicated the presence
of a reptilian homolog of mammalian VEGF-C (termed rVEGF-C/D) (Daniels et al. 2003).
Semi-quantitation of the blot showed the presence of rVEGF-C/D at low levels in 6-week
regenerates, increasing at 9 weeks and peaking at 12 weeks after regeneration commenced.
rVEGF-C/D was not detected 3 weeks after autotomy, but levels at 9, 12 and 15 weeks were
significantly up-regulated over basal levels in original tails (Daniels et al. 2003). This up-
regulation correlates with the major proliferative phase of lymphangiogenesis in the
regenerating tail and hence, rVEGF-C/D is likely to have a pivotal role in lymphatic
regeneration.

1.6. REPTILIAN TAIL AUTOTOMY

The Australian marbled gecko, Christinus marmoratus, like many lizard species, has the
ability to voluntarily shed its tail by active contraction of the caudal muscles, a process known
as autotomy (Bellairs and Bryant 1985; Sheppard and Bellairs 1972). This controlled self-
amputation is utilised as a method of predator escape, allowing the lizard to flee a predator
that has grasped it by the tail (Daniels 1983). The writhing tail further acts to distract the
predator while the lizard moves to safety (Dial and Fitzpatrick 1983). Studies examining the

usage of caudal autotomy as an effective predator escape tactic (reviewed by (Bateman and
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Fleming 2009)) demonstrate that the process significantly increases the chances of an
individual’s survival from a predatory encounter. However, several studies report ‘costs’ of
autotomy whereby despite the obvious benefits, the process may significantly impact an
individual’s fitness (reviewed in (Arnold 1988; Bateman and Fleming 2009; McConnachie
and Whiting 2003)). The loss of the tail has been demonstrated to negatively impact the
animal in several ways. Firstly, it can increase the susceptibility of an animal to subsequent
predation due to the lack of the tail to distract future predators (until tail regeneration is
complete) (Daniels 1985; Daniels et al. 1986) and through decreased locomotor performance
(decreased momentum and balance, running speed and endurance). Tail loss can also impact
social interactions and behaviours (displays, status, and attractiveness to mates). Furthermore,
there are significant metabolic costs associated with replacing the lost tissue (McConnachie
and Whiting 2003) as well as the loss of fat stores within the tail (Daniels 1984a). These
metabolic costs can lead to a reduction of female fecundity and also lead to animals having
less energy and less time available (due to increased foraging requirements) for finding a mate
(Bateman and Fleming 2009). All of these factors may ultimately lead to reduced survival
and reduced reproductive fitness, which in part, explains why animals will sometimes exhibit
other defence mechanisms before autotomy (rearing, biting, running, thrashing, excreting) and
why autotomy generally takes place in an economical manner, where the tail is shed one to

three vertebrae anterior to where it is grasped (Arnold 1984) to ensure minimal tail loss.

1.6.1. CAUDAL ADAPTATIONS TO AUTOTOMY

In lizards, autotomy occurs intravertebrally, as opposed to the intervertebral nature of
autotomy in salamanders (Wake and Dresner 1967), and is associated with specialised
adaptations of the vertebrae and various caudal tissues (Bellairs and Bryant 1985).
Autotomous lizards possess modifications, known as fracture planes, in each of the caudal

vertebrae (reviewed by (Etheridge 1967; Hoffstetter and Gasc 1969)), with the exception of
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the first few vertebrae closest to the cloaca. The lack of fracture planes in this basal region of
the tail prevents autotomy in this area and hence ensures protection of reproductive and
digestive organs and also prevents damage to the lymphatic hearts of the pelvis and ischiatic
sinus at the caudal base.

Fracture planes (Fig. 1.7.) are pre-determined sites of weakness within the vertebrae.
The structural features of lizard tail fracture planes have been determined using histological,
radiographic (Etheridge 1967) and more recently micro-computed tomography (nCT)
methods (Kuhn et al. 2008), which provide a 3D evaluation of internal structures of small
bones. Positions of the fracture planes within lizard vertebrae vary between different lizard
families (Bellairs and Bryant 1985). For example in the Scincidae family the fracture planes
typically split the transverse processes into a small proximal and a larger distal part (Bellairs
and Bryant 1985; Etheridge 1967; Kuhn et al. 2008), whereas in Gekkonidae the autotomy
planes lie distal to the split transverse processes (Fig. 1.7.) (Bellairs and Bryant 1985;
Etheridge 1967; Kuhn et al. 2008). Each fracture plane within lizard vertebrae is represented
by a split that divides the vertebrae into two parts, positioned such that it passes through the
centrum (dividing it) and neural arch (Sheppard and Bellairs 1972). Regenerated portions of
the tail do not contain intravertebral autotomy fracture planes and thus subsequent autotomies
must occur proximal to the regenerated tissue.

Segmentation of the caudal muscles and fat bands is also present in the tails of
autotomous lizards (see (Bellairs and Bryant 1985) for review). Figure 1.8. shows the basic
arrangement of muscles, fat and longitudinal septa in the tail of Lacerta vivipara.
Longitudinal bands of fatty tissue surround the vertebral column, with the muscles and skin
lying superficial to them. The muscles and fat are subdivided into four segments by sheets or

septa of connective tissue. This arrangement of the caudal muscles and fat bands provides
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appropriate partitions such that the tissues are effectively separated (rather than torn) upon

autotomy, thus retaining their integrity.
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Figure 1.7. Fracture planes of autotomous lizard vertebrae. A. Representation of the
mid-caudal vertebrae of Lacerta vivipara, lateral aspect (Pratt 1946). B. 3D micro-
computed tomography (LCT) reconstruction of Christinus marmoratus vertebral column.
C. 3D uCT reconstruction of dorsal half of Christinus marmoratus caudal vertebrae, view
from inside. B. and C. taken from Kuhn et al. (2008). Arrows point to the autotomy

planes that run distal of the transverse process. Scale bars indicate 1 mm.

43



A

Posterior

neural spine Anterior

neural spine

Split

Transverse
(autotomy plane)

[)TOCESS

B C

proximal proximal

distal

44



ds

hs m\ ’: ‘}I” DR o,
AR n l!' nog it

3 ___n i In

hs

cv Vs ch

Figure 1.8. Schematic representation of the transverse section through the autotomous part of
the lizard tail. The basic arrangement of muscles, fat, and longitudinal septa is shown in an
autotomous section of the tail in Lacerfa. Abbreviations are as follows: ¢, Centrum; ca, caudal artery;
ch, chevron (a series of small bones that protect blood vessels and nerves of the underside of the tail);
cv, caudal vein; ds, dorsal median longitudinal septum; ef, epaxial fat band; em, epaxial muscle; hf,
hypaxial fat band; hm, hypaxial muscle; hs, horizontal longitudinal septum; ly, caudal lymphatic; na,
neural arch; ne, nerve; sc, spinal cord; vs, ventral median longitudinal septum. Figure reproduced from

Bellairs and Bryant (1985).
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1.6.2. THE MECHANISM OF AUTOTOMY

Flexion of the tail occurring via active contraction of the tail muscles, and sometimes assisted
by the tail being grasped, concentrates pressure onto one particular vertebral fracture plane.
The caudal muscles are arranged such that they are able to contract sufficiently to result in
breakage and separation of the fracture plane to trigger autotomy and allow the tail to be shed
at one of a number of points along its length. As the tail flexes the skin is split on the
stretched, convex aspect of the tail (Sheppard and Bellairs 1972), and the nearby muscles on
this side also separate from their weak anterior attachments. The split then appears to travel
right across the remaining tissues of the tail. The vertebra is disjointed and requires little force
at this stage due to the presence of the fracture plane; separation of the fat bands surrounding
the vertebrae is readily enabled due to their segmented arrangement. There is little to no blood
loss due the presence of valves and/ or sphincters within arterial and venous walls (Sheppard

and Bellairs 1972).

1.7. LIZARD TAIL REGENERATION FOLLOWING AUTOTOMY

Following autotomy, many lizard species are able to regenerate a replacement tail. Given the
high number of potential costs discussed in section 1.6. it is understandable that a new and
complex tail is, often rapidly, regenerated. In the gecko, movement and function are recovered
within the regenerated tail along with the relevant cardiovascular, neural, muscular,
lymphatic, adipose, structural and integumentary systems. Obvious differences do however
exist between original and regenerate tails; for example, the skeleton of the regenerate
consists of a simple cartilage tube as opposed to new bony vertebraec (Werner 1967). The
cartilage tube lacks fracture planes and is therefore incapable of further autotomy (Bellairs
and Bryant 1985). However, it is still possible for additional breaks to occur on the proximal

portion of the original tail or at the junction between the original and regenerate tissue.
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Regenerated muscles within the tail have no attachment to the skeleton as they do in original
tails and the muscle arrangement is more simplified with no clearly defined horizontal and
median longitudinal septa to separate them into four quadrants (Bellairs and Bryant 1985).
Similarly, regenerated fatty tissue is unsegmented and instead fat masses surround and
support the cartilage tube. The regenerated tail is often not as long as the original and often
presents with less flexibility (Daniels 1984b), but is, however, capable of mobility and can
facilitate locomotion and balance. Dorsal scale pattern on regenerated tails is often less
complex and can be one of the distinguishing features for identifying a regenerate (Daniels
1984b). A beneficial characteristic of the regenerated tail is that it can be more efficient as a
site for fat storage (Daniels 1984a), often resulting in a regenerated tail that is broader in
appearance than the original.

There are three principal phases to reptilian tail regeneration. These are wound
healing, blastema formation and differentiation and growth (see (Alibardi 2010; Bellairs and
Bryant 1985; Bryant 1970) for reviews on tail regeneration). Natural autotomy causes
relatively little damage to the local tissues. The spinal cord and meninges, the peripheral
nerves, caudal blood vessels and lymphatics along with the skin are severed by autotomy.
However, the integrity of the muscles, fat bands and vertebrae are maintained, despite being
detached, due to their specialised adaptations. The first steps occurring within the first few
minutes following autotomy are the cessation of bleeding (which is usually minimal due to
arterial sphincters and venous valves), along with the contraction of the skin around the
breakage site. The skin, along with clotted blood and necrotic tissue form a scab, which
protects the wound surface from infection and triggers immune cell migration to the site to
contribute to effective wound healing (Bellairs and Bryant 1985). Epidermal cells migrate

beneath the scab (which is then shed) to cover the wound surface. Here they proliferate such
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that the epidermis becomes stratified and thickened forming the wound epithelium (or apical
cap), which is essential to tail regeneration (Alibardi 2010; Bellairs and Bryant 1985).

As the damaged tissues in the stump break down, they release dedifferentiated cells,
which appear to have lost their morphological identity and possess none of the recognisable
characteristics of their tissues of origin (Bryant 1970). These cells congregate beneath the
wound epithelium and form the blastema, or regenerative bud (Fig. 1.9.). It has recently been
suggested that the blastema may also consist of stem cells that have been retained in the tail
following embryonic development (Alibardi 2010). Most tissues found in the regenerated tail
are thought to arise from these dedifferentiated and potentially embryonic sources. This early
phase of blastema formation is called the latent period, because the autotomised tail does not
elongate during this stage. The conclusion of the latent period is signalled by the visible
outgrowth of the blastema, due to the accumulation of new cells derived from tissues in the
vicinity of the wound and also by mitosis (Bryant 1970).

The differentiation and growth phase of tail regeneration sees the differentiation of
blastema cells back into the tissues of the tail (Fig. 1.10.). The cartilage tube is one of the first
structures to appear. This merges with the last vertebrae of the stump as a continuation of the
original skeleton and surrounds the ependymal tube (containing the regenerating spinal cord)
(Bryant 1970). Muscles, fat, connective tissue, epidermis, blood vessels, and nerves are also
formed in this time (see (Alibardi 2010) for an ultrastructural and cytological review). The
tail lengthens as a result of this differentiation until eventually the new tail is produced and

regeneration is complete.
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Figure 1.9. Early regenerate tail of Lacerta vivipara. Longitudinal, nearly median section through
regenerating tail 2-3 weeks after autotomy and shortly after end of latent period. An apical cap and
ependymal tube have formed and the blastema is well developed. Ac, Apical cap; ans, anterior neural
spine (split by fracture plane); as, connective tissue autotomy septum (bilaminar through fat layer); av,
autotomised vertebra, probably after ablation; bl, blastema; c, centrum; ca, caudal artery; ch, chevron;
ct, developing cartilage tube; cv, caudal vein; dm, developing muscle (pro-muscle aggregate); dme,
dermal melanophore; ep, epidermis; es, ependymal sac; et, ependymal tube; fa, fat layer; iv,
intervertebral pad; m, original muscle; pns, posterior neural spine; sc, spinal cord. Figure reproduced

from Bellairs and Bryant (1985).
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Figure 1.10. Late stage regenerate tail of Lacerta vivipara. Longitudinal section near the midline
through an advanced, but not completely mature regenerate. Scale in mm. ans, anterior neural spine
(split by fracture plane); av, autotomised vertebra; c, centrum; ca, caudal artery; ch, chevron; ct,
cartilage tube; cv, caudal vein; d, dermis; epi, epidermal ingrowth forming new scale; et, ependymal
tube; f, fracture plane in centrum; fa, fat (label on epaial fat band); iv, intervertebral pad; m, original
muscle; pns, posterior neural spine; rfa, regenerated fat interspersed with pigment cells; rm,

regenerated muscle; sc, spinal cord. Figure reproduced from Bellairs and Bryant (1985).
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The regenerative capacity of the tail appears to be dependent on two major factors.
The first is the apical cap of cells covering the developing blastema. The apical cap is crucial
as tail regeneration is hindered when the cap and adjacent skin are removed (Quattrini 1955)
(quoted in (Bellairs and Bryant 1985)). Similarly, tail regeneration does not occur if the apical
cap is replaced by a graft of mature skin (Whimster 1978). The second important factor in
regeneration is the presence of an adequate nervous supply near the site of injury (Kamrin and
Singer 1955; Simpson 1977; Singer 1980), without which the tail will not successfully
regenerate (Simpson 1970). For example damaging the spinal cord in the lizard Anolis
carolinensis near the autotomy site inhibited tail regeneration. However, Simpson (1964,
1977) and others (Cox 1969; Whimster 1978) found that it was not so much the spinal cord
itself that is critical for normal regeneration but rather the ependymal cells, which line the
spinal cord. Transplanting autografts of cartilage tube and ependyma, in which no nerve cell
bodies are present and with no residual influence of nerve fibres, from a regenerating tail into
wounds inflicted in the dorsum of the tail, resulted in a complete regenerate from the dorsum
of the tail (Simpson 1964).

It is also likely that tissue regeneration is subject to the control of hormones and other
growth factors. For example, removal of the pituitary gland prevents blastema formation and
tail regeneration in the lizard Anolis carolinensis (Licht and Howe 1969). Subsequent
injections of the growth hormones, prolactin, gonadatropin and thyrotropin following pituitary
removal restore tail regeneration to nearly normal levels (Licht and Howe 1969). Similarly,
calcium ion antagonists have been used to determine roles for intracellular calcium ions in
fibroblast collagen production, neurogenesis, and angiogenesis during lizard tail regeneration
(Turgut et al. 2007). Recent studies have begun measuring the expression levels of certain
regulatory genes to determine the molecular mechanisms behind tail regeneration. Such work

has highlighted the importance of specific genes such as brain protein 44-like gene (Jiang et
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al. 2009) and platelet-derived growth factor C (Liu et al. 2009) in the regeneration of the
spinal cord of Gekko japonicus following autotomy. Gene expression of beta-keratins and
tissue localisation of alpha-keratins likewise implies potential roles within regenerating lizard
tail scales (Alibardi et al. 2000; Dalla Valle et al. 2005). Additionally, tissue distribution,
particularly within regenerating nervous tissue, suggests potential trophic roles for fibroblast
growth factors (FGFs) in stimulating tail regeneration (Alibardi and Lovicu 2010).

Few studies have examined the regeneration of the blood and lymphatic vasculature
following autotomy. Previous work has shown that the main blood vessels of the lizard tail
regenerate as a continuation of the pre-existing vessels of the stump (Quattrini 1954) (quoted
in (Alibardi 2010)). Blood vessels appear in the early stages of tail regeneration within the
blastema close to the wound epithelium (Hughes and New 1959). Endothelial cells derived
from differentiation of blastema cells have been suggested to make up these new blood
vessels during angiogenesis (Alibardi et al. 1993), which must then undergo some form of
reconnection to the damaged blood vessels in the stump. However, it is possible that sprouting
angiogenesis from pre-existing vessels (as is the case in mammalian wound healing (Gerhardt
et al. 2003)) may also take place along with the recruitment of endothelial cells from the
blastema comparable to a proposed method of blood vessel growth (with recruitment of
endothelial precursors) in mammals (Rafii 2000). Little is known about the regeneration of
the lymphatic system. The lymphatic vessels are severed during autotomy and yet the
regenerated tail is not lymphoedematous, indicating that the mechanisms for draining tissue
fluids are restored, presumably by the creation of new (de novo lymphangiogenesis), or the
extension of pre-existing (sprouting lymphangiogenesis), lymphatic vessels.

Basic histological analysis of original, partial and fully regenerated tails of C.
marmoratus demonstrates different lymphatic characteristics in original and regenerating tails

(Daniels et al. 2003). Original tailed geckos appear to have a greater number of lymphatic
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vessels, with a larger diameter, than full regenerates. Early regenerates (3 weeks following
autotomy) have fewer lymphatic vessels than originals and have vessels of a wider diameter
(Daniels et al. 2003). As regeneration proceeds, lymphatic vessel number increases and vessel
diameter decreases. In particular, the number of both lymphatic and blood vessels increase
significantly between three and six weeks of regeneration, indicating that this is a major
proliferative phase of angiogenesis and lymphangiogenesis. The diameter of lymphatic
vessels within full regenerates is less than that in original gecko tails; however an organised
lymphatic network is apparent within the regenerated tails (Daniels et al. 2003). Findings of
this study go further to suggest that this lymphangiogenesis in the regenerating lizard tail may
be caused by a reptilian homolog of VEGF-C and/or VEGF-D (Daniels et al. 2003), as this
protein has been found to play important roles in embryogenesis and growth of the lymphatic
system in mammals (reviewed by (Jussila and Alitalo 2002) and see also section 1.5.).
However, this work was performed using basic histology staining, as specific molecular
markers were not available at the time to accurately identify lymphatic vessels. Whether the
same pattern would be observed utilising LEC specific markers remains to be seen. Similarly,
the functionality of the regenerating lymphatic vessels within the gecko tail is unclear — the
tails do not appear lymphoedematus and hence restoration of lymph drainage pathways
appears likely. However, whether the route of fluid drainage is through the apparent newly
formed lymph vessels or instead through simple fluid channels is unknown.

Likewise it is unknown whether re-established flow in regenerates has the same
physiological characteristics as the system in the original tails. Daniels et al. (2003) did find
significant differences between regenerate and original tailed geckos in lymphatic transport of
the radiocolloid 99mTechnetium-antimony trisulphide (*™Tc-ATC) following subdermal
administration. Differences in small particle transport between the two tail states indicates

that differences may exist with respect to the lymphatic network and/or surrounding tissues,
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however these differences were not elucidated. Further work to clarify these functional and
structural aspects of lymphatic regeneration within the gecko tail may provide further details
of the process of lymphangiogenesis. Furthermore, studies into tail regeneration in the gecko

can provide knowledge into the molecular basis of the regeneration mechanism.

1.8. PROJECT RATIONALE

Two decades ago virtually nothing was known about the lymphatic system or the process of
lymphangiogenesis. Despite multiple advances in the field in recent years, primarily brought
about by the discovery of specific lymphatic vessel molecular markers and identification of
some core lymphangiogenic genes, much remains to be discovered. The molecular regulators
driving lymphangiogenesis and the precise roles these genes play are not fully understood, in
particular the molecular mechanisms driving lymph vessel growth following trauma are
unclear. The importance of lymphangiogenesis in wound healing and several pathologies
including tumour metastasis highlights the need for further understanding. New animal
models, particularly, adult models of lymphatic regeneration, would be beneficial in
investigating this process. The regenerating lizard tail offers an excellent model of tissue
regeneration in an adult system that is more closely related to mammalian systems in terms of
phylogeny (both groups are amniotes and evolved from a common ancestor) and histology
compared to amphibians, which are extensively used for regeneration studies (Mescher 1996;
Odelberg 2005). Therefore, this thesis aims to determine how lymphangiogenesis is
controlled following tail autotomy in lizards.

I aim to describe the physiological process and molecular mechanisms of
lymphangiogenesis during tail regeneration in the gecko C. marmoratus with a focus on the
lymphangiogenic growth factors, VEGF-C and VEGF-D, together with the receptor VEGFR-

3. I hypothesise that VEGF-C, VEGF-D and VEGFR-3 will be present within the gecko tail
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and that lymphangiogenesis during tail regeneration is driven by VEGF-C and VEGF-D
through binding and activation of VEGFR-3. Additionally, I aim to highlight the potential of
the regenerating gecko tail as a new model to investigate the lymphangiogenic process, which
may further provide insights into this complex mechanism and hence facilitate the

development of new therapeutic strategies.

1.8.1. USE OF C. MARMORATUS AS AN ANIMAL MODEL OF
LYMPHANGIOGENESIS

Here, I study the Australian marbled gecko, Christinus marmoratus. This species was selected
on the basis that its tail regeneration time is relatively short (approximately 24 weeks to reach
full regeneration), it is commonly found in Adelaide parks and gardens and is easy to house
and maintain.

While other models of lymphangiogenesis are available the regenerating gecko tail is
novel in that it potentially allows the study, in an adult animal, of the de novo synthesis of
permanent lymph vessels into an area devoid of them. Other animal models for
lymphangiogenesis often require invasive manipulation such as surgery (e.g. epigastric flaps
in mice (Saaristo et al. 2004), punch biopsy wounds in the skin of pigs (Paavonen et al. 2000)
and mice (Saaristo et al. 2006)), specialised materials (e.g. the collagen dermal equivalent
(Boardman and Swartz 2003; Goldman et al. 2007; Rutkowski et al. 2006)) or expert handling
(e.g. transgenic mice development, small animal dissections) and expensive housing (e.g.
aquariums, sterile/contamination free animal house facilities). Zebrafish (Isogai et al. 2009;
Kuchler et al. 2006; Yaniv et al. 2006; Yaniv et al. 2007) and Xenopus laevis tadpoles (Kalin
et al. 2009; Ny et al. 2006; Ny et al. 2005; Ny et al. 2008) have both recently been validated
as excellent models for examining the molecular mechanisms underlying embryonic
lymphangiogenesis, but the findings in development may not hold true postnatally. In

addition, the reptilian lymphatic network has been described as being structurally more
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similar to that of mammals compared to other non-mammals (Ottaviani and Tazzi 1977) and
so is more suited to studies in lymphangiogenesis. Furthermore, gecko tail autotomy and
regeneration are natural processes that occur readily, and for which the tail tissues are well
adapted. Hence, there is no concern about potential issues of infection or inflammation or the

need for administration of medications such as pain relief, anaesthetics and antibiotics.

1.9. AIMS OF THE THESIS

1. To examine the functional and structural characteristics of the regenerating gecko tail
lymphatic network and surrounding tissues.

2. To identify and characterise the expression profiles and genetic sequences of the
lymphangiogenic growth factors VEGF-C, VEGF-D and their receptor VEGFR-3
throughout tail regeneration in the gecko C. marmoratus.

3. To use the molecular marker LY VE-1 to conclusively identify lymphatic vessels and
hence prove that lymphangiogenesis occurs within the regenerating tail.

4. To determine tissue localisation and protein expression profiles of VEGF-C, VEGF-D
and VEGFR-3 within regenerating gecko tail tissue and provide evidence for their

roles in lymphangiogenesis.
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2.2. SUMMARY AND CONTEXTUAL LINKAGE

Lymphoedema is defined as excess fluid accumulation in the tissues and arises as a result of
lymphatic system trauma or malfunction (Board and Harlow 2002a). In the gecko tail, the
lymphatic vessels are severed by autotomy and yet the regenerating gecko tail shows no sign
of swelling. Hence, fluid transport within the tail must be reinstated. Excess fluid could be
removed from the regenerated tissues either via flow through simple fluid channels or through
newly formed lymphatic capillaries and collecting vessels that have the capacity to take up
excess interstitial fluid and transport it to the venous/lymphatic anastomoses near the cloacae.
Previous work has shown the likely presence of new lymphatic vessels within regenerating
and fully regenerated tails (Daniels et al. 2003), but the functional characteristics of these
vessels were not fully elucidated.

In this chapter I present my published paper ‘How regenerating lymphatics function:
Lessons from lizard tails’ in which 1 describe studies performed to determine the
physiological functionality of the lymphatic vessels and surrounding tissues throughout
different stages of regeneration. I used the nuclear medicine technique of lymphoscintigraphy
to measure the parameters of lymph clearance and lymph velocity of three different radio-
labelled tracers at different stages of tail regeneration and in original tails. The tracers used
included two non-soluble colloids of differing sizes and one soluble molecule. Examining the
ability of the lymphatic vessels to take up both large and small particles was used to gain
details of the changes in permeability of both the lymphatic vessels and the connective tissue
(extracellular matrix) surrounding the lymph network throughout regeneration. This technique
also provides information regarding the capabilities of the regrowing and regenerated
lymphatic vessels in transporting ‘lymph’ to the venous circulation.

