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ABSTRACT 
 
In 1899, the German surgeon Max Wilms hypothesised that different cell 
types in a variety of childhood kidney cancers were all derived from the 
mesodermal layer during embryonic development. Nearly a century later, 
the WT1 gene was identified on the short arm of chromosome 11, and was 
thought to be inactive in ~20% of nephroblastomas (Wilms’ tumours). The 
expression of WT1 after birth appears to be restricted to a finite number of 
tissues, namely, the glomerular podocytes, mesothelium and ~1% of bone 
marrow cells. Emerging evidence suggests WT1 is required not only for 
development, but also for tissue homeostasis, regeneration, repair and 
angiogenesis. Interestingly, WT1 has been implicated in the response to 
myocardial infarction and tumour angiogenesis, yet its precise role remains 
unclear. This thesis aims to address the hypothesis that activation of the WT1 
gene in the vascular endothelium is essential for physiological and 
pathophysiological angiogenesis in the adult. 
 
In order to assess whether Wt1 was expressed in quiescent endothelial cells 
(ECs) immunofluorescence was used to analyse a variety of tissues in the 
adult mouse. Whilst Wt1 was detected in renal podocytes, no endothelial 
Wt1 expression was discovered in the lung, heart, kidney, spleen and 
gastrocnemius muscle. In contrast, tissues known to undergo physiological 
angiogenesis (endometrium and breast) did exhibit Wt1 expression in the 
vascular endothelium. Moreover, tubular EC outgrowths generated by aortic 
rings embedded in collagen ex vivo were positive for Wt1.  
 
The role of Wt1 in ischaemic angiogenesis was assessed using models of 
hind-limb and coronary ischaemia in the mouse. Wt1 was detected in ECs 
and non-vascular cells following ischaemic injury by a combination of 
immunofluorescence and qualitative real-time polymerase chain reaction 
(qRT-PCR). Using a time course analysis of these experimental models the 
chronology of this relationship was demonstrated, alongside the association 
with key angiogenic factors, such as Vegf.  
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Given the findings in ischaemic tissue the C3(1)/Tag transgenic mammary 
cancer model was used to test the hypothesis that Wt1 would be up-
regulated in the tumour vasculature. Endothelial Wt1 was up regulated in 
these tumours compared to healthy control tissue. This finding was mirrored 
in a sub-set of aggressive breast cancers, confirming that the results obtained 
in mice can be translated to humans. Quantitative PCR revealed no 
association between histopathological grade of the tumours, oestrogen 
receptor status, and WT1 expression. 
 

In order to delineate the cell types involved in vessel formation, Wt1+ cells 
were sorted using fluorescent activated cell sorting (FACS) from transgenic 
mice with a green fluorescent protein knocked into the Wt1 locus following 

sponge implantation. Distinct sub-populations of Wt1+ cells were identified, 

some of which expressed EC and pericyte markers. Moreover, these Wt1+  
sub-populations changed in composition and number over time. These 

findings were confirmed by genetic fate mapping of Wt1+ cells in this model. 
Finally, a conditional knockout mouse was generated to allow the selective 
deletion of Wt1 from vascular ECs in the sponge model of angiogenesis. The 
results demonstrated that deletion of Wt1 from this cellular compartment led 
to a dramatic reduction in vessel formation supporting a potential role in 
regulating angiogenesis. 
 
These results support the hypothesis that expression of WT1 in the vascular 
endothelium contributes to the regulation of angiogenesis in tumours and 
ischaemic tissue, and provides evidence that selective deletion of the gene 
inhibits new vessel formation. This suggests that targeting WT1 may have a 
therapeutic benefit in cancer and could aid regeneration of ischaemic tissues 
following injury in conditions such as myocardial infarction and critical limb 
ischaemia. 
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Wilms’ tumour is a paediatric kidney cancer occurring in 1 in 10,000 live 
births, with 95% being detected before 10 years of age (Huff, 2011). Ninety-
one years after the eponymous tumour was first described by Max Wilms’, 
the Wilms’ Tumour gene (WT1), was identified on the short arm of 
chromosome 11 and was thought to contribute to 15-20% of Wilms’ tumours 
through its inactivation (Haber et al., 1990, Call et al., 1990). WT1 is now 
known to be a major regulator of mesenchymal progenitors in the 
developing kidney and heart (Martinez-Estrada et al., 2010, Essafi et al., 2011). 
Indeed, loss of Wt1 leads to a failure in the development of the coronary 
vasculature (Wagner et al., 2005) and adult cardiomyocytes (Zhou et al., 
2008). Despite playing a pivotal role in embryogenesis, Wt1 is relatively 
quiescent in the healthy adult - expressed in a small percentage of cells, in 
only a few tissues. However, mounting evidence implicates Wt1 as playing a 
key role, not only in maintaining adult tissue homeostasis, but also in tissue 
regeneration and repair (Chau and Hastie, 2012). In 2011, a fascinating paper 
published by Paul Riley’s group in Nature showed that Wt1 was reactivated 
in the epicardium following myocardial infarction in mice. The progeny of 
these activated cells differentiated into cardiomyocytes, which in turn 
integrated into the injured heart, enhancing cardiac regeneration (Smart et al., 
2011). These data, coupled with evidence depicting expression of WT1 in 
endothelial cells in a variety of solid human tumours (Wagner et al., 2008), 
provide compelling evidence for a role for WT1 in angiogenesis.  
 
Blood vessels have evolved to supply oxygen and nutrients to the tissues, 
dispose of waste products, and permit haematopoietic cells to patrol the 
body providing gateways for immune surveillance. Whilst this network 
nourishes in health, supporting tissue growth and regeneration, structural 
and functional abnormalities can fuel disease. Inadequate vessel 
maintenance or growth causes ischaemia in conditions such as myocardial 
infarction and stroke, whilst excessive growth or abnormal remodelling is 
implicated in cancer, inflammatory disorders, and proliferative eye disease. 
 
In 1971, Judah Folkman postulated that angiogenesis, the formation of new 
blood vessels, may represent a novel therapeutic target in the battle against 
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cancer (Folkman, 1971). The rationale behind this hypothesis centred on the 
supposition that no tumour can outstrip its own blood supply; ergo 
inhibition of angiogenesis should prove an effective therapeutic target in the 
treatment of most solid tumour types (Langer et al., 1976). In addition, there 
was a belief that resistance to anti-angiogenic therapy would not occur due 
to the genetic stability of the tumour endothelium and, therefore, anti-
angiogenic therapy should render the tumours dormant (Boehm et al., 1997). 
Systemic toxicity from anti-angiogenic agents would also be minimised, as 
proliferating tumour endothelial cells would differentially express target 
proteins (Brem and Folkman, 1993).  Bevacizumab, a humanised monoclonal 
antibody to vascular endothelial growth factor- α (VEGF-α), first received US 
Food and Drug Administration (FDA) approval, for the treatment of 
colorectal cancer, in 2004 (Hurwitz et al., 2004). After a decade, over 2500 
clinical trials, and 8 FDA approved anti-angiogenic agents (Sennino and 
McDonald, 2012), many argue that VEGF inhibitors have not delivered the 
benefits envisaged based upon Folkman’s original hypotheses and the 
promising preclinical data (Jayson et al., 2012). It is becoming increasingly 
clear that insufficient efficacy and the development of resistance hinders the 
success of VEGF targeted therapies (Potente et al., 2011).  Peter Carmeliet 
argues that normalisation of vascular abnormalities seen in the tumour 
microenvironment is a complementary therapeutic paradigm for cancer 
(Carmeliet and Jain, 2011b). Furthermore, enhancing our understanding of 
the genetic and molecular mechanisms underpinning physiological 
angiogenesis may afford a greater insight into the pathological processes and 
paradoxical findings that have generated considerable debate in the field 
(Chung et al., 2010). 
 
This introduction will first consider the multi-faceted WT1 gene and its role 
in development and adult tissue homeostasis. Thereafter, the molecular 
biology of physiological and pathological angiogenesis will be discussed, 
prior to summarising the evidence to date of the role of WT1 in blood vessel 
formation. 
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1.1 WT1: ONE GENE, MANY FUNCTIONS 
At the time of writing, one of the oldest specimens of the eponymous Wilms’ 
tumour lies in London in the Hunterian Museum of the Royal College of 
Surgeons of England. Beckwith credited John Hunter with its preparation 
between 1763-1793 (Beckwith, 1986), but it was not until 1899 that Max 
Wilms noted in his seminal monograph that the cell types from a variety of 
childhood kidney cancers, or nephroblastomas, were derived from the 
mesodermal layer during embryonic development. These tumours became 
the archetypal illustration of how perturbations in normal development lead 
to cancer formation (Coppes-Zantinga and Coppes, 1999). In 1990, the WT1 
gene was identified on the short arm of chromosome 11 (Call et al., 1990) and 
is thought to contribute to 15-20% of Wilms’ tumours through its inactivation 
(Haber et al., 1990). The creation of a variety of mouse models has 
demonstrated the pivotal role of Wt1 in embryological development, and it is 
deemed essential for the formation of a number of mesoderm-derived tissues 
(Hohenstein and Hastie, 2006), including the kidneys, gonads, heart and 
spleen (Kreidberg et al., 1993, Pritchard-Jones et al., 1990, Armstrong et al., 
1993, Moore et al., 1999, Herzer et al., 1999). Interestingly, an emerging theme 
highlights Wt1’s pivotal role in cell homeostasis, where inactivation of the 
gene leads to multiple organ failure including glomerulosclerosis (Chau et 
al., 2011). There is growing evidence to suggest Wt1 plays a key role in 
regeneration and repair in the context of disease by acting as a regulator of 
the mesenchymal state of cells (Chau and Hastie, 2012). Furthermore, Wt1 
has been implicated in the response to myocardial infarction (Smart et al., 
2011) and tumour angiogenesis (Wagner et al., 2008), suggesting a putative 
role in regulating vessel formation (Scholz et al., 2009).  
 

1.1.1 WT1 molecular biology 
The human WT1 gene spans approximately 50kb, encompasses 10 exons, and 
encodes a protein with 4 C-terminus Cys2-His2 zinc finger domains, 
characteristic of transcription factors (Figure 1.1) (Call et al., 1990, Haber et al., 
1991). The N-terminus contains a regulatory region with further domains for 
transcriptional activation and repression (Wang et al., 1993a, Wang et al., 



 5 

1993b), self association (Holmes et al., 1997), RNA binding (Kennedy et al., 
1996) and a proline/glutamine rich domain (Madden et al., 1991). To date, 
alternative splicing, RNA editing, and alternative start codons have given 
rise to over 20 different protein isoforms (Schnerwitzki et al., 2014), with a 
theoretical 36 possible (Hohenstein and Hastie, 2006). Most attention has 
been drawn to the alternative splicing events that hinge around exon 9, 
where the KTS tri-peptide is either present (+KTS) or absent (-KTS) between 

the 3rd and 4th zinc fingers (Huff, 2011).  The physiological relevance of the 

majority of the isoforms is yet to be confirmed, with the exception of the 
±KTS isoforms that are known to be conserved across all vertebrates 
(Hohenstein and Hastie, 2006). The –KTS isoform has a high affinity for DNA 
binding and acts as a transcription factor – accounting for one third of all 
isoforms (Roberts, 2005). Conversely, the +KTS isoform has been implicated 
in post-translational processes, particular RNA binding and splicing (Larsson 
et al., 1995). Given its role in transcription and RNA processing, it is not 
surprising that WT1 is mainly located in the nucleus (Niksic et al., 2004). 
However, WT1 (±KTS) is also known as a shuttling protein, moving back and 
forth between the nucleus and cytoplasm, thus the protein can also be found 
in the cytoplasm (Niksic et al., 2004). 
 
In the adult, Wt1 is normally only expressed in the mesothelium surrounding 
the visceral organs, the glomerular podocytes of the kidney, 
Sertoli/granulosa cells of the testis/ovary, and 1% of bone marrow cells 
(Walker et al., 1994, Armstrong et al., 1993, Rao et al., 2006, Pelletier et al., 
1991b, Hosen et al., 2007). During development WT1 is found in many 
tissues, and primarily in those undergoing epithelial-mesenchymal transition 
(EMT) or the reverse (mesenchymal-epithelial transition: MET) (Miller-
Hodges and Hohenstein, 2012). Moreover, WT1 is often found in cells that 
express both mesenchymal and epithelial markers, suggesting the ability of 
these cells to transition down either pathway; an observation important for 
furthering our understanding of the role of WT1 in health and disease (Chau 
and Hastie, 2012). 
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Figure 1.1 WT1 gene and protein structure. Red shading indicates alternative splicing 
domains. Four isoforms result from exon 5 and KTS alternative splicing. The –KTS isoform 
has a high affinity for DNA binding and acts as a transcription factor, whilst the +KTS 
isoform has been implicated in post-translational processes such as RNA binding (modified 
from Huff, 2011).  

 

1.1.2 WT1 in development  
Wt1 is indispensible for the early stages of nephrogenesis in the mouse. It is 
first detected at embryonic (e) day 9 in the intermediate mesoderm and 
mesenchymal cells of the Wolffian duct that give rise to the metanephric 
kidney. Soon after it is seen in the heart mesothelium and urogenital ridge, 
and by e9.5 Wt1 expression is noted in the septum transversum mesenchyme 
which gives rise to the epicardium, diaphragm, mesothelium of the liver and 
hepatic sinusoids (Chau and Hastie, 2012).  At e11 it is observed in the 
metanephric mesenchyme and spinal cord, and at e12.5 in the induced 
mesenchyme of the kidney (Armstrong et al., 1993). The developmental 
expression pattern almost mirrors that which is seen in human embryos 
(Pritchard-Jones et al., 1990, Armstrong et al., 1993). Kriedberg et al. (1993) 
showed that homozygote Wt1 mutants were embryonically lethal halfway 
through gestation (e13-15), with phenotypes in several tissues known to 

express Wt1. The initial description of Wt1-/- mice reported a complete 
absence of kidneys and gonads, alongside disturbed heart development and 
diaphragmatic hernia (Kreidberg et al., 1993). In the years following 
Kreidberg’s original work, phenotypes in the liver (Ijpenberg et al., 2007), 
retina (Wagner et al., 2002b), spleen (Herzer et al., 1999), and adrenal glands 
(Moore et al., 1999) have been described. Interestingly, the majority of these 
phenotypes can be explained by a connection to a role for Wt1 in the control 
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of MET/EMT (Figure 1.2) (Miller-Hodges and Hohenstein, 2012). In the 
murine kidney, Wt1 is required for renal MET. Mice with Wt1 deleted in the 
mesenchyme die at birth due to renal failure, secondary to a lack of nephrons 
(Essafi et al., 2011). In contrast, as discussed in Section 1.1.5.1, Wt1 is required 
for EMT in the developing heart, as deletion of the gene in the epicardium 
during embryogenesis reduces the pool of epicardial-derived cells (EPDCs) 
that ultimately differentiate into key cellular components of the adult organ 
(Zhou et al., 2008, Martinez-Estrada et al., 2010, von Gise et al., 2011, Takeichi 
et al., 2013).  
 
 

 

 
 
 
 

Figure 1.2: The cycle between epithelial to mesenchymal transition (EMT) and 
mesenchymal to epithelial transition (MET). Epithelial cells typically possess tight 
junctions, basement membranes and apical-basal polarity, which are absent in their 
mesenchymal counterparts. Master regulators such as Snai1 and transforming 
growth factor-β (TGF-β) switch the states of these cells from one type to the other. 
Wt1 is required for kidney MET and heart EMT during embryogenesis (reproduced 
with permissions from Elsevier B.V.). 
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Consistent with its expression and crucial role in the development of the 
kidney and gonad – and not forgetting the predisposition to Wilms’ tumour 
in approximately 20% of cases – patients with WT1 germ line mutations can 
develop glomerulosclerosis, and ultimately renal failure (Pelletier et al., 
1991a). Furthermore, WT1 missense mutations, at specific, highly conserved 
codons, result in Denys-Drash syndrome – a triad of Wilms’ tumour, 
genitourinary abnormalities and renal failure (Huff, 2011). Additionally, and 
importantly, WT1 is mutated in a considerable proportion of adult and 
childhood acute myeloid leukaemia (AML) (Hollink et al., 2009), as discussed 
in Section 1.1.7. 
 

1.1.3 The role of WT1 in maintaining adult tissue homeostasis 
Given the role Wt1 plays in regulating the mesenchyme in embryogenesis, it 
is not surprising that the focus has shifted over the past decade towards 
investigating its potential in maintaining adult tissue homeostasis. As 
discussed in Section 1.1.1, Wt1 is believed to be restricted to a small 
percentage of cells, in very few tissues in the healthy adult. Thus, to address 
the questions surrounding its functional significance Chau and colleagues 
ubiquitously deleted Wt1 in the adult mouse and discovered a dramatic and 
unexpected phenotype (Chau et al., 2011). Within 9 days of tamoxifen-
induced deletion, the mice developed severe glomerulosclerosis, 
splenomegaly, atrophy of the exocrine pancreas, reduction in heart size, 
defects in erythropoiesis, and rapid fat and bone loss (Chau et al., 2011). 
  
Wt1’s crucial role in maintaining glomerular health has been known for some 
time (Guo et al., 2002), whilst podocyte dysfunction is thought to underpin a 
number of glomerular disorders (Miller-Hodges and Hohenstein, 2012). 
Chau et al. (2011) speculated that the severe glomerulosclerosis seen in their 
mice was likely due to a loss of podocyte foot processes, hence the 

proteinuria noted in the Wt1-/- mutants but not in the litter mate controls. The 
podocyte proteins nephrin and synaptopodin, which are also transcriptional 
targets of Wt1, were largely absent (Chau et al., 2011).  Thus, Wt1 appears 
pivotal for maintaining kidney homeostasis in the adult. Potential 
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mechanisms thought to lead to the progressive nature of glomerular disease 
include podocyte detachment, EMT, de-differentiation, and apoptosis 
(Miller-Hodges and Hohenstein, 2012). The concept of EMT is still 
controversial (Chau and Hastie, 2012) but there is certainly some evidence to 
support this theory (Li et al., 2008).  
 
Alterations to the bone architecture were also marked in the adult mutants 
with ubiquitous deletion of Wt1 compared to the controls, with a 30% loss in 
trabecular bone volume, reduced trabecular bone thickness, and a suggestion 
of increased long bone resorption (Chau et al., 2011). Bone mass is a fine 
balance between synthesis by osteoblasts (arising from mesenchymal stem 
cells) and bone resorption by osteoclasts (arising from haematopoietic 
progenitors). Chau et al. (2011) showed that there was an increase in 
osteoclast formation when Wt1 was deleted in vitro. Moreover, the mutant 
mesenchymal cells had a reduced ability to differentiate into osteoblasts. 
 
The Wt1 mutant mice also showed a reduction in the size of their fat pads 
and lipid vacuoles (Chau et al., 2011). Visceral fat mass (i.e. peri-renal, 
gonadal, epicardial, retroperitoneal, omental and mesenteric) primarily 
consists of white adipose tissue (WAT) and is associated with metabolic 
dysfunction and Type II Diabetes, whereas subcutaneous WAT or brown 
adipose tissue (BAT) is protective (Cao, 2010). Given the obesity epidemic 
and current interest in the developmental origins of WAT, Chau et al.’s 
additional finding that Wt1 expression was present in the visceral fat 
deposits but not in the subcutaneous compartments is intriguing. Subsequent 
work by our group utilising lineage tracing has shown that the six visceral 
deposits receive a significant contribution from cells in late gestation that are 
Wt1 positive (between 30-80% depending on the depot). Conversely, no 
subcutaneous WAT or BAT arises from Wt1 expressing cells (Chau et al., 
2014). In addition, their study shows that all six visceral fat pads have a 
mesothelial layer (like the visceral organs), and the Wt1-expressing 
mesothelium can generate new adipocytes, supporting a role for Wt1 in 
adipocyte homeostasis (Chau et al., 2014). 
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A discussion of Wt1’s role in maintaining homeostasis would not be 
complete without mentioning its pivotal function in reproductive biology. 
The Sertoli nurse cells of the testis ubiquitously express Wt1 and using a 
novel tissue-specific RNA interference approach, Rao et al. (2006) 
demonstrated that Wt1 depletion in these cells led to increased germ cell 
apoptosis, loss of adherens junctions, and decreased fertility. Furthermore, 
Wt1 is initially expressed in the somatic cells of the ovary following sex 
determination at e12.5 and subsequently expressed in the granulosa cells of 
primordial and primary follicles, suggesting Wt1 could play an important 
role in ovarian development or folliculogenesis. Wt1+/R394W mice – which 
carry a C1180T point mutation eliciting the same pattern of renal failure as 
seen in Denys-Drash Syndrome - are sub-fertile with erratic follicle 
development, and this is thought to be secondary to premature 
differentiation of the granulosa cells in these Wt1 mutants (Gao et al., 2013). 
 
Finally, WT1 is expressed in high levels in most human adult cancers, yet it is 
curiously absent from healthy tissue counterparts (Wagner et al., 2008). This 
topic will be covered in detail in Section 1.3, but this observation suggests 
WT1 may function as an oncogene, reinforcing its role in tissue homeostasis.  
 

1.1.4 Wt1 in repair and regeneration 
Following injury, adult tissues have a limited capacity for repair and 
regeneration, with the exceptions being the epithelial lining of the intestine 
(Barker, 2014), the liver (Pellicoro et al., 2014), and bone (Murray et al., 2014). 
Cells that partake in regeneration are believed to derive from circulating cells 
from the bone marrow or resident somatic stem cells. The field has expanded 
exponentially over the last decade as new therapeutic avenues open to an 
array of afflictions of the human body. It is becoming increasingly clear that 
Wt1 is activated in a variety of tissues in response to damage, and in the two 
sub-sections below the parallels between heart and liver regeneration in this 
context will be discussed. 
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1.1.4.1 Wt1 and the heart 
Over the past decade a number of groups have demonstrated that a subset of 
epicardial cells undergo EMT to produce EPDCs, which invade the 
developing heart (Wu et al., 2010, Zhou et al., 2008). Elegant fate mapping 
studies have shown that these EPDCs are the progenitors of fibroblasts, 
vascular smooth muscle cells, a small sub-set of fully functioning 
cardiomyocytes (Zhou et al., 2008), and endothelial cells (Perez-Pomares et 
al., 2002, Cano et al., 2014). Our group showed that deletion of Wt1 in the 
epicardium using a GATA5-Cre - an epicardial specific knockout - during 
development, led to a reduced pool of EPDCs alongside a failure of 
formation of the coronary vasculature (Martinez-Estrada et al., 2010). A 
combination of in vivo and in vitro analyses demonstrated that Wt1 was 
essential for maintaining the mesenchymal properties of the EPDCs, and did 
so via transcriptional activation of Snai1 (Snail) and repression of Cdh1 (E-
cadherin). Both have been described as major regulators of EMT (Lamouille 
et al., 2014). Paul Riley’s group recently identified a source of cardiac 
progenitor cells in mice following experimental myocardial infarction. Cell 

lineage tracing identified Wt1+ cells arising from the epicardial progenitor 
cell pool as the key responders to injury (Smart et al., 2011). Furthermore, 

priming of these cells with the novel compound thymosin β-4 (Tβ4), 

significantly improved cardiac function and myocardial regeneration. Tβ4 is 
a actin-monomer binding peptide, essential for coronary vessel development 
in mice, which has been shown to stimulate outgrowth from quiescent 
epicardial explants by restoring pluripotency and promoting differentiation 
of fibroblasts, smooth muscle cells and endothelial cells (Smart et al., 2007). 
The mechanism by which cardiac regeneration is achieved in the murine 
model of myocardial infarction is hotly debated, but evidence to date 
indicates that these epicardial progenitors have the ability to differentiate 
into fully functioning cardiomyocytes and vascular smooth muscle cells (van 
Wijk et al., 2012, Chen et al., 2013, Smart et al., 2011, Zhou et al., 2012). Given 
the poor regenerative capacity of the human heart and the fact that 
cardiovascular disease is the biggest killer worldwide, the need for 
innovative strategies for heart repair is paramount (Xin et al., 2013). The 
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ability of Wt1 to promote regeneration in this context is an exciting new 
development, albeit one that needs further work. 
 

1.1.4.2 Wt1, fibrosis and liver regeneration 
The self-limiting, fibrotic, regenerative response seen in acute liver failure, 
underlines the remarkable capacity this solid organ has to adapt to tissue 
injury through repair (Dechene et al., 2010). The field has concentrated on the 
aberrant fibrotic response seen in chronic liver injury and a recent review by 
Pellicoro et al. (2014) summarises the complex interactions between 
numerous molecular pathways. Hepatic stellate cells are known as the 
pericytes of the liver, and reside in the space of Disse between the 
hepatocytes and endothelial cells, where they encircle the liver sinusoids. 
They become activated in chronic liver injury where they up-regulate 
mesenchymal markers and trans-differentiate into myofibroblast-like-cells, 
secreting pro-inflammatory cytokines and pro-fibrogenic factors such as 

transforming growth factor-β (TGF-β) (Pellicoro et al., 2014). Interestingly, 
liver stellate cells express Wt1 (Chau and Hastie, 2012), and in a carbon 

tetrachloride model of fibrotic liver injury, activated Wt1+ stellate cells are 
thought to exacerbate the fibrotic response (Dr T Kendall, personal 

communication). Moreover, livers of Wt1-/- mice are missing a lobe (Ijpenberg 
et al., 2007), and this is somewhat surprising given that Wt1 is not expressed 

in hepatocytes. However, parallels can be drawn with the role of Wt1+ 
EPDCs, both in terms of development and regeneration. Liver stellate cells 
and EPDCs derive from an encapsulating mesothelium, share similar 
molecular pathways (e.g. retinoic acid signalling) (Guadix et al., 2011), and 
transition from a quiescent state to proliferate following injury (Chau and 

Hastie, 2012). Therefore, inhibition of these Wt1+ positive stellate cells in 
response to liver injury and fibrosis may offer a novel therapeutic target in 
this context. 
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1.1.5 WT1 in cancer 
In 2009 the United States National Cancer Institute ranked WT1 as the cancer 
antigen with greatest therapeutic potential for immunotherapeutic agents 
(Cheever et al., 2009). This was based on a series of strict criteria including 
efficacy in clinically controlled vaccine trials, immunogenicity, oncogenicity, 
specificity, cellular location, stem cell expression, percentage expression in 
cancer cells, and number of epitopes. Effectively any mutant, over-expressed, 
or abnormally expressed protein in cancer cells, can be a target for cancer cell 
vaccines or T-cell therapy (Pardoll, 2012, Weiner et al., 2010).  Randomised 
Phase II clinical trials assessing WT1 peptide vaccines are currently targeting 
mesothelioma (Thomas and Hassan, 2012), advanced pancreatic cancer 
(Nishida et al., 2014), gynaecological malignancies (Miyatake et al., 2012), and 
leukaemia (Maslak et al., 2010). Whilst no cancer cell vaccines at the time of 
writing have been approved by the FDA, the WT1 peptide vaccine is thought 
to be leading the way both in terms of its safety and promising preliminary 
results (Oka and Sugiyama, 2010). WT1 has several characteristics that render 
it an attractive target in immunotherapies for leukaemia: its expression in 
normal tissues is limited (Call et al., 1990); it is expressed in leukaemic stem 
cells (Saito et al., 2010); and its expression increases as myeloid disease 
progresses (Cilloni et al., 2003). WT1-specific cytotoxic T lymphocytes have 
been shown to kill leukaemic blast cells and leukaemic stem cells without 
effect normal stem cell function (Gao et al., 2000, Oka et al., 2003). Moreover, 
in recent Phase II clinical trials of the WT1 peptide vaccine against acute 
myeloid leukaemia (AML), no renal or haematological toxicity was observed 
in any of the patients (Uttenthal et al., 2014).  
 
These findings have important implications when considering WT1’s 
therapeutic potential in angiogenesis as much of groundwork surrounding 
the validation and safety components of vaccine development have been 
robustly scrutinised already. The key lies in identifying whether it is a viable 
target, and delineating said target/antigen in solid tumours. The remainder 
of this section will concentrate on the function of WT1 both as a tumour 
suppressor and as an oncogene. 
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1.1.6 WT1 as a tumour suppressor gene 
Wilms’ tumours are typified by the presence of a variety of cell types, 
including epithelial, blastemal and stromal cells. Ectopic tissues retained 
after embryonic development (such as bone, muscle, cartilage), are known as  
“nephrogenic rests”, and are forerunners of the Wilms’ tumour (Sadak et al., 
2013). The loss of function of WT1 in Wilms’ tumours originally categorised 
it as a classical tumour suppressor gene (Hohenstein and Hastie, 2006). 
However, the genesis of Wilms’ tumours is now known to be multifactorial 
and they often arise from a variety of mutations including the Wilms’ 
tumour gene on the X-chromosome (WTX), β-catenin (CTNNB1), and TP53 
(Huff, 2011). Taken together with its role as an oncogene (Section 1.1.7) and 
the observation that in AML WT1 expression is associated with poor clinical 
outcome (Garg et al., 2003), it is apparent that WT1 is a multi-faceted gene, 
playing a more complex role in development and tumourgenesis than first 
anticipated. 
 

1.1.7 WT1 as an oncogene 
Mounting evidence surrounding the activation of the WT1 gene, both in solid 
tumours and in leukaemia, suggests an additional role as an oncogene.  
Although no expression of WT1 is detected in the long-term haematopoietic 

stem cells, it is expressed in a sub-fraction (1%) of CD34+ multi-potent 
progenitor cells from the bone marrow (Hosen et al., 2007, Baird and 
Simmons, 1997). Conversely, during development WT1 is up-regulated in 
early myeloid differentiation in some, but not all, progenitor sub-populations 
(Huff, 2011). Yet, WT1 is expressed in approximately 70% of adults with 
acute lymphoblastic leukaemia (ALL), AML, and chronic myeloid leukaemia 
(CML) (Miwa et al., 1992). A high level of WT1 expression by leukaemic blast 
cells in AML is associated with a poor response to chemotherapy, greater 
probably of relapse, and reduced probability of extended disease free 
survival (Tyler et al., 2012). Moreover, it has also been shown to be a useful 
marker for the detection of residual disease (Inoue et al., 1996), suggesting its 
expression could reflect the cell type of origin of the malignancy. By contrast, 
in solid tumours, the scenario differs, since WT1 activation, has been found 
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in a variety of tumours where it is not known to be expressed during 
development (Wagner et al., 2008). It has, therefore, been suggested that 
WT1’s function in determining the epithelial or mesenchymal state of cells 
may provide a novel mechanism for activation of the gene (Miller-Hodges 
and Hohenstein, 2012). Epithelial cells are known to acquire mesenchymal 
characteristics to disseminate from the primary tumour and metastasise to 
distant sites of the body (Hanahan and Weinberg, 2011). What’s more, forced 
expression of Snail - a physiologically relevant target of Wt1 – confers the 
characteristics of cancer stems cells upon epithelial cells by initiating EMT 
(Martinez-Estrada et al., 2010, Lamouille et al., 2014).  
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1.2 MOLECULAR MECHANISMS OF ANGIOGENESIS 
Multiple sequential steps underpin vessel growth, and several modes of 
vessel formation have been described (Figure 1.3). In the developing embryo 
new vessels form de novo via the assembly of mesoderm-derived endothelial 
precursors (angioblasts), which differentiate into a vascular labyrinth, in a 
process known as vasculogenesis (Swift and Weinstein, 2009). The 
cardiovascular system is the foremost organ system to develop and reach a 
functional state (Chung et al., 2010), and following the assembly of primitive 
vessels (e.g. dorsal aorta and cardinal vein) subsequent vessel sprouting and 
remodelling transforms the plexus into a highly organized network of 
arteries, capillaries and veins (Adams and Alitalo, 2007). Vascular smooth 
muscle cells and pericytes are recruited, envelope the nascent endothelial cell 
channels, and provide stability and control of perfusion (arteriogenesis) (Jain, 
2003). With the exception of some specialised scenarios (e.g. endometrial 
growth during the menstrual cycle), endothelial cells in the adult are largely 
quiescent. However, they remain plastic, and are highly sensitive to their 
environment. The definition of “angiogenesis”, in its strictest sense, refers to 
vessels sprouting from pre-existing ones. A number of recent studies have 
provided great insight into the molecular mechanisms underlying this 
process, and led to an established mechanistic framework of vessel 
branching (Adams and Alitalo, 2007, Carmeliet and Jain, 2011a, Potente et al., 
2011) (Figure 1.4).  Hypoxia remains one of the key drivers of the process, 
and together with an array of pro-angiogenic signals, endothelial cells 
become motile and protrude filopodia. These aptly named tip cells, advance 
into the microenvironment, leading trailing stalk cells that establish a lumen 
and proliferate to support sprout elongation. Vessel loops are created by the 
anastomosis of neighbouring tip cells, and the initiation local blood flow 
alongside the recruitment of pericytes, and establishment of the basement 
membrane, stabilise these new connections. Remodelling and pruning of the 
newly established vascular network allow fine tuning to suit the needs of the 
local microenvironment and once the pro-angiogenic signals cease, the 
endothelial cells return to their quiescent state.  
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Figure 1.3. Modes of Vessel Formation: There are several modes of vessel formation, which 
include; sprouting angiogenesis (a); adult vasculogenesis (b); the process of splitting known 
as intussusception (c). Tumour cells co-opt pre-existing vessels (d), line the vessel mimicking 
ECs in a process known as “vascular mimicry” (e), or differentiate into ECs directly (f). 
Unlike normal tissues, tumours are able to use all 6 modes of vessel formation (a-f) 
(modified from Carmeliet and Jain, 2011a). 



 18 

Figure 1.4. Molecular basis of branching. The consecutive steps in vessel branching are 
shown with the some of the key molecules involved represented in parenthesis. a. Following 
the stimulation by angiogenic factors, the tip cell is selected to enable branch formation. 
Degradation of the basement membrane, pericyte detachment, and loosening of the 
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endothelial cell junctions are all required for tip cell formation. Increased permeability 
facilitates extravasation of plasma proteins and thus the deposition of the extracellular 
matrix. b. Tip cells navigate in response to guidance signals (e.g. ephrins and semporines) 
and migrate by adhering to the extracelluar matrix via integrins. The stalk cells proliferate 
behind the tip cells, elongate, then fuse to form a lumen. The stalk cells mature and stabilize 
having attracted pericytes and deposited a basement membrane. c. Following fusion of 
neighbouring branches, the lumens perfuse, and the endothelial cells become quiescent 
(modified from Carmeliet and Jain, 2011a).  

 
Whilst it is widely recognised that vessels also grow via other means, such as 
the stimulation of vessel expansion by circulatory precursors and splitting 
via intussusception (Melero-Martin and Dudley, 2011, Makanya et al., 2009), 
this introductory chapter will focus on the mechanisms of sprouting, since it 
likely accounts for a considerable fraction of vessel growth in our ex vivo and 
in vivo models described herein. 
 

1.2.1 Vessel branching, maturation and quiescence  
In health, endothelial cells maintain a state of equipoise by a series of pro- 
and anti-angiogenic autocrine signals, with VEGF and angiopoietin-1 (ANG-
1) being examples of the former and latter, respectively. In addition, they are 
equipped with oxygen sensors known as prolyl hydroxylase domain (PHD) 
proteins that hydoxylate the hypoxia inducible factor (HIF) proteins HIF-1α 
and HIF-2α, when ample oxygen is available. Under hypoxia, PHDs become 
inactive, and HIFs promote transcriptional regulation of angiogenic factors 
such as VEGF (Fraisl et al., 2009). In general, HIF-1α enhances vessel 
sprouting, and HIF-2α mediates vascular homeostasis (Fraisl et al., 2009). 
 

1.2.2 Endothelial cell liberation and the selection of the tip cell 
A crucial step in the liberation of endothelial cells during branching is the 
detachment of the pericyte (Carmeliet, 2005). The quiescent vessel detects an 
angiogenic signal, such as VEGF, which stimulates endothelial cells to release 
ANG-2, and in turn prompts pericytes to unshackle themselves from the 
basement membrane by proteolytic degradation (Augustin et al., 2009). This 
process is primarily mediated by matrix metalloproteinases (MMPs) (Arroyo 
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and Iruela-Arispe, 2010). Endothelial cells then loosen their junctions, and 
the vessels dilate. VEGF signals the endothelial cell layer to increase its 
vascular permeability, leading to the extravasation of plasma proteins, and 
consequently the initial extracellular matrix (ECM) scaffolds are constructed. 
Further angiogenic factors are released from the ECM via proteases to create 
a pro-angiogenic milieu, and in order to prevent endothelial cells moving en 
masse, one endothelial cell, known as the tip cell, is selected to lead the 
advance (Adams and Alitalo, 2007). Neighbouring cells assume an ancillary 
role as stalk cells, which divide to elongate the new vessel and establish a 
lumen. The precise specification of tip and stalk cells is governed by the 
NOTCH signalling pathway (Eilken and Adams, 2010, Phng and Gerhardt, 
2009). Stalk cells appear to have high levels of NOTCH signalling, unlike tip 
cells that possess relatively low levels. Conversely, tip cells express high 
levels of the NOTCH ligand DLL4. An integrated, intracellular, negative 
feedback network has been proposed to develop between VEGF and 
NOTCH (Bentley et al., 2009, Potente et al., 2011). VEGF stimulates tip cell 
induction and filapodia formation via VEGF receptor-2 (VEGFR2), and 
enhances DLL4 expression in the same cells. However, DLL4-mediated 
activation of NOTCH in neighbouring endothelial cells inhibits tip cell 
behaviour by down-regulating VEGFR2 and VEGF receptor-3 (VEGFR3), 
while up regulating VEGF receptor-1 (VEGFR1) (Phng and Gerhardt, 2009). 
Antagonism of VEGFR3 inhibits sprouting whereas loss of VEGFR1 increases 
vascularisation. Thus, endothelial cells that activate DLL4 more expediently 
or at higher concentrations have a competitive advantage to becoming the tip 
cell since they activate NOTCH signalling in their neighbours. 
Computational modelling indicates that such an integrated negative 
feedback loop of VEGF and NOTCH is sufficient to establish a stable pattern 
of tip and stalk cells (Bentley et al., 2009). 
 

1.2.3 Endothelial stalk cell formation  
The endothelial stalk cells exhibit a series of unique bio-molecular 
characteristics that ultimately promote their ability to form vessel tubes and 
branches. Alongside producing fewer filopodia, being less proliferative, and 
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forming the foundations of the vascular lumen, crucially, they produce 
basement membrane components to maintain the integrity of the sprout 
(Phng and Gerhardt, 2009).  Jakobsson et al. (2010) illustrated that NOTCH 
activity is dispensable for tip cell formation yet necessary for stalk 
specification. Their work elegantly revealed that those endothelial cells with 
excess NOTCH signalling extend fewer filopodia and are excluded from the 
tip position (Jakobsson et al., 2010). A fine balance exists between tip/stalk 
specification by NOTCH since inactivation of DLL4 or Notch1 in the 
endothelium results in more vessels being formed, yet they are poorly 
perfused and dysfunctional (Thurston et al., 2007). A key concept in the 
tip/stalk cell dynamic is that the endothelial cell designation to one of the 
aforementioned phenotypes is transient and not a final fate. Iterative cycles 
of branching, sprouting and tubulogenesis are crucial to expand the vessel 
network, and therefore multiple transitions between the tip/stalk cell 
phenotypes are required (Eilken and Adams, 2010). 
 

1.2.4 Lumen formation 
Vessels establish a lumen by a variety of mechanisms, and this is likely to be 
dependent upon the vascular bed or the type of vessel to be formed 
(Lubarsky and Krasnow, 2003). Cell hollowing, or intracellular vacuolation, 
is one mechanism by which individual cells generate vesicles following 
exocytic events, which enables adjacent cells to interconnect and form multi-
cellular lumens. An example of this process is seen in intersomitic vessels 
(Potente et al., 2011). By contrast, budding and cord hollowing of large axial 
vessels - thought to be synonymous in the context of angiogenic sprouting 
(Iruela-Arispe and Davis, 2009) – are a result of stalk cells flattening onto the 
scaffold of the ECM (created by the tip cell), initiating a luminal space to 
form from the trailing stalk cells. 
 
A common feature of all these mechanisms is that endothelial cells are 
thought to create a physical space within the three dimensional ECM via 
surface targeted proteolysis as they form lumens and tube networks (Davis et 
al., 2007).  
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1.2.5 Fusion and perfusion of the vessel branch 
Tip cell fusion serves to add new vessel circuits to the existing network. 
Whilst the precise mechanism is unclear, it would appear that macrophages 
could support vessel anastomoses (although their presence is not essential 
suggesting an ancillary role in cell-cell communication) (Potente et al., 2011). 
Once contact has been established, junctional molecules (primarily VE-
Cadherin), consolidate the connection.  Vessel maturation and stabilisation 
then ensue. 
 

1.2.6 Vessel maturation, stabilisation and quiescence  
In order to confer function, vessels must mature at the level of the 
endothelium, the vessel wall, and as an integrated network. The network 
matures by responding to the local tissue needs, and by the creation of a 
branched system of vessels, hierarchical in nature. Throughout this process 
mural cells are recruited and ECM laid down (Jain, 2003), fashioning a 
distinct tissue phenotype (Carmeliet and Jain, 2011a). 
 
The term mural cell generally refers to the vascular smooth muscle cells and 
pericytes, which are integral to the formation, maturation and stabilisation of 
the vasculature. Vascular smooth muscle cells envelop both the arteries and 
veins, yet are separated from the endothelial cells by the ECM (Gaengel et al., 
2009). This is in contrast to the pericyte, which establishes direct cell-cell 
contact via cytoplasmic processes that surround the abluminal surface of the 
endothelial tube in arterioles, capillaries and venules (Geevarghese and 
Herman, 2014, Peault, 2012). In addition, they lie in very close proximity 
(20nm), share a co-produced basement membrane, and a single pericyte will 
often interact with several endothelial cells (Armulik et al., 2011). 
 
TGF-β signalling underpins the maturation process of the vessel, since it 
stimulates mural cell induction, differentiation, proliferation and migration 
(Goumans et al., 2009). Pericyte recruitment, however, is largely governed by 
platelet-derived growth factor receptor-β (PDGFR-β) (Gaengel et al., 2009). 
Knockout of either PDGF-β or PDGFR-β results in reduced pericyte coverage 
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in an array of organs (Peault, 2012). Pericyte-deficient mice develop a 
neurodegeneration-like phenotype with memory deficits as a result of a 
hypo-perfused, leaky, blood brain barrier (Storkebaum et al., 2011). 
Moreover, inactivation of either PDGF-β or PDGFR-β induces pericyte 
deficiency, bleeding and micro-aneurysm formation (Gaengel et al., 2009). 
 
The fine tuning of vessel density involves the regression of unnecessary 
vessels through a process of vascular remodelling and pruning to create a 
more differentiated vascular network, responsive to the local tissue needs 
(Risau, 1997). Remodelling determines the directional flow of a plexus, the 
differentiation of large versus small vessel sub types, and the attraction of 
pericytes and vascular smooth muscle cells (Ribatti and Crivellato, 2012). 
Pruning – the removal of excess endothelial cells from redundant channels – 
is stimulated by wall shear stress, relative perfusion pressure and oxygen 
tension within the vessel, and is classically described in the retina (Flamme et 
al., 1997, Ribatti and Crivellato, 2012).  
 
Once the vascular network has matured and stabilised, the vessels contained 
therein may then transform into a quiescent state. A key characteristic of a 
quiescent endothelial cell is one that bestows barrier functions (Potente et al., 
2011). Resting endothelial cells form a barrier between the circulation and the 
surrounding tissues, maintaining homeostasis of fluid and solutes, whilst 
allowing the migration of immune cells. Endothelial cells utilise two distinct 
types of junctional complexes to mediate cell-cell interactions - adherens and 
tight junctions (Harris and Nelson, 2010). Tight junction molecules uphold 
and regulate para-cellular permeability, whereas adherens mediate cell-cell 
adhesion, cytoskeletal reorganisation and intracellular signalling (Cavallaro 
and Dejana, 2011). VE-Cadherin, a junctional molecule from the adheren 
family, interlocks quiescent endothelial cells, to help establish a monolayer 
(Harris and Nelson, 2010), and this phalanx of endothelial cells are sheathed 
by pericytes that release cell survival signals and suppress proliferation 
(Carmeliet and Jain, 2011a). Together, they produce a common basement 
membrane. VE-Cadherin also forms a complex with VEGFR2, indirectly 
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dephosphorylating the receptor via phosphatase, rendering it unresponsive 
to VEGF, ergo maintaining a quiescent state (Cavallaro and Dejana, 2011). 
 

1.2.7 Survival factors in the mature vessel 
The maintenance of vascular integrity on maturation is an area of much 
debate, but it is believed that an intricate array of paracrine and autocrine 
signals is key. Interestingly, VEGF is one such survival factor, and 
endothelial cells are a pivotal source of this pro-survival molecule (Carmeliet 
and Jain, 2011a).  When produced as an intracrine factor, endothelial VEGF 
inhibits apoptosis. Mice lacking endothelial Vegf suffer bleeding, micro-
infarcts and cell rupture (Warren and Iruela-Arispe, 2010).  Angiopoietin-1 
(ANG1) has also been shown to bind the Tyrosine kinase-2 receptor (TIE2) at 
the junctions between endothelial cells to promote survival (Augustin et al., 
2009). Finally blood flow itself acts as a cue by indirectly activating nitric 
oxide synthase to keep vessels dilated, perfused and clot free (Carmeliet, 
2005).  
 