Results from this paper show that basic lymphatic function is restored by 6 weeks of

regeneration where large non-soluble colloids can be taken up by the vessels from the

60



interstitial spaces and transported to the venous circulation. As regeneration proceeds this
uptake becomes more selective, vessels become less permeable to large colloids presumably
as a result of maturation of the lymphatic vessels along with increasing density of the
extracellular matrix due to re-growth of connective tissue. By 12 weeks of regeneration tracer
clearance and lymph velocity are restored to near original levels, highlighting that lymphatic
regeneration takes place and the functional lymphatic network is likely to be restored to the
pre-autotomy structure. The regenerating gecko tail therefore offers an advantageous model to
study lymphangiogenesis. Recent discoveries have highlighted the importance of
lymphangiogenesis in many pathological conditions and stimulation of lymphangiogenesis
offers potential benefits for disorders involving lymphatic dysfunction. However, the
molecular mechanisms behind lymphangiogenesis are unclear. The regenerating gecko tail
model offers a system whereby the molecular mechanisms controlling the re-growth of a
whole functional lymphatic network, including vessel maturation and remodelling, may be

elucidated.
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3.2. SUMMARY AND CONTEXTUAL LINKAGE

In the previous chapter it was demonstrated that the regenerating lymphatic network within
the gecko tail recovers the same functional characteristics as those seen in original tails by 12
weeks of regeneration, with basic fluid transport capabilities present at 6 weeks following
autotomy. Thus, a functional lymphatic system is regenerated that appears to have recovered a
similar structure and arrangement as was present prior to autotomy. However, the molecular
mechanisms driving lymphangiogenesis within the regenerating gecko tail are unknown.

In mammals, the growth factors VEGF-C and VEGF-D have been identified as
primary regulators of lymphangiogenesis, during both embryogenesis and in adults. These
growth factors induce endothelial cell survival, proliferation, migration, induction and
permeability (Jeltsch et al. 1997; Kukk et al. 1996; Makinen et al. 2001b; Veikkola et al.
2001) upon binding to their receptor VEGFR-3. While these molecules are predominantly
regarded as lymphangiogenic they are also capable of stimulating angiogenesis via binding to
the blood endothelial receptor VEGFR-2 or by binding to VEGFR-3 which although generally
restricted to the lymphatic epithelia following development (Kaipainen et al. 1995) is also
expressed on blood endothelial cells in certain conditions (Petrova et al. 2008; Tammela et al.
2008).

In 2003 Daniels et al. reported the presence of a homologue of VEGF-C and/or
VEGF-D within protein extracts from the regenerating gecko tail based on their findings
using western blotting. Two positive bands were identified by binding of an anti-human
VEGF-C antibody at 58 and 43 kDa which is similar to those reported in other studies
(Joukov et al. 1997b). This was further confirmed by an absence of bands in the presence of a
VEGF-C blocking peptide. In their paper, Daniels et al. termed this homologue reptilian
VEGF-C/D (rVEGF-C/D) as the amino acid sequence of the protein identified was never

determined. It is highly likely however, that reptiles, and in particular the regenerating gecko
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tail, possess both VEGF-C and VEGF-D along with their receptor as they have been
identified in all other vertebrate groups including mammals (Achen et al. 1998; Fitz et al.
1997; Joukov et al. 1996), birds (Eichmann et al. 1998; Wilting et al. 2001), fish (Kuchler et
al. 2006; Ober et al. 2004; Song et al. 2007) and amphibians (Ny et al. 2005; Ny et al. 2008).
In this chapter I present my published paper ‘Differential mRNA and tissue expression
of lymphangiogenic growth factors (VEGF-C and —D) and their receptor (VEGFR-3) during
tail regeneration in a gecko’. This paper first describes the identification and isolation of
partial cDNA sequences for gecko VEGF-C, VEGF-D and VEGFR-3 that are highly similar
to those of other vertebrate species. Phylogenetic analysis confirms the high level of sequence
conservation in these partial sequences and shows that the gecko sequence is evolutionarily
most closely related to the chicken sequence. Secondly, we have developed and validated a
quantitative real-time PCR (qPCR) method to quantify mRNA expression of
lymphangiogenic growth factors and their receptor within the regenerating gecko tail. This
method was used to identify and examine the precise timing of expression of the
lymphangiogenic factors VEGF-C and VEGF-D and the receptor, VEGFR-3 throughout tail
regeneration. Expression profiles show up-regulation of VEGF-C, VEGF-D and VEGFR-3
mRNA expression in early, late and mid-regeneration respectively. This differential
expression could have implications for potential roles of these factors in the tail regenerative
process and more specifically in lymphangiogenesis throughout tail regeneration. Thirdly,
immunohistochemistry was used to positively confirm the identity of lymphatic vessels in
regenerated gecko tail tissue and hence provide conclusive evidence of lymphangiogenesis
occurring within the tails. LYVE-1 positive staining was observed in full regenerate gecko tail
tissue on endothelial cells lining vessels with characteristic lymphatic architecture. Sites of
expression of VEGF-C and VEGF-D in regenerating gecko tails, obtained using

immunohistochemistry, occur in regions rich in lymphatic vasculature and are consistent with
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sites of expression in mammalian studies of wound healing where they do stimulate
lymphangiogenesis (Bauer et al. 2005; Kiveld et al. 2007; Trompezinski et al. 2004).
However, quantitative protein expression profiles need to be performed to corroborate
mRNA expression data to verify the conclusions that up-regulation of gene expression is
capable of producing a functional response. Furthermore, full-length sequences of gecko
VEGF-C, VEGF-D and VEGFR-3 are required to further explore the evolutionary
relationships of these genes to other vertebrate species and provide further evidence for their

roles in lymphangiogenesis within the regenerating gecko tail.
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Chapter Four

ISOLATION AND CHARACTERISATION OF FULL-LENGTH VEGF-
C, VEGF-D AND VEGFR-3 CDNA SEQUENCES FROM THE GECKO
CHRISTINUS MARMORATUS

4.1. INTRODUCTION

Partial gene sequences (145 bases) of gVEGF-C, gVEGF-D and gVEGFR-3 were identified
in the previous chapter that appear to be highly similar to other vertebrate species. Sequence
analysis, mRNA expression profiles and tissue localisation suggest that these factors play a
role in tail regeneration and more specifically in lymphangiogenesis. However, the gVEGF-C,
gVEGF-D and gVEGFR-3 sequences obtained in Chapter 3 only represent 11, 14 and 3.5 %
respectively of the total expected protein coding sequence. Therefore, more sequence
information is required to accurately analyse these genes in the gecko.

The growth factor VEGF-C and its receptor VEGFR-3 are crucial for lymphatic
system development (Karkkainen et al. 2004; Makinen et al. 2001a) and both VEGF-C, and
its closely related homologue, VEGF-D are capable of stimulating lymphangiogenesis and
angiogenesis in adult tissues (Anisimov et al. 2009; Cao et al. 2004; Cao et al. 1998;
Karpanen and Alitalo 2008; Marconcini et al. 1999; Rissanen et al. 2003). Lymphangiogenic
and angiogenic functions of VEGF-C and VEGF-D are driven by binding and activation of
the endothelial cell specific receptors VEGFR-3 and VEGFR-2 leading to endothelial cell
migration and proliferation. Key steps are crucial for these processes to occur and are
governed by specific functionally important sites on both the ligands and receptors.

Proteolytic cleavage of VEGF-C and VEGF-D is an important regulator of bioactivity.
Both VEGF-C and VEGF-D acquire the ability to bind VEGFR-2 only after proteolysis
(Achen et al. 1998; Joukov et al. 1996). Mature VEGF-D has a 290-fold greater affinity for

the VEGFR-2 receptor than unprocessed VEGF-D (Stacker et al. 1999). Similarly, VEGF-C
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and VEGF-D bind VEGFR-3 with far greater affinity following proteolytic maturation
(Joukov et al. 1997b; Stacker et al. 1999). Lymphangiogenesis is reduced by approximately 4-
fold in a mouse tumour model as a result of a mutation in a VEGF-C proteolytic cleavage site
(Siegfried et al. 2003).

Binding and activation of VEGFR-2 and VEGFR-3 also require ligand (and
subsequent receptor) dimerisation, whereby each monomer contributes one receptor binding
site. In the case of VEGF-C and VEGF-D, fully processed, mature monomers bind one
another via non-covalent (Joukov et al. 1997b; Stacker et al. 1999) and/or covalent (Leppénen
et al. 2010) bonds in an antiparallel fashion, before specific receptor binding can take place.
Thus residues required in the formation of the dimer interface are essential to VEGF-C and
VEGF-D function. VEGFR-3, being a tyrosine kinase receptor, follows a specific pattern of
intracellular signalling upon activation (Fig. 4.1.). Dimeric ligand binding triggers receptor
dimerisation resulting in transphosphorylation between the receptor monomers, which
regulates kinase activity and creates docking sites for specific signal transduction molecules.
Thus, specific tyrosine residues within the VEGFR-3 tyrosine kinase domain that are capable

of phosphorylation are essential for receptor activity (Dixelius et al. 2003b).
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Figure 4.1. VEGFR-3 phosphorylation sites and signal transduction pathways. Intracellular
domains of dimerised and activated vascular endothelial growth-factor receptor 3 (VEGFR-3) are
shown with tyrosine-phosphorylation sites that are indicated by numbers (from human sequence).
Binding of dimerised VEGF-C or VEGF-D triggers receptor dimerisation and autophosphorylation.
Circled R indicates that use of the phosphorylation site is dependent on heterodimerisation (VEGFR -
2/VEGFR-3 heterodimers are possible along with VEGFR-3 homodimers). Dark blue squares in the
receptor molecules indicate positions of tyrosine residues. Binding of signalling molecules (dark blue
ovals) to certain phosphorylation sites (boxed numbers), initiates signalling cascades (light blue ovals),
which leads to the establishment of specific biological responses (pale blue boxes). The mode of
initiation of certain signalling chains is unclear (dashed arrows). Final biological outcomes that are
coupled to the respective receptors are indicated in pink boxes. MAPK, mitogen-activated protein
kinase; PI3K, phosphatidylinositol 3" kinase; PKC, protein kinase C. Figure adapted from Olsson et al.

(2006).
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Amino acid sequence mutations, occurring either naturally or artificially, highlight the
functional importance of specific residues within VEGF-C, VEGF-D and VEGFR-3 proteins.
For example several forms of hereditary lymphoedema arise due to missense mutations within
the VEGFR-3 gene encoding the tyrosine kinase domain. Such mutations inhibit receptor
transphosphorylation upon ligand binding and thus prevent downstream signalling to
endothelial cells leading to the development of a lymphoedema phenotype (Butler et al. 2007,
Karkkainen et al. 2000). Similarly, the transgenic Chy mouse model, which displays
hypoplasia of the cutaneous lymphatic vessels, also possesses a heterozygous mutation
rendering the tyrosine kinase domain inactive (Karkkainen et al. 2001). Mutations in residues
of VEGF-C and VEGF-D important in the receptor-binding interface likewise prevent or
reduce receptor binding and signalling. In VEGF-C, mutations of only three amino acids
(Cysl156, Phel51 and Prol98) are sufficient to inhibit binding to VEGFR-3 (Jeltsch et al.
2006). Likewise, VEGFR-2 binding by VEGF-C is reduced by alanine mutations in three
VEGF-C residues (Cys 156, Pro 155, Phe 151) (Jeltsch et al. 2006) and is completely
abolished when Cys 156 is mutated into a serine residue (Joukov et al. 1998).

High levels of similarity were reported in the previous chapter between the VEGF-C,
VEGF-D and VEGFR-3 nucleotide sequences of the gecko and other species. However, given
that only a small amount of sequence information was available it was unclear whether this
similarity was limited only to the identified regions or whether it was representative for the
whole molecule. Nor was it determined whether functionally important residues are conserved
or whether the gecko proteins possess similar structural features to those of other species.
Furthermore, phylogenetic analysis of the partial sequences provided evidence for differing
modes of evolution of VEGF-C (stabilising selection) compared to VEGF-D and VEGFR-3

(directional selection). However, again as only a small amount of sequence information was

95



present the results may have been biased and thus more sequence information may aid in
clarifying these evolutionary relationships.

In this chapter I aim to further characterise the VEGF-C/D/R3 pathway within the
gecko by describing the ¢cDNA and translated protein sequences. Sequence alignments,
phylogenetic analysis and molecular modelling have been used to provide evidence that the
gecko proteins would act in a functionally similar way as they do in mammals, fish, birds and

frogs i.e. they are likely to be lymphangiogenic.

4.2. MATERIALS AND METHODS

4.2.1. RNA EXTRACTION

Total RNA extracted in Chapter 3 was used for sequence determination in this chapter.
Briefly, gecko tails were stimulated to autotomise and then left to regenerate for either 4, 5, 6,
7, 9, 10 or 12 weeks after which the regenerated portion of the tails was once again
autotomised and immediately snap frozen in liquid nitrogen until required. Total RNA was
isolated from snap frozen gecko tails using TRIzol (Astral Scientific Pty Ltd), following the
manufacturer’s instructions. Briefly, gecko tail tissue was pulverised to a fine powder using a
mortar and pestle in the presence of liquid nitrogen to prevent any tissue thawing. Up to 100
mg of crushed tissue was then added to a sterile 1.5 ml screw cap eppendorf tube containing 1
ml of chilled TRIzol and half-filled with 1.0 mm diameter Zirconia/silica beads (Daintree
Scientific). Homogenisation was performed using a Mini-Beadbeater (Daintree Scientific) for
3 x 60 sec at 4800 rpm with cooling on ice in between each homogenisation step. The
homogenate was centrifuged at 12,000 g for 10 min at 4°C to remove insoluble material and
beads. Chloroform was added to the supernatant of the homogenate followed by vortexing for
15 s and incubating at room temperature for 5 min. The upper aqueous phase containing RNA

was transferred to a fresh tube and RNA was precipitated by the addition of 500 pl of
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isopropanol. The resultant pellet was washed using 75% ethanol and finally resuspended in
100 pl of diethyl pyrocarbonate (DEPC) -treated water. RNA concentration and purity were
measured using a NanoDrop spectrophotometer (NanoDrop Technologies Inc.).

4.2.2. cDNA SYNTHESIS

Complementary DNA (cDNA) was synthesised with the Superscript™ I First-Strand
Synthesis System (Invitrogen) using 1 pg of DNase-treated total RNA and Oligo-dT priming
in a final volume of 20 pl as per the manufacturer’s guidelines. Controls containing no RNA

transcript were performed to test for reagent contamination.

4.2.3. DEGENERATE POLYMERASE CHAIN REACTION (PCR)

Partial lymphangiogenic cDNA sequences were obtained using degenerate primers designed
from consensus vertebrate sequence alignments of the different genes (Table 4.1.) in a
degenerate polymerase chain reaction (PCR) using AmpliTaq® Gold DNA Polymerase
enzyme with GeneAmp® 10X PCR Buffer (Applied Biosystems) according to the
manufacturer’s instructions. Each 25 pl reaction mix, in 0.2 ml microfuge tubes, contained 0.4
uM of forward and reverse degenerate primer, 200 uM dNTPs, 0.1 ul AmpliTaq® Gold DNA
polymerase, 2.5 ul GeneAmp® 10X PCR buffer, 2.5 mM MgCl, and 2.5 pl of cDNA
template. PCRs were performed in a Peltier Thermal Cycler (MJ research), under the

following conditions:
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Initial denaturation and enzyme activation - 95°C for 10min
Denaturation - 94°C for 30 sec
Annealing - 53°C for 30 sec 35 Cycles
Extension - 72°C for 30 sec
Final extension - 72°C for 7min
A lower annealing temperature allows for a lower stringency reaction and thus enables
degenerate primers to bind.
Several different combinations of degenerate primers were used to amplify several
sequence fragments of different sizes for each gene to attempt to determine as much of the

protein coding sequence as possible.
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4.2.4. AGAROSE GEL ELECTROPHORESIS

Detection of the correctly sized PCR products was performed using agarose gel
electrophoresis. Electrophoresis was performed using specific volumes of DNA diluted in 6X
DNA loading dye (New England Biolabs). Pre-stained 100 bp or 1 kb molecular weight
markers (New England Biolabs) were always run in conjunction with DNA solutions (marker
chosen dependent on expected size of product). All samples were run on set 1% agarose gels
containing 1 pg/ml ethidium bromide at 130 volts (v) in 1X Tris-borate-EDTA (TBE) buffer.
Gels were visualised under UV light using the GelDoc EQ Trans UV imaging system (Bio-

Rad).

4.2.5. PCR CLEAN-UP, CLONING AND DNA SEQUENCING

Amplicons of the expected size obtained in degenerate PCRs were gel purified using
QIAquick Gel Extraction Kit (QIAGEN) as per the manufacturer’s instructions. Briefly, PCR
products were examined by agarose electrophoresis (see above) on a UV box and bands of
expected size were excised using a scalpel blade. The excised gel slices were then weighed
and incubated at 50°C in 3 volumes of solubilisation and binding buffer (buffer QG) until the
agarose was completely dissolved. DNA was then isolated and purified on the provided spin
columns and eluted with 30 pl of buffer EB (10 mM Tris-Cl, pH 8.5). Elution buffer was left
to stand on the membrane for 1 min before centrifugation to increase DNA concentration.
Cleaned DNA was then stored at -20°C until required.

DNA was then ligated into a pGEM-T Easy vector using the pGEM-T Easy Vector
System (Promega), according to the supplier’s recommendations. Ligation reactions were
performed in a 10 pul volume containing 5 pl of 2X Rapid Ligation Buffer, 1 pl of T4 DNA
ligase and a 1:1 vector: insert molar ratio and left to incubate overnight at 4°C. Ligated
plasmids were transformed into Subcloning Efficiency™ DHS50™ Competent Cells

(Invitrogen) following the manufacturer’s guidelines with a few modifications. Briefly, 3 pl
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of the ligation reaction was added to 25 ul of thawed competent cells, mixed gently and left to
incubate on ice for 30 min. Cells were then heat-shocked in a 42°C waterbath for 20 sec and
returned to ice for 2 min followed by incubation in 950 ul of pre-warmed culture media (super
optimal broth with carbolite repression (SOC, Invitrogen) or Luria-Bertani (LB) without
antibiotic) at 37°C for 1 h with shaking. Following this cellular recovery period the
transformations were spun at 6,000 g for 1 min to pellet bacterial cells and most of the
supernatant was removed leaving approximately 150 ul with the bacterial pellet. Bacteria
were then re-suspended and 8 pul of 50 mg/ml X-gal (Subcloning Efficiency™ DHS5a™
Competent Cells do not require IPTG for blue/white selection) was added directly to the cell
suspension for blue/white screening for recombinants. The entire cell suspension was then
spread onto pre-warmed LB plates containing 100 pg/ml ampicillin and left overnight at
37°C. Positive clones were identified as being white (due to disruption of the LacZ gene, thus
no [-galactosidase is present to form a blue precipitate in the presence of X-gal), and were
picked using a sterile toothpick and cultured in 2 ml of LB media containing ampicillin
overnight at 37°C with shaking. Plasmids from positive colonies were isolated using the
QIAprep Spin Miniprep Kit (QIAGEN) and the clones sequenced using sequence BigDye®
Terminator v3.1 Cycle Sequencing (Institute of Medical and Veterinary Sciences, Adelaide).

Sequences were confirmed to be the genes of interest by using a Basic Local Alignment

Search Tool (BLAST, www.ncbi.nlm.nih.gov/blast/Blast.cgi).
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4.2.6.5 AND 3° RAPID AMPLIFICATION OF cDNA ENDS (RACE)

Where full protein coding sequences could not be obtained using degenerate PCR, rapid
amplification of cDNA ends (RACE) was utilised to acquire the 5’ and 3’ ends of the partial
cDNA’s. The 5°/3° RACE kit, 2™ Generation (Roche) was used for first strand cDNA
synthesis, Poly(A) tailing of first-strand ¢cDNA (for 5> RACE) and PCR amplification of
cDNA using gene specific primers designed from the partial sequences (Table 4.2.). Both
gVEGF-C and gVEGF-D 5’ends could be obtained using degenerate PCR, while gVEGFR-3
required 5° RACE. All three genes required 3> RACE to obtain the 3° ends of the protein-
coding gene sequences.

First-strand synthesis of cDNA for 5> RACE was performed using 2 pg of total RNA
extracted from C. marmoratus tails (section 4.2.1.) according to the manufacturers’
instructions. Briefly, 2 pg of total RNA was added to 0.625 uM of gene specific cDNA
synthesis primer (VEGFR-35RACE_GSP1), 4 ul of cDNA synthesis buffer, 2 ul of dNTPs
and 25 U of Transcriptor Reverse Transcriptase in a total reaction volume of 20 ul. Reverse
transcription was then performed by incubation for 60 min at 55°C followed by inactivation
of the enzyme by incubation at 85°C for 5 min. Single stranded cDNA was then cleaned up
(removal of excess primer, dNTPs, buffer salts etc.) using the High Pure PCR Product
Purification Kit (Roche) via the special protocol specified in the RACE manual. Next, a
homopolymeric A-tail was added to the 3’end of the cleaned first-strand cDNA using
recombinant Terminal Transferase and dATP. dA-tailed cDNA was then PCR amplified using
an oligo-dT anchor primer plus reverse gene specific primer (VEGFR3 RACE _ GSPS;
designed 5’ to GSP6) in a PCR reaction using the FastStart High Fidelity PCR System
(Roche). FastStart reactions were carried out in a final volume of 50 ul, with 5 pl of 10x

FastStart High Fidelity Reaction Buffer (final MgCl, concentration 1.8 mM), 1 ul PCR grade
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nucleotide mix (200 uM of each dNTP), 0.4 uM final forward and reverse primer

concentration and 1 pl of dA-tailed cDNA template. PCR cycling conditions were as follows:

Initial denaturation and enzyme activation - 95°C for 2 min
Denaturation - 95°C for 30 sec

Annealing - 60°C for 30 sec 35 Cycles
Extension - 72°C for 90 sec

Final extension - 72°C for 7 min

A second round PCR was then used to further amplify specific cDNA using a further
5’ designed gene—specific primer (VEGFR3 RACE GSP4) and PCR anchor primer (from
RACE kit). 5 RACE products were confirmed using agarose gel electrophoresis, gel
extraction, cloning and sequencing as described above.

First-strand synthesis of cDNA for 3> RACE was performed using 2 pg of total gecko
RNA in a 20 pl reaction consisting of 4 ul cDNA synthesis buffer, 2 ul ANTP mix, 1 ul oligo-
dT-anchor primer and 1 pl of Transcriptor Reverse Transcriptase. This reaction mixture was
then incubated for 60 min at 55°C then 5min at 85°C. The resulting single stranded cDNA
(sscDNA) was then directly used in a PCR reaction using the FastStart High Fidelity PCR
System (Roche) with the PCR anchor primer as reverse and gene- specific forward primer
(Table 4.2.) under the same reaction and cycling conditions as described above. Second-round
PCR was then performed using a second gene-specific primer further 3’ to the first. 3> RACE
products were confirmed using agarose gel electrophoresis, gel extraction, sub-cloning and

sequencing as described above.
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4.2.7. SEQUENCE ANALYSIS AND BIOINFORMATICS

Sequence data and chromatograms were returned in abl file format and viewed and edited
using the BioEdit software package (Hall 1999). Nucleotide sequences were translated to
amino acids using the BioEdit sorted six-frame translation tool. Sequence alignments to other
vertebrate genes (obtained from GenBank, NCBI) were carried out using the ClustalW
multiple alignment application. Similarity and difference scores were calculated using the

sequence identity matrix and sequence difference matrix tools in BioEdit.