1.2.8 Physiological angiogenesis 
Angiogenesis is typically absent from most adult tissues, except in discrete 
situations such as the female reproductive organs, where intense vascular 
growth and regression occur physiologically (Chung et al., 2010).  
 

1.2.9 The Uterine Endometrium 
The human endometrium exhibits the remarkable capacity to undergo 
cyclical episodes of proliferation, angiogenesis, differentiation 
(decidualisation), inflammation, and tissue breakdown, up to 400 times 
during a women’s reproductive life (Cousins et al., 2014). Menstruation, the 
shedding of the upper layer of the endometrium, denotes the peak of a 
molecular cascade triggered by the withdrawal of progesterone following the 
regression of the corpus luteum (Henriet et al., 2012). Remarkably, tissue 
integrity is restored rapidly via a regenerative process that minimizes blood 
loss and primes the endometrium to respond to oestrogen, alongside 
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progesterone, in preparation for a potential pregnancy. What’s more, this 
process occurs in the context of scar-less healing. The precise mechanisms 
underpinning endometrial regeneration are not fully understood, and to 
date, the majority of knowledge we have pertaining to this topic derives 
from studies involving human tissue explants and xenografts (Gaide 
Chevronnay et al., 2009).  
 
Uterine angiogenesis is regulated by multiple hormones (Clapp et al., 2009), 
with oestrogen and progesterone predominating. Oestrogen is known to 
drive VEGF production during the proliferative phase of the cycle, 
specifically in the glandular epithelial and stromal cells in vivo in the non-
human primate, and in vitro in the human (Albrecht and Pepe, 2003). By 
contrast, the presence and absence of progesterone have been implicated in 
endometrial angiogenesis during the secretory and post-menstrual phases of 
the cycle respectively (Zand et al., 2012). The cell-type and zone-specific 
expression of VEGF and its receptors in the endometrium imply that steroid 
hormones probably regulate their expression though local cell-specific 
mechanisms, rather than via direct gene transcription (Henriet et al., 2012). 
Moreover, since VEGF receptors are expressed in both endothelial and non-
endothelial cells, VEGF may play a pleiotropic role in the tissue (Gaide 
Chevronnay et al., 2009). 
 

1.2.10 The mammary gland 
Two tissue compartments comprise the mammary gland: (i) the stroma, or 
connective tissue, otherwise known as the mammary fat pad; and (ii) the 
epithelium which consists of ducts lined with the alveolar cells responsible 
for lactation. Unique developmental features during puberty, pregnancy, 
lactation and involution, are orchestrated by a series of complex molecular 
pathways involving cell specification, differentiation, proliferation, survival 
and death (Hennighausen and Robinson, 2005). Pituitary gland hormones 
and sex steroids choreograph these changes, which begin at puberty. Growth 
and function are reliant upon an increasing supply of nutrients, and are 
accompanied by vasculature expansion during pregnancy with enhanced 
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vasodilatation and increased vascular permeability during lactation (Clapp et 
al., 2009). Similar to the endometrium, this expansive vascular bed regresses 
during the involution phase. 
 
The importance of angiogenesis, and specifically VEGF, is highlighted by 
work showing that inactivation of Vegf in the epithelial cells of the mammary 
gland, impairs angiogenesis and leads to reduced milk expression during 
lactation (Rossiter et al., 2007). Interestingly, an oestrogen-responsive element 
has been identified on VEGF and a cyclical variation in VEGF expression 
levels has been reported in vivo, in healthy women during menstruation 
(Dabrosin, 2005). VEGF and VEGFR2 increase in the mammary gland during 
pregnancy and lactation, with prolactin appearing to be the hormone with 
the largest effect on these proteins (Ben-Jonathan et al., 2008). Thus, the 
dramatic effects upon angiogenesis seen within this reproductive tissue, 
make it an attractive model to study. Furthermore, the work readily 
translates to human breast cancer since long term exposure to sex hormones 
has been shown to increase the risk of developing the disease (Beral and 
Million Women Study, 2003), and VEGF mRNA levels are dramatically 
increased in human breast cancer compared to controls (Delli Carpini et al., 
2010).  
 

1.2.11 Pathological angiogenesis  
Judah Folkman’s seminal work in the New England Journal of Medicine 
hypothesised that tumour growth was angiogenesis dependent, and that 
inhibition of this process may offer a therapeutic opportunity (Folkman, 
1971). In successive papers he showed that tumour growth in the avascular 
cornea is linear, yet after vascularization this growth is exponential 
(Gimbrone et al., 1974), reaching 16,000 times their original size after two 
weeks (Gimbrone et al., 1972). There were only 65 publications with 
“angiogenesis” in the title 10 years after his thesis, yet a staggering 9,000 in 
the ten years from 2000 to 2010 (Ribatti, 2008). Whilst the experimental 
(Leenders et al., 2004) and clinical (Pezzella et al., 1997) data suggest that, in 
some cancers, Folkman’s original hypotheses may not hold true - due to 
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vessel co-option in some cancer types as opposed to de novo angiogenesis 
(Jayson et al., 2012) – there is no doubt he advanced our understanding in the 
field, and provided an “organizing principle” for drug discovery (Folkman, 
2007).  
 
Pathological angiogenesis relies upon many of the same processes as those 
that underpin physiological vessel growth (Chung et al., 2010).  When a 
tumour’s demand for oxygen and nutrients outstrips supply (typically when 
it reaches 1-2mm diameter) a hypoxic microenvironment develops triggering 
an angiogenic cascade that is primarily driven by HIFs (Dayan et al., 2008).  

VEGF-α is activated by numerous cancers where it functions as it would in 
physiological conditions as a paracrine mediator (Goel and Mercurio, 2013). 
Interestingly, studies suggest it also acts as an autocrine signal, promoting 
tumour cell survival and local invasion (Lichtenberger et al., 2010). 
Paradoxically, only a minority of patients have disease that responds to a 
single agent VEGF inhibitor – pancreatic neuroendocrine tumours being a 
prime example (Raymond et al., 2011, Sennino and McDonald, 2012). In 
colorectal (Hurwitz et al., 2004), non-small cell lung (Sandler et al., 2006), and 
breast cancer (Jayson et al., 2012), VEGF inhibitors need to be combined with 
cytotoxic chemotherapeutic agents. Moreover, mouse models and clinical 
trial data into the treatment of glioblastoma multiforme (GBM) show that 
tumours do not passively endure the threat of oxygen deprivation, but 
escape to nourished environments by activating an invasive metastatic 
switch (Sennino and McDonald, 2012).  
 

Angiogenic signals from the tumour stroma 
Dvorak observed in 1986 that the tumour stroma composition resembles that 
of granulation tissue in a healing wound, and therefore hypothesised that 
epithelial tumours could promote a self-limiting wound healing response, 
rather than a proliferating, invasive, metastatic, phenotype (Dvorak, 1986). 
Fibroblasts and inflammatory cells have been a focal point of cancer biology 
in the past decade (McMillin et al., 2013), and will be the subject of this 
penultimate section. 
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Tumour associated fibroblasts (TAFs) derive from local mesenchyme in 
organs where tumours grow or become recruited from the bone marrow 
(Wels et al., 2008). Akin to their matching counterparts in health, they 
synthesise, deposit and remodel the ECM. However, cancer cells that enlist 
TAFs induce a myofibroblastic phenotype within the recruited cells. This in 
turn promotes vascularisation by producing pro-angiogenic factors, such as 

VEGF-α, and attracts endothelial progenitor cells (Erez et al., 2010). 
Interestingly, a recent study highlighted that the TAFs of cancers resistant to 
anti-VEGF therapy produced higher levels of other pro-angiogenic factors – 
namely, cyclo-oxygenase-2, ANG2, and PDGF-C (Crawford et al., 2009). 
 
Macrophages, monocytes, mast cells and myeloid cells have all been 
implicated in cancer pathogenesis (Chung et al., 2010). Macrophages have 
been described in a variety of solid tumours, and their presence correlates 
with increased vascular density and poor prognosis (Pollard, 2009). Gene 
expression profiling of the tumour stroma in 53 breast cancers identified 
gene signatures linked to angiogenesis, where hypoxia and tumour 
associated macrophages were associated with poor clinical outcome (Finak et 
al., 2008). Indeed, the tumour microenvironment often directs the 
macrophage from the classically activated state (M1) towards the pro-
inflammatory or alternatively activated (M2) phenotype, which is 
characteristically associated with angiogenesis, remodelling, and wound 
healing (Mantovani et al., 2002). These M2 macrophages tend to accumulate 
in avascular areas of the tumour, produce VEGF, and unlike those associated 
with wound healing, remain in the milieu, due to persistent ischaemia and 
hypoxia (Chung et al., 2010).  

 

Tumour vessels are structurally and functionally abnormal 
The vascular network within tumours is grossly abnormal, with irregular, 
chaotic branching, criss-crossing the stroma in a haphazard manner (Jain, 
2005). Vessel diameters vary enormously, with capillaries sitting adjacent to 
large thin walled arteries and arterio-venous malformations (Nagy et al., 
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2010). The interface between the arterial and venous systems is often 
indiscriminate, with shunting directly affecting perfusion. When this is 
combined with a rise in interstitial pressure (due to the tumour mass), an 
increase in vessel leakiness and stagnation, oxygen, nutrient and drug 
delivery is severely impaired (Carmeliet and Jain, 2011b). Moreover, the 
perfusion pressure is heterogeneous within the tumour and abnormal 
pressure gradients are further hurdles to uniform drug delivery (Jain and 
Stylianopoulos, 2010). A vicious cycle ensues as the hypoxia associated with 
hypo-perfusion is coupled with the increasing demand of a rapidly growing, 
metabolically active tumour, which stimulates further pro-angiogenic factors 
to be secreted (Carmeliet and Jain, 2011a). Failure to remove noxious 
metabolites drives an acidic pH and this, combined with a perturbed hypoxic 
microenvironment, is thought to self-select a more malignant cell type 
(Thiery et al., 2009).  
 
These anomalies are present in a wide variety of tumour types: from human 
xenografts in mice, to an array of solid tumours in human patients. 
Importantly, not every tumour is the same, as individual tumours, together 
with organ specific tumour types, exhibit a heterogeneous mix of 
microvasculature networks (Rocha and Adams, 2009). 
 
Alongside the gross structural abnormalities, every layer of the vessel wall is 
also abnormal. Endothelial cells lack their characteristic cobblestone 
appearance, detach from the basement membrane, and can often stack up 
upon one another (Carmeliet and Jain, 2011b). Once this protective barrier 
has been perturbed, cancer cells establish a direct gateway to the blood, and 
“mosaic” vessels are formed – those lined with both endothelial and tumour 
cells (Jain, 1988). Unlike quiescent endothelial cells, tumour endothelial cells 
transform to a mesenchymal state (Langenkamp and Molema, 2009), 
migrating from their resident positions, leaving “string” vessels i.e. those 
devoid of endothelial cells. The resident pericytes, which safeguard vessel 
integrity, are also less contractile, fewer in number and express more 
immature markers (Morikawa et al., 2002, Raza et al., 2010). Thus, it is not 
surprising that the pericyte-deficient conditions found in certain cancer cell 
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lines confer a susceptibility to tumour cell shedding and micrometastases 
(Gerhardt and Semb, 2008). 
 
In physiological angiogenesis the body pushes the balance away from the 
release of angiogenic inhibitors towards the production of pro-angiogenic 
stimulators. However, the pro-angiogenic factors are kept in check so that 
once fully functional vessels are formed and the tissue is vascularised, the 
counterbalance pivots back in favour of the inhibitors, rendering the 
endothelial cells quiescent. In tumours, the microenvironment is tipped so 
dramatically in favour of the hypoxic, inflammatory and metabolic pathways 
that the momentum drives the balance towards a self-perpetuating 
angiogenic state. Consequently, the tumour vasculature becomes 
increasingly abnormal. Thus, Carmeliet and colleagues argue that 
“normalizing” the tumour vasculature may present a novel therapeutic 
avenue in the future (Carmeliet and Jain, 2011b).  
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1.3 SUMMARY: THE EMERGING ROLE OF WT1 IN ADULT 
ANGIOGENESIS 
Angiogenesis and WT1 both have essential roles in development, 
reproduction and repair.  Moreover, novel insights now implicate WT1 in 
cancer biology, fibrosis, and regulating homeostatic mechanisms in a variety 
of tissues. Folkman proposed that angiogenesis should be viewed as an 
“organizing principle” for drug discovery, since there is a great therapeutic 
potential and translational crossover in understanding the mechanisms of a 
variety of pathological conditions in which angiogenesis plays a pivotal role 
(Folkman, 2007). The final section of this introduction will unite the current 
evidence that underlines an emerging role for WT1 in physiological and 
pathological angiogenesis, forming the basis for the work describe in this 
thesis. 
 
Unexpectedly, in an attempt to study the transcriptional regulation of cardiac 
hypertrophy, Wt1 was discovered to be up regulated after experimental 
myocardial infarction in rats (Wagner et al., 2002a).  Within 24 hours of 
myocardial occlusion the Wt1 protein and mRNA were increased in the 
infarction zone, but notably absent from the healthy myocardium. Moreover, 
immunohistochemistry revealed that Wt1 was present in both the 
endothelial and smooth muscle cells within the infarcted region. Whilst this 
finding was mainly descriptive it raised the possibility that Wt1, as well as 
being crucial for the developing heart and coronary vasculature (Martinez-
Estrada et al., 2010), could be reactivated in the damaged heart. Interestingly, 
these findings have recently been confirmed via a series of cell fate mapping 

experiments, which show Wt1+ epicardial progenitors have the ability to 
differentiate into fully functioning cardiomyocytes, vascular smooth muscle 
cells and endothelial cells following myocardial infarction in mice (van Wijk 
et al., 2012, Chen et al., 2013, Smart et al., 2011, Zhou et al., 2012). Following 
on from their original research using rats, Wagner et al. (2003) studied the 
effects of normobaric hypoxia (8% O2) on the expression level of Wt1 
(Wagner et al., 2002a). Wt1 mRNA levels were increased four fold in the 
hypoxic versus control hearts, and de novo expression of Wt1 was observed in 
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the endothelial and smooth muscle cell populations under hypoxia (Wagner 
et al., 2003). In the same study, a hypoxia-sensitive element was reported in 
the proximal Wt1 upstream sequence that binds HIF-1 (Wagner et al., 2003).  
This was essential for activation of the Wt1 promoter by oxygen restriction. 
Thus, transcription of Wt1, similar to that of other angiogenic factors, is 
triggered at low oxygen tension by a mechanism that involves HIF-1.  
 
Substantial evidence now links WT1 with a variety of solid human cancers 
(Sera et al., 2008, Brett et al., 2013, Dohi et al., 2010, Coosemans et al., 2008). In 
one study, endothelial WT1 expression was detected in 95% of 113 solid 
tumours analysed, including lung, ovarian, pancreatic and bladder 
carcinomas (Wagner et al., 2008). These findings have been supported by 
another paper that compared 64 vascular tumours (with active angiogenesis) 
with 61 vascular malformations (quiescent). Using immunohistochemistry 
the authors demonstrated that all 64 of the vascular tumours had positive 
cytoplasmic WT1 endothelial staining, compared to only 3 out 61 of the 
vascular malformations (Al Dhaybi et al., 2010). The findings from both these 
studies are particularly remarkable since quiescent endothelial cells in the 
adult are not thought to express WT1. Our collaborators in Nice – Drs Kay 
and Nicole Wagner - have investigated the effect of Wt1 knockout in TIE2 
expressing cells of mice that had B16 melanoma and LLC1 lung carcinoma 
tumour xenografts implanted sub-dermally. Over four weeks, tumour 

growth was reduced by 90% in tamoxifen inducible Tie2-CreERT2;Wt1loxP/loxP 

knockout mice versus controls (Wagner et al., 2014). This finding is of 
particular interest since TIE2 expressing cells not only include endothelial 
cells of a vascular and lymphatic fate, but also haematopoietic stems cells, 
and a subpopulation of monocytes that primarily account for angiogenic 
activity of recruited tumour associated macrophages (Augustin et al., 2009). 
 
The downstream targets of WT1 are yet to be fully elucidated but recent 
studies have shown that WT1 regulates VEGF. Wagner et al. (2002) observed 
that Wt1 shared substantial overlap with Vegf in proliferating endothelial 
cells in proximity to the infarct site following myocardial infarction. What’s 
more, in Ewing’s sarcoma cell lines, WT1 up-regulates VEGF transcription, 
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leading to a corresponding increase in VEGF activity. Conversely, 
attenuation of hypoxia-mediated induction of WT1 blunts the up-regulation 
of VEGF by hypoxia (McCarty et al., 2011). Interestingly, this may explain the 
correlation between poor outcome in Ewing’s sarcoma patients and WT1 
expression levels (i.e. the suggestion that patients with higher WT1 levels 
stimulate VEGF, which promotes angiogenesis, and therefore tumour 
growth). In more recent work, David Loeb’s group at Johns Hopkins 
University, have also shown in a Ewing’s Sarcoma xenograft model that 
tumours expressing high levels of WT1 have increased angiogenesis, and in 
vivo global knockdown of the gene, reduced both tumour size and 
vascularity (Katuri et al., 2014). One potential mechanism by which WT1 
regulates the angiogenic and anti-angiogenic properties of VEGF may be via 
alternative splicing. Amin et al. (2011) have demonstrated that WT1 
differentially alters the pro- and anti-angiogenic isoforms of VEGF via the 
splicing factor kinase SRPK1 (Amin et al., 2011). 
 

1.3.1 Hypothesis 
Given the groundswell of recent discoveries showing that WT1 is not only 
crucial for development, but also in maintaining tissue homeostasis and 
playing an active role in repair, regeneration and disease, the main goal of 
this thesis was to test the hypothesis that: 
 
“De novo activation of the Wt1 gene in the vascular endothelium is essential 
for angiogenesis in the healthy adult and in response to damage.” 
 

1.3.2 Aims 
1. Determine whether WT1 is expressed in quiescent endothelial cells in the 
adult mouse and human. 
 
2. Determine whether Wt1 is expressed in angiogenic tissue. 
 
3. Trace the lineage and origin of Wt1-expressing cells in a stimulated model 
of angiogenesis. 
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4. Determine whether selective deletion of Wt1 in the vascular endothelium 
alters angiogenesis in vivo. 
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2 CHAPTER2: METHODS 
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2.1 REAGENTS 
The following solutions were prepared by the Core Scientific Services of the 
MRC IGMM Human Genetics Unit (HGU):  
 
Phosphate Buffered Saline (PBS)  
PBS (pH 7.3): 8g Sodium Chloride NaCl, 0.2g Potassium Chloride KCl, 1.15g 
Disodium Hydrogen Phosphate Na2HPO4, 0.2g Potassium Dihydrogen 
Phosphate KH2PO4, made up in 1 litre distilled water. This is prepared by 
dissolving x10 Dulbecco’s tablets (Oxoid Limited, UK) in 1 litre of distilled 
water.  
 
0.5 M Ethylenediaminetetra-acetic acid (EDTA)  
186.1g EDTA di-sodium salt was dissolved in 1 litre sterile water, with solid 
NaOH (~20g) added to pH 8.  
 
TBE Buffer (20x stock solution)  
216g Tris Base, 110g Boric Acid, 80ml 0.5 M EDTA (pH 8), made up to a final 
volume of 1 litre with distilled water. For 1x TBE Buffer: 50ml of 20x TBE in a 
final volume of 1 litre with distilled water.  
 
Penicillin/Streptomycin (P/S)  
7g (10x108 units) Penicillin and 13g Streptomycin, made up to 1 litre in 
distilled water.  
 
L-Glutamine  
30g L-Glutamine dissolved in 1 litre of distilled water. 
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2.2 ANIMALS 
Mice were housed in three facilities: Phase I at the Biomedical Research 
Resources (BRR) which is a barrier facility for transgenic animals at The 
Chancellor’s Building, Little France, Edinburgh; Phase II at the BRR, a semi-
barrier facility at Chancellor’s Building; the Biomedical Research Facility 
(BRF) a semi-barrier facility at the MRC HGU, Western General Hospital, 
Edinburgh. The environmental conditions were standard across all three 
facilities at 21-22 °C, 50% humidity, with a 12 hour diurnal light/dark cycle 
and free access to water and standard chow (RM1, Special Diet Services, UK). 
All procedures were performed under appropriate Personal and Project 
Licences from the UK Home Office in accordance with the Animals 
(Scientific Procedures) Act (UK), 1986. Unless otherwise stated, all 
experiments were performed on male mice aged 3-4 months, and were of the 
C57Bl6 inbred strain, purchased from Charles River Laboratories, UK. 
 

2.2.1 Breeding and maintenance of colonies 
A detailed description of the breeding strategies for each of the transgenic 
colonies can be found within each individual result chapter in which the 
mice are used. 
 

2.2.1.1 Wt1-GFP mouse line 
The Wt1-GFP line described in this thesis is a knock-in green fluorescent 

protein (GFP) reporter mouse (Wt1GFP/+) generated by Hosen et al. (2007). In 
this transgenic mouse line GFP is expressed under the endogenous 
transcriptional regulatory elements of the Wt1 gene (Hosen et al., 2007). Thus, 
we are able to use this mouse to detect Wt1 expression in real time, in vivo, 
using techniques such as florescent-activated cell sorting (FACS).  
 

2.2.1.2 Wt1.Cre-ERT2;mTmG mouse line 
In order to trace the descendants of Wt1 expressing cells the Wt1.Cre-

ERT2;mTmG mouse line was utilised (Chau et al., 2014). The mTmG double 
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fluorescent Cre-reporter mouse (Muzumdar et al., 2007) was crossed with a 
tamoxifen inducible Cre-recombinase at the Wt1 promoter (Wt1.Cre-

ERT2)(Zhou et al., 2008). In the resultant Wt1.Cre-ERT2;mTmG mouse, 
membrane bound Tomato is ubiquitously expressed under the strong pCA 
promoter prior to Cre-mediated recombination. After Cre-mediated loxP 
recombination (which excises Tomato) membranous GFP is expressed. A 
significant advantage of the mTmG mouse line is that it allows global 
expression of the reporter gene from a defined locus. The strong ubiquitous 
pCA promoter that drives mTmG results in the membrane bound fluorescent 
markers to be expressed in nearly 100% of cells (Muzumdar et al., 2007). The 
double fluorescent nature allows live visualisation and genetic “tattooing” of 

all recombined Cre-ERT2-expressing cells at the time of tamoxifen injection, 
alongside their subsequent progeny (Figure 2.1). Moreover, 
immunofluorescence permits a comparison to be made between the 
recombined cells and their non-recombined counterparts.  
 

2.2.1.3 Inducible Wt1 knockout mouse (WER mouse line) 
To enable inducible deletion of Wt1 globally in the adult, our group has 
previously generated a tamoxifen inducible knockout mouse (Chau et al., 
2011). Flanking loxP sites either side of exon 1 of the Wt1 gene generated a 

homozygous Wt1 conditional mouse – Wt1loxP/loxP (Martinez-Estrada et al., 

2010). These were crossed with CAGG-Cre-ERTM mice, where a CAGG 
promoter drives Cre recombination. The resultant strain - CAGG-

CreERTM;Wt1loxP/loxP mouse line – is abbreviated in this thesis to the WER 
mouse line. 
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2.2.1.4 Wt1loxP/loxP;VE Cadherin.Cre-ERT2 mouse line 
Vascular endothelial cadherin (VE Cadherin), also known as cadherin-5 and 
CD144, is a trans-membrane protein involved in endothelial cell-cell 

adhesion (Harris and Nelson, 2010). The VE Cadherin.Cre-ERT2 transgenic 
mouse line allows the expression of Cre-recombinase under the regulatory 
control of the VE-Cadherin promoter, and unlike some of other transgenic 
lines used to target the endothelium (e.g. TIE-2), it is thought to be exclusive 
to endothelial cells (Alva et al., 2006, Monvoisin et al., 2006). In order to create 

Figure 2.1: Schematic representation of the genetic fate mapping mTmG mouse before and 
after recombination: The mTmG mouse line is a double fluorescent Cre reporter mouse that 
expresses membrane targeted tandem dimer Tomato (mT) prior to Cre mediated excision, 

and membrane targeted green fluorescent protein (mG) after excision. A chicken β-actin core 
promoter with a cytomegalovirus enhancer drives the loxP flanked coding sequence of 
membrane bound Tomato. Following the administration of tamoxifen, the loxP sites are 
cleaved; promoting the expression of membrane bound GFP. Red circles represent cells prior 
to recombination, and green post recombination. Modified from Muzumdar et al. (2007). 
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tamoxifen inducible Wt1 deletion in endothelial cells Wt1loxP/loxP mice were 

crossed with the VE Cadherin.Cre-ERT2 line. 
 

2.2.2 Mouse genotyping 
Ear clipping was performed exclusively by the animal technicians at the BRR 
and BRF on weaning. Genotyping was carried out by Anna Thornburn at the 

MRC HGU, with the exception of the VE Cadherin.Cre-ERT2 line (Dr Melanie 
Cudmore, QMRI) and the Wt1-GFP line (myself). Primer information is 
shown in Table 2.2.  
 

2.2.2.1 Extraction of DNA from ear clips of Wt1-GFP line 
Genomic DNA was isolated from tissue samples to allow the genotyping of 
transgenic experimental animals. The mice were ear notched for 
identification purposes at the time of weaning, thus facilitating the collection 
of ear clips for DNA extraction whilst minimising the number of procedures 
performed on each mouse in line with Home Office guidelines. The ear clips 
were stored at -20°C until required, then digested in 100μL DirectPCR® 
Lysis Reagent (Viagen, USA) plus 2µL proteinase K (20mg/ml; Invitrogen, 
UK). Thereafter, they were left overnight whilst continuously rotated at 55°C 
(Techne HB-1D hybridizer oven). The following day, the samples were 
removed and placed on a heating rack (85°C, 45 minutes). Then, the lysates 
were centrifuged (12,500g, 3 minutes). The precipitate was discarded and 
supernatant stored at -80°C in preparation for PCR. Samples extracted by this 
technique typically yielded a final DNA concentration in the order of 1µg/ml 
(analysed using spectrophotometry). 
 

2.2.2.2 Polymerase chain reaction for Wt1-GFP line 
Throughout this work, all transgenic animals were genotyped using PCR of 
genomic DNA and the separation of products via agarose gel 
electrophoresis. PCRs for the Wt1-GFP allele were undertaken utilising a 
total volume of 20μL containing 8.2μL double distilled water (ddH20), 1μL 
centrifuged DNA, 10μL BioMix Red (Bioline Reagents Ltd, UK) and 0.4μL of 



 41 

each of the appropriate forward and reverse primers. The reaction mix was 
heated using a Techne TC-512 gradient thermal cycler (Bibby Scientific Ltd., 
UK) at the cycling conditions shown in Table 2.1. Primers were bought from 
Sigma (Sigma-Aldrich Company Ltd., England), 100μM stock solution, in a 1 
in 8 dilution. Primer information is shown in Table 2.2. 
 
DNA fragments were separate according to size to assess whether the 

offspring expressed Wt1GFP/+ allele or were wild type (Wt1+/+)(Figure 2.1).  
Mice expressing the mutant allele should display a band at 180 base pairs, 
whereas the wild type animals show a band at 233 base pairs. 
 
Table 2.1. Cycling conditions for Wt1-GFP PCR 

Step Temperature Time 
Pre-incubation 94°C 3min 
Amplification* 94°C 30s 

 58°C 30s 
 72°C 1min 

Cooling 72°C 5min 
 4°C 10min 

*Amplification repeated for 35 cycles 

2.2.3 Agarose gel electrophoresis 
Agarose gel electrophoresis was used to separate PCR products by size, and 
2% gels were prepared by dissolving agarose (Bioline, UK) in TAE buffer – 
40mM Tris base, 20mM acetic acid, 1mM EDTA (pH 8) at 95°C. Once cooled 
to 60°C, ethidium bromide (Sigma-Aldrich Company Ltd, England) was 
added at a concentration of 0.5μg/mL, and the gels allowed to set at room 
temperature.  Thereafter, the gels were immersed in TAE buffer and 2μL of 
6x loading dye (Promega, UK) was added to each 25μL PCR product prior to 
loading the samples into the individual wells. Separation was achieved by 
running the gel for 50 minutes at 100V. In order to establish a reference range 
to molecular mass of the PCR products, a 100 base pair DNA ladder 
(Invitrogen, UK) was loaded in parallel. DNA was visualised via ultraviolet 
(UV) trans-illumination (Figure 2.1). 
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Table 2.2. Primer information for transgenic mouse lines 

Gene 
Primer 

Direction 
Primer sequence (5’-3’) 

Wt1-GFP F2 Forward AGCCTGAAGCTGCTCACATCC 

Wt1-GFP m/F 
Forward 
mutant 

GCCTGAAGAACGAGATCAGC 

Wt1-GFP 
m/R 

Reverse mutant GGCAGCTTGAATTCCTCTCA 

Cre/F Forward GCATTACCGGTCGATGCAACGAGTGATGAG 

Cre/R Reverse GAGTGAACGAACCTGGTCGAAATCAGTGCG 

Wt1-Co/F Forward TGGGTTCCAACCGTACCAAAGA 

Wt1-Co/R Reverse GGGCTTATCTCCTCCCATGT 

mTmG-WT/F 
Wild type 
Forward 

CTCTGCTGCCTCCTGGCTTCT 

mTmG-WT/R 
Wild type 
Reverse 

CGAGGCGGATCACAAGCAATA 

mTmG-M/R 
Mutant 
Reverse 

TCAATGGGCGGGGGTCGTT 

C3T (Tag)/F 
Mutant 

Forward 
CAAATGTTGCTTGTCTGGTG 
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Ladder!

Mutant allele! Wild type allele!

Figure 2.2: Agarose gel electrophoresis under ultraviolet (UV) trans-illumination. Wild 

type mice (Wt1+/+) posses a single band at 233 base pairs, and mutant Wt1GFP/+ mice two 
bands, one at 233 base pairs (wild type allele), and the second at 180 base pairs (mutant 
allele). The ladder is represented at the far left of the image. 
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2.3 TECHNIQUES FOR EX VIVO STUDIES 

2.3.1 Aortic Ring Assay 
The aortic ring assay was performed using the method outlined by Baker et 
al. (Baker et al., 2012). Prior to starting, 96 well plates and 200μL pipettes 
were placed in the freezer at -20°C.  
 
Mice were killed in a CO2 gas chamber, surface sterilized using 70% (vol/vol) 
ethanol, then placed supine under a surgical microscope (Carl Zeiss OPMI 
Movena, Carl Zeiss Ltd., UK). A midline sternotomy was performed (which 
can be extended into an upper midline laparotomy for ease of access) and the 
chest cavity opened by cutting around the rib cage and through the 
diaphragm.  The heart and lungs were removed and the oesophagus cut 
away, leaving the thoracic and abdominal aorta in view, running anterior to 
the spinal column. Grasping the superior aspect of the descending aortic arch 
gently with forceps, it was elevated, allowing closed dissection scissors to be 
placed between it and the spine. Blunt dissection was then used to run the 
closed scissors along this fascial plane stripping the thoracic aorta to the level 
of the abdominal aorta. Once a 3cm length of aorta had been harvested, it 
was cut at its inferior end and placed directly into Gibco® Dulbecco’s 
Modified Eagle Medium (DMEM) L-glutamine, High Glucose (Life 
Technologies™, Invitrogen, UK) at 4°C. The aorta was then transferred into a 
Petri dish and stripped of all perivascular fat, tissue and branching vessels 
under a dissection microscope. Once cleaned, the aorta was flushed with 
DMEM using a 27-gauge needle attached to a 1mL syringe to remove any 
blood from the lumen (failure to do so can impair vessel sprouting). The 
aorta was then cut into rings, 1mm in length, which were then transferred 
into fresh DMEM in a 15mL falcon tube. The next stage of the experiment 
was then performed under a laminar flow hood. 
 
Collagen Type I, rat tail (Millipore (UK) Ltd., UK) was diluted to a final 
concentration of 1mg/mL in Gibco® DMEM L-glutamine, High Glucose, on 
ice. The pH was then adjusted using 5-N NaOH (Sigma-Aldrich, UK) until 
the resultant mixture turned pink, indicative of a slightly basic pH 
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(approximately 2μl/mL). Thereafter, 50μL collagen was transferred to each 
required well of the 96-well plate at 3 wells per time (this ensures 
polymerization does not occur prior to implantation). The rings were then 
transferred to the collagen, so that the luminal axis was perpendicular to the 
bottom of the well. The plate was left for 15 minutes at room temperature, 
then incubated at 37°C/5% CO2 for 1 hour. Embedded rings were then fed 
with 150μL of the appropriate culture medium prior to re-incubation. The 
culture medium was changed at day 2 and day 5, and the rings harvested for 
analysis at day 7. 

2.3.2 Quantifying Microvessel Growth 
Microvessel growth was quantified using live contrast phase microscopy 
(Zeiss Axiovert 200M, Carl Zeiss Ltd., UK). Starting at the 12 o’clock position, 
each microvessel emerging from the main ring was counted as a sprout, and 
individual branches arising from it as separate vessels. The focus was 
manually adjusted whilst moving clockwise around the ring to ensure that 
vessels growing out on different planes were not omitted.  
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2.4 TECHNIQUES FOR IN VIVO STUDIES 

2.4.1 Preparation and induction for anaesthesia 
Anaesthesia was induced in an anaesthetic chamber connected to an Active 
Scavenger Unit 110V (VetTech Solutions Ltd., UK) to remove excess 
anaesthetic agent. For induction of anaesthesia, the anaesthetic agent 
(Isoflurane-Vet™, Merial Animal Health Ltd., UK) was administered at 5% 
with oxygen (flow rate of 2 litres/minute). Once the mouse was 
unresponsive to external stimuli, it was transferred to a nose cone, and 
maintained on 2-3% isoflurane with oxygen (flow rate 2 litres/minutes). The 
level of anaesthesia was monitored by respiratory rate and toe pinch. 
 

2.4.2 Surgical techniques 

2.4.2.1 Sponge Implantation 
Mice were initially weighed to ensure they were over 25g and ear notched 
for identification. Sponge implantation was performed using the method of 
Small et al. (Small et al., 2005). Anaesthesia was induced as described (Section 
2.4.1). A 3cm2 area was shaved on the back with the mid-point centred 
between the scapulae. The skin was prepped using Povidone Iodine solution 
(Henry Schein®, UK), and an analgesic (buprenorphine; Vetergesic, 0.05 
mg/kg, s/c; Henry Schein®, UK) and a single bolus of 0.9% NaCl (25mL 
/kg,  (SP Services UK Ltd, England) were administered. The animal was then 
covered using sterile drapes, and a 1.5cm horizontal incision made between 
the scapulae using a scalpel (17 blade, Fine Science Tools, UK). Sub-
cutaneous tunnels were then fashioned via blunt dissection extending 
caudally over the left and right hindquarters. Two sterilised sponges (0.5cm 
x 1cm) (Caligen Foam, U.K.) were implanted into the sub-cutaneous pockets. 
The wound was then stapled using wound clips (Fine Science Tools, UK) and 
EMLA cream (2.5% lidocaine and 2.5% prilocaine, Henry Schein®, UK) 
applied topically. The mice were allowed to recover on a heat pad, and then 
reviewed every day for 3 days post-operatively by both the BRR animal 
technicians and the surgeon. The animals were weighed once again prior to 
culling. Any signs of infection or altered behaviour noted by the technicians 
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or PIL holder were brought to the attention of the PPL holder and the BRR 
vets, and the animal culled if deemed to be in any distress. 
 

2.4.2.2 Hind-limb ischaemia 
Mice were initially weighed to ensure they were over 25g and ear notched 
for identification. Hind-limb ischaemia was performed according to the 
protocol described by Kirkby et al. (2012). Firstly they were anaesthesised as 
described (Section 2.4.1), placed in the supine position, and both hind-limbs 
shaved over their ventral aspect using electric clippers. Thereafter, a pre-
operative scan using a laser Doppler (Moor Instruments, UK) scanner was 
performed (See section 2.4.3). The mouse was transferred to the operating 
table and placed in a supine position on a draped heated pad. Limbs were 
extended and secured using tape and the skin prepared using Povidone 
Iodine solution (Henry Schein®, UK) and analgesic (buprenorphine; 
Vetergesic, 0.05 mg/kg, s/c; Henry Schein®, UK) and a single bolus of 0.9% 
NaCl (25mL/kg, SP Services UK Ltd, England) were administered. The 
remainder of the procedure was then carried out using a surgical microscope 
(Carl Zeiss OPMI Movena, Carl Zeiss Ltd., UK) at x20 magnification. Using 
fine forceps and surgical scissors an incision was made from the left knee 
towards the medial thigh approximately 3cm in length. Sub-cutaneous fat 
was parted using blunt dissection to reveal the underlying femoral artery. A 
small retractor was placed to secure the surgical field, and 1% lidocaine 
(Henry Schein®, UK) applied topically to lubricate the field and cause 
arterial dilatation. Using fine forceps the membranous femoral sheath was 
pierced to reveal the neurovascular bundle. The femoral nerve was displaced 
inferiorly, to ensure it was not damaged.  The femoral artery was then 
isolated both proximally and distally from the femoral vein, inferior to the 
groin and superior to the popliteal artery, respectively. This should yield a 
segment of artery 20mm in length. Following the dissection, 5-0 silk (Fine 
Science Tools, UK) was passed beneath the proximal and distal ends in turn, 
and tied using double knots. The femoral artery was then transected between 
the knots, 5mm inferior to the proximal and superior to the distal knots, 
respectively, using fine surgical scissors, ensuring no damage was caused to 
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the femoral vein. The remaining 10mm length of artery between the 
transections was removed, and the area was checked to confirm haemostasis. 
The skin was closed using 5/0 Vicryl sutures (Ethicon, UK) and apply EMLA 
Cream (2.5% lidocaine and 2.5% prilocaine, Henry Schein®, UK).  
 
A post-operative laser Doppler scan was then performed (Section 2.4.3), and 
the mice allowed to recover on a heat pad, and reviewed every day for 3 
days post-operatively by both the BRR animal technicians and the surgeon. 
Any signs of infection or altered behaviour noted by the technicians or PIL 
holder were brought to the attention of the PPL holder plus BRR vets and the 
animal culled if deemed to be in any distress. 
 

2.4.2.3 Left Coronary Artery Ligation 
Mice were initially weighed to ensure they were over 25g and ear notched 
for identification. Coronary artery ligation (CAL) was performed using the 
technique described by McSweeney et al. (McSweeney et al., 2010). 
Anaesthesia was induced as described (Section 2.4.1), whereupon the fur was 
clipped from the left thorax followed by application of hair removal cream 
(Henry Schein®, UK) and lacri-lube (Henry Schein®, UK) to the eyes. The 
skin was prepared using Povidone Iodine solution (Henry Schein®, UK), and 
analgesic (buprenorphine; Vetergesic, sub-cutaneous 0.05 mg/kg, Henry 
Schein®, UK) and a single bolus of 0.9% NaCl (25mL/kg, s/c; SP Services 
UK Ltd, England) were administered. Thereafter, animals were placed on the 
intubation rig and intubated, with the aid of a surgical microscope (Carl 
Zeiss OPMI Movena, Carl Zeiss Ltd., UK), with a 20-gauge cannula (SP 
Services UK Ltd, England). Once intubated, positive pressure ventilation was 
initiated (Rate 120 breaths per minute, tidal volume 0.15mL, Hugo Sachs 
Elektronik Minivent) and the chest observed for synchronous movement. 
 
The intubated animal was positioned in right lateral recumbency and the 
right fore leg and hind legs taped to a heat pad. The left hind leg was then 
taped over the right. A thin folded noose of tape was used to hold the left 
fore-leg up and over with the ante-brachium parallel to the spine. Care was 
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taken not to elevate the sternum excessively as this will limit exposure of the 
left anterior descending (LAD) coronary artery. 
 
The surgical site was cleaned of hair with tape, and Povidone Iodine applied 
(Henry Schein®, UK). The animal was then covered with a cling-film drape 
with a window cut over the surgical site.  
 
The remainder of the procedure was then performed using a surgical 
microscope (Carl Zeiss OPMI Movena, Carl Zeiss Ltd., UK) at x20 
magnification. A 15mm skin incision was made parallel to the ribs at the 
level of the caudal axilla extending to the sternum. Blunt dissection of the 
superficial muscle layers was then used to expose the thorax. The 4th 

intercostal space was identified and intercostal muscles bluntly dissected 
using the curved end of forceps. Care was taken to avoid the intra-thoracic 
artery ventrally. Mouse rib retractors were inserted between the ribs and 
opened in full. The pericardial sac was carefully removed using scissors. 
 
The surgical field at this stage should include the left atrium and the anterior 
half of the ventricle. The LAD was visualised, and the atrium elevated with 
the tip of a triangular sponge swab (Fine Science Tools, UK) to distinguish 
the origin of the LAD from the aorta, if required. The LAD was ligated 2mm 

distal from the edge of the left atrium using 8/0 Ethilon suture (Ethicon™, 
UK). An immediate blanch distal to the ligature should be observed. If this 
did not occur a second ligature was placed dorsal to the first. Once successful 
infarction had been confirmed via blanching of the myocardium a 20-gauge 
chest drain (SP Services UK Ltd, England) was placed in the thorax, and the 
ribs closed with two para-costal, simple interrupted, 5/0 Prolene sutures 

(Ethicon™, UK). The muscle layers were closed over the chest drain with 
continuous 5/0 Prolene sutures. Air and blood were aspirated from the 
chest, and the drain removed before closure of the skin.  The wound was 
then stapled with wound clips (Fine Science Tools, UK) and EMLA cream 
(2.5% lidocaine and 2.5% prilocaine, Henry Schein®, UK) applied topically. 
Isofluorane administration was then stopped whilst the oxygen supply was 
maintained. The animal was extubated once its righting reflex became 
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apparent, and returned to individually ventilated cages in groups of 3-5 
animals.  
 
The following morning a further dose of buprenorphine (Vetergesic, sub-
cutaneous 0.05 mg/kg, Henry Schein®, UK) was administered. Animals 
were checked daily by BRR technicians and weighed on day 3 to assess 
recovery post-surgery. Any signs of infection or altered behaviour noted by 
the technicians or PIL holder were brought to the attention of the PPL holder 
plus BRR vets and the animal culled if deemed to be in any distress 
 

2.4.3 Laser Doppler Flowmetry 
Hind-limb blood flow in mice was assessed using laser Doppler flowmetry 
as described by Kirkby et al. (2012). Blood-flow was assessed in both hind-
limbs below the inguinal ligament and in the tail of each mouse pre-surgery, 
immediately post-surgery, and at days 1, 3, 7, 14 and 21 following the 
procedure, using a MoorLDI2-HIR laser Doppler (Moor Instruments, UK) 
system. Analysis was conducted using MoorLDI V6 software (Moor 
Instruments, UK). Blood-flow in the injured and non-injured limbs was 
normalised through expressing them relative to tail blood-flow (Kirkby et al., 
2012).  
 

2.4.4 Quantitative Real Time Polymerase Chain Reaction 

2.4.4.1 RNA isolation using QIAzol® Reagent 
Tissues samples (hind-limb muscle, kidney and sponge) were homogenised 
in 800μL QIAzol® (QIAGEN Ltd., UK) using MagNA Lyser Green Beads 
(Roche Diagnostics, USA) in a MagNA Lyser Instrument (F. Hoffmann-La 
Roche Ltd, Switzerland). Each sample underwent three 30-second bursts at 
full speed (7000 rpm) and was placed on wet ice between respective bursts. 
A Qiagen RNeasy® Mini Kit (QIAGEN Ltd., UK) was used to isolate RNA 
from homogenized tissue, and the manufacturer’s protocol was followed for 
Purification of Total RNA from Animal Tissues using Spin Technology. This 
can found in the RNeasy® Mini Handbook (4th Edition, September 2010).  
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In brief, cells were lysed by QIAzol® prior to the addition of 200μL of 
chloroform. The homogenate was shaken vigorously for 15 seconds, and then 
left at room temperature for 3 minutes. The sample was centrifuged at 
12,000g for 15 minutes at 4°C, whereupon it separated into 3 phases; upper 
colourless aqueous phase containing RNA; white interphase; and lower red 
organic phase. The upper aqueous phase was transferred into a new tube 
(usually 600µl by volume) and 1 volume of 70% ethanol was added and 
mixed thoroughly by vortexing for 10 seconds. Thereafter, 700µL of the 
sample was placed into an RNeasy® Mini Spin Column in a 2mL collection 
tube and centrifuged for 15 seconds at 8,000g at room temperature. Flow 
through was discarded; the collection tube reused, and the step repeated 
using the remainder of sample. Next, 700µL of Buffer RW1 was added to the 
RNeasy® spin column, and a further centrifugation was performed for 15 
seconds at 8,000g. The flow through was once again discarded and the 
collection tube re-used whereupon 500µL of Buffer RPE was added to the 
RNeasy® spin column. This was then centrifuged at 8,000g for 15 seconds to 
wash the membrane. The flow though was discarded and an additional 
500µL of Buffer RPE added to the spin column. Following a further 2-minute 
centrifugation at 8,000g the spin column was carefully removed from the 
collection tube to ensure the column did not contact flow-through. The 
collection tube and flow-through were discarded and a new RNeasy® spin 
column in new 2ml collection tube was used to centrifuge at full speed for 1 
minute. Finally, the spin column was placed in a new 1.5mL collection tube, 
and 30µL of RNase-free water added directly to the spin column membrane. 
The RNA was eluted by centrifugation (8,000g for 1 minute) and the step 
repeated using the eluted RNA to obtain a high RNA concentration.  
 