4.2.7.1. Phylogenetic analysis

To examine the phylogenetic relationships between different species, phylogenetic trees of the
VEGF-C, VEGF-D and VEGFR-3 protein sequences were constructed from a ClustalW
amino acid alignments using the Neighbour-Joining (NJ) method within the MEGA 4.1
software package (Tamura et al. 2007). The NJ method uses a distance-based algorithm to
make pair wise comparisons of whole sequences. Thus evolutionary divergence is determined
based on a single coefficient of sequence similarity or difference. Evolutionary distances were
computed using the Poisson correction method (Zuckerlandl and Pauling 1965). Bootstrap
analysis based on 1200 pseudo-replicates was performed to assess support for nodes. For the
expanded phylogenetic analysis of the VEGF-C, VEGF-D and VEGFR-3 nucleotide
sequences (in section 4.4.2.), NJ trees were constructed with pair wise evolutionary distances
between sequences computed using the maximum composite likelihood method which
reduces standard errors that can typically be generated by the NJ method and hence improves
the accuracy of the constructed trees (Tamura et al. 2004). Sequences included in the
expanded NIJ trees were selected by a BLAST search using the gVEGF-C, gVEGF-D and
gVEGFR-3 sequences as the query. Only sequences with Expect (E) values lower than e” and
that were not named as a different sequence (e.g. a different VEGF family member or

receptor) were included in the ClustalW alignment used to generate NJ trees.
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4.2.7.2. Molecular Modelling

Comparative homology models were generated and partially assessed in the Swiss-Model
workspace (first approach mode) (Arnold et al. 2006). Swiss-Model selects tertiary structure
templates based on sequence alignments between the query and template. Analysis of the
models to assess model accuracy and viability performed by Swiss-Model includes Anolea
(atomic empirical mean force potential, used to assess the packing quality of the models)
(Melo and Feytmans 1998), GROMOS (analysis of conformations in biomolecular systems)
and Verify 3D (Eisenberg et al. 1997) which analyses the compatibility of a 3D atomic model
with its own amino acid sequence (1D). Homology models with a sequence identity of less
than 50% to the selected template were further assessed for model quality using QMEAN
(Benkert et al. 2008) and DFire (Zhou and Zhou 2002). Molecular graphics images were
produced using the UCSF Chimera package from the Resource for Biocomputing,
Visualisation, and Informatics at the University of California, San Francisco

(http://www.cgl.ucsf.edu/chimera, supported by NIH P41 RR001081) (Pettersen et al. 2004).
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4.3. RESULTS

4.3.1. ISOLATION OF NUCLEOTIDE SEQUENCES ENCODING FULL-LENGTH
PROTEIN CODING REGIONS FOR gVEGF-C, gVEGF-D AND gVEGFR-3

Full-length protein coding cDNA sequences were obtained for the VEGF-C (Fig. 4.2), VEGF-
D (Fig. 4.3) and VEGFR-3 (Fig. 4.4) genes of the Australian marbled gecko (Christinus
marmoratus) using both degenerate PCR and 5°/3° RACE. Degenerate primers were first
designed based on the sequence of highly conserved regions within each of the genes. Using
these primers, partial sequences were acquired and based on these partial sequences gene-
specific primers for 3’ and 5° RACE and further degenerate primers (for PCR with one
degenerate and one specific primer) were designed. Degenerate PCR was sufficient to obtain
5’ ends for both VEGF-C and VEGF-D due to high levels of similarity in mixed vertebrate
species alignments in the 5’ untranslated region (UTR) of these genes. That is, conserved
nucleotide sequences in the 5> UTR of different species enabled a degenerate primer to be
designed within this region that was capable of annealing to the gecko sequence allowing
amplification of the 5’ region when used with a gecko-specific reverse primer. 5° RACE was
used for gVEGFR-3 to obtain the full 5 UTR and 5’ end of the protein-coding region.
Several attempts and re-designing of 3° RACE primers enabled 3’ RACE to be used for all 3
genes to obtain the 3’ ends including the poly (A) tail.

The sequences obtained contain protein-coding regions of 1272, 1056 and 4157 bp for
gVEGF-C, gVEGF-D and gVEGFR-3 respectively, which upon translation encode proteins of
424, 351 and 1385 amino acids respectively. There is a poly-adenylation signal (AATAAA)
within the 3’ UTR for both VEGF-C and VEGF-D, but an authentic poly-adenylation signal

was not present in the VEGFR-3 sequence.
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Figure 4.2. Nucleotide and deduced amino acid sequences of gecko VEGF-C cDNA.
Start and stop codons are shaded in yellow. The full 5’ untranslated region (UTR) was not
deduced. The total cDNA sequence obtained was 1722 bp and includes the 3° UTR
(1282-1723 bp) and full protein-coding region (7-1281 bp), which codes for 424 amino

acids. The poly-adenylation signal is underlined.
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CCACCATGCACTTGCTGGGATCCCTCTCTCTGGGTTGCTATCTGGCTGCT
M H L L G S L S L G C Y L A A

GCGACTCTGGGGCTGCTGGGAGCGAGGCGCGAGCCGGCCACCGCCGCTGC
A T L G L L G A R R E P A T A A A

CTATGAGTCCGGGCAGGGCTACTACGAGGAGGAGCCCGAGCTGGGCGAGA
Yy E S 6 ¢ 6 Y Y E E E P E L G E

CGAAGCAGGCTCATGCAAGCAAAGAGCTGGAAGAACAGTTGCGATCTGTA
T K ¢ A H A S K E L E E O L R S V

TCCAGTGTGGATGAACTTATGACAGTACTTTATCCAGAATACTGGAAAAT
s s v bD E L M T Vv L Y P E Y W K M

GTTCAAATGTCAGTTGAGAAAAGGGAGCTGGCAACATAGTAGGGAACAAG
F K ¢C 0 L R K G S W QQ H S R E Q

CCAGCTTCGATGCAAGATCAGAAGATTCAAATCCAATAAAATTTGCTGCA
A S F DA R S E D S N P I K F A A

GCACATTATAATGCAGATATCTTGAAAAGTATTGATAATGAGTGGAGAAA
A H Y N A D I L K S I D N E W R K

AACTCAATGCATGCCACGTGAGGTATGTGTAGATGTGGGGAAAGAATTTG
T ¢ ¢ M P R E V C VvV D V G K E F

GAGCAACAACAAACACCTTCTTTAAACCTCCATGTGTGTCCATCTACAGA
G A T T N T F F K P P C V S I Y R

TGTGGAGGTTGCTGCAATAGCGAGGGCCTGCAGTGTATGAATATCAGCAC
c 6 6 ¢ ¢ N S E GL Q C M N I s T

AAGCTACATCAGCAAAACGTTGTTTGAAATAACTGTGCCACTGTCTCATG
s 'y I s K T L *F E I T VvV P L S H

GTCCCAAACCCGTAACAATCAGTTTTGCCAATCACACATCTTGCCGATGC
G Pp K P V T I S F A N H T S C R C

ATGTCCAAACTGGATGTCTACAGACAAGTTCATTCCATCATTAGACGCTC
M s K L D V Y R 9 VvV H s I I R R S

CTTGCCACTGACACAACCGCAGTGTCAAGTGGCAAACAAAACTTGTCCAA
L p L. T © P 0 C Q V A N K T C P

AAAGCTATATCTGGAATAACCACATCTGCAGATGTCTGGCACAACATGAC
K s ¥ I W N N H I C R C L A Q H D

TTCAGTTTCTCTTCCCACCTTGGGGATACAGACTCTACTGAAGGATTCCA
F S F s s H L G D T D s T E G F H
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TGATATCTGTGGACCTAACAAGGAGCTTGATGAAGAAACATGTCAGTGTG
p 1 ¢ G P N K E L D E E T C Q C

TCTGCAAAGGGGGAGTGAGACCTTCCAGCTGTGGAGCCCACAAAGAATTA
v ¢ K 6 G v R P S S C G A H K E L

GACAGAACATCCTGCCAGTGCACATGTAAAAATAAACTGCTGCCTAGCTC
b R T s C ¢ C T C K N K L L P S S

ATGTGGACCCAACAAAGATTTTGATGAAGAAAGATGCCATTGTGTATGTA
c G p N K Db F DEE R CH C V C

AAAAAACATGCCCTAAACATCAACCGCTAAATCCTGCAAAATGTATCTGT
K K T ¢ p K H Q P L N P A K C I C

GAATGTGCAGAATCTCCAAACAAGTGCTTCTTGAAAGGAAAAAGATTTCA
E ¢C A E S P N K C F L K G K R F H

TCAGCAAACATGCAGTTGCTATAGACCACCATGTACAGTCCGAACGAAAC
c o T ¢C s C Y R P P C T V R T K

GCTGTGAGTCTGGATTTTATTACAGTGAAGAAGTATGTCGTTGCGTCCCC
R ¢C E S G F Y ¥ S E E Vv C R C V P

ATATATTGGAAAAGACCATTTATCAATTAGTGAAGAAACCGTCATCTGAT
I Yy W K R P F I N *

ATTCTGGTGTACATTTTTCCTTTTTTTAAAAAAAAGAAAAAGACTTCTAA
CATTTTGAACTTCCTGTGCACTAGAGACCCTATGGGCTTATAAGAGACAG
ACTTATTTGTGCTCTTCCTGAGACCCACAAAAAGCAAATGTAGGGAAAAT
GGACTTTCTTCATATAAAGAATTCAATAAGGACTTGATTCTTGCCAATGA
CCAGACAACTTAGGTTTTCTTCCATGTGATTTTTAAAAAAATAATGACTA
TATAATTTATTTCCATAAAAATATTGTTCTGCATTCCTGTTTATAGCAGT
AACAATTGTTAAATCTCACTGTGATCAATATTTTTATATCATGCAAAGTA
TGTTTAAAATAAAATGAAATTGTATTATATACTGCTAAGAATAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAA 1722
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Figure 4.3. Nucleotide and deduced amino acid sequences of gecko VEGF-D cDNA.
Start and stop codons are shaded in yellow. The full 5° untranslated region (UTR) was not
deduced. The total cDNA sequence obtained was 2122 bp and includes the 3° UTR
(1100-2122 bp) and full protein-coding region (43-1099 bp), which codes for 424 amino

acids. The poly-adenylation signal is underlined.
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GTGCTACCAACTGTGTAGTAAAGTGTGGATTTGAAAAACAAGGATGTACA
M Y

AGCTGTGGACAGCTGTGAACGTATTCATGGTGTCCTTTCTGCATCTGTTG
K .. w T™ A V NV F M V S F L H L L

CAAGGTTCTGAGCATGGTTCTGTAAAGAGACCATCGCTTTCTGCACTGGA
© G s EH G S VvV K R P S L S A L E

ATGGTCAGAGCAGCAGATCAGGAAAGCCGCCAGTCTGGAAGAACTCCTTC
W s E ¢ ¢ I R K A A S L E E L L

GAATTACCCACTCCGAGGATTGGAAGCTATGGAAGTGCCGTCTAAAACTC
R I T H S E D W K L W K C R L K L

AAGAGTGTGGCCACCTTGGATTCCAGATCTGCATCGCATCGCTCCACGAG
K s v A T L D S R S A S H R S T R

ATTCGCTGCGGCTTTTTATGATATAGAGATACTCAAAGTTATAGATGAGG
F A A A F Y D I E I L K V I D E

AGTGGCAGAGRACTCAGTGTGTGCCAAGGGAGACCTGCGTTGACGTTGCA
E w ¢ X T o ¢ v P R E T C Vv D V A

AAGGACCTGGGCACCACCACCAACAAATTCTTCAAGCCACCTTGTGTGAA
K b L 6 T T TN K F F K P P C V N

TGTCTACAGATGTGGAGGCTGCTGTAATGAAGAGAGCCGGAGCTGCATGA
v ¥y R ¢ 6 G ¢ ¢C N E E S R S C M

ACACAAGTACATCTTATGTTTCCAAAATGCTCTTTGAAATTTCAGTTCCT
N T s T s Y v s K M L F E I S V P

TTAACAAATGTGCCTGACCCAATTCAAGTCAAAATTGCGAACCACACAGG
L T N VvV P D P I 0 V K I A N H T G

TTGTAAGTGTATATCAAATGTTCAGCACCAACCATATTCCATCATAAGAA
c Kk ¢ I s N VvV 9 H o P Y S I I R

GATCTGTCCTGTATTCAGAGGAGGATCGTTGTTCTCATTTAAAAAAACTG
R s v L vy S E B D R C S H L K K L

TGTCACAATGGCTGGATATGGGACATCAATAAATGTGAATGTGTTGAAAA
c H N G W I W D I N K C E C V E N

TGAGGATCATCCTAGCAGAAGAGAAGGACTTCCTCCACTTGCTGAACTTG
E D H P S R R E G L P P L A E L

CTATGTGTGCRCCAAATATGGACTTTGATGAAGAGAACTGTGAGTGCATC
A M C X p NM D F D E E N C E C I
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TGTAAATGGAAGTGTGCTGGCAATTTATTTCAGAACAAAGAGAATTGCAG
Cc K w K ¢ A G N L F Q N K E N C S

CTGTTACTTGTGCACAGAGAACCAGGACAGCTGCTTTCAGAAACATAAGA
c vy .. ¢ T EDNOQOQ D S C F Q K H K

CATTTAATGCAGAAACGTGCAGTTGTGAAGACAAATGCCCATTCCAGGCC
T F N A E T C s C E D K C P F QO A

AGAACGTGCCCAACTGCTAGGCCAGCGTGTTCAAGGCACTGTCGCTGTGT
R T ¢C P T A R P A C S R H C R C V

CAAGGGGGGAAGAGGCCCTCATGGGTCCCAAAGCAAAGAAAACCCTTGAT
K 6 G R G P H G S Q S K E N P *

CAAGCTTTCGTTACACTTGGACAAAACATGCACTCTCTGCTTTGCAACGT
AGGTGTYTTCTGCCACAAGCTATTCATCTATAATAATCATGGGATATGAG
TGACATTACTAGTTTTAAAAAAAAATCAAATCGGTATTCATGATGAAGAG
TGGGTGTGCAAGGACATTACCATCTGGCTTCAGRTGTCTGCTGCAACAGA
TTATYCTTGTTCTGCAAAGGGTCACTAAAAGGACCTCTATCCATCACAGC
TGTCAGGAAGAAACTGGTATGCTTGTTGCAGGAGGACAGTCAACATCCAG
CATTTTGGAAATGCAGAAGAAAAATAGTTCTACAGCATCAACCCATAGAT
GTTAATGAGCATATTTTTTTTAGAGCAGGGGTCCCTAACCTTTTTGAGCC
TGCGGGCATCTTTGTAATTCTGCCACAGGGTGGTGGGCGCAATCACAAAA
CGGTTGCTGCAGGAGGCAGAGCCAGCCACCAAATATCAGGGAGTGAGGGT
ATGTACAGCTCTTAATAGTAACTCTTCAACATTTCCAGGCAGAAGCTATG
TTTAACAGGATGTCTTTTAAAGTGAACGTATCATTTAAAGCTATTTTCTC
GAACACACACAGTTTACCTTCAGTCACACGCTGAAGATCCTTGCTGCTGT
GGTGGCAGCTGCTGCCGAAGCAATGTTTTTAAAAGTCTGCACAGCCAATC
AGAAGCCCTGCTGAGCAAAAGCCCTGCCTACTTCCTAAAAACACTTGGCG
GGCCCCAGGAAAGGTGTCGGCGGGCACCATGGTGCCCCTCGGGCATCACG
TTGAGGATCCCTGATTTAGTGCAAACTTCCATGTTTGTATTCATATGTTC
AGCACTGAATTAGTTGATCTACTGTCAATTTTTATTATTTAGATTTATTG
TAGAACTACTGTCCGATGTTCCATATTTAAAATGTATATAGGAAAATAAA
TGCATTGGTTATTAATAAATGTATATTGCCATATGTCATTTGGCAAGAAA
TCTTAATCACAAAAAAAAAAAA 2122
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Figure 4.4. Nucleotide and deduced amino acid sequences of gecko VEGFR-3 ¢cDNA.
Start and stop codons are shaded in yellow. The cDNA of gecko VEGFR-3 is 4517 bp
long, and its longest open reading frame (122-4279 bp) codes for 1385 amino acids. The
5’ untranslated region (UTR) spans 1-121 bp. There was no authentic polyadenylation

signal in the 3> UTR (4280-4517 bp).
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TGAGGGAGGCAGGGAGGGAAGCTTTGCGCCGGCCCGGGCTGCCCGCCGCC
ACTCGCCGCCTCCGCCTCCGCCGCCGCCCCCGGGCCAGCCTTCCCCGCGG
ACCCTCGTCCCGGCGCTGGAGATGAAGAGAGCGTGCACGTGGTGCCTCTG

M K R A C T W C L W

GCTCTGGATCGGGATCGTCTCTGAAGCGGATTTGGTGAGAAGCTATTCTA
L w I 6 I v s E A D L V R S Y S

TGACCCCACCCACACTCAGCACCGCAGAAGAGGAATACGTGATCAACACT
M T p P T L S T A E E E Y V I N T

AAAGATACCCTGAATATTACTTGCAGAGGACAGCATCCCCTGGAGTGGTC
K p T™&Lw N I T C R G Q H P L E W S

GTGGCCTGGAGGCCAAGAGGACACTGTCCAGATTGGAAAGGACAGCGAAT
w P G G Q E D T V @ I G K D S E

CAGTGGTGTTGGTGAGTCTCGACGGCGTCCGAACAGTCAAGGAAGAAGAT
s v v L v S L D GG V R T V K E E D

TGTGAGGGCACTGACACAAAGCCCTACTGCAAGGTCTTGACACTGACAGG
c E 6 T DT K P Y C K V L T L T G

GACTCAGGCTAACGACACAGGCTACTACCGCAGTCACTACAAGTACATCA
T ¢ A N D T G Y Y R S H Y K Y I

GTGCCAAAATCGAGGGCACCACTGCAGTCAGCACCTATGTGTTTGTGAGA
S A K I B G T T A VvV S T Y V F V R

GATTTTCAACAGCCATTTATCAATAAACCAGAAACTCTTCTTATCTACAA
b F O O P F I N K P E T L L I Y N

TAAGGAGAATATCTGCATCCCATGCCTGGTATCCATTCCAGACCTCAACA
K E N I C¢C I P C L Vv S I P D L N

TCACTTTGCTCTCGACAACCTCTATCATCTACCCAGATGGAAAGAGCATT
r T ... s T T S I I Y P D G K S I

ATCTGGGACAATAAAAGAGGAATGTTGGTTCCCACCTTACTGATCAAGGA
I w b N K R GM L VvV P T L L I K D

TTCCTTATATGTTCAATGTGAAACTTTAATTGACAGGAAATCCTTCAAAT
s L Yy v o ¢ BE T L I D R K S F K

CCAGTTTCTTCCTTGTCCACATTGCAGGAAATGAACTTTATGACATTCAG
s s Fr F L V H I A G N E L Y D I O

TTGTTTCCAAGGAAAGCCATGGAACTGCTTGTTGGAGAAAAGCTAGTTAT
L ¥ P R K A M E L L V G E K L Vv I

CAACTGCACAGTATGGGCCGAGTTTAATTCTGGAGTAGATTTCCAGTGGG
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N ¢ T v w A E F N S G VvV D F Q W

ACTACCCTGCAAAACAGATGAATCGGGAAGTCACAGAAATGCCTGAGAGG
by p A K O MNIRE V T E M P E R

CGCTCCCAGCAGACACACACTGAGCTCTCCAGCATCCTGATCATCCAAAA
R s 0 ¢ T H T E L S S I L I I QO N

TGTGAGCCAGCAAGATGTGGGGAAATATACGTGCCTGGCTAGCAATGGGG
v S ¢ 9 D VvV G K Yy T C¢C L A S N G

AACAGATCTTCAAGGAAAGCATAGATGTCATCGTACATGAGAAGCCTTTC
E ¢ I F K E S I DV I VvV H E K P F

ATCAGTGTGGAGTGGAAGAAGGGCCCGATAATAGAAGCAACAGCAGGAGA
I s v E W K K G p I I E A T A G D

TGAAATTGTGAAGCTGCCAGTGAAAAGTGTTGCGTACCCTCAGCCTGAGT
E I v K L P V K S V A Y P Q P E

TTCAGTGGTTTAAGGATGGAAAGTTAATTTCCAACAGACAATCTCAGTAT
F 0O W F K D GG K L I S N R QO S QY

TCCCTGCATATCAAGGATGTGACAGAGCAGAACTCTGGCACTTATACATT
s L H I K D Vv T E QQ N S G T Y T L

GGTTCTTAGGAATGGGCCGGCCGGCCTAGAGAAGCACATTCGCCTCCATC
v L R N G P A G L E K H I R L H

TGGTGGTCAATGTTCCTCCACAAATCCATGAGAAAGAAGCCTCTTCACCA
L vv NV P P 0 I H E K E A S S P

AACATCTATTCCCGTAAAAGTCGGCAAGCACTCACCTGCACTGTCTATGG
N I ¥ S R K S R 0 A L T C T V Y G

CGTCCCAGCACCAGAAAAAATCCAGTGGCAATGGAGGCCTTGGACACCCT
v P A P E K I O W QO W R P W T P

GCCGGATGTTCTCCCACCGCAGTCTTAGCAGGAGGAGGGCTGCACGGCGC
c R M F s H R S L S R R R A A R R

CATCAACGGGACCGGATGCCCGAATGTAAGGACTGGAAGGATGTATTGCA
H ¢ R D R M P E C K D W K D V L Q

GCAGGATGCTGTGAACCCCATTGAGAGTATTGACACCTGGACAGAGTTCG
b AV N P I E S I DT W T E F

TGGAAGGAAGGAACAAGACGGTCAGCAAACTGGTCATCCAAGAAGCAAGC
v B 66 R N K T V 5 K L v I O E A S

ATATCTGTTATGTACAAGTGTGTAGCCTCCAACAAAGTTGGTCGCGATGA
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I s v M Y K ¢ VvV A S N K V G R D E

ACGCCTGATCTATTTCTATGTGACCACCATTCCAAATGGATTTGAAATTG
R L 1T vy * Y VvV T T I P N G F E I

AGTCGCAGCCTTCGGAAGACCCCATTGAAGGACAAGACCTGAGGCTCAGC
E s ¢ p S E D P I E G O D L R L S

TGCAATGCTGATAATTACACCTATGAGAACCTGCAGTGGTACCGGCTCAA
c N A DN Y T Y E N L Q W Y R L N

CCTCTCGAAGCTGCATGATGAAGAGGGCAACCCGCTGGTCCTGGATTGCA
L s K L. H D E E G N P L V L D C

AGAATGTCCATCACTATGCAACCAAAATGCAAGGCGAGCTGCACTTCAAA
K N Vv H H Y A T K M Q G E L H F K

CCTAATTCCAACTATGCCACCTTGACACTTACAATCCCAAATATCTCACT
P N S N Y A T L T L T I P N I S L

AGAGGATGAGGGAGACTATGTCTGTGAGGTGCAGAACCGGGAGAACAGTG
E D E G D Y V C E V Q N R E N S

AGAAACATTGCCACAAAAAGTATATTTCTGTGCACGCTTTGGAAGTCCCA
E K H C H K K Y I S VvV H A L E V P

AGGCTGAAGCAGAACCTGACAGACATCTTGGTGAATGTGAGTGATTCCAT
R L X ¢ N L T D I L VvV N V S D S I

AGAGATGCGCTGCAAGGTTGATGGCACGCATGTTCCGAACATCAACTGGT
E M R CXK VvV DG T H V P N I N W

ATAAGGATGAGAAGCTTGTACAAGAGGTGTCAGGGATTGATCTGGAAGAT
Yy K b E K L v o E v s GG I D L E D

TCCAATCAGAGGCTGAGTATCCAGAGGGTGAGAGAAGAGGACGCTGGCCT
s N o R L S I O R V R E E D A G L

CTACTTGTGTAGTGTCTGCAATGCCAAGGGTTGTGTGAATTCTTCTGCCA
y L. ¢ s v ¢C N A K G C V N S S A

GTGTTTCTGTAGAAGGCTCAGATGACAGGACCAATGTGGAAATTGTTATC
s v s v E G s D D R T N V E I V I

TTAATTGGGACTGGTGTCATTGCCATCTTCTTCTGGATTCTCCTAATCCT
L T ¢ T 6 v I A I F F W I L L I L

GATTTTCTGCAACATTAAGAGACCTGCTCATGCTGACATCAAGACTGGCT
I ¥ ¢ N I K R P A H A D I K T G

ACCTTTCCATCATTATGGACCCAGGTGAAGTTCCCTTGGAGGAGCAATGT
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y L. s I 1 M D P G E V P L E E 0O C

GAATACCTACCTTATGATTCTAGCAAATGGGAGTTCCCTCGAGAACGGCT
E Yy L p Y D S S K W E F P R E R L

CCGGCTAGGTAAAGTCCTAGGCCATGGAGCCTTTGGGAAAGTGATTGAAG
R L G K v L. 6 H G A F G K V I E

CCTCTGCATTTGGAATTAATAAGAGTAACAGCTGTCAGACTGTAGCAGTT
A S A F G I N K S N S C o T VvV A V

AAAATGCTCAAAGAGGGAGcgactgcaaGTGAGCACAAGGCACTCATGTC
K M L K E G A T A S E H K A L M S

AGAGCTGAAGATCCTTATCCACATAGGGAACCACCTCAATGTCGTCAACC
E L K I L I H I G N H L N V V N

TGTTGGGTGCCTGCACCAAACCTAATGGTCCCCTGATGGTTATTGTTGAA
L L. & A C T K PN G P L M V I V E

TTCTGTAAATATGGAAACCTCTCGAATTATCTGCGAACCAAACGAGAAGG
F C K ¥ G N L 8§ N Y L R T K R E G

ATTCAGTCCTTATAGGGAGAAGTCTCCCAGATTGCGCATCCAGGTTCAAT
F S P Y R E K S P R L R I QO V Q

CCATTGTGGAGGCTGCCAGAGCTGACAGAAGGAGCCGTTCTGGTACCAGT
s I v E A A R A D R R S R S G T s

GAAAGTGCAATTCTTAATAGACTTCTGATGAACAAGAGCCAGCCAGCACC
E s A I L. N R L LL.M N K S Q P A P

ACCACCGCCTCCTCTCCTACCAGAAGTGGATGACTTGTGGCAAAGCCCTC
p p P P L L P E V D D L W Q S P

TGACAATGGAAGACCTGATCTGCTACAGCTTTCAGGTGGCCCGTGGTATG
r. T M £E b L I C Y S F Q V A R G M

GAGTTTCTGGCATCCAGAAAGTGCATCCACAGAGACTTGGCAGCTCGTAA
E F L A S R K C I H R D L A A R N

CATCTTACTGTCAGAAAACAATGTGGTCAAGATTTGTGACTTTGGGCTGG
I L. L. S E NNV Vv K I C D F G L

CCCGGGACATCTACAAGGATCCTGATTATGTCAGGAAAGGCAGTGCCCGC
A R D I Y K D P D Y V R K G S A R

CTCCCACTAAAGTGGATGGCTCCAGAAAGCATCTTTGACAAAGTCTATAC
L p L. X Ww M A P E S I F D K V Y T

CACACAGAGTGATGTCTGGTCATTTGGAGTCCTCCTGTGGGAGATCTTCC
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T ¢ s D VvV W S F G V L L W E I F