2.4.4.2 RNA Isolation and Purification using the Qiagen RNeasy Formalin-
fixed, paraffin-embedded (FFPE) Kit 
The Qiagen RNeasy FFPE Kit (QIAGEN Ltd., UK) was used to isolate RNA 
from paraffin embedded sections supplied by NHS Lothian Tissue Bank. The 
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manufacturer’s protocol was followed for Purification of Total RNA from 
FFPE sections (RNeasy FFPE Handbook, February 2013). 
 
In brief, freshly cut 20µm sections were de-paraffinised in 320µL of 
Deparaffinization Solution (QIAGEN Ltd., UK), vortexed, and centrifuged at 
8,000g for 15 seconds. An initial 56°C incubation was performed for 3 
minutes, prior to the addition of 240µL Buffer PKD (QIAGEN Ltd., UK), 
whereupon the sample was centrifuged for 1 minute at 10,000g. Next, 10µL 
of Proteinase K (QIAGEN Ltd., UK) was added to the lower clear phase and 
the sample mixed via pipetting. A 56°C incubation for 15 minutes was 
followed by an 80°C, 15 minute incubation to enable reversal of DNA 
crosslinks. The lower, colourless phase was transferred to a new 2mL 
collection tube, cooled to 4°C on ice, then centrifuged at 20,000g for 15 
minutes. The supernatant was then transferred to a fresh collection tube, 
16µL of DNase Booster Buffer (QIAGEN Ltd., UK) and 10µL DNase I 
(QIAGEN Ltd., UK) added, followed by a 15 minute incubation at room 
temperature. Thereafter, 500µL of Buffer RBC (QIAGEN Ltd., UK) and 
1200µL of 100% (vol/vol) ethanol was added. Next, 700µL of the sample was 
placed into an RNeasy® MinElute Spin Column in a 2mL collection tube and 
centrifuged for 15 seconds at 8,000g at room temperature. Flow through was 
discarded; the collection tube reused, and the step repeated using the 
remainder of sample. Subsequently, 500µL of Buffer RPE (QIAGEN Ltd., UK) 
was added to the spin column, centrifuged at 8,000g for 15 seconds, and the 
flow though discarded.  A further 500µL of Buffer RPE was added, followed 
by a 2-minute centrifugation at 8,000g, whereupon the spin column was 
carefully removed from the collection tube to ensure the column did not 
contact the flow-through. The collection tube and flow-through were 
discarded and a new RNeasy® MinElute spin column in a new 2ml collection 
tube was used to centrifuge at full speed for 1 minute. Finally, the spin 
column was placed in a new 1.5mL collection tube, and 30µL of RNase-free 
water added directly to the spin column membrane. The RNA was eluted by 
centrifugation (8,000g for 1 minute) 
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2.4.4.3 RNA Quality and Quantity 
RNA quantities extracted from each sample using the methods described 
(Sections 2.4.3.1 – 2.4.3.3) were measured using a Nanodrop ND-1000 
Spectrophotometer (Nanodrop, USA). The quality of these samples was 
determined by performing Total RNA Analysis using an Agilent RNA 6000 
Nano Chip and Agilent 2100 Bioanalyzer (both from Agilent Technologies 
UK Ltd., UK) according to the 2013 Agilent RNA 600 Nano Kit Quick Start 
Guide  (Agilent Technologies UK Ltd., UK). 
 

2.4.4.4 Copy DNA replication 
Using the quantities determined by the Nanodrop ND-1000 
Spectrophotometer (Section 2.4.3.3) each sample was diluted to a final 
concentration of 0.5ng/μL in 12μL using RNase-free water. Copy DNA was 
synthesised from RNA using the Quantitect® Reverse Transcription Kit 
(Qiagen, Netherlands), a Techne TC-512 thermal cycler (Thermo Fisher 
Scientific, England) and a reaction mix of 20μL. The manufacturer’s protocol 
was followed as described for Reverse Transcription with Elimination of 
Genomic DNA for Quantitative, Real-Time PCR, as found in the Quantitect® 
Reverse Transcription Handbook (March 2009 Edition). In brief, 2μL of 
gDNA Wipeout buffer was added to the 12μL sample and incubated at 42°C 
for 3 minutes. The reverse transcription master mix (1μL Quantiscript 
Reverse Transcriptase, 1μL RT Primer Mix and 4μL Quantiscript RT Buffer 
per sample) was added to each sample, whereupon it was incubated for 15 
minutes at 42°C, then 3 minutes at 90°C. Samples were then cooled on wet 
ice and frozen at -20°C prior to amplification. 
 

2.4.4.5 Amplification and Gene Expression Analysis 
Lightcycler® 480 Probes Master (5μL; Roche Diagnostics, UK), 2.5μL RNase-

free water and 0.5μL of the expression assay (Life Technologies™, Invitrogen, 
UK) of interest (Table 2.3) were pipetted into each well of a 384 Well 
Lightcycler® PCR Plate (Starlabs, UK) alongside 2μL of a 1 in 20 dilution of 
each cDNA sample. Plates were then sealed, inverted to mix contents, and 
centrifuged at 1500rpm for 2 minutes before being subjected to a 50-cycle 
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program (10 seconds at 95ºC (4.8°C/second), 30 seconds at 60ºC 
(2.5°C/second) per cycle) using a LightCycler® 480 System (F. Hoffmann-La 
Roche Ltd., Switzerland). The plates were analysed using Lightcycler® 480 
Software (Version 1.5.0.39, Roche Diagnostics, UK). 
 
Table 2.3 Primer and probe information for gene analysed using quantitative real-time 
PCR 

 
 

Gene name Species Assay ID 
Entrez 

Gene ID 
Supplier 

Wt1 Mouse Mm01337048_m1 22431 Life Technologies™, UK 

β-Actin Mouse Mm00607939_s1 11461 Life Technologies™, UK 

Gapdh Mouse Mm99999915_g1 14433 Life Technologies™, UK 

Vegf-α Mouse Mm01281449_m1 22339 Life Technologies™, UK 

Ve-cadherin Mouse Mm00486938_m1 12562 Life TechnologiesTM, UK 

Pdgf-β Mouse Mm00440677_m1 18591 Life Technologies™, UK 

Thbs-1 Mouse Mm00449032_g1 21825 Life Technologies™, UK 

Tnf- α Mouse Mm00443260_g1 21926 Life Technologies™, UK 

Cd146 Mouse Mm00522397_m1 84004 Life Technologies™, UK 

WT1 Human Hs01103751_m1 7490 Life Technologies™, UK 

β-ACTIN Human Hs99999903_m1 60 Life Technologies™, UK 

GAPDH Human Hs03929097_g1 2597 Life Technologies™, UK 

VEGF-α Human Hs00900055_m1 7422 Life Technologies™, UK 

VE-
CADHERIN 

Human Hs00901463_m1 1003 Life Technologies™, UK 

PDGF-β Human Hs00966522_m1 5155 Life Technologies™, UK 
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2.4.5 Flow Cytometry 

2.4.5.1 Isolation of GFP+ cells from sponges 
Cells were isolated from sponges that had been implanted into male mice for 
stimulation of angiogenesis as described in Section 2.4.2.1. Mice were culled 
by asphyxiation in CO2, and the sponges removed immediately and placed in 
Leibovitz's L-15 Medium (Invitrogen, UK). Under a primary tissue culture 
hood (Ultimat Biological Safety Cabinet, Medical Air Technology Ltd., UK), 
the sponges were transferred to a 60-mm Petri dish, and disrupted as finely 
as possible using forceps and scalpel blades.  The tissue homogenate was re-
suspended in 10 mL pre-warmed PBS plus BSA (4mg/mL, Sigma-Aldrich, 
UK) with 1mg/mL Collagenase B (Roche, UK) per sample. Thereafter, the 
samples were incubated for 45 minutes at 37°C in a Stuart SI3OH 
hybridisation Oven (Bibby Scientific Ltd., UK). The digestion process was 
then stopped by adding 15ml Leibovitz's L-15 Medium containing 10% FCS. 
The digested sponge was then passed through a 100µm sterile cell strainer 
(Scientific Laboratory Supplies Limited, England), into a 50mL centrifuge 
tube; permitting the removal of any undigested fibrous tissue. The resulting 
suspension was then passed through a 70µm sterile cell strainer (Scientific 
Laboratory Supplies Limited, England), to remove contaminating tubular 
fragments. The sieved cells were subsequently washed by centrifugation 
(1200rpm, 5 minutes) using a Beckman Coulter Allegra X-22R (Beckman 
Coulter Inc., UK). The supernatant was discarded and the pellet re-
suspended in 1mL Red Blood Cell lysis buffer (Biolegend, UK), and left for 3 
minutes at room temperature. The pellet was then washed by adding 15mL 
PBS and centrifuged for a further 5 minutes at 1200rpm. The supernatant was 
discarded and the pellet re-suspended in 1ml PBS containing 2% FCS. 
Finally, the sample was filtered through a 40µm sterile cell strainer (Scientific 
Laboratory Supplies Limited, England) prior to FACS. 
 

2.4.5.2 Fluorescent Activated Cell Sorting (FACS) 
FACS was performed by Elisabeth Freyer (MRC HGU) utilising the BD 
FACSAriTM II System (BD Biosciences, UK) equipped with 5 lasers and 
fluorescent detectors. Sponge and kidney cells were isolated as described 
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(Section 2.4.5.1) and prepared as single cell suspensions of PBS/5%FCS. Cells 
were incubated in the dark at 4°C for 15 minutes with the pre-requisite 
antibody combinations, with 5 minute PBS/5%FCS washes between 
stainings. Antibody information is detailed in Table 2.4. Sorting gates were 

created using sponge and kidney cells from GFP- mice. Isotype control 

antibodies and OneComp eBeads (Catalogue ♯01-1111, eBioscience, UK) 
acted as negative controls. Analysis was performed using FlowJo Software 
Version 7.6.5 (TreeStar Inc., USA). 
 
Table 2.4 Antibodies utilized for fluorescent activated cell sorting analysis 

	  

	  

	  

	  

	  

	  

	  

	  

Antibody Concentration Company 

CD140b (Pdgfr-β) Anti-Mouse, 

PE 
1:100 

Catalogue ♯136005 
Biolegend Ltd., USA 

CD31 Anti-Mouse, APC 1:80 
Catalogue ♯17 0311-82, 
eBioscience Ltd., UK 

Rat IgG2a Kappa Isotype, PE 1:500 
Catalogue ♯400507 

Biolegend Ltd., USA 

Rat IgG 2a Kappa Isotype, APC 1:80 
Catalogue ♯17 4321-41, 
eBioscience Ltd., UK 

Biotin Lineage Panel 
(CDe3, CD11b, CD45R, Ly-6G, 

Ly-6C, TER119) 
2µl of all 5 

Catalogue ♯559971, BD 

Pharmingen™, UK 

Stepavidin PerCP-Cy5.5 1:600 
Catalogue ♯45 4317, 
eBioscience Ltd., UK 



 57 

2.5 HISTOLOGICAL TECHNIQUES 

2.5.1 Tissue processing, paraffin embedding and microtomy 
Tissues were fixed in 4% paraformaldehyde (PFA) in PBS at 4°C overnight, 
then placed in 70% ethanol. Deborah Mauchline (Histology, QMRI) 
processed the samples for paraffin embedding. Tissue sections 4μm thick 
were cut using a Leica RM2235 Rotary Microtome (Leica Biosystems Ltd., 
UK) and placed on SuperFrost® Plus Microscope Slides (VWR International, 
UK) prior to drying over night at 37°C. 
 

2.5.2 Tissue processing, OCT embedding and cryosectioning 
Tissues were fixed in 4% paraformaldehyde (PFA) in PBS at 4°C overnight. 
The following day, samples were washed in PBS x3 for 5 minutes. They were 
than placed in 10% sucrose (Sigma-Aldrich Company Ltd., England) for 1 
hour and cryopreserved overnight in 30% sucrose (Sigma-Aldrich Company 
Ltd., England), before being embedded in OCT compound (Leica 
Microsystems Ltd., UK) and snap frozen on dry ice. Sections (10μm) were cut  
using a Leica RM2235 Rotary Microtome (Leica Biosystems Ltd., UK) placed 
on SuperFrost® Plus Microscope Slides (VWR International, UK) and dried 
over night at 50°C. Slides were stored at -20°C prior to use. 
 

2.5.3 Immunohistochemistry 
Immunohistochemistry was first described in 1941 by Albert Coons, and 
refers to the process of detecting antigens in cells of a tissue section by 
exploiting the principle of antibodies binding specifically to its target by 
fluorescence or the enzymatic development of a chromogenic substrate.  
Amplification steps can be supplemented into the process to aid antigen 
abundance and quality of the antibody.  The final antibody titre of those 
listed in Tables 2.5 and 2.6 were the product of a series of initial experiments 
that enabled the maximum specific staining with least amount of 
background. In order to provide routine validation of Wt1 immune-staining 
procedures, a minimum of four control slides were included in each 
experimental batch. The first was a positive control, which bore a section of 



 58 

kidney from each experimental animal, as we know the glomerular 
podocytes strongly express the Wt1 antigen. Three negative control slides 
were also included to ensure positive staining was not explicable by non-
specific binding of reagents: two reagent negatives in which both the target 
tissue and the kidney were treated with the isotype control antibody for Wt1 
and a negative tissue section where the Wt1 antigen is not expected to occur.  
 

2.5.4 Immunofluorescence from cryosections 
Slides are allowed to thaw at room temperature for 15 minutes, and then 
washed three times in PBS for 5 minute per wash. Thereafter, cell membranes 
are permeablised by washing in 0.25% Triton X-100 (Sigma-Aldrich 
Company Ltd., England) in PBS at room temperature. A further three, 5 
minute PBS washes were performed at room temperature, before blocking 
for 1 hour in 2% BSA (Sigma-Aldrich Company Ltd., England) in PBS. The 
sections were then incubated with the primary antibody (diluted in 2% BSA 
in PBS) overnight, in the dark, at 4°C. Three 15 minute washes in PBS at 
performed the following morning at room temperature. The sections are then 
incubated with the secondary antibody (diluted in 2% BSA in PBS) at room 
temperature for 1 hour, in the dark. A final three 15 minute PBS washes were 
performed at room temperature, prior to mounting the slides using 
VectaShield Mounting Medium with DAPI (Vector Laboratories, UK) and 
stored in the dark. A list of the primary and secondary antibodies can be 
found in Tables 2.5 and 2.6, respectively. 
 

2.5.5 Immunofluorescence using paraffin-embedded sections 

2.5.5.1 Solutions for paraffin immunofluorescence 
 
TEG Buffer pH9 
1.211g TRIS – (hydroxymethyl) aminomethane (VWR International, UK), 
0.19g EGTA (Ethylene glycol-bis (2-aminoethylether)-N, N, N’, N’- tetraacetic 
acid (Sigma-Aldrich Company Ltd., England), made up to 1 litre in distilled 
water. 
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Wash 1 (0.01 M PBS, 1% BSA, 0.2% Gelatine, 0.05% Saponin, pH 7.4). 
0.2 g gelatine (Sigma-Aldrich Company Ltd., England) and 20mL 0.01 M PBS 
(pH 7.4) microwave heated until dissolved. Add this to 1g bovine serum 
albumin (BSA) (Sigma-Aldrich Company Ltd., England), 0.05g saponin 
(Sigma-Aldrich Company Ltd., England), dissolved in 80mL 0.01 M PBS pH 
7.4, to make 1 litre. 
 
Wash 2 (0.01 M PBS, 0.1% BSA, 0.2% Gelatine, 0.05% Saponin, pH 7.4). 
0.2g gelatine (Sigma-Aldrich Company Ltd., England) and 20mL 0.01 M PBS 
pH 7.4 microwave heated until dissolved. Add this to 0.1g BSA (Sigma-
Aldrich Company Ltd., England), 0.05g saponin (Sigma-Aldrich Company 
Ltd., England), dissolved in 80mL 0.01 M PBS pH 7.4, to make 1litre. 
 

2.5.5.2 Double immunofluorescence from paraffin sections 
Sections were placed in xylene overnight (or for a minimum of 2 hours). 
They were then rehydrated by a series of ethanol washes (3x 10 minute in 
99% EtOH, 2x 10 minute in 96% EtOH, and 1x 10minute in 70% EtOH), 
before a final wash in distilled water. Antigen retrieval was performed by 
placing the slides in 1 litre of TEG buffer in a pressure cooker, and boiling for 
5 minutes. Once cooled, the slides were washed for 30 minutes in 50mM 
NH4Cl (made up in 0.01M PBS, pH 7.4) and then 3x10 minute in Wash 1. 
Sections were incubated in the dark with the primary antibody overnight at 
4°C. Primary antibody concentrations are described in Table 2.5.   
 
The following day the slides were washed in Wash 2 (3x 10min), then 
incubated for 1 hour in the dark at room temperature with the secondary 
antibodies (described in Table 2.6). After washing with PBS and distilled 
water, the sections were mounted using VectaShield Mounting Medium with 
DAPI (Vector Laboratories Inc., UK) and stored in the dark. 
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Table 2.5 Primary antibodies and supplier 

Antigen Description Concentration Company 

WT1 
Rabbit 

Polyclonal 
1:500 

Catalogue ♯SC-192, Santa 
Cruz Biotechnology Ltd., 

USA 

GFP Goat Polyclonal 1:1000 
Catalogue ♯ab6673, 

Abcam®, UK 

CD31 
Rabbit 

Polyclonal 
1:200 

Catalogue ♯Ab28364, 
Abcam®, UK 

Isolectin GS-IB4 
Biotin-XX 
Conjugate 

1:500 
Catalogue ♯1110271, 

Invitrogen, UK 

Actin 
Mouse 

Monoclonal-Cy3 
1:500 

Catalogue ♯C6198, 
Sigma-Aldrich, UK 

RFP 
Rabbit 

Polyclonal 
1:1000 

Catalogue ♯30101, 
Rockland, USA 

IgG Isotype 
control 

Rabbit 
Monoclonal 

1:100 
Catalogue ♯Ab172730, 

Abcam®, UK 

 
 
Table 2.6 Secondary antibodies and supplier 

Secondary Description Concentration Company 

Alexa-Fluor ® 
594 

Donkey anti-
Rabbit IgG (H+L) 

1:1000 
Catalogue ♯A-21207, 

Invitrogen, UK 

Alexa-Fluor ® 
488 

Goat anti-Rabbit 
IgG (H+L) 

1:1000 
Catalogue ♯A-11034, 

Invitrogen, UK 

Alexa-Fluor ® 
488 

Streptavidin 
Conjugate 

1:1000 
Catalogue ♯A-32354, 

Invitrogen, UK 

Peroxidase-
AffiniPure 

Goat anti-Rabbit 
IgG 

1:200 

Catalogue ♯111-035-
003, Jackson 

ImmunoResearch 
Laboratories, USA 
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2.5.6 Tyramide Signal Amplification 
Tyramide signal amplification was performed by Ruth Hamblin (Histology, 
QMRI) and used in this project in double immunofluorescence, when both 
antibodies were created in the same host animal (Toth and Mezey, 2007).  
 

2.5.7 Immunoperoxidase – paraffin sections 
Sections were placed in xylene overnight (or for a minimum of 2 hours). 
Thereafter, they were rehydrated by serial ethanol washes (3x 10 minute in 
99% EtOH and 2x 10 minute in 96% EtOH). Slides were blocked for 30 
minutes for endogenous peroxidase (1mL 30% H2O2 in 100mL methanol), 
followed by a 10 minute 70% EtOH wash, then 3 washes in distilled water. 
Antigen retrieval was performed by placing the slides in a pressure cooker, 
adding 1litre of TEG buffer, and then boiling for 5 minutes. Once cooled, the 
slides were washed for 30 minutes in 50mM NH4Cl (prepared in 0.01 M PBS, 
pH 7.4) and then 3x 10 minutes in Wash 1. Sections were incubated with 
primary antibody overnight, in the dark, at 4°C (the Wt1 antibody was the 
same as described in Table 2.5 although the concentration utilised was 
1:1000).  
 
Next, the slides underwent 3x 10 minute washes with Wash 2, whereupon 
they were incubated for 1 hour in the dark at room temperature with 
peroxidase conjugated antibody (described in Table 2.5). A further 3x 10 
minute washes with Wash 2 were then undertaken. Slides were incubated in 
a fume hood for 10 minutes at room temperature with 3,3-diaminobenzidine 
tetrahydrochloride (DAB): 1 pH 7.0 DAB tablet (Kem-En-Tec Diagnostics, 
Denmark) dissolved in 10mL distilled water, plus 10μL 30% H2O2. After 
washing with PBS and distilled water, the sections were counterstained with 
Mayer’s Hematoxylin (Dako UK Ltd., England) for 2 minutes, acid alcohol 
(1% HCl, 70% EtOH), saturated lithium carbonate in H2O, with washes of 
distilled water between. Slides were dehydrated through a series of ethanol 
washes (2x 5 minutes at 70%, 96%, 99% EtOH, and isopropanol) before 
clearing in xylene (3x 10 minute). Slides were mounted using DPX mounting 
medium (CellPath Ltd., Wales) in a fume hood. 
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2.5.8 Hematoxylin and eosin (H&E) stain 
Sections were de-waxed in xylene (3x 5 minute washes), then rehydrated 
through a series of ethanol washes (3x 2 minutes in 100% EtOH, followed by 
1min in 90%, 70%, 50%, and 30% EtOH). The sections were washed in 
distilled water prior to a 5 minute stain with Mayer’s Hematoxylin (Dako UK 
Ltd., England). Thereafter, sections were washed in distilled water before 
differentiating with 1% HCl in 70% EtOH. Sections were placed in saturated 
lithium carbonate solution for 5s, and eosin stain for 3min, with distilled 
water washes between each stage. Eosin stain consisted of 3 parts: 1% 
aqueous eosin and 1 part 1% EtOH, with 0.05% acetic acid (final 
concentration) (Dako UK Ltd., England). Sections were dehydrated in 100% 
EtOH before clearing in xylene (3x 5 minute washes). Slides were mounted 
using DPX mounting medium (CellPath Ltd., Wales) in a fume hood. 
 

2.5.9 Masson’s Trichrome stain 
Masson’s Trichrome staining was performed by Debbie Mauchline 
(Histology Department, QMRI) utilizing the Trichrome Stain Kit by TCS 

Biosciences (Catalogue �HS773AB, TCS Biosciences Ltd., UK). This technique 
utilises the combination of a selective elastin stain (Gomori’s aldehyde 
fuchsin) with Gomori’s one step trichrome, thus allowing differentiation of 
collagen (blue-green), elastin (deep purple) and cells (cytoplasm: red; nuclei: 
black) in a single section. 
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2.6 MICROSCOPY 
Mike Millar (Histological services, QMRI, Edinburgh) alongside Paul Perry 
(MRC HGU, Edinburgh) provided guidance and assistance with the imaging 
work conducted for this thesis. Single immunofluorescence and GFP-
fluorescence sections were viewed using a Zeiss Axioplan 2 microscope (Carl 
Zeiss Ltd., UK) at the MRC HGU. The Immunofluorescence imaging system 
comprises a Photometrics Coolsnap HQ2 CCD camera (Photometrics Ltd, 
Tucson, AZ), Zeiss Axioplan II fluorescence microscope with Plan-neofluar 
or Plan-Apochromat objectives, a 100W Hg source (Carl Zeiss, UK) and 
Chroma #89014ET three colour filter set (Chroma Technology Corporation, 
Rockingham, VT). The single excitation and emission filters are installed in 
motorised filter wheels (Prior Scientific Instruments, UK). Image capture was 
performed using in-house scripts written for IVision (BioVision 
Technologies, USA).  
 