CTTTAGGTGCCTCCCCATACCCTGGAGTCCAAATCAATGAAGAATTTTGC
p L G A S P Y P G V QQ I N E E F C

CAGAGACTGAAAGATGGTACCAGGATGAGAGCCCCAGAATATGCAACTGC
R L X b & T R MR A P E Y A T A

AGAAATTTACCGTATAATGCTAAGCTGCTGGCACGGTGATCCTAAGGAGA
E I ¥ R I M L S C W H G D P K E

GACCAACATTCTCTGATTTGGTGGAGATTCTGGGGTACCTTCTTCAGGAG
R p T F s D L VvV E I L G Y L L Q E

AATGTCCAGCATGAGGGGAAACACTATATCCCCCTGAATGACTCTCAGAG
NV QO H E G K H Y I P L N D S Q S

CTCTGAAGATGATGGCTTCTCCCAGGTGGCTTCATCCATCCAGCAGAACT
s E D D G F S Q0 V A S S I O O N

CTGATGAAGAGGAATTTGATATGAGAATGCACTGTCACAATATAGCAGCA
s b E E E F DM R M HC H N I A A

AGATACTATAACTGTGTGTCCTTCCCTGGCTGTTTGACTGGTGGGAATCA
R 'Yy Yy N C VvV S F P G C L T G G N 0

GATAAGGTGTCCATCTAGAATAAAGACTTTTGAAGAATTTCCTATGACAC
I R ¢ P S R I K T F E E F P M T

AAACCATGTATAAAGCACATCCGGACAATCAGACAGACAGTGGGATGGTC
c T M Yy K A H P DN OQ T D S G M V

TTGGCGTCTGAAGAGTTTGAGAGAATAGAAAATAGACACAGAAAAGAAGG
L A S E E F E R I E N R H R K E G

TGCATTCAGCAGTAAAGGATCCAATCAAAATGCAGAATCAACCATGGAAC
A F S S K G S N O N A E S T M E

AGTCAGACCTGAGGGGTCGGGGTCGGCCACCGTATCAGTCCCAGCTCAGA
© s b L R G R G R P P Y Q S O L R
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4.3.2. ANALYSIS OF gVEGF-C, gVEGF-D AND gVEGFR-3 AMINO ACID SEQUENCES
The VEGF-C, VEGF-D and VEGFR-3 amino acid sequences of different species including
Homo sapiens, Mus musculus, Rattus norvegicus, Gallus gallus, Xenopus laevis, Danio rerio
and Christinus marmoratus were aligned using the ClustalW multiple alignment method in
the BioEdit (Hall 1999) software package (Figs 4.5A, 4.6A and 4.7A). Analysis of the
predicted gecko proteins (by analogy to the other vertebrate sequences) illustrates gVEGF-C
is a 424a.a.-long polypeptide comprising an initial signal sequence (a.a. 1-33), a VHD (a.a.
117-231) and N- and C-terminal domains (a.a. 34-116 and a.a. 232-424, respectively).
Similarly, gVEGF-D is a 351a.a.-long polypeptide, also containing an initial signal sequence
(a.a. 1-21), with a VHD (a.a. 87-203), N-terminal (a.a.22-86) and C-terminal (a.a. 204-351).
For both proteins, within the VHD region, the eight cysteine residues (gVEGF-C: Cys135,
160, 166, 169, 170, 177, 213 and 215; gVEGF-D: Cys109, 134, 140, 143, 144, 151, 187 and
189) common to all VEGF family members are present in the gecko sequence. Six of these
eight cysteines make up the cysteine knot motif (gVEGF-C: Cys135, 166, 170, 177, 213 and
215; gVEGF-D: Cys109, 140, 144, 151, 187 and 189), which is crucial for the structural
integrity of VEGF (Muller et al. 2002). The free cysteine common to only VEGF-C and
VEGF-D (gVEGF-C: Cys141; gVEGF-D: Cys115) is also present in geckos (Figs. 4.5A and
4.6A). The repetitive cysteine pattern homologous to a motif found in the silk-like secretory
Balbiani ring 3 protein (BR3P) is also present within the C-terminal of the gecko growth

factors.
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Figure 4.5. (4) VEGF-C amino acid sequence of the Australian marbled gecko (Christinus
marmoratus) aligned with other vertebrate species using the CLUSTALW multiple sequence
alignment method (BioEdit). Residues are shaded with a residue-specific colour only if they are
identical or similar to the consensus. Non-conservative substitutions are unshaded. Protein sequences
were obtained from previously reported sequences in Genbank. The positions of the putative signal
sequence (line above the hVEGF-C), N-terminal propeptide, VEGF homology domain (VHD) and C-
terminal are labelled. Arrows denote positions of cleavage in proteolytic processing to generate the
mature protein. In the VHD, the eight cysteine residues conserved in VEGF/PDGF family members
are boxed, the cysteine residue conserved only in VEGF-C and VEGF-D is marked by an arrowhead,
and the hash marks (#) show the position of the residues involved in the cysteine knot motif. Solid
circles above the alignment denote conserved cysteine residues resembling the Balbiani ring 3 protein
motif (CX;(CXCXC). Residues crucial for receptor binding are denoted by a bold B above the
alignment; a red B signals importance in both VEGFR-2 and VEGFR-3 binding (Phe 151 and Cys 156
in the human sequence), blue denotes importance in binding VEGFR-3 only (Pro198 in human) and
black denotes VEGFR-2 binding (Pro 155 in human). (B) Phylogenetic analysis of VEGF-C a.a.
sequences. Neighbour-joining trees were constructed with the Mega 4.1 program (Tamura et al. 2007).
The numbers on the branches represent confidence levels of 1200 bootstrap replications. The tree is
drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to
infer the phylogenetic tree. The evolutionary distances were computed using the Poisson correction
method (Zuckerlandl and Pauling 1965) and are in the units of the number of amino acid substitutions
per site (shown on the scale bar). Abbreviations are as follows; g = gecko (horizontal arrow), ¢ =
chicken, h = human, m = mouse, r = rat, z = zebrafish, f = frog. Genbank accession numbers are as
follows: cVEGF-C isoform 1: XM 001232468.1, cVEGF-C isoform 2: XM 420532.2, hVEGF-C:
NM_005429.2, mVEGF-C: NM_009506.2, rVEGF-C: NM_053653.1, fVEGF-C: NM_001095814.1,

zVEGF-C: NM_205734.1
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Figure 4.6. (A) VEGF-D amino acid sequence of the Australian marbled gecko (Christinus
marmoratus) aligned with other vertebrate species using the CLUSTALW multiple sequence
alignment method (BioEdit). Residues are shaded with a residue-specific colour only if they are
identical or similar to the consensus. Non-conservative substitutions are unshaded. Protein sequences
were obtained from previously reported sequences in Genbank. The positions of the putative signal
sequence (line above the hVEGF-D), N-terminal propeptide, VEGF homology domain (VHD) and C-
terminal are labelled. Large arrows denote major positions of cleavage in proteolytic processing to
generate the mature protein and a smaller arrow denotes a minor (i.e. less frequently used) cleavage
position. In the VHD, the eight cysteine residues conserved in VEGF/PDGF family members are
boxed, the cysteine residue conserved only in VEGF-C and VEGF-D is marked by an arrowhead, and
the hash marks (#) show the position of the residues involved in the cysteine knot motif. Solid circles
above the alignment denote conserved cysteine residues resembling the Balbiani ring 3 protein motif
(CX0CXCXC). Residues crucial for receptor binding are denoted by an asterix. (B) Phylogenetic
analysis of VEGF-D a.a. sequences. Neighbour-joining trees were constructed with the Mega 4.1
program (Tamura et al. 2007). The numbers on the branches represent confidence levels of 1200
bootstrap replications. The tree is drawn to scale, with branch lengths in the same units as those of the
evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed
using the Poisson correction method (Zuckerlandl and Pauling 1965) and are in the units of the
number of amino acid substitutions per site (shown on the scale bar). Abbreviations are as follows; g =
gecko (horizontal arrow), ¢ = chicken, h = human, m = mouse, r = rat, z = zebrafish, f = frog. Genbank
accession numbers are as follows: cVEGF-D: NM 204568.1, hVEGF-D: NM_004469.2, mVEGF-D:
NM 010216.1, rVEGF-D: NM 031761.1, f{fVEGF-D: NM 001127797.1,  zVEGF-D:

NM 001040178.1.
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Figure 4.7. (A) VEGFR-3 amino acid sequence of the Australian marbled gecko (Christinus
marmoratus) aligned with other vertebrate species using the CLUSTALW multiple sequence
alignment method (BioEdit). Residues are shaded with a residue-specific colour only if they are
identical or similar to the consensus. Non-conservative substitutions are unshaded. Protein sequences
were obtained from previously reported sequences in Genbank. The positions of the putative signal
sequence, the seven immunoglobulin like domains (Ig-like 1-7), transmembrane region and protein
kinase domain are labelled. The ATP binding site is boxed in black. Tyrosine residues suggested to be
important in receptor phosphorylation are boxed in red. Receptor domains important for ligand
binding are highlighted as Ig-like 1 and Ig-like 2. (B) Phylogenetic analysis of VEGFR-3 a.a.
sequences. Neighbour-joining trees were constructed with the Mega 4.1 program (Tamura et al. 2007).
The numbers on the branches represent confidence levels of 1200 bootstrap replications. The tree is
drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to
infer the phylogenetic tree. The evolutionary distances were computed using the Poisson correction
method (Zuckerlandl and Pauling 1965) and are in the units of the number of amino acid substitutions
per site (shown on the scale bar). Abbreviations are as follows; g = gecko (horizontal arrow), ¢ =
chicken, h = human, m = mouse, r = rat, z = zebrafish, f = frog. Genbank accession numbers are as
follows: cVEGFR-3: XM 414600.2, hVEGFR-3 isoform 1: NM 182925.4, hVEGFR-3 isoform 2:
NM_002020.4, mVEGFR-3: NM 008029.3, rVEGFR-3: NM 0536521, {VEGFR-3:

ENSXETT00000008399 (listed in Ensembl not Genbank), zZVEGFR-3: NM_130945.1
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In terms of proteolytic processing, all specific residues of proteolytic cleavage sites
previously identified in humans and mice (Joukov et al. 1997b; Stacker et al. 1999) are
conserved within the gVEGF-C and gVEGF-D sequences (gVEGF-C: C-terminal cleavage
Arg231-Ser232, N-terminal cleavage Alall5-Alall6; gVEGF-D: C-terminal cleavage
Arg203-Ser204, N-terminal major cleavage Arg86-Phe87, minor cleavage Leu97-Lys98).
Similarly, residues in the gVEGF-C sequence demonstrated to be important in receptor
binding (gVEGF-C: Phel55, Cys160, Prol59 and Pro202) are conserved (see Fig. 4.5A).
Receptor binding sites in gVEGF-D (Ser148, Argl49, Ser150 and Val193) are not identical to
those suggested in humans (Ser150, Leul51, Ile152 and Alal95). Of these four residues
implicated in receptor binding, only two are conserved. Differences between Arg-Leu and
Ser-Ile are non-conservative, while Val-Ala is considered conservative. This region is quite
variable between all vertebrate species in the alignment (Fig. 4.6A).

gVEGFR-3 is a 1385 a.a. long polypeptide, with corresponding regions to the seven
Ig-like domains (Ig-like 1: a.a. 30-137; Ig-like 2: a.a. 161-223; Ig-like 3: a.a. 229-337; Ig-like
4: a.a. 342-426; Ig-like 5: 433-568; Ig-like 6: 571-686; Ig-like 7: 693-779), the
transmembrane domain (a.a. 801-822) and protein kinase domain (a.a. 860-1191) known in
other vertebrate sequences all present (Fig. 4.7A). Similarly, the gVEGFR-3 protein sequence
appears to contain all tyrosine residues implicated in receptor phosphorylation (Tyr1352,
Tyr1081 and Tyr1086 in gVEGFR-3) (Dixelius et al. 2003b), along with high sequence
conservation within domains (Ig-like 1 and Ig-like 2) implicated as being crucial for ligand
binding (Jeltsch et al. 2006).

The deduced amino acid sequences of the gecko proteins were further analysed by the

ProtParam tool in EXPASY (http:/cn.expasy.org/) and the predicted molecular weights of

gVEGF-C, gVEGF-D and gVEGFR-3 were 47.8 kDa, 40 kDa and 157.6 kDa respectively.
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The theoretical pl of each protein was calculated as 8.22 for gVEGF-C, 7.87 for gVEGF-D

and 5.76 for gVEGFR-3.

4.3.3. SEQUENCE COMPARISON OF gVEGF-C, gVEGF-D AND gVEGFR-3 WITH
OTHER KNOWN VERTEBRATE SEQUENCES

Identity and similarity scores derived from the ClustalW multiple alignments between the
gecko VEGF-C (Fig. 4.5A), VEGF-D (Fig. 4.6A) and VEGFR-3 (Fig. 4.7A) proteins and
different vertebrate sequences are highlighted in Tables 4.3. and 4.4.

For both VEGF-C and VEGFR-3, at an amino acid level, the chicken sequences had
the highest identity score with the gecko sequence (85%). Two isoforms of VEGF-C have
been identified in chickens, a longer form that is representative of other VEGF-C sequences
and a truncated form missing the signal sequence and majority of the N-terminus. The un-
truncated form of cVEGF-C shows the highest identity to the gecko sequence. Interestingly,
for VEGF-D, the human (64%) and mouse (62%) sequences had higher identity scores with
the gecko sequence than the chicken (57%). However, when conservative substitutions are
included, as is the case in the similarity scoring, the chicken sequences are the most similar to
all three gecko proteins (VEGF-C similarity 94/92 %, VEGF-D 88% similar and VEGFR-3
91% similar).

NIJ trees of the amino acid sequences of VEGF-C, VEGF-D and VEGFR-3 vertebrate
sequences, including the gecko, were constructed based on the similarity of their amino acid
sequences. Bootstrap analysis was performed to determine the reliability of the constructed
trees. Phylogenetic analysis of the amino acid sequences of the gecko and other species
confirms the alignment data. Among the species selected for analysis, the chicken sequences
show the closest relationship to the gecko sequences for all three proteins with high bootstrap

confidence for all (81%, 90% and 100% confidence for VEGF-C, VEGF-D and VEGFR-3
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respectively) (Figs. 4.5B, 4.6B and 4.7B). All three NJ trees generated from a.a. sequence

data show distinct clusters of mammals separated from non-mammals.

Table 4.3. Percent of sequence identity (% of identical residues between all ungapped
positions between the pairs) between deduced amino acid sequences of the gecko and

chicken, human, mouse, rat, frog and zebrafish sequences.

Chicken Human Mouse Rat Frog Zebrafish
Gecko VEGF-C (1) 73/ 77 74 74 41 54
(2) 85
Gecko VEGF-D 56 64 62 56 54 32
Gecko VEGFR-3 85 (1) 68/ 68 68 69 57
(2) 66

Note: Two identity scores are present for chicken VEGF-C and human VEGFR-3 sequences due to the

presence of two isoforms.

Table 4.4. Percent of sequence similarity (% of both identical and similar amino acids among
all ungapped positions between the pairs) between deduced amino acid sequences of the

gecko and chicken, human, mouse, rat, frog and zebrafish sequences.

Chicken Human Mouse Rat Frog Zebrafish
Gecko VEGF-C (1) 94/ 86 85 84 81 70
(2) 92
Gecko VEGF-D 88 77 73 76 70 65
Gecko VEGFR-3 91 (1) 80/ 81 81 85 73
(2) 82

Note: Two identity scores are present for chicken VEGF-C and human VEGFR-3 sequences due to the

presence of two isoforms
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4.3.4. MOLECULAR MODELLING OF gVEGF-C, gVEGF-D AND gVEGFR-3

The tertiary structure of the three gecko protein sequences was modelled using the Swiss-
Model server workspace (Arnold et al. 2006). The quality, viability and accuracy of the
models were assessed by Swiss-Model using Anolea, GROMOS and Verify 3D. The
modelling template selected by the Swiss-model program to provide molecular models for
both gVEGF-C and gVEGF-D was the crystal structure of hVEGF-C in complex with
domains 2 and 3 of VEGFR-2. The specific template entry number for modelling of the VHD
(mature protein) of gVEGF-C was PDB entry 2x1wC and for gVEGF-D was PDB entry
2x1wA. The gVEGF-C (Fig. 4.8) and gVEGF-D (Fig. 4.9) mature protein models both scored
positively on all three parameters assessed and indicated a favourable energy environment for
the majority of amino acids in the protein chain suggesting the amino acids can conform to

the predicted model.
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Figure 4.8. Molecular models of gecko VEGF-C (gVEGF-C). (A) A ribbon model of
gVEGF-C generated by Swiss-Model (Arnold et al. 2006) and Chimera (Pettersen et al.
2004) showing positions of a-helices, B-sheets and loop regions. (B) Comparison of the
gVEGF-C model (red) with the crystal structure template hVEGF-C (blue).
Superimposition of the gecko model with template shows no variation in structure. (C)
Front and back views of gVEGF-C modeled homodimers. The molecular surface of the
individual monomers (one shown in red, and the other in yellow) making up the dimer is
shown. Structural positions of divergent residues in the gecko sequence are shown in
blue (i.e. residues that are not identical to other species in a VEGF-C alignment).
Receptor binding sites are also highlighted. Residues involved in VEGFR-2 binding only,
are in orange. Those crucial for VEGFR-3 binding only are shown in purple and residues

important in both VEGFR-2 and VEGFR-3 binding are in green.
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Figure 4.9. Molecular models of gecko VEGF-D (gVEGF-D). (A) A ribbon model of
gVEGF-D generated by Swiss-Model (Arnold et al. 2006) and Chimera (Pettersen et al.
2004) showing positions of a-helices, B-sheets and loop regions. (B) Comparison of the
gVEGF-D model (red) with modelled hVEGF-D (blue) and c¢VEGF-D (white).
Superimposition of the gecko model with human and chicken models shows slight
variations in structure that overall do not appear to significantly alter the protein shape.
(C) Front and back views of gVEGF-D modeled homodimers. The molecular surface of
the individual monomers (one shown in red, and the other in yellow) making up the dimer
is shown. Structural positions of divergent residues in the gecko sequence are shown in
blue (i.e. residues that are not identical to other species in a VEGF-C alignment).
Residues necessary for receptor binding (both VEGFR-2 and VEGFR-3) are shown in
orange. A putative receptor binding interface (Baldwin et al. 2001) is also displayed

(black line).
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Figure 4.10. Molecular models of gecko VEGFR-3 (gVEGFR-3). Ribbon models of
three (4.9. A-C) gVEGFR-3 models generated by Swiss-Model (Armold et al. 2006) and
Chimera (Pettersen et al. 2004). Model 1 (A left) and model 2 (B left) of gVEGFR-3 were
both based on the modelling template of the crystal structure of the intracellular kinase
region of VEGFR-2 with benzimidazole inhibitor (PDB entry 20h4A) with model 1
mapping residues 1027-1198 of the gecko protein sequence and model 2 corresponding to
residues 842-964. Model 3 (left) corresponds to residues 841-1202 of the gecko sequence
and was modelled on the template of the VEGFR-2 kinase domain in complex with
pyridyl-pyrimide benzimidazole inhibitor (PDB entry 3ewhA). Left images are ribbon
representations for the specific gVEGFR-3 models and right images show comparisons of
modelled gVEGFR-3 (red) with modelled hVEGFR-3 (blue) and ¢cVEGFR-3 (white).
Superimposition of the gecko model with human and chicken models shows variations in
structure, with the chicken model appearing the most divergent and the gecko model

appearing most similar to the human model.
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gVEGF-C produced a model consisting of 2 a-helices, a f-sheet comprised of 6 -
strands and 3 loop regions (Fig. 4.8A). Modelled gVEGF-C superimposed with the crystal
structure of hVEGF-C generates a perfect fit (Fig.4.8B). There are no structural differences
apparent between the gecko model and human crystal structure and the sequence alignment of
this region used to generate the model shows only 3 different residues between gVEGF-C and
the 2x1wC human VEGF-C template. Furthermore, residues considered essential in receptor
binding (shown in Fig. 4.8C) are all positioned such that they would be available for this
purpose. Loops 1 and 3 of VEGF-C, which are necessary for VEGFR-3 receptor binding in
the human protein (Jeltsch et al. 2006), are present in the gecko and possess the same
structural organisation.

gVEGF-D was modelled based on the human VEGF-C template, as a VEGF-D crystal
structure is unavailable. Modelled gVEGF-D is made up of 6 B-strands, 1 a-helix and 8 loop
regions (Fig. 4.9A). To make judgements on modelled gVEGF-D it was therefore necessary
to model hVEGF-D and cVEGF-D such that structural comparisons could be made between
the gecko model and VEGF-D proteins of different species. Superimposition of gVEGF-D
onto the modelled structures of hVEGF-D and ¢cVEGF-D shows several structural differences,
mainly within the loop regions of the molecules (Fig. 4.9B). Modelled hVEGF-D and
cVEGF-D in comparison to gVEGF-D possess a short extra a-helix in the region directly after
B-sheet 1 corresponding to a segment of loop 1 in gVEGF-D. All three structures appear to
have minor shape differences within the loops as a result of a few amino acid substitutions in
these regions; however loop lengths are the same and the overall folding of the proteins does
not appear to be significantly altered between models. Receptor binding residues have not
been as well described for VEGF-D as for VEGF-C. A putative receptor-binding interface has
been suggested for VEGF-D that is likely to interact with VEGFR-2 and VEGFR-3 (Baldwin

et al. 2001). The putative receptor binding interface and three crucial binding residues are
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highlighted on a homodimer model of gVEGF-D displaying the protein surface (Fig. 4.9C).
While some residues within the gecko protein that are different to the consensus do appear
within the assumed receptor binding interface, the majority of this region is structurally
conserved in gVEGF-D and appears to be accessible. Homology modelling of gVEGF-D also
produced a model from the C-terminal sequence based on the template of the heparin-binding
domain from VEGF (PDB entry 1vghA). The sequence identity for this region with the given
template is 23%, indicating a model of medium to low accuracy. Only models generated from
an alignment with greater than 50% identity are predicted to have greater than medium
accuracy. Therefore, additional quality checks were performed including QMEAN (Benkert et
al. 2008) and DFire (Zhou and Zhou 2002). Anolea and GROMOS assessments of this model
show that most amino acids within the sequence modelled have favourable energy
characteristics to comply with the predicted model outcome. However, the QMEAN score is
0.402 and Dfire energy of the model is -33.38, indicating that the model reliability is not high.

As for VEGF-D there is no crystal structure available for VEGFR-3. Therefore,
models generated are based on small segments of sequence homology to the VEGFR-2
receptor which has had its tertiary structure (in complex with other molecules) resolved
(Hasegawa et al. 2007). Homology modelling of gVEGFR-3 generated 20 models (based on
different templates) of different sites within the protein sequence. No models covered the
entire length of the primary sequence and only three models had a sequence identity higher
than 50% for the alignment between the template and query. Further examinations (viability
testing) of gVEGFR-3 models with lower than 50% template identity revealed no models of
acceptable accuracy and so these were not included in further analysis and are not shown. All
three of the models with above 50% template identity (denoted gVEGFR-3 model 1-3) are in
the intracellular kinase region of the receptor. gVEGFR-3 models 1 (Fig. 4.10A left) and 2

(Fig. 4.10B left) were based on the template of the crystal structure of VEGFR-2 with
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benzimidazole urea inhibitor (PDB entry 20h4A) with model 1 mapping residues 1027-1198
of the protein sequence and model 2 corresponding to residues 842-964. The third model (Fig.
4.10C left), corresponding to residues 841-1202 of the gVEGFR-3 protein sequence, was
based on the template of the crystal structure of VEGFR-2 kinase domain in complex with a
pyridyl-pyrimide benzimidazole inhibitor (PDB entry 3ewhA). Model comparisons were
made between modelled human, chicken and gecko VEGFR-3 (Fig. 4.10A-C right). Of the
three modelled proteins cVEGFR-3 appears to be the most different structurally, with
gVEGFR-3 appearing quite similar to hVEGFR-3 particularly in models 1 and 2. However
differences are predominantly confined to the loop regions and do not appear to change the

protein structure dramatically.
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4.4. DISCUSSION

4.4.1. gVEGF-C, gVEGF-D AND gVEGFR-3: CONSERVATION OF FUNCTIONALLY
IMPORTANT RESIDUES

This chapter describes the isolation and characterisation of the full-length ¢cDNA and
translated amino acid sequences of the lymphangiogenic growth factors VEGF-C and VEGF-
D and their receptor VEGFR-3 in the Australian marbled gecko (C. marmoratus). All three
gecko proteins appear to contain the specific-characteristic domains that are present in other
species. gVEGF-C and gVEGF-D, based on analogy to the other species, contain putative
signal sequences and a VHD flanked by C- and N-terminal propeptides. Likewise, by
comparison to other species, gVEGFR-3 has a signal sequence, seven immunoglobulin-like
domains, a transmembrane domain and an interrupted protein kinase domain. VEGF-C and
VEGF-D, in mammals, function by binding to VEGFR-2 and VEGFR-3 to stimulate both
angiogenesis and lymphangiogenesis (Otrock et al. 2007). For adequate receptor binding and
activation several key steps are necessary and include: ligand dimerisation, proteolytic
processing, receptor binding, receptor dimerisation, tyrosine transphosphorylation of the
intracellular domains leading to activation of the tyrosine kinase and the creation of docking
sites for downstream signalling proteins (Olsson et al. 2006). Activated signal transduction
pathways then lead to specific responses in blood and lymphatic endothelial cells. Absence or
mutations of any of the residues critical in these processes leads to ineffective responses in
target cells resulting in proteins that are incapable of inducing angiogenic and
lymphangiogenic responses (Cueni and Detmar 2006; Irrthum et al. 2000; Jeltsch et al. 2003;
Karkkainen et al. 2000; Karkkainen et al. 2001; Khatib et al. 2010; Leppénen et al. 2010;
Siegfried et al. 2003). The gecko VEGF-C, VEGF-D and VEGFR-3 translated amino acid
sequences include all functionally important residues previously identified in other species

(discussed further below). If the actions involving these residues occur in the gecko as they do
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in other animals, it is likely that the gecko proteins would function similarly as they do in
other species. We therefore hypothesise that binding of gVEGF-C and gVEGF-D to
gVEGFR-3 would induce lymphangiogenesis. In particular, these proteins could therefore be
key regulators in stimulating the growth of new lymphatic vessels within the regenerating
gecko tail.