Double immunofluorescence stained sections were viewed using the Zeiss 
LSM 710 Confocal Microscope (Carl Zeiss, Germany) at Histological Services, 
QMRI. 
 
Sections stained for hematoxylin and eosin, Masson’s Trichrome, and 
Wt1/WT1 DAB stains, were viewed using the Provis AX-70 Optical 
Microscope with Axiocam HRc Camera (Olympus, USA). 
 

2.6.1 Double immunofluorescence and cell counting under direct vision 
Cell counting was performed throughout this thesis by confocal microscopy 
using the Zeiss LSM 710 Confocal Microscope (Carl Zeiss, Germany) 
equipped with x40 oil immersion lens, at Histological Services, QMRI. For 
each sample, five 200μm x 200μm regions of interest were analysed allowing 
the quantification of the mean number of CD31 expressing cells (endothelial 
cells), Wt1 expressing cells, cells co-expressing Wt1/CD31, vessels, and Wt1 
positive vessels (defined as a vessel with 2 or more Wt1 positive endothelial 
cells). Image acquisition was conducted using both DAPI and Alexa488/456 
lasers and Zen2009 software for Windows (Carl Zeiss).  
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2.7 STATISTICS 
Parametric data are expressed as mean (± standard error), whilst non-
parametric data are expressed as median (± interquartile range) unless stated 
otherwise.  In paired analyses, the p values were determined using Student’s 
T- and Wilcoxon signed rank tests were used for parametric and non-
parametric data, respectively. In unpaired analyses Student’s T- and Mann 
Whitney U tests were used for parametric and non-parametric data. A one-
way analysis of variance (ANOVA) (plus Tukey’s multiple comparison test) 
and Kruskal-Wallis Test with Dunn’s multiple comparisons were used when 
comparing the means of two or more unpaired samples from parametric and 
non-parametric data samples respectively. Statistical significance was 
defined as p < 0.05. All analyses were performed using Prism 6 for Mac OS X 
(GraphPad Software Inc., USA). 
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3.1 INTRODUCTION 
Wt1 is a major regulator of mesenchymal progenitors in the developing 
kidney and heart (Martinez-Estrada et al., 2010, Essafi et al., 2011). 
Throughout development it is limited to the intermediate mesoderm, parts of 
the lateral plate mesoderm, and tissues that originate from these including 
the kidney, gonads, spleen, mesothelium, epicardium, omentum, and the 
mesothelial layer that lines the visceral organs and peritoneum (Chau and 
Hastie, 2012). The developmental expression pattern in the mouse almost 
mirrors that which is seen in human embryos (Pritchard-Jones et al., 1990, 
Armstrong et al., 1993). In the murine heart it is essential for epithelial-to-
mesenchymal transition (EMT) of the epicardium, which produces key 
cardiac progenitors such as cardiomyocytes, vascular smooth muscle cells 
and endothelial cells (Zhou et al., 2008, Martinez-Estrada et al., 2010, Perez-
Pomares et al., 2002, Cano et al., 2014). Moreover, Wt1 appears critical for the 
development of the coronary vasculature (Wagner et al., 2005). Conversely, in 
the kidney, Wt1 regulates the reverse process to that seen in the heart - 
mesenchymal-to-epithelial transition - to control nephron formation (Moore 
et al., 1999). In the adult, Wt1 appears to have a more limit expression profile 
in health, and is normally only expressed in the mesothelium surrounding 
the visceral organs, the glomerular podocytes of the kidney, 
Sertoli/granulosa cells of the testis/ovary, approximately 1% of bone 
marrow cells, and within visceral white adipose tissue (Walker et al., 1994, 
Armstrong et al., 1993, Rao et al., 2006, Pelletier et al., 1991b, Hosen et al., 2007, 
Chau et al., 2014). Given the role Wt1 plays in regulating the mesenchyme in 
embryogenesis, it is not surprising that the focus has shifted towards 
investigating its potential in maintaining adult tissue homeostasis (Section 
1.1.3).  Deleting Wt1 ubiquitously in adult tissues revealed many surprising 
and dramatic phenotypes, with mutant mice developing severe 
glomerulosclerosis, defects in erythropoiesis, an enlarged spleen, exocrine 
pancreas atrophy, and rapid loss of bone and fat volume (Chau et al., 2011).  
 
Wt1 is now implicated in cardiac regeneration (Section 1.1.4.1), liver fibrosis 
(Section 1.1.4.2), tumourigenesis (Section 1.1.5), and latterly, angiogenesis 
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(Section 1.3). However, despite the heavy involvement of the vasculature in 
these pathophysiological processes, the expression profile of WT1 within the 
vasculature during health (quiescent states) and physiological angiogenesis 
is yet to be investigated comprehensively in either man or mouse. 
 
During embryogenesis, blood vessels provide the growing organs with the 
necessary oxygen to develop, alongside trophic signals to facilitate organ 
morphogenesis (Carmeliet, 2005). The early blood vessels of the embryo in 
mammals develop from endothelial precursors that assemble into a primitive 
vascular plexus of capillaries in a process called vasculogenesis (Flamme et 
al., 1997). This vascular labyrinth then undergoes a complex remodelling 
process, in which growth, migration, sprouting and pruning, culminate in 
the development of a circulatory system (Coultas et al., 2005). Over the past 
three decades, genetic studies in mice, zebrafish and tadpoles have provided 
key insights into the molecular mechanisms that regulate angiogenesis in the 
embryo (Flamme et al., 1997).  For instance, embryonic phenotypes that fail to 
develop different phases of the normal vasculature have been reported in 
transgenic mice with mutated VEGF-receptors (Rossant and Howard, 2002). 
Interestingly, many of these signalling pathways vital for the embryo are 
reactivated in the adult during neoangiogenesis (Coultas et al., 2005).  
 
Angiogenesis is typically absent in most adult tissues, except in discrete 
situations such as the female reproductive organs, where intense vascular 
growth and regression occur physiologically (Chung et al., 2010). The uterine 
endometrium is a dynamic tissue that undergoes profound architectural 
alterations during each menstrual cycle. Menses is characterised by the 
shedding of the upper functional layer of the endometrium, and culminates 
in series of irreversible alterations in tissue function including stromal 
decidualisation, inflammation, and the production of a cascade of 
degradative enzymes (Girling and Rogers, 2005). Remarkably, tissue 
integrity is restored rapidly via a regenerative process that minimizes blood 
loss and primes the endometrium to respond to oestrogen, alongside 
progesterone, in preparation for a potential pregnancy (Girling and Rogers, 
2009). Within the endometrium, the growth and remodelling of the 
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vasculature is either a direct or indirect response to alterations in the 
circulatory levels of oestrogen and progesterone. For example, during the 
maturation phase of the sub-epithelial capillary plexus, the spiral arteries are 
regulated by progesterone, and withdrawal of said hormone triggers 
menstruation (Girling and Rogers, 2005). Oestrogen is known to drive VEGF 
production during the proliferative phase of the cycle - specifically in the 
glandular epithelial and stromal cells in vivo in the non-human primate 
(Albrecht and Pepe, 2003) - whilst simultaneously increasing the response of 
human endometrial endothelial cells to the angiogenic factor (Iruela-Arispe 
et al., 1999). The cell-type and zone-specific expression of VEGF and its 
receptors in the endometrium imply that steroid hormones may regulate 
their expression though local cell-specific mechanisms, rather than via direct 
gene transcription (Henriet et al., 2012). Moreover, since VEGF receptors are 
expressed both in endothelial and non-endothelial cells, VEGF may play a 
pleiotropic role in the tissue (Gaide Chevronnay et al., 2009). 
 
The discovery that WT1 acted as a transcriptional repressor of insulin-like 
growth factor II (IGF-II) (Drummond et al., 1992, Werner et al., 1995), together 
with data suggesting WT1 was expressed by the rat during decidualisation 
(Zhou et al., 1993) and human at 18 weeks gestation (Charles et al., 1997), was 
the impetus for Makrigiannakis et al. (2005) to postulate that the gene may 
have a role in human endometrial decidualisation. By studying fresh-frozen 
human samples throughout the menstrual cycle and endometrial stromal 
cells in vitro, they demonstrated that WT1 was an early marker of decidual 
cell differentiation and may have a key regulatory role in this process 
(Makrigiannakis et al., 2001). These data, alongside a recently developed 
model of murine menstruation and repair by our collaborators (Cousins et 
al., 2014) provided the ideal platform from us to investigate whether Wt1 was 
expressed in a spatio-temporal manner in endothelial cells of the 
decidualised mouse uterus.   
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3.1.1 Hypothesis 
In light of the role WT1 plays in the developing embryo, its relative 
quiescence in the majority of adult tissues, and its apparent reactivation in 
physiological and pathological angiogenesis, the main goal of this chapter 
was to address the hypothesis that: 
 
“WT1 is absent in quiescent murine and human endothelial cells, in health” 
 
This hypothesis will be interrogated by analysing the vasculature in a variety 
of tissues in both man and mouse. For the latter, the C57Bl6 inbred strain was 
used, alongside that of the Wt1-GFP transgenic mouse line (Section 2.2.1.1) 
 

3.1.2 Aims 
The aims of this chapter were: 
 
1. To determine whether Wt1 is expressed in a variety of tissues in the 
endothelial cells of the adult and embryonic mouse. 
 
2. To ascertain whether WT1 is expressed in the endothelial cells of the adult 
human radial artery.  
 
3. To investigate the expression of Wt1 in two murine models of 
physiological angiogenesis. 
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3.2 METHODS 

3.2.1 Animals  
The studies presented in this chapter were carried out on two mouse strains, 
with appropriate use of experimental controls.  
 

3.2.1.1 C57Bl6  
C57Bl6 mice weighing 25-30g were purchased from Charles River 
Laboratories, UK. Animals were ear clipped for identification purposes and 
allowed to acclimatise to their environment for at least 1 week prior to 
experimental use, at which point they were 3-4 months old.  
 

3.2.1.2 Wt1-GFP mouse line 
The Wt1-GFP line is a transgenic reporter mouse - backcrossed to the inbred 
C57Bl6 strain - that possesses a green fluorescent protein (GFP) knocked into 

the Wt1 locus (Wt1GFP/+), such that GFP is expressed under the endogenous 
transcriptional regulatory elements of the Wt1 gene (Hosen et al., 2007) 
(Section 2.2.1.1). The mice used in these studies were 3-4 month old males, 
weighing 20-30g.  
 
Generation of the Wt1-GFP line 

The experimental animals used in this chapter - Wt1GFP/+ - were generated by 
crossing males heterozygous for GFP to C57Bl6 females. Thus, 

approximately 50% of the resulting progeny were Wt1GFP/+ and 50% negative 

for GFP (Wt1+/+). The latter were used as littermate controls in each 
experiment.  Breeding pairs consisted of a mutant male with C57Bl6 female. 
However, consistent with the published literature, a mutant female was used 
to backcross to a C57Bl6 male at generation 3 to ensure preservation of the Y 
chromosome.  
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Genotyping 
PCR of genomic DNA isolated from ear clip tissue samples and gel 
electrophoresis of the resulting products was used to identify the genotype of 

experimental animals (Section 2.2.2). Wild type mice (Wt1+/+) posses a single 

band at 233 base pairs, and mutant Wt1GFP/+ mice two bands, one at 233 base 
pairs (wild type allele), and the second at 180 base pairs (mutant allele) 
(Figure 2.1). 
 

3.2.2 Tissue retrieval 

3.2.2.1 Murine 
In order to assess whether Wt1 was expressed in the vasculature of the 
healthy adult mouse, the following tissues and organs were retrieved from 3-
4 month old male (n=8) and female (n=8) C57Bl6 mice: 

• heart 

• lung 

• kidney 

• spleen 

• gastrocnemius muscle 

• liver 

• uterus 

• mammary gland 
 

Mice were culled by asphyxiation in CO2 and the tissue/organs placed 
directly into 4% PFA, prior to processing for immunohistochemical analysis 
(Section 3.2.5). In addition, whole embryos at e14.5 (n = 5) and e18.5 (n = 5) 
from C57Bl6 females were gifted by Dr You-Ying Chau, having been placed 

in 4% PFA following asphyxiation in CO2. 
 
The same tissue/organs, excluding the female reproductive organs, were 
also retrieved from 3-4 month old male (n=5) and female (n=5) Wt1-GFP 
mice. GFP negative littermates (n=3 per sex) were used as negative controls. 
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3.2.2.2 Human radial artery  
Human radial arteries were obtained at the time of coronary artery bypass 
surgery under the Tribble’s Research Project licence. The principle 
investigator for this project was Professor David Newby (Centre for 
Cardiovascular Science, QMRI), and the local regional ethics committee 
granted ethical approval for this research. Each sample measuring 
approximately 10mm in length, was harvested from either the left or right 
radial artery as part of the bypass surgery, and placed directly into 4% PFA, 
prior to processing for immunohistochemical analysis (Section 3.2.5). 
 

3.2.3 Angiogenesis assays 

3.2.3.1 Aortic ring assay 
The aortic ring assay utilised in this thesis was based upon the principles and 
techniques outlined by Baker et al. (2012) and represents the culmination of 
considerable methodological development prior to achieving the finalised 
version contained herein (Section 2.3.1). This ex vivo assay to asses 
angiogenesis was first pioneered in the rat in 1990 (Nicosia and Ottinetti, 
1990), and expanded in 2011 (Nicosia et al., 2011). The rat assay has been 
utilised in many laboratories and adapted to porcine tissue (Stiffey-Wilusz et 
al., 2001) and translated into use in the mouse by our own group (Small et al., 
2005). A key advantage of this model is it provides a physiologically-relevant 
in vitro model for angiogenesis, cultivating luminalised blood vessels with 
surrounding supporting cells in a timeframe comparable to that seen in vivo 
(Baker et al., 2012).  
 
Once the murine aorta has been harvested, it is typically placed in one of 
three matrixes – Matrigel™, fibrin or collagen (Auerbach et al., 2003). Our 

group has previously published work utilising Matrigel™	  (Small et al., 2005) – 
a solubilised basement membrane preparation rich in extracellular matrix 
proteins – but repeated attempts in the early stages of this thesis utilising this 
compound yielded modest endothelial microvessel sprouts. Collagen was 
therefore trialled as an alternative growth matrix and yielded considerably 
better results. This was important, as one of aims of this work was to lay the 
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foundations to ultimately utilise this assay to measure the effects of selective 
Wt1 deletion on angiogenesis by combining this ex vivo model with a number 
of transgenic mouse lines. In principle, a more accurate analysis of the effects 
of Wt1 knockdown/knockout could be determined, if the starting point is a 
high yield of endothelial microvessel sprouts. 
 

In this chapter, 6 C57Bl6 mice were culled by asphyxiation in CO2, their 
aortae harvested and subsequently embedded in Type I Collagen (Section 
2.3.1). Each mouse aorta yielded 6 aortic rings, 3 of which were fed with 
150μL Opti-MEM® (Life Technologies, Thermo Fischer Scientific, UK), and 
the remaining 3 with 150μL Opti-MEM® + 3% FCS. Endothelial microvessel 
growth was quantified at days 3 and 7 (Section 2.3.2), and the culture media 
changed at days 2 and 5. Following quantification on day 7, the rings were 
removed en masse with their collagen matrix, and placed directly into 4% 
PFA, prior to processing for immunohistochemical analysis. 
 

3.2.3.2 Murine model of menstruation  
In this study the mouse model of menstruation was adapted from an earlier 
model (Brasted et al., 2003) to include non-surgical induction of 
decidualisation and recovery of tissues during a period of active 
shedding/repair which occurs 4-24 hours after progesterone withdrawal 
(Cousins et al., 2014). In brief, on day zero, 6 C57Bl6 mice were 
ovariectomised to deplete endogenous steroid production. Mice received 
daily injections of β-oestradiol in sesame seed oil (100 ng/100 mL, days 7–9). 
A progesterone-secreting pellet was inserted sub-cutaneously on day 13, and 
mice also received daily injections of sub-cutaneous β-oestradiol (5 ng/100 
ml, days 13-15). On day 15, decidualisation of one uterine horn was induced 
by stimulation of the horn using sesame seed oil (20 μl) inserted into the 
uterine lumen via the cervix. The contra-lateral horn acted as a control. 
Progesterone withdrawal was induced 90 hours post decidualisation by 

removing the progesterone pellet. Mice were culled by asphyxiation in CO2, 
8 hours post progesterone withdrawal (Figure 3.1) and the decidualised and 
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non-decidualised uteri placed in 4% PFA prior to processing for paraffin 
embedding (Section 2.5.1). 
 
All animal procedures were performed by Dr Fiona Cousins (Centre for 
Reproductive Medicine, QMRI), and carried out under licensed approval of 
the UK Home Office.  
 

 
Figure 3.1. Summary timeline for the murine model of menses. One uterine horn was 
stimulated on day 15 by oil injection into the luminal cavity. On day 19 menses was 
triggered by the removal of the progesterone pellet. In this study, tissue was collected 8 
hours post progesterone withdrawal. Key: Pink = proliferative phase, blue = secretory phase, 
red = menstrual phase. Ovex; ovariectomy. B; β-oestradiol, P; progesterone. β-oestradiol 
concentration in brackets (ng/100μL), P4 pellet (1mg/mL) (reproduced with permissions 
from PLOS|One). 

 

3.2.4 Histology 
The tissues and organs retrieved from all experimental mice in this chapter 
were placed in 4% PFA in PBS overnight at 4°C, dehydrated in 70% ethanol, 
then transported to the Histology Department at the QMRI prior to 
infiltration with wax using a vacuum infiltration processor. Thereafter, they 
were embedding in a paraffin wax block for microtomy (as per section 2.5.1). 
Tissue sections were cut 4μm thick in preparation for immunohistochemical 
analysis (Section 2.5.3).  
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3.2.5 Immunohistochemistry 
The finalised protocols for the immunoperoxidase and double 

immunofluorescence staining contained within this thesis, involved 
extensive methodological development. This can be found in Appendix A.  
 

3.2.5.1 Immunoperoxidase staining 
The cut sections of the tissues retrieved from the C57Bl6 mice in Section 
3.2.2.1 were subjected to Wt1-DAB staining (Section 2.5.7), then visualised 
using the Provis AX-70 Optical Microscope with Axiocam HRc Camera 
(Section 2.6). 
 

3.2.5.2 Immunofluorescence  
The cut sections of the tissues harvested from the C57Bl6 mice that were not 
subjected to any experimentation (Section 3.2.2.1), alongside the uteri from 
the murine model of menstruation (Section 3.2.3.2) and the aortic rings from 
the ex vivo assay (Section 3.2.3.1) were stained for Wt1, CD31 and DAPI using 
double immunofluorescence and tyramide signal amplification (Section 
2.5.6).  
 
Cell counts were performed for each of the C57Bl6 uteri, whereby five 200μm 
x 200μm regions of interest were analysed allowing quantification of the 
number of: a) CD31 expressing cells (endothelial cells); b) Wt1 expressing 

cells; c) cells co-expressing Wt1/CD31; d) vessels; and e) Wt1+ vessels 

(defined as a vessel with 2 or more Wt1+ endothelial cells) (Section 2.6.1). 
 
The cut sections of the tissues retrieved from the Wt1-GFP mice (Section 
3.2.2.1) were stained for anti-GFP, CD31 and DAPI or Wt1, CD31 and DAPI 
using double immunofluorescence and tyramide signal amplification 
(Section 2.5.6). All stained sections subjected to double immunofluorescence 
were visualised using confocal microscopy (Section 2.6). 
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3.2.6 Controls 
A series of controls were employed for this analysis (Fritschy, 2008). Firstly, 
the kidney is recognised as a positive control tissue for WT1, which is 
expressed ubiquitously in the renal podocytes, in health (Charles et al., 1997, 
Guo et al., 2002). Therefore, in addition to the uteri harvested in the menses 
model, one kidney from each experimental mouse was retrieved, and 
processed for Wt1 immunofluorescence. Second, the WT1 rabbit polyclonal 

antibody was combined with its matched blocking peptide (Catalogue ♯SC-
192 P, Santa Cruz Biotechnology Ltd., USA) in a direct competition test on 3 
kidney samples as per the manufacturer’s instructions. Third, an IgG isotype 
control was used on the C57Bl6 kidney sections (n=3) to rule out non-specific 
cell surface staining of the WT1 antibody (Taylor, 1992, Walker, 2006). 
Finally, GFP negative littermates were used as negative controls, since one 
would expect no anti-GFP staining to be present in these mice (Hosen et al., 
2007). 
 

3.2.7 Statistics and data analysis 
Parametric data were expressed as mean (± standard error of the mean), 
whilst non-parametric data as median (± interquartile range). In unpaired 
analyses Student’s T- and Mann Whitney U tests were used for parametric 
and non-parametric data, respectively. 
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3.3 RESULTS 

3.3.1 Quality control of the Wt1 antibody   
Throughout this PhD, the podocytes of the kidney act as a positive control to 
verify expression of the Wt1 antibody (Figure 3.2.A). The methodological 
development behind this stain can be found in Appendix A. To mitigate for 
non-specific tissue staining, a rabbit IgG isotype control was used to stain the 
C57Bl6 renal podocytes. Serial staining, of multiple kidney sections, from 
several animals (n=6), demonstrated no non-specific tissue staining using the 
IgG isotype control (Figure 3.2.B) or that of the matched blocking peptide to 
WT1 (data not shown). 
 

3.3.2 Wt1 expression in the vasculature of the mouse embryo 
Double immunofluorescence staining was undertaken to ascertain whether 
Wt1 co-localised with the endothelial cell marker, CD31, in the heart and 

kidneys of the developing C57Bl6 mouse embryo (n=5). Whilst Wt1+ cells 

and CD31+ cells were clearly demonstrable, and closely associated, at 
embryonic days 14.5 and 18.5 in the heart and kidney, no co-localisation was 
detected (Figure 3.3). 
 