Crystallisation and determination of the VEGF-C structure (bound to VEGFR-2) has
recently revealed that VEGF-C dimerisation can occur in mature proteins by disulphide
bonding, as is the case for most other members of the VEGF family. VEGF-C and VEGF-D
had previously been thought to only form non-covalently bound dimers (Achen et al. 1998;
Joukov et al. 1996). Cysteine residues implicated in the formation of the dimerisation
interface of other VEGF family members (Muller et al. 2002), and in human VEGF-C
(Leppédnen et al. 2010), are conserved in the gVEGF-C and gVEGF-D protein sequences
(Cys156 and Cys165 of hVEGF-C corresponds to gVEGF-C Cys160 and Cys169; Cys 142
and Cys153 of hVEGF-D corresponds to gVEGF-C Cys140 and Cys151. Figs 4.5A and
4.6A). In contrast the free cysteine common only to VEGF-C (human Cys137), VEGF-D
(human Cys117), and the PVF-1 protein, a recently characterised VEGF/PDGF homologue
from Caenorhabditis elegans (Tarsitano et al. 2006) is also present in gVEGF-C (Cys141)
and gVEGF-D (Cys115). As PVF-1 also exists predominantly as a non-covalent dimer this
free cysteine may be important in maintaining these growth factors as non-covalent dimers.
While it is not clear how a cysteine residue could prohibit covalent dimerisation, a study has
shown that mutation of this residue in recombinant VEGF-D variants increases the number of
VEGF-D dimers in the protein solution (Toivanen et al. 2009). Thus, the gecko proteins may
have both the capacity to form covalent and non-covalent associations to generate

homodimers.
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gVEGF-C and gVEGF-D both contain proteolytic cleavage sites known to be essential
for processing the mature forms of both proteins (Figs. 4.5A and 4.6A). In gVEGF-C,
cleavage of the C-terminal is possible at Arg231-Ser232, which corresponds to the known
human cleavage site of Arg227-Ser228 (Joukov et al. 1997b). Mutation of Arg226 and
Arg227 of human VEGF-C into serine residues abolishes proteolytic processing of the protein
resulting in an unprocessed form with reduced receptor affinity and weaker receptor
autophosphorylation capability (Joukov et al. 1997b). Following C-terminal cleavage, the N-
terminal of gVEGF-C could be cleaved at Alal15-Alal16, which likewise corresponds to the
cleavage site in humans of Alall1-Alall2. Similarly, in gVEGF-D, the C-terminal cleavage
site of Arg203-Ser204 analogous to the known human site Arg205-Ser206, is present and
both the major (Arg86-Phe87 in gecko, Arg88-Phe89 in human) and minor (Leu97-Lys98 in
gecko, Leu99-Lys100 in human) N-terminal cleavage sites are conserved. Thus, sequential
cleavage of both the C- and N- terminal propeptides of gVEGF-C and gVEGF-D could result
in mature bioactive forms of the proteins. Furthermore, the N- and C-terminal extensions of
the VEGF-C and VEGF-D pro-peptides are hypothesised to be important for associations with
the extracellular matrix, restricting them to remain close to secretion sites and thus
modulating bioavailability and bioactivity. The silk-like BR3P motif, C;(XCXCXC, found in
the C-terminal of both VEGF-C and VEGF-D in other species is conserved in the gecko
proteins (Figs. 4.5A and 4.6A), potentially allowing the gecko proteins to adhere to the
surrounding tissues until proteolytic cleavage releases active receptor binding forms when
they are needed.

Mutation studies have previously identified residues critically important for receptor
binding of VEGF-C and VEGF-D, and correspondingly regions important for ligand binding
in VEGFR-3. The gecko sequences for VEGF-C and VEGFR-3 proteins are highly

homologous to other species within these binding specificity regions (Figs. 4.5A. and 4.7A.).
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gVEGF-C contains all residues implicated in VEGFR-3 and VEGFR-2 binding in mammals
and gVEGFR-3 contains both Ig-like domains 1 and 2 which are highly similar to those of
other species, and have been found to be essential for VEGF-C binding (Jeltsch et al. 2006).
These similarities indicate that gVEGF-C is likely to be able to bind gVEGFR-3. However,
further studies on expressed gecko proteins in receptor binding and activation are needed to
ascertain this. Residues suggested to be important in human VEGF-D receptor binding are not
fully conserved in the gecko sequence and are variable along the whole vertebrate alignment.
However, this may not necessarily reflect an inability of gVEGF-D to bind gVEGFR-3 and
gVEGFR-2 (if present) as mVEGF-D can bind and activate hVEGF-D (Baldwin et al. 2001)
and rabbit VEGFR-2 (Marconcini et al. 1999) despite sequence variability. Surprisingly,
mVEGF-D does not bind mVEGFR-2 as would be expected (Baldwin et al. 2001). Three
residues are different between human (Ser150, Leul51 and Ile152) and mouse (GlylS5S5,
Vall56 and Metl157) sequences in the putative receptor-binding sites and mutations of the
mouse residues to the corresponding human residues allows mVEGF-D to bind mVEGFR-2
(Baldwin et al. 2001). Therefore, the inability of mVEGF-D to bind and activate mVEGFR-2
may be more a result of specific issues with the interaction between the ligand and receptor
only in the mouse, and not a specific issue with differences in the VEGF-D a.a. sequences.
Binding of dimerised ligand to the VEGFR-3 receptor results in receptor dimerisation,
which allows for trans-phosphorylation between the partners of the dimer and activation of
kinase activity and receptor signalling. Tyrosine residues specified as potential
phosphorylation sites are therefore crucial in receptor activity. All tyrosine residues capable of
phosphorylation in hVEGFR-3 (Dixelius et al. 2003a) are present in gVEGFR-3. In particular,
Tyr1337 (in hVEGFR-3) is conserved in the gecko (Tyr1352) and this residue is required for
binding of the signalling complex SHC (a transforming protein)-growth factor receptor bound

protein-2 (Gbr2) to VEGFR-3 (Fournier et al. 1995). Similarly, Tyr1063 and Tyr1068 in
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hVEGFR-3 within the kinase domain, which most likely regulate the kinase activity of the
receptor, are present in the gecko protein sequence (Tyr1081 and Tyr1086). It, therefore, is
possible that gVEGFR-3 is capable of transphosphorylation upon ligand binding and therefore
also potentially capable of kinase activity, signal transduction and eliciting a response in the
cells expressing the receptor.

Mutations in the protein kinase domain of VEGFR-3 inactivate the receptor and lead
to reduced lymphangiogenesis and subsequent lymphoedema (Irrthum et al. 2000; Karkkainen
et al. 2000; Karkkainen et al. 2001). The gVEGFR-3 protein kinase domain shows greater
identity to other species than is the case for the whole protein, with 79% identity to both
human isoforms, 81% to both mouse and rat sequences, 95% to chicken, 88% to frog and
76% identity to the zebrafish sequence. Furthermore, known residues linked to mutations that
cause lymphoedema phenotypes are unchanged between all species aligned. For example,
Gly857, Argl041, Leul044 and Prol114 in hVEGFR-3, all of which are sites of mutation
identified in patients with primary lymphoedema (Karkkainen et al. 2000), correspond to
Gly872, Argl059, Leul062 and Phel132 in the gecko receptor, suggesting that gVEGFR-3
appears to contain residues critical for tyrosine kinase activity. It is therefore possible that
gVEGFR-3 may be capable of kinase signalling and consequently eliciting a response, within

receptor expressing cells, as a result of VEGF-C/ VEGF-D binding.

4.4.2. COMPARISON OF gVEGF-C, gVEGF-D AND gVEGFR-3 WITH OTHER SPECIES

In the previous chapter we identified that partial cDNA sequences of gVEGF-C, gVEGF-D
and gVEGFR-3 were highly similar to those of other species. This similarity is upheld by the
full cDNA sequence data available in this chapter with a.a. sequence similarity scores ranging
from 70-94% for VEGF-C, 65-88% for VEGF-D and 73-91% for VEGFR-3. The full-length
gecko protein sequences are more similar to the chicken sequences than to human, mouse, rat,

frog and zebrafish. This homology is consistent with the close phylogenetic relationship of
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reptiles and birds (Hedges 1994) and was confirmed by phylogenetic analysis using the NJ
algorithm (Figs. 4.5B, 4.6B and 4.7B). For all three-proteins the reptilian sequences reliably
cluster tightly with the chicken sequences and are less closely related in terms of evolutionary
history to the other species examined. NJ trees generated from sequence alignments of partial
cDNA sequences of the VEGF-C, VEGF-D and VEGFR-3 genes showed essentially the same
relationships (Chapter 3) except with lower bootstrap confidence scores for the relationship of
chicken and gecko VEGF-D (78% compared to 90%) and VEGFR-3 (86% compared to
100%) sequences and slightly higher for VEGF-C (87% compared to 81%). In the previous
chapter, expanding the phylogenetic analysis to include more species gave results that
suggested differing modes of evolution of VEGF-C from VEGF-D and VEGFR-3. In these
previous trees (Chapter 3: Fig. 7), the evolutionary history of VEGF-C appeared to be driven
by stabilising selection forces, whereby non-synonymous substitutions have been limited
resulting in high levels of sequence conservation resulting in a phylogenetic tree with short
branch lengths, lack of resolution between clusters and poor confidence values. Alternatively,
the NJ trees generated from partial sequence data for VEGF-D and VEGFR-3 conformed to
the expected relationships of vertebrate evolution, suggesting that directional selection may be
the dominant driving force behind the evolution of these genes. We suggested that using the
full-length nucleotide sequences may help to reinforce these proposed evolutionary histories.
Thus, the full gecko sequence data was used in a wider comparative analysis (Fig 4.11) in a
manner similar to that previously described (Chapter 3). Phylogenetic analysis of the full-
length gecko nucleotide sequences for VEGF-C, VEGF-D and VEGFR-3 within the expanded
NJ trees (Fig. 4.11) appears to strengthen the previously observed relationships. Gecko
sequences for all three genes still reliably cluster most closely with bird orthologues, although
bootstrap confidence values are increased. This is particularly the case for VEGF-C, where

bootstrap confidence at the node of the gecko and bird branches is increased from the
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unreliable value of 15% reported previously to the much stronger value of 67%. The
resolution of the NJ tree for VEGF-C is clearer using the full-length sequence data, however
confidence values are still lower than expected (32-99%) and branch lengths are still quite
short (many less than 0.05 base substitutions per site) for most relationships. Thus, this tree
appears to support the stabilising selection theory proposed previously, and combined with
the observed higher levels of a.a. sequence similarity between species for the VEGF-C protein
(Table 4.4.), suggests that the sequence has been strongly conserved throughout evolution
presumably due to high functional importance. Likewise, VEGF-D and VEGFR-3 NI trees
generated using full-cDNA sequence data comply with the theory of directional selection as
the driving force of evolution for these genes. Both expanded NIJ trees for these genes show
clear separate clusters between different vertebrate groups with strong bootstrap scores
(VEGF-D: 76-100%, VEGFR-3: 67-100%) for all divergences and branches that correspond
to expected vertebrate evolution patterns (Fig. 4.11). More sequence data for a greater variety
of species may help to increase the resolution of the different relationships, particularly the
relationship between reptilian and bird VEGF-C, VEGF-D and VEGFR-3 sequences. The
gecko is the only reptile for which sequence data is available for these genes and thus the
ability of phylogenetic analysis to fully resolve the evolutionary histories of these genes is

limited.
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Figure 4.11. Expanded phylogenetic analysis of VEGF-C (A), VEGF-D (B) and
VEGFR-3 (C) gene sequences utilising full-length cDNA sequence data. NJ trees were
constructed from a ClustalW alignment of vertebrate sequences found from a BLAST
search using the gecko sequence as the query. The numbers on the branches represent the
confidence level of 1200 bootstrap pseudo-replicates. The tree is drawn to scale, with
branch lengths in the same units as those of the evolutionary distances used to infer the
phylogenetic tree. The evolutionary distances were computed using the Maximum
Composite Likelihood method (Tamura et al. 2004) and are in the units of the number of

base substitutions per site (shown on the scale bar).
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4.4.3. STRUCTURAL ANALYSIS OF gVEGF-C, gVEGF-D AND gVEGFR-3

Predicted tertiary structures of gVEGF-C, gVEGF-D and gVEGFR-3 were produced using the
Swiss-Model Server (Arnold et al. 2006). The crystal structure for hVEGF-C has recently
been deduced and thus gVEGF-C was modelled directly on this molecular structure. Tertiary
structures have not been experimentally resolved for VEGF-D or VEGFR-3, thus models
were based on homology to other known crystal structures and as such the accuracy of these
models is reduced. This may result in the discrepancies observed between the human, chicken
and gecko models for these proteins. Re-modelling the proteins once the crystal structures are
known for VEGF-D and VEGFR-3 may change the results obtained in this study.

Mature gVEGF-C appears to be identical to hVEGF-C at a structural level. The
gVEGF-C models are capable of forming anti-parallel homodimers necessary for receptor
binding. Residues and regions implicated in both VEGFR-2 and VEGFR-3 binding are
positioned to allow for receptor binding, which would allow for subsequent receptor
dimerisation and activation. Similarly, while modelled mature gVEGF-D shows some small
differences when compared with models of hVEGF-D and ¢cVEGF-D, the molecular complex
as a whole appears largely unchanged and receptor binding regions appear to be positioned in
such a way that they are available for VEGFR-2 and VEGFR-3 binding. However, the
structural determinants for receptor binding in VEGF-D have not been as well established as
for VEGF-C and thus other regions not highlighted in this study may also be important. The
generation of a heparin binding domain model for the C-terminal region of gVEGF-D, based
on sequence identity to the tertiary structure of VEGEF, is interesting. Modelling of the human
and mouse VEGF-D amino acid sequences also generates this model, however neither have
previously been described as having a heparin binding domain. This domain in VEGF
functions to bind heparin and heparan sulfate glycosaminoglycans, located on cell surfaces

and in the ECM (Sasisekharan and Venkataraman 2000), thus determining the localisation of
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VEGF proteins within the extracellular space (Houck et al. 1992; Poltorak et al. 1997).
Heparin binding assays on unprocessed gVEGF-D would conclude whether this model is an
artefact based purely on coincidental sequence similarity or whether it is a true representation
of the protein.

Homology modelling of gVEGFR-3 produced many models from a variety of
templates. However, only models based on the protein kinase region were considered to be
accurate as determined by the Anolea, GROMOS and verify3D analysis tools. Models
generated in the Ig-like domains were not considered reliable, and thus this analysis was
unable to determine structurally whether gVEGFR-3 is capable of binding gVEGF-C and
gVEGF-D. Comparisons of the viable protein kinase models with human and chicken
modelled structures show small differences that do not appear to greatly alter the molecular
organisation of the protein, indicating that structurally the protein kinase region of gVEGFR-3
may be capable of the actions displayed in humans and chickens such as dimer

transphosphorylation and docking for signal transduction molecules.

4.4.4. CONCLUSION

Gecko cDNA sequences that are similar to other species have been isolated for the
lymphangiogenic and angiogenic growth factors VEGF-C, VEGF-D and their receptor
VEGFR-3. For all three translated protein sequences, functionally important residues are
conserved in the gecko sequences, corresponding to the sequence of events necessary for
specific target cell responses, at both a sequence and structural level. This study therefore
provides evidence for the hypothesis that gVEGF-C and gVEGF-D, via binding to gVEGFR-
3, contribute to lymphangiogenesis within the regenerating gecko tail. Further studies are
needed to confirm this hypothesis and would include bioassays on either isolated or
recombinant proteins to determine receptor binding and activation profiles along with

determining sites of expression of gVEGFR-3 within the regenerating tissues. In vivo
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expression analysis would establish whether gVEGFR-3 is restricted to lymphatic endothelial
cells throughout regeneration, with activation triggering a lymphangiogenic response, or
whether it may be expressed by blood endothelial cells, as is the case for tumours (Petrova et

al. 2008), thereby triggering an angiogenic response upon ligand binding.
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Chapter Five

PROTEIN ANALYSIS OF gVEGF-C, gVEGF-D AND gVEGFR-3

5.1. INTRODUCTION

Endogenous or exogenous overexpression of VEGF-C, VEGF-D and/or VEGFR-3 protein
triggers lymphangiogenic responses. For example, lymphatic vessel density and/or vessel
volume are increased in adult tissues treated with adenoviral expression of VEGF-C and
VEGF-D and lymphangiogenesis is stimulated upon delivery of recombinant VEGF-C
(Enholm et al. 2001; Jin da et al. 2009; Rissanen et al. 2003; Saaristo et al. 2002b; Szuba et al.
2002). Previous work utilising western blotting within regenerating gecko tail extracts
suggests gVEGF-C protein expression is up-regulated between 3 and 6 weeks after autotomy
and then remains increased in 9, 12 and 15 week regenerates (Daniels et al. 2003). Early up-
regulation of VEGF-C during gecko tail regeneration is consistent with mammalian wound
healing studies (Ling et al. 2009; Rutkowski et al. 2006; Shimoda et al. 2004; Uzarski et al.
2008). However, specific timings within the early regenerative phase were not examined nor
were the expression patterns of gVEGF-D or gVEGFR-3 protein. Furthermore, sites of
expression of gVEGFR-3 within regenerating tail tissues are unknown.

In Chapter 3, I showed differential expression profiles of gVEGF-C, gVEGF-D and
gVEGFR-3 mRNA throughout tail regeneration, with up-regulation of all three genes at
differing stages of the regeneration process signalling potentially different roles. While
mRNA expression is commonly used to make inferences about protein function, and
increased mRNA expression is required to produce a protein product, adequate protein
translation from expressed mRNA is required to truly bring about cellular and tissue
responses. Many studies do show positive correlations between expression of specific
mRNAs and corresponding proteins that result in a clear biological response (Asplund et al.
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2008; Dhanasekaran et al. 2001; Fu et al. 2007; Mousses et al. 2002). However, others show
inconsistencies (Chen et al. 2002; Gry et al. 2009; Guo et al. 2008). Therefore, functional
inferences made from mRNA expression data, while useful for showing potential for
biological actions, are more reliable when corroborated with protein analysis.

Obtaining protein expression profiles will provide more evidence for the hypothesis
that the VEGF-C/D/R3 pathway plays a key role in lymphatic regeneration within gecko tails
following autotomy. Surprisingly, despite the results of Chapter 4 showing strong sequence
and structural homology between the gecko and mammalian proteins, many problems were
encountered in the protein analysis. In hindsight, this is presumably as a result of low affinity
of the antibodies generated against mammalian proteins for the gecko proteins.

In this chapter I describe attempts made to quantify the protein expression of gVEGF-
C, gVEGF-D and gVEGFR-3 within protein extracts from regenerating gecko tails using
ELISA as well as attempts to show protein presence and size using western blotting. I also
describe troubleshooting of the immunohistochemistry method described in Chapter 3 with
the aim to gain information on gVEGFR-3 expression within gecko tail tissues. In Chapter 3 I
showed no positive staining in gecko tail tissue sections on lymphatic or blood endothelial
cells using an anti-VEGFR-3 antibody, despite these cells being major sites of expression in
other species and despite the observation of potential associations of gVEGF-C and gVEGF-
D with VEGFRs on lymphatic-like and blood vasculature. However, despite extensive
troubleshooting, these techniques were largely unsuccessful in achieving the aims of this

chapter.
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5.2. MATERIALS AND METHODS

5.2.1. PROTEIN EXTRACTION

Gecko tails were obtained as described in Chapter 3. Briefly, gecko tails were stimulated to
autotomise and then left to regenerate for either 4, 5, 6, 7, 9, 10 or 12 weeks after which the
regenerated portion of the tails was once again autotomised and immediately snap frozen in
liquid nitrogen and stored at -80°C until needed. Tails were then ground using a mortar and
pestle under liquid nitrogen to a fine powder. Two different protein extraction methods were
used due to issues with yield, suspected inhibiting factors within extracts and issues
encountered due to the highly fatty nature of the gecko tails.

5.2.1.1. Tri-reagent extraction of protein

Following tail crushing, 100mg of crushed tissue was added to Iml of Tri-reagent (Sigma)
and RNA, DNA and protein were extracted predominantly according to the manufacturer’s
instructions. Briefly, tissue and tri-reagent mixture were homogenised using a Mini-
Beadbeater (Daintree Scientific) and then spun at 12,000 x g for 10 min at 4°C to remove
insoluble material and beads. 0.2 ml of chloroform was added to the supernatant, left for 15
min at room temperature and then spun at 12,000 x g for 15 min at 4°C to separate out the
mixture into an upper colourless aqueous phase and a lower red phenol/chloroform phase.
Three volumes of acetone were added to the phenol/chloroform phase and incubated at room
temperature for 5 min to precipitate the protein, then spun at 12,000 x g for 10 min at 4°C.
The resulting protein pellet was washed three times using 500 pl of 0.3 M guanidine
hydrochloride in 95% ethanol plus 2.5% glycerol (V:V). A final wash in 1 ml of ethanol
containing 2.5% glycerol (V:V) was performed and the dried protein pellet was re-solubilised

in 1 ml of 1% SDS.
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5.2.1.2. Guanidine and triton extraction of protein

100 mg of crushed tissue was measured into a 1.5 ml eppendorf tube and taken through a
freeze-thaw process to fully disrupt the cells and tissues. Tubes were placed in ethanol that
had been supercooled using dry ice, and then left until frozen and then placed at 37°C until
thawed. This freeze-thaw process was cycled 5 times. 1 ml of 6 M Guanidine-HCI + 0.1%
triton-X100 was then added to the pulped tissue and homogenised using the Mini-Beadbeater
method. Following homogenisation and the removal of beads and insoluble material by
centrifugation, the homogenate was incubated at 60°C for 2 h, centrifuged at 13,000 x g for
20 min and the supernatant was collected and stored at -20°C until needed. High levels of fat
were detected within samples that prevented sample filtering. Hence, several methods were
used to attempt to either remove the fat or precipitate the protein. A chloroform extraction
method was attempted whereby chloroform was added to the supernatant in a ratio of 1:2 and
left for 2 h at 4°C then centrifuged at maximum speed for 15 min to separate the chloroform
from the aqueous layers. The resulting solution was then filtered as described in 5.2.2.
Precipitation of proteins within the guanidine supernatant was also tried using ice-cold
acetone (4 x volume of sample), ethanol, and various ratios of acetone: ethanol. Samples were
left for 2 h at -20°C and centrifuged at 13,000 x g for 15 min. 0.2% SDS, 1% SDS and 0.3 M

guanidine-HCI solutions were then used to attempt to re-solubilise protein pellets.

5.2.2. PROTEIN FILTRATION TO REMOVE CONTAMINANTS AND CONCENTRATE
PROTEIN

Microcon centrifugal filter devices (Millipore) with a 10 kDa MW cut-off were used to
concentrate protein extracts. 500 pl of protein sample was added to the sample reservoir and
centrifuged at 14,000 x g for 30 min. The retentate was then recovered by placing the sample

reservoir upside down in a new vial and centrifuging at 1,000 x g for 3 min.
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To remove guanidine from samples, 400 pl of 0.1% triton-X100 in PBS was added to

the retentate and filtered again through the microcon filter. This was repeated several times.

5.2.3. TOTAL PROTEIN QUANTIFICATION

Total protein concentration was determined using bicinchoninic acid (BCA) protein assay
(Pierce) and absorbance values read at 595 nm on a GENios microplate reader (TECAN).
5.2.4. SDS-PAGE AND WESTERN BLOTTING ON GECKO TAIL EXTRACTS

50 pug of gecko tail protein extract was analysed on a precast NuPAGE® 4-12% Bis-Tris gel
(Invitrogen). Samples were incubated for 10 min at 70°C with 4 x NuPAGE © LDS sample
buffer (Invitrogen, Carlsbad, CA) and 1 ul of 50 mM dTT prior to loading. Gels were run
using the XCell SureLock™ Mini-Cell (Invitrogen, Carlsbad, CA) at 200 V for 30 min and
transferred to nitrocellulose membrane (0.2 pum) using the XCell II™ blot module and
NuPAGE® transfer buffer (Invitrogen). Membranes were blocked with 5% skim milk TBS-T
(10 mM Tris, 0.9% NaCl, pH 7.4, with 0.1% Tween 20) and incubated with primary antibody
directed against VEGF-C, VEGF-D or VEGFR-3 (Table 5.1.) overnight at 4°C. a-Actin
polyclonal antibody (Sigma-Aldrich) was used at 1:5,000 as the internal loading control
standard. Blots were incubated with secondary antibody (Goat anti-rabbit IgG, Invitrogen;
1:5,000) for 1 h at room temperature. Immunoreactive bands were visualised with
chemiluminescence (using luminol solution, see Appendix Three) on HT-G orthofilm. Films
were photographed and densitometry performed in an Alpha Innotech FluorChem 8900 using
the AlphaView SA software. Samples were randomised before loading onto gels and were
quantified using densitometry. Inter-gel expression was normalised to a specific quality
control sample run on every gel. Intra-gel expression was normalised to a-actin. The average
of two separate experiments for each sample was used for analysis. Results are given as the

mean + SEM. Expression data for each protein across regeneration time points were analysed
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using a one-way ANOVA with a posthoc Dunnett multiple comparison test using expression
levels of the original tailed geckos as the control. Differences were considered significant if P

<0.05.
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5.2.5. ELISA VALIDATION AND ATTEMPTS TO QUANTIFY gVEGF-C, gVEGF-D
AND gVEGFR-3 WITHIN PROTEIN EXTRACTS

To determine the concentration of VEGF-C, VEGF-D and VEGFR-3 within gecko tail protein
extracts two ELISA methods were performed - a direct method and a sandwich ELISA
method. Recombinant human protein standards (thVEGF-C, R&D systems, Cat# 2179-VC,;
rthVEGF-D, R&D systems, Cat# 622-VD and thVEGFR-3, R&D systems, Cat# 349-F4) were
used to try and establish standard curves for quantification. hVEGF-D and rhVEGFR-3 did
not react with the antibodies used and so only rhVEGF-C could be used for assay
development. In setting up the VEGF-C ELISA protocols several validation steps were
undertaken using thVEGF-C to ensure results for this standard were optimal. For example,
concentrations of coating antibody (IgG plate saturation), primary antibody, secondary
antibody and samples were all assayed to identify those that gave the greatest absorbance

value for the samples and the lowest background (zero absorbance values).

5.2.5.1. Sandwich ELISA
High binding 96-well ELISA plates (Greiner) were coated for 1 h at room temperature and

then overnight at 4°C with 100 ul of coating antibody (see Table 5.1.) at a 1:500 dilution in
50 mM sodium bicarbonate, pH 9.6. Coating solution was removed from the wells by gently
flicking the plates upside down. The plates were washed with 200 pul of wash buffer (PBS-T;
phosphate buffered saline, pH 7.4, 0.1% Tween 20, 0.01% thimerosal) and blotted onto paper
towel. Blocking buffer (1% skim milk in PBS-T; 100 ul) was added to each well using an 8-
well multi-channel pipette to block non-specific binding. The plates were then incubated at
room temperature for at least 1 h. For VEGF-C ELISAs, a standard curve was prepared using
rthVEGF-C diluted in PBS as follows 1/1000, 1/8000, 1/32000, 1/64000, 1/128000. Standard
curves were not prepared for VEGF-D and VEGFR-3 ELISAs due to non-reactivity of the

recombinant proteins with the antibodies. Each standard and sample (up to 200 pg, also
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diluted in PBS) were added to the plate in duplicate and incubated for 3 h at 37°C with
shaking. After incubation with samples and standards, the plate was washed three times with
washing buffer, after which the primary antibody (see Table 5.1.) was added (1:1000 in
blocking buffer). This was then incubated for 1 h at room temperature and then overnight at
4°C. The plate was washed again three times with washing buffer and incubated with
secondary antibody (1:1000 goat anti-rabbit IgG-HRP conjugate (Zymed/ Invitrogen) in
blocking buffer) for 1 h at room temperature. The plate was then washed three times in
washing buffer, with the final wash left for 3 min to soak. 100 pl of TMB substrate (1 tablet
of 3°,3°,5°,5’-Tetramethylbenzidine.2HCI substrate in 10 ml phosphate citrate buffer with
sodium perborate, Sigma) was added to each well for the final colour reaction, which was
stopped after 20 min with 1 M HCI. Absorbance was then read on the GENios microplate
reader (TECAN) at 450 nm and the final concentrations of the samples were calculated using
the standard curve. Standard curves using thVEGF-C dilutions were generated in the
CurveExpert 1.38 software utilising the Morgan-Mercer-Flodin (MMF) sigmoidal model.

5.2.5.2. Direct ELISA
A direct ELISA protocol was attempted for all three proteins, in particular for VEGFR-3

where a suitable coating antibody could not be identified. Samples (up to 200 pg, in
duplicate) were diluted in coating buffer and 100 pl was dispensed into a high binding 96-
well ELISA plate (Greiner) and left overnight at 4°C. The following day excess coating buffer
was removed by inverting the plate, flicking out the solution and tapping on paper towel.
Plates were then washed with 200 pl of washing buffer three times and 100 pl of blocking
buffer was added to each well and incubated at room temperature with shaking for 1 h.
Following blocking, primary antibody was added and the protocol was followed as for the

sandwich ELISA.
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5.2.6. IMMUNOHISTOCHEMISTRY ON FIXED GECKO TAIL TISSUE

Following on from unsuccessful efforts to identify cellular and tissue expression sites of
gVEGFR-3 described in Chapter 3, troubleshooting was performed on this technique to
increase antibody specificity and cross-reactivity. Much of the immunohistochemical method
was performed as per Chapter 3, including tissue fixation and preparation, slide dewaxing and
rehydration and visualisation of immunostaining using the Dako Envision+® kit and DAB+
substrate chromogen solution (Dako). Immunostaining using varying concentrations of an
antibody directed against VEGFR-3 along with various antigen retrieval, blocking and
antibody incubation steps was undertaken with regenerating gecko tail tissue sections (listed
in Table 5.2.). Following attempts at all of the protocols described in Table 5.2. the only
change to the method described in Chapter 3 that was found to produce a positive staining
result with the anti-VEGFR-3 antibody was in the primary antibody incubation temperature
regime. Following blocking, the diluted primary antibody was added to tissue sections and
incubated in a humid chamber for 3 h at 37°C, then overnight at 4°C. Negative control slides
were incubated in antibody diluent only (1% normal goat serum in TBS). Slides were then
washed, peroxidase quenched, incubated with labelled polymer as per the Dako EnVision+”

kit instructions and visualised as described in Chapter 3.
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5.3. RESULTS

5.3.1. PROTEIN EXTRACTION AND FILTRATION

Gecko tails are highly fatty and highly muscular tissues and thus require a relatively harsh
method of protein extraction. Tail tissues need to be mechanically and chemically disrupted to
obtain protein and thus protein yield can be lower than in other tissues and more prone to
difficulties associated with the extraction process (e.g. degradation of proteins, lack of re-
solubilisation of protein). Tri-reagent extraction of proteins from crushed gecko tail resulted
in a protein pellet that was difficult to dissolve following precipitation and washing, thus
requiring a high concentration of SDS in the solubilisation buffer. Therefore, this method
resulted in low protein yields (due to difficulties in full solubilisation) and samples that were
dissolved in a relatively high concentration of SDS, which could potentially alter protein
conformations and inhibit antibody interactions. Furthermore, analysis on tri-reagent
extracted protein gave variable results, particularly in ELISAs, suggesting the presence of
potential inhibiting factors within the extract (see section 5.3.3.).

In an attempt to improve extracted protein yields and reduce the variability observed
in tri-regent extracted samples, a different protein extraction method was undertaken utilising
a guanidine/ triton extraction buffer. However, this extraction method was also problematic.
Higher protein yields were obtained but guanidine had to be removed from the sample, as it is
not compatible with SDS-PAGE and ELISA. Attempts to filter and wash out the guanidine
from the sample were unsuccessful, as large fatty deposits within the sample blocked the
filter. To remove the fat from the sample, chloroform extractions were performed, leaving an
aqueous protein supernatant above a chloroform and fat layer after centrifugation. Although
fatty globules were observed within the discarded chloroform layer, fat was nevertheless
present within the aqueous supernatant and blocked the filter even after several sequential

chloroform extractions on the protein sample. Acetone and ethanol precipitation of the protein
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from the guanidine extract resulted in a protein precipitate that could not be dissolved, thus
guanidine could not be fully removed from the sample and this extraction method was not
utilised for further analysis. Hence, only tri-reagent extracted proteins were used for ELISA
and western blotting analysis.

Tri-reagent extracts were filtered using microcon 10 kDa centrifugal filters
(Millipore). Filtration allowed all proteins below 10 kDa along with other small molecules
(potentially excess/unbound SDS) to be filtered out of the sample, while retaining all protein
above 10 kDa. The concentrated retentate could then be recovered for further analysis.
Filtering in this way concentrated gecko tail protein extracts approximately 10-fold, but it was
not known whether filtering out some SDS may have affected the solubility of some proteins
within the extract. However, a percentage of SDS could still be detected within filtered
sample, as these samples still displayed frothing/ bubbling upon agitation, characteristic of the

presence of SDS.

5.3.2. WESTERN BLOTTING

Gecko tail protein extracts were run under reducing conditions in SDS-PAGE. a-actin was
used as an internal loading control to standardise target protein results. However, significant
variability was apparent in actin-blotted samples. This variability appeared to be due to errors
in the quantitation of total protein, rather than to differences in actin expression between
gecko tail extracts. Despite loading 50 pg of total protein for all samples some would
occasionally show no actin and no target protein expression. This was not limited to a certain
experimental group but was a random occurrence. Variability was not just limited to between
experimental groups (i.e. different regeneration stages) but intra group variability was also
observed. Coomassie staining of these samples resolved by SDS-PAGE would also show little
to no protein present (data not shown) despite the BCA assay showing high total protein
content. Therefore, for some samples something within the protein sample was interfering
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with the quantitation of total protein providing false results. Samples used for quantitative

analysis were those, which showed consistent protein concentration by Coomassie staining.

5.3.2.1. VEGF-C

Filtered protein extracts were subjected to western blotting using an antibody directed against
recombinant full-length mature rat VEGF-C. A main band was observed for the majority of
positive samples at approximately 64 kDa and minor bands were observed for some samples
at 48, 56 and 80 kDa (Fig. 5.1A). Banding patterns were generally similar, but some samples
did display an absence of one or more of these 4 bands and/or the presence of extra bands.
Likewise, the relative intensity of the bands differed between samples. In some samples the
64 kDa band was the most intense, whereas in others one of the lower molecular weight bands
showed higher densitometry values. A band representing the fully processed (mature) form of
the VEGF-C protein, expected to be 21 kDa in size if comparable to other vertebrates, was not
observed by western blotting. Densitometry analysis of the major 64 kDa band standardised to
a-actin and the quality control, revealed that VEGF-C protein expression is higher in 4 week
regenerates than in original tails (P < 0.01, Fig. 5.1.B). VEGF-C protein expression remains

unchanged between all other regenerate time points and original tails.
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Figure 5.1. Western blotting analysis of gecko vascular endothelial growth factor C
(gVEGF-C). (A) Representative western blot images for anti-VEGF-C and anti-actin in
all regeneration stages and in original tails. Images are from different blots. (B)
Normalised expression of gVEGF-C within protein extracts from regenerating gecko tails
was determined by densitometry of western blots. Time points selected were 4 (n=6), 5
(n=5), 6 (n=6), 7 (n=5), 8 (n=3), 9 (n=4), 10 (n=6), 12 (n=5) weeks following autotomy
and fully regenerated (FR; >24 wks, n=7) and original tails (OR, n=6). Protein expression
was standardised to a quality control sample run on each gel and normalised to a-actin
and data are expressed as mean + SEM. Comparisons of experimental groups were
performed using a 1-way ANOVA (P < 0.0001), followed by Dunnett multiple

comparisons tests. *P < 0.01 compared to OR.
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5.3.2.2. VEGF-D

Resolved protein samples were probed with an antibody directed against a synthetic peptide
selected from the C-terminal region of human VEGF-D. Banding patterns of VEGF-D in
gecko tail extracts showed multiple bands and were highly variable between samples (Fig.
5.2A). Generally 4 darker bands were observed at approximately 65, 60, 55 and 43kDa.
However, the intensity of each of these bands differed between samples and was not limited
to inter-experimental group variation. VEGF-D detection was not as intense as for VEGF-C
and often required longer exposure times. Furthermore, VEGF-D staining appeared to be less
precise, less reproducible and often very faint or undetectable, requiring many blots to be
repeated. This reduced the available sample size, as there was not always sufficient protein to
repeat gels more than twice. When enough sample was available and both duplicate runs
worked then replicate blots were comparable. As no clear main band could be distinguished,
densitometry analysis was performed on all bands present within each lane (Fig. 5.2B).
Standard deviations between samples within experimental groups were high, suggesting that
western blot analysis for this protein was not very accurate. No significant differences were

observed in protein expression between regenerates and original tails.
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Figure 5.2. Western blotting analysis of gecko vascular endothelial growth factor D
(gVEGF-D). (A) Representative western blot images for anti-VEGF-D and anti-actin in
all regeneration stages and in original tails. Images are from different blots. (B)
Normalised expression of gVEGF-D within protein extracts from regenerating gecko tails
was determined by densitometry of western blots. Time points selected were 4 (n=6), 5
(n=4), 6 (n=5), 7 (n=5), 8 (n=3), 9 (n=4), 10 (n=4), 12 (n=4) weeks following autotomy
and fully regenerated (FR; >24 wks, n=4) and original tails (OR, n=3). Protein expression
was standardised to a quality control sample run on each gel and normalised to a-actin
and data are expressed as mean + SEM. Comparisons of experimental groups were

performed using a 1-way ANOVA (P > 0.05, considered not significant).
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5.3.2.3. VEGFR-3

To analyse VEGFR-3 protein expression in gecko tail extracts, western blotting was
performed using an antibody directed against a synthetic peptide selected from the C-terminal
region of human VEGFR-3. Multiple bands were observed in VEGFR-3 probed blots ranging
from 100 kDa to 240 kDa (Fig. 5.3A). Banding pattern profiles were highly variable between
samples, making it difficult to distinguish major bands and high levels of band smearing was
also apparent. As for VEGF-D, densitometry analysis of VEGFR-3 protein expression was
performed on all bands within the lane due to a lack of one specific sized major band for all
samples (Fig. 5.3B). No significant differences were observed for VEGFR-3 protein

expression between different regeneration stages and original tails.

184



Figure 5.3. Western blotting analysis of gecko vascular endothelial growth factor
receptor 3 (gVEGFR-3). A. Representative western blot images for anti-VEGFR-3 and
anti-actin in all regeneration stages and in original tails. Images are from different blots.
B. Normalised expression of gVEGFR-3 within protein extracts from regenerating gecko
tails determined by densitometry on western blots. Time points selected were 4 (n=6), 5
(n=4), 6 (n=6), 7 (n=5), 8 (n=3), 9 (n=4), 10 (n=4), 12 (n=5) weeks following autotomy
and fully regenerated (FR; >24 wks, n=7) and original tails (OR, n=2). Protein expression
was standardised to a quality control (QC) sample run on each gel and normalised to a-
actin and data are expressed as mean £ SEM. Comparisons of experimental groups were

performed using a 1-way ANOVA (P > 0.05, considered not significant).

185



| 1™

Densitometry
(normalised to actin and QC)

4

5 6

v o=
7

VEGFR3

<+— 240kDa
<+—170kDa

<+—130kDa

<+—100kDa

) G e /CTN
9 10 12 FR OR

Regeneration Age (weeks following autotomy)

186

4 5 6 7 8 9 10 12 FR OR



5.3.3. ELISA

Direct and indirect ELISA methods were attempted to gain measures of protein concentration
for gVEGF-C, gVEGF-D and gVEGFR-3. Many protocols were attempted for both methods
(sections 5.2.5.1. and 5.2.5.2.), but despite altering blocking conditions, protein
concentrations, antibody concentrations and incubation times, the gecko proteins were either
expressed in too low a concentration, were not bound by the antibodies used or were
contaminated with factors capable of inhibiting either the antibody/antigen interaction or the
enzymatic colour development reaction. Therefore, no reliable results were obtained for any

of the three proteins.

5.3.3.1. VEGF-C

A standard curve was generated using serial dilutions of the recombinant hVEGF-C standard
(an example is provided in Fig. 5.4.A) using the sandwich ELISA protocol. Correlation
coefficients for this MMF model curve (R*=0.998) suggest a high probability of predicting
reliable and accurate estimations for VEGF-C protein quantitation. Absorbance values
generated from several gecko protein extracts are shown in Fig. 5.4.B. gVEGF-C values were
either too low to fit on the standard curve or varied greatly between experiments. In many
cases serially increasing protein concentrations resulted in serially decreasing absorbance

values, suggesting the presence of an inhibiting factor in the protein extract.
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Figure 5.4. VEGF-C ELISA on extracted protein from original and regenerated gecko
tails. (A) Representative image of rhVEGF-C standard curve generated using
CurveExpert 1.38 software and utilising the Morgan-Mercer-Flodin sigmoidal Model.
Values for the thVEGF-C dilution series are 1000 for 1/1000 dilution, 125 for 1/8000,
31.25 for 1/32000, 15.625 for 1/64000 and 7.8125 for 1/128000 dilution. (B) Examples of
absorbance and concentration values from gecko tail extracts. Many values are either
indistinguishable from zero or display distinct levels of inhibition with increasing protein

concentration.
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Sample Concentration .
. . ELISA Absorbance = Concentration based
Target Protein Sample (ug total protein/well
o (corrected for Zero)  on standard curve
or dilution factor)

VEGF-C V1 1/1000 1.5053 1000.10
VEGF-C V2 1/8000 0.5216 124.97
VEGF-C V3 1/32000 0.0744 31.99
VEGF-C \Z 1/64000 0.0158 12.59
VEGF-C V5 1/128000 0.0105 9.92
VEGF-C 11wk 150 0.0620 28.58
VEGF-C 11wk 50 0.0679 30.23
VEGF-C 11wk 17 0.0468 24.065
VEGF-C 11wk 4 0.0198 14.37
VEGF-C 13wka 13 0.0301 18.44
VEGF-C 13wka 7 0.0148 12.11
VEGF-C 13wka 2.2 0.0163 12.82
VEGF-C 10wkb 60 0.0181 13.63
VEGF-C 10wkb 30 0.0232 15.79
VEGF-C 10wkb 5 0.0315 18.95
VEGF-C 13wkb 65 0.1410 47.99
VEGF-C 13wkb 33 0.1299 45.50
VEGF-C 12wk 70 0.1856 57.54
VEGF-C 12wk 50 0.1990 60.32
VEGF-C 12wk 35 0.1969 59.88
VEGF-C 12wk 20 0.1704 54.35
VEGF-C FR2 30 0.0632 28.92
VEGF-C FR2 15 0.0716 31.24
VEGF-C FR5 30 0.0187 13.90
VEGF-C FR5 15 0.0270 17.28
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5.3.3.2. VEGF-D
Recombinant hVEGF-D did not react with anti-VEGF-D (either in the ELISA or on a dot

blot) and thus a standard curve could not be generated. Absorbance results for gecko samples
used in direct and indirect ELISAs are shown in Table 5.3. and as for VEGF-C were not

reliable and could not be used for VEGF-D quantitation.

Table 5.3. VEGF-D ELISA on protein extracts from regenerating gecko tails.

Sample Concentration
ELISA Absorbance

Target Protein Sample total protein/well
& P (e P / (corrected for Zero)

or dilution factor)

VEGF-D 10wka 50 0.0201
VEGF-D 10wka 140 0.0056
VEGF-D 13wka 26 0.0126
VEGF-D 13wka 13 0.0124
VEGF-D 13wka 4.3 0.0156
VEGF-D 13wkb 18 0.0095
VEGF-D 13wkb 9 0.0029
VEGF-D 13wkb 3 0.0099
VEGF-D 10wkb 7 0.0762
VEGF-D 10wkb 3.5 0.0832
VEGF-D 10wkb 1.725 0.1073
VEGF-D FR1 30 0.0234
VEGF-D FR1 15 0.0050
VEGF-D OR2 30 -0.0011
VEGF-D OR2 15 -0.0017
VEGF-D VD1 1/10 -0.0023
VEGF-D VD2 1/20 0.0056
VEGF-D VD3 1/40 0.0032

Examples are provided of absorbance values from a sandwich ELISA protocol of serial
dilutions of protein extracts from original tailed geckos (OR2), full regenerates (FR1), several
different regenerates (10, 13 and 14 weeks following autotomy) and the rhVEGF-D standard
(VDI1-3). Many values can be seen to be either indistinguishable from zero or displaying

increased absorbance values for decreasing sample concentration i.e. inhibition of the ELISA.
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5.3.3.3. VEGFR-3
Recombinant hVEGFR-3 did not react with the anti-VEGFR-3 antibodies (either in ELISA or

a dot blot), thus no standard curve was produced. Results for gecko samples are shown in

Table 5.4. and show a lack of/ or inhibition of antibody binding to the gecko protein.

Table 5.4. VEGFR-3 ELISA on protein extracts from regenerating gecko tails.

Sample
Concentration ELISA Absorbance (corrected for
Target Protein Sample (dilution factor) Zero)
VEGFR-3 9wka Neat 0.0277
VEGFR-3 9wka 1/4 0.0174
VEGFR-3 9wka 1/16 0.0019
VEGFR-3 9wka 1/64 -0.0028
VEGFR-3 7wka Neat 0.0121
VEGFR-3 7wka 1/4 0.0024
VEGFR-3 7wka 1/16 -0.0032
VEGFR-3 7wka 1/64 -0.0086
VEGFR-3 13wka Neat 0.0147
VEGFR-3 13wka 1/3 0.0056
VEGFR-3 13wka 1/6 0.0071
VEGFR-3 7wka Neat 0.0160
VEGFR-3 7wka 1/2 0.0116
VEGFR-3 7wka 1/6 0.0134
VEGFR-3 14wka Neat 0.0145
VEGFR-3 14wka 1/2 0.0115
VEGFR-3 14wka 1/6 0.0099

Examples are provided of absorbance values from a direct ELISA protocol of serial dilutions
of protein extracts from several different regenerates (7, 9, 13 and 14 weeks following
autotomy). Many values can be seen to be either indistinguishable from zero, unreproducible
in different assays for the same protein sample or displaying increased absorbance values for

decreasing sample concentration i.e. inhibition of the ELISA.
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5.3.4. IMMUNOHISTOCHEMISTRY TO DETECT gVEGFR-3

In Chapter 3, immunostaining of gVEGFR-3 within gecko tail tissue sections yielded no
positive staining. Troubleshooting performed to detect gVEGFR-3 expression is described in
this chapter. An antibody directed against human VEGFR-3 was used on paraffin embedded
sections with ultimately limited success in terms of obtaining positive staining of gVEGFR-3
on gecko lymphatic and/or blood endothelial cells. Negative controls, consisting of the
antibody diluent without primary antibody, were performed for each tissue section and were
always devoid of staining. As for the ELISAs many different protocols were attempted (listed
in Table 5.2.). These included changing antigen retrieval conditions, altering blocking
conditions, increasing antibody incubation times and temperatures and changing detection
systems. However, none of these factors was successful in yielding positive results on
endothelial cells. Initial results for VEGFR-3 staining showed dark positive staining over the
entire tissue section that did not appear to be specific, despite negative controls being clear.
However, refining antibody concentration and blocking conditions reduced this problem to
display what appeared to be highly specific staining that was limited purely to adipose tissue
and in particular appeared to be on adipocytes themselves. Figs 5.5. and 5.6. display examples
of adipocyte staining in original and regenerating tissues, respectively, using the anti-
VEGFR-3 antibody. Dark positive staining is evident in adipose deposits in subcutaneous
tissue in original and to a lesser extent regenerate tail tissue sections, where fewer
subcutaneous adopose deposits are apparent. Positive staining is also observed deeper within
the central region of the tail, between the muscle bands surrounding the vertebrae of original
tails and the cartilage tube of regenerating and fully regenerated tails. Neither lymphatic nor

blood endothelial cells were specifically stained in gecko tail tissue.
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Figure 5.5. VEGFR-3 positive immunostaining within adipose tissue of original gecko
tails. Specific positive staining (brown) of VEGFR-3 was seen surrounding adipocytes in
fat masses in both subcutanecous tissues (A) and within muscle bands and central
connective tissue surrounding the vertebrae (C). H&E staining of a serial section shows
the histology of these regions highlighting aggregated adipocytes and blood vessels
within the fat masses (B and D). Muscle tissue (m) displays a light brown stain. It is
unclear if this is specific positive staining. Lymphatic and blood endothelial cells do not
appear to show any positive staining. Arrows indicate obvious vessels of lymphatic
characteristics and arrowheads indicate obvious blood vessels. Scale bars represent 200

pm in A and B and 100 um in C and D.
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Figure 5.6. VEGFR-3 positive immunostaining within adipose tissue of regenerating
gecko tails. Specific positive staining (brown) of VEGFR-3 was seen surrounding
adipocytes in fat masses in 5 week (A), 9 week (C) and full regenerates (D) within central
connective tissue surrounding the vertebrac. H&E staining of a serial section shows the
histology of these regions highlighting aggregated adipocytes and blood vessels within
the fat masses (B, D and F). Adipocytes within subcutaneous tissues also stained
positively for VEGFR-3 in full regenerates (G). Earlier regenerates did not appear to have
as much subcutaneous fat as full regenerates and thus did not have positive staining in
this region. Muscle tissue (m) displays a light brown stain. It is unclear if this is specific
positive staining. Lymphatic and blood endothelial cells do not appear to show any
positive staining. The caudal artery (a) is seen in images C and D. Nervous tissue (n) is
apparent in images E and F. Arrows indicate obvious vessels of lymphatic characteristics
and arrowheads indicate obvious blood vessels. Scale bars represent 200 um in A, B, E, F

and G and 100 pm in C and D.
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5.4. DISCUSSION

In this chapter I aimed to confirm the presence of gVEGF-C, gVEGF-D and gVEGFR-3
proteins within protein extracts from original and regenerating gecko tails and corroborate
mRNA expression data by determining protein expression profiles of these growth factors and
their receptor throughout tail regeneration. Identifying the location of expression of gVEGFR-
3, matching protein expression profiles with different lymphangiogenic states, along with the
locations of gVEGF-C and gVEGF-D protein expression identified in Chapter 3, would
provide more evidence for the role of the VEGF-C/ -D/R-3 pathway in the growth of new
lymphatic vessels throughout gecko tail regeneration. The results of this work, however,
remain largely inconclusive either due to problems with inhibiting factors in protein extracts
or due to a lack of antibody specificity for the target antigens on the gecko proteins.