3.3.3 Wt1 expression in vasculature of the adult mouse 
C57Bl6 mouse 
Wt1 expression in the healthy adult vasculature was investigated using a 
combination of Wt1-DAB staining, alongside double immunofluorescence for 
Wt1, CD31 and DAPI, in 8 male and 8 female C57Bl6 mice aged 3-4 months. 
There were no Wt1 positive vessels detected in the vasculature of the 
kidneys, hearts, lungs, spleen, livers or gastrocnemii of these mice (Figure 3.4 
A-D and Figure 3.5 A-F). However, in the mammary glands and uteri of the 
female mice, where tissues are known to be active rather than quiescent, Wt1 
was clearly expressed in the vascular endothelium (Figure 3.4 E-F and Figure 
3.6).  
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Figure 3.2. Immunofluorescence of the C57Bl6 mouse kidney (representative images 
from n=6 animals). A. This split image demonstrates the Wt1 expressing podocytes of the 
kidney, and therefore its value as a positive control tissue in this work. B. A rabbit IgG 
isotype control was used to ensure there was no non-specific tissue staining with the Wt1 
rabbit polyclonal antibody. Key: Wt1 (red), CD31 (green), DAPI (blue), where each scale 
bar in A represents 50 microns and B 100 microns,. 
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Figure 3.3 Double immunofluorescence demonstrating Wt1 expression in C57Bl6 
embryo (representative images from n=5 animals). A. Embryo day 14.5, low 
magnification; note developing kidney in the centre of this image B. Developing kidney at 
Embryonic day 14.5; Wt1 is strongly expressed in comma shaped bodies and whilst CD31 
expression is abundant, it does not appear to co-localise with Wt1 at this stage C. 
Developing heart at Embryonic day 18.5; Wt1 is globally expressed alongside CD31 but 
there is no evidence of Wt1/CD31 co-localisation D. Developing kidney at embryonic day 
18.5; Wt1 is globally expressed in the developing glomeruli, yet whilst closely associated 
with CD31, it does not appear to co-localise with the endothelial cell marker. Key: Wt1 
(red), CD31 (green), DAPI (blue), where scale bar in A represents 500 microns, C/D 100 
microns, and B 50 microns. 
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Figure 3.4. Wt1 DAB staining in the C57Bl6 mouse: Wt1 is expressed in the vascular 
endothelial cells of reproductive tissue, but not in the quiescent vasculature of the 
kidney, liver, heart and lung (representative images from n=8 animals). A. Renal 
podocytes are Wt1 positive (black arrows) and act as a positive control. B/C/D depicts no 
Wt1 staining in the liver, heart and lung respectively. E. Endothelial Wt1 staining is present 
in the endometrium (black arrows). F. Wt1 is expressed in the endothelial cells of the 
murine breast tissue (black arrows). Key: where scale bars in A/B equal 100 microns, C/D 
50 microns, and E 200 microns. 
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Figure 3.5. Triple immunofluorescence demonstrating no Wt1 expression in quiescent 
endothelial cells of the C57Bl6 mice (representative images from n=8 animals). A. 
Kidney podocytes express Wt1 in health and act as the positive control. B/C/D/E/F depict 
no endothelial Wt1 expression in the vessels of the heart, liver, spleen, gastrocnemius 
muscle and lung, respectively. Key: Wt1 (red), CD31 (green), DAPI (blue), where scale 
bars in A-E equal 50 micons and F 100 microns. 
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Figure 3.6. Triple immunofluorescence of the C57Bl6 mouse reproductive tissue 
demonstrating Wt1 positive vasculature (representative images from n=8 animals). A. 
This panel depicts Wt1 positive and negative vessels in the C57BL6 mouse mammary 

tissue. B. Wt1+ vessels were also detected in the murine uterus. Note, other non-

endothelial cells were also Wt1+. Key: Wt1 (red), CD31 (green), DAPI (blue), where the 
scale bar in A represents 50 microns and B 100 microns. 
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Wt1-GFP line 
In order to confirm or refute the findings seen in the C57Bl6 mouse, double 

immunofluorescence was also undertaken in the Wt1-GFP transgenic mouse 
line (n=5), staining a variety of tissues for Wt1, anti-GFP and DAPI. Again, 
the podocytes of the kidney were used as a positive control in this study, and 
co-staining for Wt1 and anti-GFP was demonstrated in the kidneys of the 

GFP+ mice (Figure 3.7.A). No anti-GFP staining was detected in the GFP- 

littermates, with Wt1 staining alone present (Figure 3.7.B). A rabbit IgG 
isotype control was also utilised to ensure there was no non-specific tissue 
staining from the anti-GFP antibody used in these studies (Figure 3.7.C). 
Finally, in line with the findings seen in the C57Bl6 mouse, no Wt1 or anti-
GFP staining was detected in the vasculature of the kidneys, hearts, lungs, 
spleen, livers or gastrocnemii of these mice (Figure 3.7.D/E/F demonstrates 
the liver, gastrocnemius and lung respectively, with the heart and spleen not 
shown). The reproductive tissue was not investigated in the Wt1-GFP line, 
but no intersex differences were detected regarding Wt1/anti-GFP 
expression in the organs and tissues that were studied.  
 
WT1 expression in the human radial artery  
Three human radial arteries from patients undergoing coronary artery 
bypass surgery were collected under the Tribble’s research project and 
stained for WT1, CD31 and DAPI. Cross sectional immunofluorescence 

revealed no WT1+ endothelial cells in either the artery or small perforating 
branches (Figure 3.8). 
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Figure 3.7. Triple immunofluorescence of the Wt1-GFP mouse demonstrates no 
evidence of Wt1 positive vessels in a variety of adult tissues (representative images 
from n=5 animals). A. Kidney podocytes co-localise Wt1 (red) and anti-GFP (green) in the 

GFP+ mouse, exhibiting a yellow co-stain. B. Only the Wt1 antibody is detected in this 

GFP- mouse as no GFP - and hence no anti-GFP signal - is produced. C. IgG isotype 
control was used to exclude non-specific tissue staining. D/E/F depict no Wt1/anti-GFP 
co-localisation in the liver, gastrocnemius muscle and lung, respectively. Key: Wt1 (red), 
CD31 (green), DAPI (blue), where scale bars in A/B/C/F represents 100 microns and D/E 50 
microns. 
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Figure 3.8. Triple immunofluorescence stating of a human radial artery demonstrating 
no evidence of WT1 positive endothelial cells (representative image from n=3 samples) 
Key: Wt1 (red), CD31 (green), DAPI (blue), where each scale bar represents 500 microns. 
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3.3.4 Wt1 expression in the ex vivo aortic ring model of physiological 
angiogenesis 
Aortic rings were cultured in triplicate from 6 C57Bl6 mice, and incubated 
with either Opti-MEM + 3%FCS or Opti-MEM alone. Microvessel formation 
was more prolific in the Opti-MEM+3% FCS group versus those cultured in 
Opti-MEM alone, and there was a significant growth in the number of 
microvessels counted between days 3 and 7 in the former (Figure 3.9). 
Endothelial microvessel sprouting was detected in both groups over time 
(Figure 3.10 A-D), and double immunofluorescence confirmed that these 
microvessels expressed Wt1 (Figure 3.10F). 
 

 
Figure 3.9 Aortic ring time-course assay in the C57Bl6 mouse (n=6). Aortic rings were 
cultured in Opti-MEM alone or Opti-MEM plus 3% fetal calf serum (FCS) over 7 days in 
order to stimulate endothelial microvessel sprouting in this ex vivo assay of angiogenesis. 
The numbers of endothelial sprouts were counted at days 3 and 7. No significant difference 
was detected between the Opti-MEM alone group between days 3 and 7. The group cultured 
in Opti-MEM + 3% FCS demonstrated a significant increase in the number of endothelial 

sprouts at day 7 versus day 3  (Data median ± interquartile range where !! p<0.01 by 
Mann-Whitney U test). 
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Figure 3.10. Aortic ring assay utilising the C57Bl6 mouse demonstrating microvessel 
sprouting following 7 days ex vivo culture (representative images from n=6 animals). A. 
Contrast microscopy depicting endothelial microvessel sprouting at day 3 in standard 
culture media. B. Contrast microscopy of the same aortic ring (A) at day 7. C. Contrast 
microscopy demonstrating endothelial microvessel sprouting at day 3 with standard culture 
media plus 3% fetal calf serum (FCS). D. Same aortic ring at day 7. E. Double 
immunofluorescence depicting the aortic ring with multiple endothelial microvessel sprouts 

at day 7. Alpha-smooth muscle actin (α-SMA) (red), CD31 (green), DAPI (blue). F. High 

power image demonstrating Wt1+ endothelial cells forming a microvessel sprout within the 
centre of the aortic ring at day 7 where Wt1 (red), CD31 (green), DAPI (blue). Key: scale bars 
in A-D represent 500 microns, E 200 microns, and D 50 microns. 
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3.3.5 In vivo murine model of menstruation  

3.3.5.1 Physiological parameters 
No intraoperative or post-operative mortality was associated with this study. 
Moreover, no abnormalities in post-operative body weight change were 
observed (data not shown). All 6 C57Bl6 female mice successfully completed 
the protocol and their decidualised and non-decidualised control uteri were 
harvested 8 hours post progesterone withdrawal.  
 

3.3.5.2 Wt1 immunofluorescence in the murine model of menstruation 
Double immunofluorescence for Wt1, CD31 and DAPI was performed on the 
decidualised and non-decidualised uterine horn of the C57Bl6 mice, 8 hours 
following withdrawal of progesterone. Wt1 was expressed throughout the 
decidualised and non-decidualised horns in all 6 mice (Figure 3.11). 

Moreover, Wt1+ endothelial cells and Wt1+ vessels, were detected in both the 
myometrium and endometrium of the decidualised and non-decidualised 
uteri (Figure 3.11.B/E). In addition, a number of non-endothelial cells were 
observed to be Wt1 positive. Based upon extensive work by Professor 
Phillipa Saunders’ group using this model, plus the aid of Dr Tim Kendall 
(Consultant Pathologist), basal (Figure 3.11.E), epithelial (Figure 3.11.A) and 

stromal cells (Figure 3.11.F), most likely represent the Wt1+ cell types. Cell 

counts revealed that whilst there were fewer Wt1+ and CD31+ cells in the 
myometrium of the decidualised versus non-decidualised uterine horns 
(Figure 3.12.A/B), no difference was detected between the groups within the 
myometrium with respect to Wt1/CD31 co-localisation, the number of 

vessels, or the number of Wt1+ vessels (Figure 3.12.C-E). Within the 

endometrium, this scenario was reversed. The number of Wt1+ and CD31+ 
cells was increased in the decidualised uterine horn compared to the non-
decidualised control (Figure 3.13.A/B).  Moreover, the number of vessels and 

Wt1+ vessels was decreased in the endometrium of the decidualised uteri 
versus non-decidualised controls (Figure 3.13.D/E). There was no significant 
difference detected between the numbers of cells that co-localised Wt1 and 
CD31 between the groups within the endometrium (Figure 3.13.C). 
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Figure 3.11. Double immunofluorescence demonstrating Wt1 expression in the 
decidualised and non-decidualised uterine horns, 8 hours post progesterone withdrawal 
in the murine model of menstruation (representative images from n=6 animals). A. Non-
decidualised uterine horn exhibting global Wt1 expression, particularly marked in columnar 

epithelial cells. B. Myometrium of a non-decidualised horn showing Wt1+ vessels. C. 

Endometrium of a non-decidualised uterus demonstrating Wt1+ endothelial and non-
endothelial cells. D. The highly vascular decidualised uterine horn with marked Wt1 

expression in the expanded endometrium (top of panel). E. Wt1+ vessels in the decidualised 

myometrium. Note, other cell types are also Wt1+ - represent cells of the basal layer. F. 
Global Wt1 expression in the stromal cells of the decidualised endometrium. Key: Wt1 (red), 
CD31 (green), DAPI (blue), where each scale bar in A/D represents 200 microns and B/C/E/F 
50 microns.  
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Figure 3.12 Differential expression of Wt1 in the decidualised versus non-decidualised 
myometrium of the C57Bl6 mouse, 8 hours post progesterone withdrawal (n=6). The 

number of Wt1+(A) and CD31+ (B) cells were both increased in the non-decidualised versus 
decidualised myometrium, 12 hours post progesterone withdrawal. However, no difference 
was detected in the number of cells that co-localised Wt1/CD31 (C), the number of vessels 
(D), nor the number of Wt1 positive vessels (F) within the myometrium of the decidualised 

versus non-decidualised uteri, in this murine model of menstruation (Data are expressed 
as median ± interquartile range, where " p < 0.05 and "" p < 0.01 by Mann-
Whitney U test). 
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Figure 3.13 Differential expression of Wt1 in the decidualised versus non-decidualised 
endometrium of the C57Bl6 mouse, 8 hours post progesterone withdrawal (n=6). The 
number of Wt1 positive (A) and CD31 positive (B) cells were both increased in the 
decidualised versus non-decidualised endometrium. However, no difference was detected 
in the number of cells that co-localised Wt1/CD31 (C). However, the number of vessels (D) 

and number of Wt1+ vessels (E were both decreased in the endometrium of the decidaulised 
versus non-decidualised uteri of the C57Bl6 mouse, 8 hours post progesterone withdrawal in 
this murine model of menstruation (Data are expressed as median ± interquartile range, 
where " p < 0.05 and "" p < 0.01 by Mann-Whitney U test). 
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3.4 DISCUSSION 
The experiments described in this chapter were designed to determine 
whether WT1 was expressed in quiescent endothelial cells. Robust 
immunohistochemical analysis of a variety of tissues and organs, confirmed 
the hypothesis that Wt1 is absent from quiescent murine vasculature, and 
complementary preliminary data obtained from human radial arteries 
suggests that these findings may also translate to man. In contrast, tissues 
known to regenerate and undergo physiological angiogenesis in health, 
expressed Wt1 throughout their vascular network. These data were 
reinforced by findings from a well established ex vivo model of angiogenesis 

(Auerbach et al., 2003) that demonstrated Wt1+ endothelial cells within newly 
formed microvessel sprouts.  
 

3.4.1 Wt1 expression in the vasculature of the developing embryonic heart 
and kidney 
It is important to note that Wt1 is expressed in a rather restricted manner in 
the developing organism (Armstrong et al., 1993). Whilst it is requisite for the 
early stages of nephrogenesis (Pelletier et al., 1991b, Moore et al., 1999) and 
the development of the coronary vasculature (Wagner et al., 2005, Martinez-
Estrada et al., 2010), Wt1-depleted embryos exhibit no apparent vascular 
phenotype (Kreidberg et al., 1993) except for reduced blood vessel density 
within the myocardium (Wagner et al., 2005). These observations suggest that 
the contribution of Wt1 to embryonic vasculogenesis may be confined to 
distinct tissues. As discussed in Section 3.1, blood vessel formation in the 
heart relies upon the special process of EMT, enabling epicardial progenitor 
cells to differentiate into cardiomyocytes, vascular smooth muscle and 
endothelial cells (Zhou et al., 2008, Martinez-Estrada et al., 2010, Perez-
Pomares et al., 2002, Cano et al., 2014). Recently it has been demonstrated that 
Wt1 mediates EMT in the epicardial cells during embryonic stem cell 
differentiation, and a failure of EMT in Wt1-deficient hearts, leads to the 
specific vascular defects described (Martinez-Estrada et al., 2010). The 
transcription factor Snail - a downstream molecular target of Wt1 (Martinez-
Estrada et al., 2010) - has been shown to be a direct regulator of the gene 
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encoding VE-Cadherin; an endothelial-specific transmembrane component of 
the adherens junction complex that has emerged as a master regulator of 
endothelial cell–cell adhesive properties (Harris and Nelson, 2010). 
Interestingly, Wt1 is necessary for expression of the VE-Cadherin protein 
during the early phases of embryogenesis, and its importance in VE-Cadherin 
gene regulation in vivo is exemplified by reduced mRNA levels in the hearts 
and livers of Wt1-deficient embryos versus their wild type littermates 
(Kirschner et al., 2010).  
 
Platelet endothelial cell adhesion molecule (PECAM-1) – otherwise known as 
CD31 - is a cell surface marker and signalling molecule, expressed on all cells 
within the vascular compartment (Woodfin et al., 2007).  The encoded protein 
is a member of the immunoglobulin superfamily and in 
immunohistochemistry it is used to demonstrate the presence of endothelial 
cells (Bentley et al., 2014). One aim of this chapter was to investigate whether 
Wt1 and CD31 co-localise in the developing embryonic kidney and heart, 
implying transcriptional regulation of the endothelial cell by Wt1, similar to 
that seen in a variety of human cancers (Wagner et al., 2008) and following 
myocardial infarction (Wagner et al., 2002a). Analysis at e14.5 and e18.5 
depicts adjacent cells in close proximity expressing both markers 
independently in both organs, yet no co-localisation was observed. 
Interestingly, this is in contrast to VE-Cadherin where Wt1 co-localised 
within the kidney podocytes e19.5 (Kirschner et al., 2010). In addition, Wt1 
was shown in this study by Kirschner et al. (2010) to stimulate the expression 
of the VE-Cadherin gene and that of other vascular genes, including VEGFR-
1, VEGFR-2 and ANG-2. Thus, whilst the snapshot in time at e12.5 and e18.5 
failed to confirm Wt1/CD31 co-localisation, further work in the embryo is 
required at additional time points to support the existing findings. The 
outstanding question of how individual endothelial cells take different 
pathways in differentiation remains unanswered, yet the microenvironment 
in which an individual cell differentiates, specifically the interaction with 
surrounding cells, may hold the key (Marcelo et al., 2013). 
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3.4.2 Wt1 is not expressed in the quiescent endothelial cells of the adult 
mouse 
There has been no comprehensive analysis within the scientific literature to 
date detailing the expression patterns of endothelial WT1 within the healthy 
adult mouse or human. The data presented in this chapter strongly suggest 
WT1 is not expressed in quiescent endothelial cells of the adult vasculature. 
This intriguing finding is in stark contrast to that of a number of studies 
illustrating endothelial WT1 staining in human cancer. In 2008, Wagner et al. 
(2008) demonstrated endothelial WT1 expression in 95% of 113 solid tumours 
analysed, including lung, ovarian, pancreatic and bladder carcinomas. These 
novel findings were supported by another paper that compared 64 vascular 
tumours (with active angiogenesis) with 61 vascular malformations 
(quiescent). The vascular tumours overwhelmingly displayed endothelial 
WT1 staining versus that of their benign counterparts (Al Dhaybi et al., 2010). 
Coupled with the evidence suggesting Wt1 is activated by low oxygen 
tension states (Scholz and Kirschner, 2011), alongside evidence suggesting 
Wt1 inhibition reduces endothelial cell migration and proliferation in vitro 
(Wagner et al., 2008), raises the fascinating possibility that WT1 is activated in 
response to hypoxic perturbations in tissue homeostasis (Chau and Hastie, 
2012).  
 
A unique characteristic of endothelial cells is that, whilst they exhibit 
common morphological and functional features, they display remarkable 
heterogeneity in different organs (Garlanda and Dejana, 1997). The prime 
example is in the kidney with its array of specialised endothelial cells, which 
are fenestrated in the peritubular capillaries and discontinuous in the 
glomerular capillaries (Rabelink et al., 2010). Embryonic endothelial cells are 
seen as being particularly “plastic” with most of the specialised 
characteristics of endothelial cells being conferred during development 
(Flamme et al., 1997). By contrast, most of the adult endothelium in health is 
not similarly susceptible to differentiation factors (Gaengel et al., 2009). 
Despite its quiescence, the adult vasculature can reversibly change its 
function on activation. Understanding how, when, and why individual 
endothelial cells coordinate to alter their shape and function, in response to 
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an array of environmental cues, is pivotal to understanding angiogenesis in 
health and disease (Bentley et al., 2014).  Therefore, a key question moving 
forward in this PhD is whether Wt1 is ubiquitously activated within the 
endothelium in response to hypoxia or is endothelial Wt1 expression unique 
to a specific microenvironment (e.g. cancer). 
 
A discussion on endothelial cell activation and quiescence would not be 
complete without mentioning endothelial cell markers.  Throughout this 
thesis CD31/PECAM-1 has been utilised as a marker of endothelial cells. 
Endothelial cells express a range of surface markers, which enable 
identification in culture and in vivo. Interestingly, most markers are present 
on endothelial cells, haematopoietic precursors, and mature blood cells, 
underpinning the theory of a common embryonic precursor (Garlanda and 
Dejana, 1997). CD31 is a constituent endothelial cell marker as it is present in 
all types of endothelium (Woodfin et al., 2007).  However, some 
inflammatory conditions can effect cell surface expression via 
CD31/PECAM-1 recycling, although the precise triggers and mechanisms 
are yet to be elucidated (Mamdouh et al., 2003). In addition, some endothelial 
cell markers are known to be inducible (e.g. TIE2 in neoangiogenesis), and 
others, specialised – glucose trainsport-1 (GLUT-1) labels endothelial cells of 
the blood brain barrier (Abbott et al., 2006). Therefore, whilst CD31 in the 
context of this PhD is an appropriate global marker of endothelial cells, this 
marker is unable to identify whether a particular cell is of a specialised or 
inducible variety.  
 

3.4.3 Wt1 is expressed in physiological angiogenesis of the female 
reproductive tract 
Beside embryogenesis, physiological angiogenesis is also essential for 
vascular remodelling in the female reproductive system. Concomitant with 
growth and differentiation of the mammary epithelium during pregnancy 
and lactation, the vasculature of the mammary gland undergoes repeated 
cycles of expansion and regression (Carmeliet, 2005).  The endometrium also 
exhibits the extraordinary capacity to undergo cyclical episodes of 



 96 

proliferation, angiogenesis, differentiation (decidualisation), inflammation, 
and tissue breakdown, all on a background of minimal blood loss and scar 
less healing (Cousins et al., 2014). Thus, in contrast with our findings in the 
non-reproductive organs of the C57BL6 and Wt1-GFP mice, it was not 
surprising to discover endothelial Wt1 staining of the vasculature in the 
C57Bl6 mouse uterus and breast tissue.  
 
Interestingly, in the murine model of menstruation, Wt1 expression varied 
across the myometrium and endometrium in the decidualised versus non-
decidualised uterine horn. Before attempting to analyse these findings in 
detail, a greater understanding of the model is required. After menstruation, 
the regeneration of all cell types – endothelial, columnar epithelial and 
fibroblast-like stromal cells – occurs rapidly, with the basal layer of the 
endometrium acting as a germinal compartment from which the cells can 
grow and differentiate (Chan et al., 2004). The basal layer lies between the 
functional layer of the endometrium (which is shed during menses) and the 
myometrium, which carries the blood supply via the radial arteries to the 
spiral arteries that invest the endometrium (Girling and Rogers, 2009). There 
are four crucial phases to the menstrual cycle that are accompanied by 
angiogenic events; repair of the ruptured blood vessels at menstruation, 
vessel elongation during the proliferative phase, development of the spiral 
arteries during the secretory phase, and vascular regression in the pre-
menstrual phase (Girling and Rogers, 2005). A novel computerised 
stereological scanning technique of nearly 10,000 cross sectional fields, 
revealed vessel elongation as the major angiogenic mechanism in the mid-
late proliferative phase of the human endometrium (Gambino et al., 2002). In 
contrast, the mechanisms pertaining to the post-menstrual repair and 
secretory phases are yet to be understood.  
 