Protein extraction from the gecko tails appeared to be suboptimal in that both protein
extraction methods had significant limitations. The tri-reagent extraction suffered from low
protein yields, high SDS concentrations required for protein pellet solubilisation and the
presence of inhibiting factors that prevented the accurate determination of total protein
concentration and ELISA analyses for the proteins of interest. While the guanidine/triton
extraction process provided higher yields, it resulted in fat deposits within the sample making
filtering and washing out the guanidine unachievable. Thus, guanidine/ triton extracted
samples could not be used in downstream analyses.

The apparent presence of an unknown compound or substance within the tri-reagent
extracted samples that yielded false measurements of total protein concentration in the case of
some samples (observed by Coomassie staining of SDS-PAGE gels and by underexpression
or absence of the actin loading control) is puzzling. False BCA results are particularly
perplexing given that not all samples reacted in the same fashion and the majority of samples

did appear to be accurately quantitated. There are some substances that are known to interfere

198



with the BCA assay including those with reducing potential, chelating agents, and strong
acids or bases. However, we would not expect that any of these would be present within
properly extracted gecko protein SDS has been known to be an inhibiting factor of the BCA
assay, however; only concentrations above 5% are incompatible with the kit used.

Lipids may also interfere with the BCA assay and while it is unlikely that lipid would
remain after the tri-reagent extraction process (given that protein is precipitated using acetone,
a method recommended for removing conflicting substances by the BCA protocol, and
vigorously washed), even minute amounts of lipid or lipoproteins could result in higher
absorbance values and thus higher calculated concentrations. Further studies aimed at
optimising protein extraction and total protein concentration assays and eliminating any
incompatible substances, need to be performed. Use of the Bradford method for quantifying
total protein concentration was not possible due to its incompatibility with concentrations
above 0.1% of SDS. Dialysis of the phenol-ethanol supernatant (from the tri-reagent method)
against 0.1% of SDS may reduce potential problems with high SDS concentrations. However,
this may also reduce the solubility of some proteins. Another potential extraction buffer could
include lysis buffer (8M Urea, 50 mM Tris-HCI, pH 7.6, 0.1 M 2-mercaptoethanol, 1 mM
DTT and 1mM phenylmethylsulphonyl fluoride) using the extraction protocol of Sybert
(1985). However, given that high urea concentrations can also interfere with total protein
quantitation and western blotting and ELISA protocols, extracts from this method would also
require further filtering and may be problematic.

Inhibition within ELISA assays was apparent for some (but not all) tri-reagent
extracted proteins. Despite increasing the amount of total protein in some samples,
absorbance values were reduced. However, whether this was true inhibition or more a result
of the very low absorbance values detected for most samples is unclear. Further, the precise

nature of the substances that could be present within the extract capable of inhibiting the
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ELISA reaction is unclear. It is also possible that it is not inhibition of the ELISA that is
causing these results but an issue with the specificity and/or strength of the antibody-antigen
interaction. The strength of the standard curve relationship for the rhVEGF-C dilution series
(R?=0.9999632) demonstrates the validity of the ELISA methodology. Hence it is possible
that the lack of detection of VEGF-C in the gecko protein extracts is due to poor antibody
specificity.

All results from western blotting, ELISAs and IHC showed a high level of variability.
Potentially positive results were obtained for all techniques but suffered from lack of
reproducibility (both in the same and in different samples) and reliability. Western blotting
appeared the most successful technique and banding patterns observed for gVEGF-C,
gVEGF-D and gVEGFR-3 were all within expected size ranges indicating firstly that these
proteins are indeed present within the gecko tail extracts and that the antibodies used can, at
least to some extent, recognise the gecko proteins. Bands of approximately 64 kDa, 56 kDa
and 48 kDa for gVEGF-C are consistent with different sized propeptides of the protein at
different stages of proteolysis. These band sizes resemble those of proVEGF-C precursors
detected previously in gecko samples using a different VEGF-C antibody (58 kDa and 43
kDa) (Daniels et al. 2003), in recombinant human proVEGF-C expressed in different cell
types (Joukov et al. 1997b; Zeng et al. 2004) and in zebrafish cells transfected with
proVEGF-C cDNA (approximately 59kDa) (Khatib et al. 2010). Furthermore, the detected 48
kDa band in this study corresponds to the predicted 47.8 kDa MW from the translated amino
acid sequence of gVEGF-C (see Chapter 4). Mature, fully processed, gVEGF-C protein
(expected at 21 kDa) was not detected by western blotting, despite the fact that the antibody
was raised against recombinant ANAC —VEGF-C (i.e. protein without N- and C- terminals). It
is possible that fully processed forms are present within the gecko samples at very low

concentrations so that they are not detectable by western blotting. It may also be possible that
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mature gVEGF-C is not present within samples, as the extraction process may not have
efficiently recovered extracellular secreted proteins. Alternatively, smaller proteins may have
been lost in the extraction and filtration processes. It is unlikely; however, that geckos would
not possess mature VEGF-C as the gecko sequence obtained in Chapter 4 does contain amino
acid sequences corresponding to proteolytic cleavage sites in similar relative positions as in
mammals.

Banding patterns for gVEGF-D (approximately 65, 60, 55 and 43 kDa) and gVEGFR-
3 (approximately 100, 130, 179 and 240 kDa) detected by western blotting, are consistent
with the predicted MW from amino acid sequences (40 kDa for VEGF-D and 157.6 kDa for
VEGFR-3). Furthermore, some of these bands are consistent with previous studies. For
VEGF-D, bands of approximately 60 kDa and 53 kDa, corresponding to unprocessed VEGF-
D (in cell media) have been identified (Stacker et al. 1999; Zeng et al. 2004) and the VEGF-D
antibody specification sheet lists expected sizes of 40 and 72 kDa. Given that the VEGF-D
antibody used is directed against the C-terminal of the protein it would not be expected to
detect the mature VEGF-D protein. Previous studies examining VEGFR-3 have described
bands at 125, 175 and 195 kDa from specific cell lysates and in recombinant human and
mouse proteins that reflect a proteolytically cleaved form, an intracellular unglycosylated
precursor and the uncleaved form, respectively (Bando et al. 2004; Breslin et al. 2007; Kukk
et al. 1996; Pajusola et al. 1994). The bands observed for gVEGFR-3 are not too dissimilar to
these different forms of VEGFR-3. Differing band sizes above the predicted size (140kDa
from the antibody datasheet and 157.6kDa from amino acid sequence prediction) for
gVEGFR-3 may represent glycosylated forms of the protein (band smearing was apparent in
many samples as further evidence of glycosylation) and band sizes below may be a result of

proteolysis of the receptor.
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Positive detection with human antibodies at sizes comparable to those identified in
other studies provides evidence for the presence and expression in regenerating tail tissue of
gecko VEGF-C, VEGF-D and VEGFR-3. However, densitometric analysis performed to
quantify relative expression of these proteins at different stages of regeneration displayed high
levels of variation (high standard deviations) and poor reproducibility, particularly for VEGF-
D and VEGFR-3. Given the observed variability along with potential issues in total protein
quantitation, data obtained from the western blot analyses cannot be taken as conclusive.

As for ELISAs, high levels of variability in densitometric analysis may be a result of
issues in the specificity of the antibody-antigen reaction. Many factors can impact on the
antibody-antigen reaction and can include temperature, pH, ionic strength, relative
concentration of antigen and antibody, antigen density (number of antigen sites per protein)
and the antibody affinity/ specificity for the given antigen (Reverberi and Reverberi 2007). If
antibody affinity is low, these other factors can have a greater impact on the antibody-antigen
reaction, than if the affinity were high. In Chapter 4, I showed that gVEGF-C, gVEGF-D and
gVEGFR-3 are highly similar both structurally and at a sequence level to their mammalian
orthologues. It was therefore assumed that commercial antibodies directed against
mammalian proteins (no reptilian or even bird antibodies are commercially available at
present to the best of my knowledge) would be sufficiently homologous to allow gecko
protein binding. Other studies examining specific protein expression in regenerating lizard
tissues has shown sufficient cross-reactivity using mammalian antibodies. Fibroblast growth
factor-1 (FGF1) and FGF2 have both been accurately immunolocalised in regenerating tail
sections of the lizard Lampropholis guichenoti utilising antibodies directed against
mammalian FGFs (Alibardi and Lovicu 2010). It appears that high levels of antibody cross-
reactivity predicted by homology to the antibody target species may not be the case for the

VEGFs and VEGFRs. Very slight differences in the conformation of proteins can alter the
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degree of fit between the antibody and antigen and result in a much lower affinity reaction
(Absolom and van Oss 1986; Braden and Poljak 1995; Collawn et al. 1988), thus binding may
either not take place or may not occur to a degree that is detectable or may easily be disrupted
by other factors. Thus, while the VEGF-C, VEGF-D and VEGFR-3 antibodies do appear to
be sufficiently cross-reactive to display the presence of the reptilian proteins, the antibody-
antigen interaction may not be to a high enough affinity to be quantifiable.

Densitometric analysis of VEGF-C provided the least variability and demonstrated a
pattern of higher protein expression in early tail regeneration, with significantly increased
levels in tails at 4 weeks of regeneration compared to original tails. This pattern is consistent
with mRNA expression data (Chapter 3) and indicates that highly expressed mRNA (at least
in 4 week regenerates) is being translated effectively into protein. Tissue expression sites of
gVEGF-C include keratinocytes, fibroblasts and adipose tissue (Chapter 3), sites that are
consistent with a role for gVEGF-C in lymphangiogenesis within the regenerating tail.
Increased levels of VEGF-C protein expression may therefore lead to LEC survival,
proliferation and migration (Makinen et al. 2001b) and lymphatic vessel formation (Anisimov
et al. 2009; Szuba et al. 2002) in subcutaneous tissue and in internal adipose deposits.

Immunolocalisation of gVEGFR-3 in original and regenerating gecko tail tissues is
puzzling. Positive binding that appears highly specific was observed in adipose tissue only,
and appeared to be restricted to adipocytes. Endothelial cell binding was not observed. Sites
of expression of VEGFR-3 in other species have been limited to lymphatic endothelia in
embryonic and adult tissues and blood endothelia in embryonic tissues, some tumours and
wounds (Petrova et al. 2008; Witmer et al. 2001). VEGFR-3 expression has also occasionally
been observed on macrophages and dendritic cells (Berggreen et al. 2009; Hamrah et al. 2003;
Maruyama et al. 2005; Schoppmann et al. 2002a). VEGFR-3 mRNA has been detected in

adipose tissue of mice (Voros et al. 2005). However, the subcutaneous and gonadal fat pads
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extracted were not purely made up of adipocytes and may also have included lymphatic and
blood vasculature. Adipocytes express VEGF-A (Zhang et al. 1997) and both angiogenesis
and lymphangiogenesis have been suggested to be regulated by adipose tissue at times of fat
deposition to maintain adequate blood supply and homeostasis in the growing fat deposit
(Harvey 2008; Hausman and Richardson 2004). Therefore, adipose tissue in regenerating
gecko tails may contain lymphatic vasculature and thus express VEGFR-3, however, it is
unclear whether it is realistic for adipocytes themselves to express VEGFR-3. Geckos contain
a meshlike arrangement of lymphatic vessels within the tail fat deposits (Ottaviani and Tazzi
1977), however the observed staining does not appear to be vascular. gVEGF-C expression
was also observed in adipose tissue in original and regenerating tails (Chapter 3). This
expression pattern may either indicate adipose secretion of gVEGF-C or associations of
gVEGF-C with gVEGFR-3 on cell surfaces. Thus, adipose deposits may secrete and/ or bind
this growth factor and VEGF-C/VEGFR-3 binding may play an important role in
lymphangiogenesis, angiogenesis and/or adipogenesis during times of fat store expansion.
Alternatively, positive immunostaining of VEGFR-3 may be due to antibody cross-reactivity
with an adipocyte specific protein and may not truly reflect the presence of VEGFR-3 in these
cells. However, western blotting did identify VEGFR-3 positive bands at realistic sizes and so
did appear to accurately identify VEGFR-3 in gecko tail extracts (although not to a level that
was quantifiable).

gVEGFR-3 expression was not observed on lymphatic or blood endothelial cells, or
on LY VE-1 positive vessels in full regenerates as identified in Chapter 3. This result could be
due to either a lack of gVEGFR-3 expression on gecko endothelial cells, a lack of antibody
specificity or expression below the level of detection of the assay. Consequently, further

studies need to be performed using specific reptilian VEGFR-3 antibodies to examine specific
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sites of expression within regenerating gecko tails and to identify the phenotype of both gecko
lymphatic endothelial cells and gecko tail adipocytes (see section 6.4).

The immunogenic sites of the antibodies used in this study may impact on the ability
of the antibody to cross-react with non-target species. The polyclonal anti-rat VEGF-C
antibody used to analyse gVEGF-C protein expression was directed against the whole
recombinant mature protein (ANAC —VEGF-C). Protein analysis of gVEGF-C did appear to
be more successful than for gVEGF-D and gVEGFR-3. This may be a result of the larger
immunogen allowing for more antigenic sites to be available for antibody production.
Furthermore, this region is also more homologous (compared to the N- and C- terminals)
between the gecko and rat sequences. In the case of gVEGF-D and gVEGFR-3 the antibodies
used were generated against small synthetic peptides. Hence, there would be fewer available
antigenic sites and any sequence differences within these regions are more likely to impact
antibody specificity. In particular, the anti-VEGFR-3 immunogenic site has 6 residues
different between the gecko and human sequence within the 20-residue peptide. These residue
differences are generally conservative but may nevertheless impact the conformation of the
protein, thereby preventing antibody binding.

In conclusion, protein expression analysis demonstrated the expression of gVEGF-C,
gVEGF-D and gVEGFR-3 within regenerating and original gecko tails. However, quantifying
this expression was problematic and largely inconclusive using densitometric analysis of
western blots and ELISA, likely owing to poor antibody specificity and affinity. Repeating
this analysis using specific reptilian antibodies is necessary to identify if protein expression
profiles of gVEGF-C, gVEGF-D and gVEGFR-3 match the mRNA expression profiles
obtained in Chapter 3. Similarly, specific reptilian antibodies are needed to confirm the
localisation of gVEGFR-3 to adipocytes in regenerating and original tailed geckos and to

identify whether gecko LECs express gVEGFR-3.
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Chapter Six

General Discussion

6.1. FUNCTIONAL EVIDENCE FOR THE PRESENCE OF LYMPHANGIOGENESIS IN
THE REGENERATING GECKO TAIL
The lymphatic system is crucial in maintaining homeostasis within organisms by removing
excess interstitial fluid from tissues, trafficking of immune cells and absorption of fat and fat-
soluble vitamins. Accordingly, malformation or dysfunction of the lymphatic system results
in many pathological conditions such as lymphoedema and certain inflammatory diseases.
Furthermore, cancer cells can utilise the lymphatic vasculature for metastatic spread around
the body. Thus, maintaining the structure and function of the lymphatic network is essential,
particularly following injury. In this study, I have examined the lymphatic system at different
stages within the unique setting of the regenerating gecko tail, with the focus being to
describe the functional process and potential molecular regulation of lymphangiogenesis
within the tails. The initial question stimulating this research was why are gecko tails not
lymphoedematus given that the original lymphatic network is severed by autotomy? Chapter 2
of this thesis shows that lymphatic transport is restored by tail regeneration; lymph is cleared
from the distal portion of the tail and delivered to the blood circulation from as early as 6
weeks of regeneration and lymphatic clearance and flow are returned to near normal levels by
12 weeks. While the transport characteristics change throughout the regeneration process the
ability of excess interstitial fluid to be removed from tissues prevents lymphoedema. I have
hypothesised that adequate fluid drainage from the tail is a consequence of
lymphangiogenesis. The functional characteristics of lymph transport within regenerating tails

observed in Chapter 2, along with the presence of LY VE-1 positive vessels that resemble the
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architecture of mammalian lymphatics in fully regenerated tails (Chapter 3) confirms the
regeneration of a new, functional lymphatic network.

Functional data suggest that lymphatic vessel regeneration within the tails begins with
large, highly permeable vessels (and/or open fluid channels throughout the tissues)
surrounded by a loose extracellular matrix enabling easy uptake and transport of large
particles. As regeneration progresses, the uptake and transport of very large particles is
restricted, presumably (but not specifically studied in this work) due to maturation of the
lymphatic vessels and surrounding network including tightening of junctions between LECs
in capillaries, smooth muscle recruitment to collecting lymphatics, formation of extracellular
matrix attachments and increased cell and connective tissue density surrounding the vessels.
Twelve week regenerates display the same lymph clearance and velocity measures as full
regenerates and so it is likely that lymphangiogenesis is largely complete by this stage. In a
mouse tail model of skin regeneration lymphangiogenesis begins with and is initiated by
interstitial fluid flowing from the direction of the tail tip towards the body across the wound
site along simple non-vascular fluid channels (Boardman and Swartz 2003; Goldman et al.
2007; Rutkowski et al. 2006; Uzarski et al. 2008). The direction of interstitial flow in the
mouse tail is the driving force behind the formation of pre-lymphatic channels, transport of
factors that promote lymphangiogenesis (e.g. VEGF-C) and extracellular matrix remodeling
(e.g. metalloproteinases) along with unidirectional migration and organisation of LECs
(derived from pre-existing vessels in the tail tip) into a functional lymphatic network. In the
gecko there are no upstream lymphatics to collect lymph in the regenerating region of the tail;
however interstitial fluid may begin pooling in the distal portion of the blastema or elongating
tail preceding new vessel growth. Thus distal to proximal interstitial flow would occur and
lymphangiogenesis may follow the pattern shown in the mouse tail model. Certainly, from 6

weeks of regeneration lymphatic flow in the regenerating gecko tail is directed from the tail
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tip, towards the venous/lymphatic communications near the cloaca and into the blood
circulation (Chapter 2). For gecko tail lymphangiogenesis to follow the mouse tail model,
LEC:s or progenitor cells capable of differentiating to the lymphatic lineage would be required
within the distal region of the tail that could migrate proximally along the direction of lymph
flow. LECs or progenitor cells in this case would have to arise from the blastema of the
regenerating gecko tail rather than from pre-existing vessels in the original portion of the tail.
Blood vessels are formed from blastema derived endothelial cells in the early stages of tail
regeneration (Hughes and New 1959; Quattrini 1954). LECs may also differentiate from
blastema derived cells and lymphatic vessel growth in tail regeneration would thus arise from
de novo lymphangiogenesis. However, this is in contrast to the sprouting lymphangiogenesis
seen in development (Karkkainen et al. 2004), wound healing (Paavonen et al. 2000; Shimoda
et al. 2004) and is assumed in tumours (Achen and Stacker 2008; Sleeman et al. 2009;
Sleeman and Thiele 2009) where specific factors (e.g. VEGF-C and VEGF-D) stimulate
LECs of pre-existing vessels to proliferate, migrate, bud and extend outwards to form new
vessels. Knowledge on the origin of cells of the newly formed lymphatic vasculature is
required to further describe and establish the suitability of the regenerating gecko tail as either

a de novo or spouting model for adult lymphangiogenesis or a combination of both.

6.2. MOLECULAR EVIDENCE FOR THE PRESENCE AND ROLE OF THE VEGF-
C/D/R3 PATHWAY IN THE REGULATION OF LYMPHANGIOGENESIS IN THE
REGENERATING GECKO TAIL
The activation of the tyrosine kinase receptor VEGFR-3, by binding of its ligands VEGF-C
and/or VEGF-D, is considered crucial for lymphangiogenesis (Alitalo et al. 2005; Olsson et
al. 2006; Tammela and Alitalo 2010). This pathway was chosen to examine in this study due
to the critical importance of VEGFR-3 and VEGF-C in the lymphangiogenic process and due

to the likely presence of a VEGF-C homologue within gecko tails (Daniels et al. 2003).
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Therefore, I wanted to confirm and characterise the presence of VEGF-C within the
regenerating gecko tail along with its receptor VEGFR-3 and the other known VEGFR-3
ligand and lymphangiogenic factor VEGF-D. My major aim was to determine whether these
factors were responsible for the molecular regulation of lymphangiogenesis within
regenerating gecko tails.

The Australian marbled gecko does express VEGF-C, VEGF-D and VEGFR-3 both at
a gene and protein level (Chapters 3, 4 and 5). Gene sequences of these molecules are highly
homologous to other vertebrates at nucleotide, amino acid sequence and structural levels and
in particular are most closely related in an evolutionary sense to the chicken sequences
(Chapters 3 and 4). Sequence and structural alignments highlight the conservation of most
major functionally important residues (Chapter 4). Proteolytic cleavage sites are available in
gVEGF-C and gVEGF-D sequences that would enable processing of the gecko
prepropeptides to occur. Hence, N- and C- terminal cleavages could generate mature peptides
with increased affinity for the receptors gVEGFR-3 and gVEGFR-2 (currently unidentified in
reptiles). Residues involved in ligand dimerisation and receptor and ligand binding sites are
also conserved in the gecko protein sequences. Thus, the formation of gVEGF-C and gVEGF-
D homo- and/or hetero-dimers is possible enabling precise receptor/ligand interactions.
Further, sequences important in signal transduction upon receptor binding are present in the
gVEGFR-3 sequence, thus autophosphorylation of dimerised receptors could occur resulting
in activation of the correct signal transduction pathways to produce a cellular response e.g.
migration, proliferation. The presence of functional residues in gecko sequences theoretically
demonstrates that these proteins have the capacity to generate a biological response upon
binding of gVEGF-C and/or gVEGF-D to gVEGFR-3 and/ or gVEGFR-2 (if present) in cells

expressing these receptors.
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Gene expression profiles of gVEGF-C, gVEGF-D and gVEGFR-3 throughout gecko
tail regeneration show differential expression patterns between the three genes that are largely
consistent with the proposal that these three gene products have roles in lymphatic
regeneration (Chapter 3). High levels of mRNA expression for all three genes frequently
correlate with lymphangiogenesis in many previous studies (Anisimov et al. 2009; Enholm et
al. 2001; Flister et al. 2010; Ji et al. 2004). Further, localisation of gVEGF-C and gVEGF-D
primarily within lymphatic-rich subcutaneous tissues of regenerating gecko tails (Chapter 5)
supports lymphatic functions.

Up-regulation of VEGF-C mRNA expression suggests a role in the early stages of tail
regeneration and likely functions in the initiation of lymphangiogenesis (Chapter 3). Tissue
expression of VEGF-C appears to follow a similar pattern, although not quantitated, with
more prolific staining observed in early regenerates (Chapter 3). Darker staining, compared to
12 week, full regenerate and original tissues, was apparent in keratinocytes and fibroblasts
from 3-9 weeks of regeneration. In particular the secreted form of VEGF-C (rather than cell-
bound or cytoplasmic forms) dispersed within connective tissue was only observed in 5-9
week regenerates. Associations of gVEGF-C staining with lymphatic vessels show binding or
expression of this ligand by lymphatic vasculature in early-mid tail regeneration providing
further evidence of a lymphangiogenic role. Protein expression of VEGF-C in gecko tail
extracts, while potentially unreliable, further corroborates mRNA expression data by
revealing a pattern of early up-regulation during tail regeneration (Chapter 5). Western
blotting confirmed the presence of unprocessed and partially processed forms of VEGF-C
protein in regenerates and original tailed geckos. No fully processed, mature, forms of
gVEGF-C were detected by western blotting (Chapter 5), despite cleavage sites being
available in the gecko protein sequence for full proteolysis (Chapter 4). Unprocessed and

partially processed VEGF-C is capable of binding VEGFR-3, however, if mature forms of
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gVEGF-C are not present in gecko tails, this protein would not be capable of binding
gVEGFR-2 (if present). Unprocessed forms of VEGF-C show reduced affinity for VEGFR-2
(Joukov et al. 1996; McColl et al. 2007) and therefore would be unlikely to be involved in
angiogenesis. Activation of VEGFR-2 can also guide lymphangiogenesis (if expressed on
LECs) but this pathway is generally considered primarily angiogenic (via expression on
BEC:s).

gVEGF-D mRNA expression data indicate a lack of function in early tail regeneration
and initiation of lymphangiogenesis. gVEGF-D mRNA expression was up-regulated in late
regeneration (Chapter 3) during the time where the lymphatic network was developing
functional maturity (Chapter 2), suggesting a potential role for VEGF-D in lymphatic vessel
organisation and maturation. Given that VEGF-D mRNA expression has been shown in mice
fibroblasts to be up-regulated by cell contact (Orlandini and Oliviero 2001), the up-regulation
observed in this study may be a result of increased cell-density within the tail at this time, a
tissue state suggested by functional data obtained in Chapter 2, and expected as the tail
reaches the final stages of regeneration. Some fibroblast expression of VEGF-D in gecko tail
tissue was observed via immunostaining, but only up to 6 weeks of regeneration (Chapter 3).
Beyond 6 weeks VEGF-D is primarily localised to keratinocytes. Tissue expression patterns
show greater staining intensities in keratinocytes of early regenerates, which is not consistent
with the mRNA profile. However, quantitative analysis was not performed on tissue sections
and so images may be misleading. Results for protein expression of VEGF-D in gecko tail
extracts were inconclusive (discussed in Chapter 5) and so it is unclear if increased mRNA
expression in late regeneration correlates with increased protein expression and hence with
functional responses generated by ligand binding. It is therefore unclear whether up-
regulation of VEGF-D mRNA in late regeneration is indicative of a role for this protein

during this time.
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Localisation of VEGF-C and VEGF-D was observed primarily in subcutaneous
tissues, a region previously described as being rich in lymphatic vasculature (Daniels et al.
2003). Associations of gVEGF-C and gVEGF-D with lymphatic and blood endothelia
respectively within the subcutaneous region were observed and are thought to be due to
interactions with receptors on LEC and BEC surfaces. Confirmation of the lymphatic identity
of suspected lymph vessels was provided by LYVE-1 immunostaining, although LYVE-1
positive vessels were observed in full regenerates only (Chapter 3). In particular within
subcutaneous tissues, VEGF-C and VEGF-D expression was generally observed in
keratinocytes and fibroblasts and this is consistent with mammalian studies which have
suggested that these cells play an important role in the regulation of angiogenesis and
lymphangiogenesis in the skin, both physiologically and pathologically (Trompezinski et al.
2004). Similarly, expression of VEGF-C and VEGF-D by keratinocytes in mammalian studies
triggers lymphangiogenesis in the skin (Jeltsch et al. 1997; Veikkola et al. 2001) and therefore
expression of these factors by keratinocytes in regenerating gecko tail tissues suggests
lymphangiogenic capabilities.

gVEGFR-3 mRNA expression is up-regulated in the mid-phase of gecko tail
regeneration, occurring towards the end of up-regulated gVEGF-C expression and therefore
likely a result of increased demand for receptors by increased presence of ligand (Enholm et
al. 2001). Increased VEGFR-3, if expressed on LECs and activated by ligand binding, would
result in cell migration and proliferation (Makinen et al. 2001b) and hence
lymphangiogenesis. gVEGFR-3 expression in protein extracts does not show the same pattern
as for the mRNA, however this may be due, as for VEGF-D, to the apparent issues with
antibody affinity and so may not accurately represent the true situation. Localisation of
gVEGFR-3 in regenerating and original gecko tails provided unexpected and interesting

results (Chapter 5). Specific and intense immunostaining was observed only in adipose tissue
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in original, full regenerate and regenerating gecko tail tissues. This is consistent with
observations of VEGF-C immunostaining in adipose tissue (Chapter 3), and may indicate that
VEGF-C staining in this region was due to associations of the protein with the receptor on
adipocyte cell surfaces. Alternatively, adipocytes may be capable of both expressing and
binding VEGF-C in an autocrine manner. Adipose tissue is highly vascularised (in terms of
both blood and lymphatic vasculature) and it has been suggested that adipose tissue serves as
an endocrine organ to stimulate angiogenesis and lymphangiogenesis during times of fat store
expansion (discussed in Chapters 3 and 5). Furthermore, there is evidence in mammals of
close associations of adipocytes and endothelial cells along with paracrine/autocrine
interactions between them (Hausman and Richardson 2004). However, VEGFR-3 expression
does not appear to be on vessels or cells surrounding adipose deposits but rather directly
surrounding or within the cytoplasm of adipocytes themselves. If it is the case that adipocytes
directly express VEGFR-3 then VEGF-C overexpression and binding in these tissues may
stimulate adipogenesis rather than have any lymphangiogenic role. Much more speculatively,
perhaps VEGFR-3 positive staining in adipose tissue may be associated with progenitor cells
with both LEC and adipocyte properties. Human adipose tissue contains cells that are capable
of differentiating along a number of different lineages (Nakagami et al. 2006; Schaffler and
Buchler 2007; Sengen¢s et al. 2005; Zuk et al. 2001). Studies examining these adipose tissue-
derived stromal or stem cell (ADSC) populations show they can be stimulated to differentiate
into lineages including mature adipocytes, chondrocytes, osteoblasts, neuronal cells,
endothelial cells, and cardiomyocytes (reviewed in (Witkowska-Zimny and Walenko 2011)).
Several studies have shown differentiation of ADSCs to endothelial cells that can participate
in blood vessel formation, are functionally connected to the pre-existing vascular network and
secrete angiogenic growth factors such as VEGF and PDGF (Cao et al. 2005; Kang et al.

2010; Madonna and De Caterina 2008; Miranville et al. 2004; Planat-Benard et al. 2004;
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Rehman et al. 2004). In contrast, ADSCs have been shown to play a role in vascular
stabilisation, acting as components of the vascular wall via structural and functional
interactions with endothelial cells rather than by differentiation into endothelial cells
themselves (Traktuev et al. 2008). In this case it is suggested the ADSCs are cells with
pericytic properties rather than progenitor cells for endothelia (Traktuev et al. 2008). Pericytic
ADSCs not only cooperatively assemble with microvascular endothelial cells, but they also
express growth, inflammatory and mobilisation factors to promote endothelial cell survival
and angiogenesis. No work has specifically looked at adipocyte interactions with LECs,
whether LEC progenitor populations are present in adipose tissue or the capabilities of
ADSCs to differentiate into LECs. Furthermore, the cells within adipose tissue displaying
positive immunostaining for VEGF-C and VEGFR-3 seem to have the appearance of mature
adipocytes containing large lipid vacuoles rather than that of a mesenchymal stem cell or
pericyte-like cell associated with lymphatic endothelia. If VEGFR-3 positive staining in
gecko tail adipose tissue was indicative of LEC progenitor cell populations then this could
serve as both a store of growth factor (particularly in original tails) and readily available cells
such that there is a ready source following tail loss or injury for rapid lymphatic regeneration.
Much work needs to be performed to address this speculation and determine the significance
behind adipose expression of VEGFR-3 and VEGF-C.

A lack of VEGFR-3 expression by obvious LECs and BECs, the two common
VEGFR-3 expressing cell-types, was apparent (Chapter 5). This finding does not reflect a
lack of these cell types within gecko tails as LY VE-1 positive lymphatic endothelial cells are
present within tail tissues and obvious blood vessels can be seen in tissue sections, lined by
cells with endothelial characteristics (Chapters 3 and 5). The absence of VEGFR-3 staining on
LECs and BECs, along with the strongly specific adipocyte staining (following

troubleshooting of the immunohistochemical method, Chapter 5) suggests that either these
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cells do not express VEGFR-3 in the gecko, that there is cross reactivity of the mammalian
antibody with a different protein found in adipose tissue or that something in the tissue
preparation and/or staining method is blocking the antigenic site in endothelial cells but not in
adipocytes. It is unlikely that gecko LECs and/or BECs do not express VEGFR-3, as LECs
are the primary cell type for expression of this receptor following embryonic development
(Kaipainen et al. 1995) and BECs are found to express this receptor when actively undergoing
angiogenesis (Laakkonen et al. 2007; Petrova et al. 2008; Tammela et al. 2008; Witmer et al.
2001). Further investigations as to whether gecko endothelial cells do express VEGFR-3 are
required to accurately determine whether this receptor is involved in lymphangiogenesis

and/or angiogenesis throughout tail regeneration.

6.3. LIMITATIONS OF THE STUDY/ PROBLEMS ENCOUNTERED

This study has focused on the unique model of the regenerating gecko tail, which is obviously
not a standard laboratory animal and as such is widely understudied. The lack of information,
and hence data and molecular tools (e.g. sequence information, antibodies), placed constraints
on what the study could achieve with the time, funding and resources available. For example,
many techniques had to be vigorously troubleshooted and validated before results could be
deemed trustworthy (or not). Furthermore, mammalian derived antibodies were relied upon
with the hope that there would be sufficient cross-reactivity to reptilian proteins.

The greatest limitation of this study is that the major hypothesis of
‘lymphangiogenesis in regenerating gecko tails is driven by the VEGF-C/ -D and VEGFR-3
pathway’ could not be definitively confirmed. I was unable to positively identify lymphatic
vessels in early-mid regeneration and original tail states using LY VE-1 immunostaining and
similarly was unable to identify VEGFR-3 expression on endothelial cells. While these issues

are presumably due to a lack of antibody specificity, without conclusively showing increases
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in lymphatic vessel density throughout early regeneration (which has been shown previously
using basic histological analysis (Daniels et al. 2003) but has not been established using
molecular markers) and without proving that VEGFR-3 is expressed by LECs and hence
VEGF-C and VEGF-D binding would elicit a response in LECs, I cannot conclusively say
that this pathway functions in lymphangiogenesis.

The source of these limitations, along with the issues encountered with densitometry
analysis of western blots and the ELISAs (variability and inaccuracy of results), is assumed to
be due to a lack of sufficient antibody specificity. However, it needs to be confirmed whether
lack of antigen recognition is the primary cause of these problems or whether it is a truthful
reflection of the expression of these molecules in tissues and protein extracts (e.g. LECs only
express LYVE-1 in full regenerate tissues and do not express VEGFR-3 at all) or more to do
with issues in the specific protocols used. Generating reptilian specific antibodies would be

necessary for future studies to determine the accuracy of this assumption.

6.4. FUTURE DIRECTIONS

Given the limitations described above, this thesis has ultimately resulted in a descriptive study
of the functional characteristics of the lymphatic system along with sequence analysis and
expression profiles of the VEGF-C, VEGF-D and VEGFR-3 pathway during tail regeneration.
Therefore, a number of future studies need to be performed to fully characterise
lymphangiogenesis in regenerating gecko tails and to confirm the hypothesis that the VEGF-
C/D/R3 pathway is responsible for the molecular regulation of this process.

An obvious first step would be to produce gecko specific antibodies against
synthesised recombinant proteins (generated from sequence information gained in this study).
Repeating IHC, western blot analysis and ELISA experiments using specific antibodies would

determine whether the issues identified in the current study were due to problems with
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antibody specificity, as presumed. If antibody specificity and affinity were the causative
factors behind a lack of VEGFR-3 immunostaining on gecko endothelial cells (Chapters 3 and
5), variability and inaccuracy of western blotting densitometry (Chapter 5) and failure of
ELISAs to evaluate gecko protein extracts (Chapter 5) then using antibodies specifically
generated against the gecko antigens should resolve these difficulties. Similarly, if the fat
present in extracted protein was responsible for variations in total protein quantification along
with western blotting and ELISA difficulties then repeating these experiments in a lizard
species (capable of comparable autotomy and regeneration processes to C. marmoratus) with
fewer tail lipid stores may eliminate these technical difficulties and allow quantification.
Many skink species would fit these criteria and should therefore be investigated.

In the present study, LYVE-1 expression was observed only on lymphatic endothelia
in full regenerate gecko tail tissues (Chapter 3) and VEGFR-3 expression was not observed on
lymphatic or blood endothelia in any of the tissues examined as would have been expected
(Chapters 3 and 5). The phenotype of gecko lymphatic endothelial cells throughout the
different stages of regeneration (early, mid, late and full) as well as in original gecko tails
needs to be elucidated. Phenotyping lymphatic cells could be attempted using
immunohistochemistry on isolated gecko LECs with a wider variety of molecular markers for
LECs (commercially available and specifically synthesised for gecko proteins if sequence
data is available). Alternatively, laser capturing of lymphatic vessels within regenerating tails
and subsequent screening using genomics (microarray) and proteomics (protein array)
approaches (if they can be optimised specifically for use in geckos) may identify molecular
targets present within gecko lymphatic endothelia. LEC cells do display significant
heterogeneity (Lee et al. 2010) and thus will not necessarily express the same markers at each
stage of regeneration. The use of gecko specific antibodies in the immunohistochemistry

technique may aid this discovery. Knowledge on the presence or absence of VEGFR-3
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expression on gecko LECs would determine if activation of this receptor is, or is not capable
of regulating lymphangiogenesis and thus would allow confirmation or rejection of the
hypothesis that the VEGF-C/D/R3 pathway plays a role in the molecular regulation of this
process. Furthermore, examining the localisation of lymphatic endothelia throughout
regeneration could identify the source of the LECs throughout regeneration. Specifically, do
cells arise from LEC progenitors from the blastema, via sprouting from pre-existing
vasculature or a combination of both?

Sequence analysis performed in this study (Chapter 4) suggests that gVEGF-C and
gVEGF-D would bind gVEGFR-3 and that the receptor is capable of autophosphorylation
upon ligand binding. However, these actions were not specifically tested in the current study.
In vitro studies examining the binding, affinity and activation properties of recombinantly
expressed gVEGF-C (rgVEGF-C) and rgVEGF-D to rgVEGFR-3 are therefore imperative in
determining the role of these proteins in lymphangiogenesis within regenerating gecko tails.
Likewise, investigating the mitogenic and proliferative capabilities of rgVEGF-C and
rgVEGF-D on isolated gecko LECs would be useful. Such experiments have been performed
previously using mammalian proteins and cells in the identification of the roles and functions
of VEGF-C, VEGF-D and VEGFR-3 in mammals (Achen et al. 1998; Jeltsch et al. 2006). In
vivo studies into this pathway in gecko tail regeneration are also relevant. Chorioallantoic
membrane (CAM) analysis has been used previously to determine angiogenic and
lymphangiogenic properties of recombinant VEGF-C molecules (Jeltsch et al. 2006) and
gecko recombinant proteins could likewise be tested in this setting. Introducing ligand
blocking peptides, VEGFR-3 neutralising antibodies (Pytowski et al. 2005) and/or specific
antagonists (such as the soluble splice variant of VEGFR-2, sVEGFR-2, which is a specific

inhibitor of VEGF-C (Albuquerque et al. 2009)) into gecko tails and determining if
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lymphangiogenesis is blocked and lymphoedema stimulated would also provide direct
evidence of this pathway in the re-growth of lymphatic vessels during tail regeneration.

Observations of VEGF-C and VEGFR-3 localisation in adipose tissue in regenerating,
full regenerate and original tails (Chapters 3 and 5) warrant further study. It was
undetermined whether immunostaining of these proteins within adipose tissue could have
resulted from associations of adipocytes with lymphatic vasculature, expression by adipocytes
themselves or whether it indicates the presence of progenitor cells with LEC and adipocyte
properties. The phenotype of these VEGFR-3 positive cells within gecko tail adipose tissue
therefore needs to be determined. Of particular interest is determining whether gecko tail
adipose tissue contains progenitor/stem cells as is the case for human adipose tissue and
whether the VEGFR-3 positive cells identified fall into this category. ADSCs would be
particularly advantageous in the gecko tail for rapid supply of pluripotent cells ready to
contribute to regeneration (along with dedifferentiated cells that arise in the blastema) upon
tail loss. Additionally, gene expression profiles and biochemical analysis of gVEGF-C,
gVEGF-D and gVEGFR-3 could be performed on extracts from tail adipose tissue only, and
potentially isolated adipocytes, rather than whole tails to determine the links between adipose
tissue, lymphatic vasculature and lymphangiogenic growth factors, if any. Adipose tissue
could serve as an important source of lymphangiogenic factors for secretion upon tail loss and
regeneration or during fat deposition/ expansion.

Finally, several other genes have recently been identified as being crucial to the
lymphangiogenic process and therefore their contributions within regenerating gecko tails
also need to be established. For example, the angiopoietins (Ang-1 and Ang-2), ligands for
the receptor tyrosine kinase Tie2, have recently been described as having roles in
lymphangiogenesis and angiogenesis both during development and postnatally (Saharinen et

al. 2010). Mice deficient in Ang-2 show defects in lymphatic vasculature patterning and
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function (Gale et al. 2002). These defects can be rescued by Ang-1 administration, suggesting
redundant roles for these genes in developing lymphatic vasculature (Gale et al. 2002). In
adult mice, overexpression of Ang-1 induces lymphangiogenesis (Tammela et al. 2005).
However, the action of Ang-1 in this setting is dependent on up-regulation of VEGFR-3 on
LECs and can be blocked by inhibition of VEGFR-3 signalling (Tammela et al. 2005).
Ephrin-B2, a transmembrane ligand for Eph receptor tyrosine kinases, may also control
lymphatic and blood vessel growth in mice and zebrafish (Wang et al. 2010). However, this is

also dependent on VEGFR-3 signalling.

6.5. CRITIQUE OF THE PROPOSAL OF THE REGENERATING GECKO TAIL AS A

MODEL FOR LYMPHANGIOGENESIS

One of the initial aims of this thesis was to highlight the potential of the regenerating gecko
tail as a new model to investigate lymphangiogenesis given that the precise mechanisms
behind this process remain unclear. A greater understanding of lymphangiogenesis and how it
can be manipulated has potential therapeutic benefits and research into all forms of
lymphangiogenesis (wound healing, development, tumour related etc.) over a variety of
different adult models may aid in our understanding. From this study several advantages and
disadvantages of the regenerating gecko tail model versus other models of lymphangiogenesis
have become apparent.

The biggest advantage of the gecko tail system is that it is an adult model of
regeneration. Many previous studies on lymphangiogenesis have focused on transgenic mouse
models, xenopus tadpoles or zebrafish embryos (Ny et al. 2006; Shin and Rockson 2008).
This thesis has shown that the regenerating gecko tail provides a model of adult
lymphangiogenesis whereby a functional lymphatic network (Chapter 2) is re-grown

following autotomy and new lymphatic vessels are present in the regenerated tail (Chapter 3).
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This model therefore provides opportunities to study the mechanisms (molecular, structural,
and functional) behind the re-establishment of a functional lymphatic network, particularly
following tissue trauma.

Although at first glance autotomy may appear to be completely different than for
instance surgical amputation (and so the regenerating gecko tail may not adequately reflect
mammalian wound healing), in the case of the lymphatic vessels these are severed by the
force of contraction of the caudal muscles and splitting of the vertebral fracture plane. Given
that these tissues are torn, some form of wound healing must take place, particularly in the
lymphatics as the connection to the venous circulation is outside of the tail region and thus
lymph would not be able to drain from the tail if some form of vessel regeneration and re-
connection did not occur. The regenerating gecko tail is therefore a model for regenerating
lymphatics. The observed changes in functional characteristics of the lymphatic network
described in Chapter 2 suggest not only lymph flow re-establishment but also a level of
maturation and organisation of lymphatic vessels into appropriate hierarchical arrangements.
This model may therefore be particularly advantageous in studying the regulation of the final
stages of lymphangiogenesis including terminal differentiation/maturation and vascular
remodelling.

Lymphangiogenesis following autotomy in the regenerating gecko tail may or may not
be under the same molecular control as is seen in mammalian lymphatic regeneration.
However given the mRNA expression profiles of gVEGF-C, gVEGF-D and gVEGFR-3,
tissue localisation of gVEGF-C and gVEGF-D in regenerating gecko tails (Chapter 3) and the
high level of sequence conservation between mammalian and gecko VEGF-C, VEGF-D and
VEGFR-3 (Chapter 4) it is not unreasonable to hypothesise that these factors would have a
role in gecko tail lymphangiogenesis. The regenerating gecko tail model is therefore useful to

further explore the VEGF-C/D/R3 pathway along with their interactions with other molecules
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and cells. A high level of sequence conservation is another advantage of the gecko model
versus other non-mammalian models such as Xenopus and zebrafish. Geckos are more closely
related to mammals and share more VEGF-C, VEGF-D and VEGFR-3 sequence homology to
humans and other mammals than Xenopus and zebrafish (Chapters 3 and 4). Furthermore, the
structure of the lymphatic system in lizards is reported to be more similar to mammals than
that of amphibians and fish (Ottaviani and Tazzi 1977).

Disadvantages of the gecko tail model include a lack of genetic information (the
genome has not been sequenced, and few genes are characterised), a lack of specific
molecular tools (e.g. antibodies) and that these animals are not as readily available (purchase
and/ or capture) compared to other animal models. However, once obtained the geckos are
easy and cheap to care for and handle. The capacity of the animals to regenerate their tails
multiple times means that only one colony needs to be obtained which is then self-
replenishing to obtain sufficient tissue for analysis. Furthermore, as autotomy and tail
regeneration occur naturally, surgery is not required to sever the lymphatic vessels. This
reduces costs given that surgery often requires anaesthetics, analgesics, specialised contained
sterile animal housing etc. The gecko as a model warrants further research and could
potentially provide further knowledge into not only the lymphangiogenic response but also
into the regenerative capacity in general. As tail loss and regeneration are natural processes,
the mechanisms behind the regeneration of tissues within the tail have evolved to ensure that
the capacity for regeneration is maintained. Therefore, many tissues, including the lymphatic
vessels must be subject to molecular control mechanisms that specifically promote re-growth.
While these mechanisms may be similar or different to those in mammals, information from
this model may help in identifying ways to promote vessel re-growth in cases where this is

limited, for example in lymphoedema.
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6.6. CONCLUSION

In conclusion, this study has shown that lymphatic transport is restored by tail regeneration in
the Australian marbled gecko as early as 6 weeks following autotomy. It was presumed that
this restoration of lymphatic function was a result of the growth of new lymphatic vessels
within the regenerating tail. This study has conclusively proven the presence of lymphatic
vessels within regenerated tails using a known lymphatic molecular marker, which
demonstrates that lymphangiogenesis does indeed occur during tail regeneration. This study is
also the first to identify and characterise the lymphangiogenic factors VEGF-C, VEGF-D and
VEGFR-3 in a reptile, partly confirming the initial hypothesis in determining the presence of
these factors in the gecko tail. Gecko VEGF-C, VEGF-D and VEGFR-3 genes are highly
similar to those in other vertebrate species, and are particularly homologous to chicken
sequences. However, limitations with protein analysis, presumably as a result of antibody
specificity, have prevented definitive confirmation of the hypothesis that VEGF-C and
VEGF-D via binding to and activation of VEGFR-3 is the key molecular pathway responsible
for lymphangiogenesis in the regenerating gecko tail. Nevertheless, sequence analysis, mRNA
and tissue expression profiles of gecko VEGF-C, VEGF-D and VEGFR-3 are consistent with
lymphangiogenic functions and thus this study has provided significant evidence for the roles

of these genes in lymphangiogenesis within the regenerating gecko tail.
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APPENDICIES

APPENDIX ONE: MATERIALS SUPPLIERS
AbCam, Cambridge, UK
Alpha Innotech, San Leandro, CA
Ambion, Applied Biosystems, Foster City, USA
Applied Biosystems, Foster City, USA
Astral Scientific Pty Ltd, Caringbah, Australia
Bio-Rad, Herculus, CA, USA
Daintree Scientific, Tasmania, Australia
Dako Australia Pty Ltd, NSW, Australia
Geneworks, Adelaide, Australia
Greiner Bio-One, Frickenhausen, Germany
Invitrogen, Carlsbad, CA
Millipore, MA, USA
MJ Research, Reno, MV, USA
NanoDrop Technologies Inc., Wilmington, USA
New England Biolabs, MA, USA
Pierce, Thermo Fisher Scientific, Rockford, IL, USA
Promega, Madison, WI, USA
QIAGEN, Hilden, Germany
R&D Systems Inc., Minneapolis, USA
Roche Diagnostics Australia Pty Ltd, NSW, Australia
Santa Cruz Biotechnology, Santa Cruz, CA, USA
Sigma-Aldrich, St. Louis, MO

TECAN, Minnedorf, Switzerland
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APPENDIX TWO: AMINO ACID CODE

Amino acid name Abbreviation Single letter code
Arginine Arg R
Histidine His H
Lysine Lys K
Aspartic acid Asp D
Glutamic acid Glu E
Serine Ser S
Threonine Thr T
Asparagine Asn N
Glutamine Gln Q
Cysteine Cys C
Selenocysteine Sec U
Glycine Gly G
Proline Pro P
Alanine Ala A
Valine Val Vv
Isoleucine lle [
Leucine Leu L
Methionine Met M
Phenylalanine Phe F
Tyrosine Tyr Y
Trytophan Trp w
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APPENDIX THREE: LUMINOL SOLUTION

Reagents

Coumaric acid (Sigma) 90 mM
Luminol (Sigma) 250 mM
Prepare in DMSO store at -20°C
Tris 100mM, pH 8.0

Hydrogen peroxide

Luminol solution for chemiluminescence

Add together:

100 ml 100mM Tris, pH 8.0

220 pl coumaric acid

500 pl luminal

Mix well, store at room temperature until needed (maximum 1 week)

For use:

To 10 ml add 4 pl of 40 % hydrogen peroxide, cover blot and incubate for 3 min in the dark
Remove blot from solution and remove excess luminal solution with paper towel

Wrap blot tightly in glad wrap ensuring there are no creases

Expose to film
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