In a detailed description of our collaborators’ model used in this work, 
endometrial breakdown (heralded by bleeding) occurred within 4 hours of 
progesterone withdrawal, consistent with a 70% decrease in serum 
progesterone levels (Cousins et al., 2014). In depth immunohistochemical 
analysis provided evidence that the stromal cells adjacent to areas denuded 
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of epithelium were in transition between a mesenchymal (vimentin positive) 
cell fate and an epithelial one, indicative of MET (Cousins et al., 2014, Thiery 
et al., 2009). Genetic fate mapping studies investigating regeneration and 
remodelling following parturition have suggested that during endometrial 
regeneration a subset of stromal cells differentiate into luminal and glandular 
epithelium (Huang et al., 2012).  In the model of menses utilised in this PhD, 
stromal cells were first noted to be in a transitional state at 12 hours post 
progesterone withdrawal (Cousins et al., 2014) – 4 hours post the time point 
at which the tissue was collected in this chapter. Interestingly, 24 hours post 
withdrawal was noted to be the period at which maximal proliferation and 
migration of stromal cells occurred, alongside evidence of a newly formed, 
intact, epithelial layer. The exact time point at which stromal integrity 
returns is yet to be delineated either in mouse or man, although the cessation 
of bleeding is widely suggested (Dunn et al., 2003). 
 
Shaping the findings from the studies described in this chapter to the context 
outlined above is fascinating. Wt1 is clearly expressed in the vasculature of 
the decidualised and non-decidualised myometrium. Interestingly the 

number of vessels and the number of Wt1+ vessels remains unchanged in the 
myometrium when contrasting the decidualised uterus to that of the non-
decidualised control. This is to be expected given the myometrium is not 
shed during menses. However, the non-decidualised endometrium has 

significantly greater numbers of vessels and Wt1+ vessels to that of its 
decidualised counterpart in these studies. This is consistent with the 
description of the model outlined above as one expects the functional 
endometrium in the decidualised horn to have shed at 8 hours post 
progesterone withdrawal, unlike the non-decidualised control, which is 

primed for implantation. The increased expression of Wt1+ and CD31+ cells 
detected within the endometrium of the decidualised uterine horns is also 
striking. Cousins et al. (2014) identified these cells as fibroblast-like stromal 
cells, which may be contributing to epithelial regeneration via MET. Given 
what we know about the role of Wt1 in regulating EMT in the developing 
coronary vasculature (Martinez-Estrada et al., 2010), alongside its ability to 
bind directly to the VEGF promoter and up regulate the gene in Ewing’s 
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sarcoma cell lines (McCarty et al., 2011), there remains the exciting possibility 
that Wt1 may orchestrate vascular regeneration within the endometrium. 
Future work utilising the Wt1-GFP line within the context this model of 
menstruation could help elucidate these intricate cellular mechanisms.  
 

3.4.4 The ex vivo aortic ring model of angiogenesis for interrogating Wt1 
expression in endothelial microvessel sprouts. 
The aortic ring assay has evolved since its conception (Nicosia and Ottinetti, 
1990) having been subject to a number of refinements over time (Nicosia et 
al., 2011). Its current guise - from which the version detailed in these results 
pertain (Baker et al., 2012) - confers many of the attributes described by 
Rakesh Jain and colleagues as “desirable” in an in vitro model of 
angiogenesis (Jain et al., 1997). The assay is physiologically relevant, 
relatively inexpensive to perform, includes supporting cells in the formation 
of microvessels, generally excludes inflammatory components; and the tube 
like structures are clearly visible, contain a lumen, and develop over a similar 
time course to that which occurs in vivo (Nicosia and Ottinetti, 1990, Baker et 
al., 2012, McSweeney et al., 2010). In addition, it allows simultaneous analysis 
of rings subjected to a variety of experimental conditions. Notable limitations 
include the lack of vessel perfusion and the criticism that the aorta may be 
too large a vessel to accurately depict processes that are thought to be 
initiated in smaller calibre capillaries (Ucuzian and Greisler, 2007).  
 
The results of the aortic ring assay described in this chapter bolster the 
findings demonstrated in the reproductive tissue of the C57Bl6 mice. Double 
immunofluorescence staining, visualised by confocal microscopy, illustrates 
Wt1 positive endothelial sprouts projecting from the aortic rings following 7 
days in culture. This observation supports a role for Wt1 in endothelial cells 
contributing to the regulation of angiogenesis. Phase contrast microscopy 
allowed the assay to be quantified, highlighting the Opti-MEM+3% FCS as 
the ideal support media for facilitating growth over a 7-day time course 
experiment. This is particularly important in terms of method development 
as it establishes the ideal base conditions from which to plan future 
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experiments. These may include exogenous agents to stimulate or inhibit 
angiogenesis, or as in the case of Chapter 6, genetic ablation of the Wt1 gene 
via a Cre-lox system.  
 

3.4.5 Conclusions 
The data presented in this chapter provide critical proof of concept that Wt1 
is absent from quiescent endothelial cells of the adult vasculature. This is 
exemplified by robust immunohistochemical analysis of the C57Bl6 mouse, 
and reinforced by a detailed examination of an array of complementary adult 
tissues in the highly cited Wt1-GFP transgenic mouse line. Preliminary data 
from a small number of human radial arteries suggests these findings may 
translate to humans, with the caveat that further research is needed into a 
wider range of tissues. Strikingly, the vasculature of the reproductive tract 
expresses Wt1.  This is not surprising given the remarkable capacity these 
organs have to regenerate and remodel in health. Physiological angiogenesis 
plays a key role in the mammary gland and endometrium, and data from 
two novel angiogenic assays detailed in this chapter uphold the global 
hypothesis that Wt1 is a key player in this process. 
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4.1 INTRODUCTION 
Nearly 100,000 people suffer a myocardial infarction each year in the UK 
(Smolina et al., 2012a, Smolina et al., 2012b), with the economic burden for 
cardiovascular disease (CVD) alone being estimated at £1.8 billion to the 
National Health Service (Nichols et al., 2013). Many who suffer an acute 
coronary event go on to develop heart failure, the incidence and prevalence 
of which increases with age, the prognosis for which being poor, with only 
50% surviving at 5 years (Guha and McDonagh, 2013). The adult human 
heart has a limited capacity for regeneration (Xin et al., 2013), and a 
substantial bottleneck exists in cardiovascular regenerative medicine in the 
identification of a viable source of stem/progenitor cells that could replenish 
the cardiomyocyte stocks. A number of animal and human studies have 
attempted to inject stem cells into the heart or coronary circulation to aid 
heart repair, yet their benefits in terms of cardiac function have been limited 
(Passier et al., 2008, Ptaszek et al., 2012). Therefore, much excitement was 

generated when Smart et al. (2011) described a resident source of Wt1+ cells 
that could be stimulated to aid heart regeneration following experimental 
myocardial infarction. This represented a therapeutic ideal, since harnessing 
native cells could potentially mitigate the caveats associated with cellular 
transplantation such as limited survival, host immune rejection, and homing 
to the site of injury (Smart and Riley, 2012). Human studies (Witty et al., 
2014), alongside those in the mouse (Zhou et al., 2008), have demonstrated 
the ability of these resident epicardial progenitor cells to differentiate into 
cardiomyocytes and vascular smooth muscle cells via epithelial-to-
mesenchymal transition, yet controversy still exists in the murine model of 
myocardial infarction as to whether these progenitors transform into 
endothelial cells, or whether quiescent endothelial cells are activated de novo 
(Zhou and Pu, 2012, van Wijk et al., 2012, Smart et al., 2012).  
 
Peripheral arterial disease (PAD) represents a similar paradigm to that of 
myocardial infarction. Remarkably, it represents a similar public health 
burden to that of coronary artery disease (Roger et al., 2012). The prevalence 
of PAD increases with age, affecting approximately 20% of individuals over 
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the age of 70, with smoking and diabetes mellitus being key causative factors 
(Norgren et al., 2007a). Given the obesity epidemic worldwide, and the 
association of this with Type II diabetes mellitus, PAD is likely to become an 
increasingly important issue (Annex, 2013). The clinical manifestations of 
PAD are intermittent claudication (IC) and critical limb ischaemia (CLI) - 
both of which have varying clinical outcomes. The former has a 1-2% risk of 
amputation or death per annum, whereas the latter has a 6-month risk of 
amputation approaching 40%, and an annual mortality of 20% (Norgren et 
al., 2007a). No medical therapies currently exist to improve lower limb 
perfusion in patients with CLI (Norgren et al., 2007b). The mainstay of 
treatment (once optimum medical management has been initiated) centres 
around surgical and catheter-based revascularisation. Given the failure and 
recurrence rates of graft/stent revascularisation (Conte, 2013), and the fact 
that many patients are poor candidates for such intervention, a need prevails 
to develop innovative strategies.    
 
In response to arterial occlusion or stenosis in the lower limb, perfusion is 
reconstituted by a combination of de novo angiogenesis (Section 1.2) and 
arteriogenesis (the transformation of pre-existing collateral arterioles into 
functioning collateral arteries) (Troidl and Schaper, 2012). Considering these 
processes as distinct entities is an oversimplification, as they are parts of the 
same process working synergistically, with collateralisation supplying bulk 
flow to the affected tissue, and the rise in capillary density (i.e. angiogenesis) 
salvaging the ischaemic region (Silvestre et al., 2008). Many of the molecular 
pathways initiating angiogenesis and arteriogenesis are interlinked, yet the 
stimulus for growth of collateral vessels is the increase in fluid shear stress 
that is the consequence of a pressure gradient created by an occlusion, which 
increases flow (Lehoux and Levy, 2006). Interestingly, one such overlapping 
pathway involves inflammatory cells that accumulate in the hypoxic and 
non-hypoxic regions of the hind-limb following arterial occlusion, triggering 
pro-angiogenic and pro-arteriogenic cytokines (Silvestre et al., 2008). 
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4.1.1 Hypothesis 
Given the conflicting results in the literature surrounding endothelial Wt1 
expression following coronary artery ligation, alongside the over-arching 
hypothesis for this thesis (i.e. de novo activation of the Wt1 gene in the 
vascular endothelium is essential for angiogenesis in the healthy adult and in 
response to damage), endothelial Wt1 expression was assessed temporally 
following left coronary artery ligation to test the hypothesis that the gene is 
expressed de novo in the endothelial cells of the ischaemic myocardium. 
 
In addition, since the study of vascular remodelling and pre-existing vessel 
collateralisation is central to understanding the response to critical limb 
ischaemia, a murine model was used to interrogate the hypothesis that Wt1 
is expressed de novo in endothelial cells following hind-limb ischaemia in the 
C57Bl6 mouse. 
 

4.1.2 Aims 
 

1. To determine whether Wt1 is expressed in well-established ischaemic 
models of angiogenesis in the mouse. 

2. To establish whether Wt1 is expressed in the endothelial cells 
following ischaemic injury. 

3. To determine the temporal nature of Wt1 expression following 
ischaemic injury. 
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4.2 METHODS 

4.2.1 Animals 
All studies presented in this chapter were performed using 25-30g C57Bl6 
mice purchased from Charles River Laboratories, UK. Animals were allowed 
to acclimatise to their environment for at least 1 week prior to experimental 
use, at which point they were 3-4 months old. Identifying ear notches were 
cut at the time of surgery. 
 

4.2.2 Left coronary artery ligation 
In order to inflict a myocardial infarction affecting the left ventricle, 
experimental mice (n = 15) underwent left coronary artery ligation as per 
Section 2.4.2.3. This was performed with help of Dr James Baily (Centre for 
Cardiovascular Science, QMRI), utilising a technique previously published 
by our group (McSweeney et al., 2010). Direct visualisation of myocardial 
perfusion post ligation was used to assess myocardial ischaemia 
intraoperatively. This was verified by performing Masson’s Trichrome 
staining on all experimental animal hearts (Section 4.2.9). Animals were 
culled by CO2 asphyxiation at 48 hours, 7 days, 14 days, or 21 days. These 
time points were chosen as they allow a chronological assessment of cardiac 
remodelling (Ren et al., 2002, Grass et al., 2006, Heusch et al., 2014). Following 
asphyxiation, necropsy was performed immediately on all animals, and their 
hearts were formalin-fixed and paraffin embedded (Section 4.2.5).  
 

4.2.3 Hind-limb ischaemia 
Hind-limb ischaemia was performed according to the technique described by 
Kirkby et al. (2012), whereby the left femoral artery is isolated proximal to the 
popliteal artery, and permanently ligated using 5/0 silk suture (n=35) 
(Section 2.4.2.2). This well-established in vivo model has been used 
extensively in the pre-clinical setting to gain insight into revascularisation of 
ischaemic muscle (Lotfi et al., 2013). In the experiments conducted in this 
chapter, the gastrocnemius muscle was harvested from the injured and non-
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injured hind limbs for analysis. Age and sex matched C57Bl6 littermates 
were also analysed, upon whom no surgery was performed. 
 
Laser Doppler flowmetry was used to assess hind-limb perfusion in 
experimental animals, and performed pre-surgery, post-surgery, and then 1 
day, 3 days, 7 days, 14 days and 21 days following the procedure (Section 
2.4.3). Animals were culled by CO2 asphyxiation at 3 days, 7 days, 14 days, or 
21 days. These time points were chosen as they allow a chronological 
assessment of revascularisation of ischaemic muscle to be made, 
encompassing both the acute ischaemic phase at day three (associated with 
inflammation, necrosis and tissue loss), alongside the reperfusion and 
remodelling phase which occurs thereafter (Lotfi et al., 2013). Tissue was 
harvested immediately following asphyxiation, and either snap frozen on 
dry ice for RNA extraction (Section 2.4.4) or placed in 4% paraformaldehyde 
prior to paraffin embedding (Section 4.2.5). 
 

4.2.4 Laser Doppler flowmetry 
Blood perfusion of the hind-limb is commonly assessed using serial laser 
Doppler flowmetry in this in vivo model of angiogenesis (Lotfi et al., 2013). 
Laser light, directed by the laser Doppler scanning, is directed at the region 
of interest and scattered by the moving blood in the tissue which causes a 
change in wavelength and frequency of light that is reflected back. The 
computer software uses this data to create a virtual image of the distribution 
of flow of red blood cells, and allows the calculation of fluid being moved 
per unit time within a region of interest. In these experiments the blood flow 
within the tail of the mouse was used as the control comparator. Blood flow 
in the injured and non-injured limbs was normalised through expressing 
them relative to tail blood flow. 
 

4.2.5 Histology 
Hearts from the experimental mice undergoing left coronary artery ligation 
were placed in 4% PFA in PBS overnight at 4°C, dehydrated in 70% ethanol, 
then transported to the Histology Department at the QMRI prior to 
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infiltration with wax using a vacuum infiltration processor, before 
embedding in a paraffin wax block for microtomy (as per section 2.5.1). 
Tissue sections were cut coronally (4μm thick), and stained using the 
Masson’s Trichrome protocol (Section 2.5.9), which allowed analysis of the 
infarct scar by staining collagen (blue-green), elastin (deep purple) and cells 
(cytoplasm: red; nuclei: black). The slides were then visualised using the 
Provis AX-70 Optical Microscope with Axiocam HRc Camera (Section 2.6) 
 
The gastrocnemius muscle from the injured and uninjured hind-limbs, 
alongside the control mice, was retrieved, divided equally between the 
medial and lateral heads, and half snap frozen for RNA extraction (Section 
4.2.7) and half placed in 4% PFA in PBS overnight at 4°C. Thereafter, akin to 
the infarcted hearts, they were dehydrated in 70% ethanol and infiltrated 
with wax using a vacuum infiltration processor, before embedding in a 
paraffin wax block. Tissue sections were cut (4μm thick), stained for 
hematoxylin and eosin (Section 2.5.8) and again visualised using the Provis 
AX-70 Optical Microscope (Section 2.6). 
 
In addition to the tissues of interested detailed above, one kidney from each 
experimental mouse was harvested, and processed for Wt1 
immunofluorescence in order to act as a positive control.  
 

4.2.6 Immunohistochemistry 
The cut sections of the infarcted hearts, injured/non-injured/control 
gastrocnemius muscles, and one kidney from each mouse, were stained for 
Wt1, CD31 and DAPI using double immunofluorescence and tyramide signal 
amplification (Section 2.5.6). The stained sections were visualised using 
confocal microscopy (Section 2.6). Cell counts were performed for each hind-
limb sample, five 200μm x 200μm regions of interest were analysed allowing 
the quantification of the number of: a) CD31 expressing; b) Wt1 expressing 

cells; c) cells co-expressing Wt1/CD31; d) vessels; and e) Wt1+ vessels 

(defined as a vessel with 2 or more Wt1+ endothelial cells) (Section 2.6.1). All 
analyses were performed blind. 
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4.2.7 Quantitative real-time polymerase chain reaction (qRT-PCR) analysis 
RNA isolation and purification was performed on the injured, non-injured 
and control gastrocnemius muscles at each time point using the Qiagen 
RNeasy® Mini Kit (Section 2.4.4.1). Once the RNA was extracted, the 
quantity and quality of the RNA was ascertained using a spectrophotometer 
and by running an Agilent gel, respectively (Section 2.4.4.3).  Copy DNA 
replication was performed (Section 2.4.4.4) and the signal amplified, prior to 
gene expression analysis (Section 2.4.4.5). For each sample, the concentration 
of the mRNA transcript levels of Wt1, Vegf-α, VE-cadherin, Thrombospondin-1, 
CD146 and Pdgf-β were calculated relative to the reference genes β-actin and 
Gapdh (Bustin et al., 2009). Three negative controls were incorporated into 
this stage of the experiment, and run on each Lightcycler® PCR Plate during 
amplification (Section 2.4.4.5). Firstly, the gastrocnemius muscle with the 
highest quantity of RNA yielded at the time of extraction (ng/μL) was 
incubated without reverse transcriptase during the creation of cDNA 
(Section 2.4.4.4). Second, the non-injured matched control muscle was also 
incubated without reverse transcriptase. Finally, RNase-free water was run 
on each individual plate. Two positive controls were also run on each PCR 
plate during amplification – RNA extracted from healthy C57Bl6 kidney and 
RNA extracted from the M15 cell line (WT1-expressing mesonephric cell line, 
kind gift from Dr You-Ying Chau). 
 

4.2.8 Statistics and data analysis 
Parametric data are expressed as mean (± standard error of mean), whilst 
non-parametric data are expressed as median (± interquartile range). In 
unpaired analyses Student’s T- and Mann Whitney U tests were used for 
parametric and non-parametric data. A one-way analysis of variance 
(ANOVA) (plus Tukey’s multiple comparison test) and Kruskal-Wallis Test 
with Dunn’s multiple comparisons were used when comparing two or more 
unpaired samples from parametric and non-parametric data samples 
respectively. Statistical significance was defined as p < 0.05. All analyses 
were performed using Prism 6 for Mac OS X (GraphPad Software Inc., USA). 
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4.3 RESULTS 

4.3.1 Left coronary artery ligation 

4.3.1.1 Physiological parameters 
Intra-operative mortality was recorded at 20% (3/15) for this procedure, 5% 
below the 25% value quoted as acceptable within the literature (McSweeney 
et al., 2010). Two mice died during induction of anaesthesia, and one 
following a fatal arrhythmia upon left coronary artery ligation. Thus, in the 
final analysis, the group sizes were n=3 per post-operative time point. No 
abnormalities of post-operative body weight change were observed (data not 
shown). 
 

4.3.1.2 Morphology and composition 
Masson’s Trichrome staining on serial sections of all 12 mouse hearts 
confirmed the intraoperative clinical diagnosis of myocardial infarction. The 
left ventricular infarct scar was clearly visible at all time-points in each 
sample (Figure 4.1), and the serial sections allowed the identification of this 
alongside that of the border zone (ischaemic penumbra) and healthy 
myocardium. These data were then correlated with the double 
immunofluorescence staining for Wt1, CD31, and DAPI to ensure accuracy in 
delineating each of the zones under the confocal microscope (Section 4.3.1.3). 
 

4.3.1.3 Wt1 immunofluorescence 2, 7, 14 and 21 days following left coronary 
artery ligation 
At all time-points following left coronary artery ligation, endothelial Wt1 
expression was not observed in the non-infarct zone of the left ventricle, or 
indeed in any other chamber of the murine heart (Figure 4.2.A). These results 
are consistent with the findings described in Chapter 3 in which no 
endothelial Wt1 expression was demonstrated in the heart of healthy C57Bl6 
mice. However, Wt1 was expressed globally throughout the epicardium 
from day 7 onwards following myocardial infarction (Figure 4.2.C). In 

addition, Wt1+ cells were noted within the infarction zone from day 2 
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onwards, but these cells did not co-express the endothelial cell marker CD31 
(Figure 4.2.B-F). These cells are yet to be formally classified by 

immunohistochemistry. Wt1+ endothelial cells and vessels were, however, 
clearly identifiable within the infarct zone at days 14 and 21 following left 
coronary artery ligation (Figure 4.2.D-F).   
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Figure 4.1. Masson’s Trichrome staining confirms myocardial infarction following left 
coronary artery ligation (CAL) in the C57Bl6 mouse (representative images from n=12 
mice). A. Non-infarcted right ventricle (red cytoplasmic staining) 2 days following left CAL. 
B. Almost full thickness left ventricular myocardial infarction 2 days following CAL. Note 
extensive fibrosis with collagen (blue-green) and elastin (purple) deposition. C. Non-infarcted 
right atrium (red cytoplasmic staining) 7 days following left CAL. D. Ischaemic penumbra 
classified as the border zone between infarct zone (blue/purple) and healthy left ventricle 
(red) 7 days following left CAL. Key: Each scale bar in A/D represents 200 microns and B/C 
50 microns. 
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Figure 4.2. Triple immunofluorescence showing Wt1 expression at days 2, 7, 14 and 21 
following left coronary artery ligation (CAL) in the C57Bl6 mouse (representative 
images from n=3 mice per time point). A. Day 7 post CAL, non-infarct zone; Wt1 is not 
expressed in the vasculature of the non-infarct zone at this time point, nor at any other. B. 
Day 2 post CAL, infarct zone; despite global Wt1 expression and neovascularisation, no 

Wt1+/CD31+ cells were present. C. Day 7 post CAL, infarct zone; expansion of the Wt1+ 

epicardium, with new vessel formation beneath. D. Day 14 post CAL, infarct zone; Wt1+ 
endothelial cells and vessels are noted at day 14. E. Day 21 post CAL, infarct zone; large 

numbers of Wt1+ vessels. F. Day 21 post CAL; marked epicardial expansion under low 
power. Key: Wt1 (red), CD31 (green), DAPI (blue), where each scale bar in A/B/F 
represents 100 microns and C/D/E 50 microns. 
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4.3.2 Hind-limb ischaemia 

4.3.2.1 Physiological parameters 
Intra-operative mortality was recorded at 3% for this procedure (1/35), and 
the mouse died following massive haemorrhage when the femoral vein was 
accidentally injured during ligation of the femoral artery. The final group 
sizes at each post-operative time point are displayed in Table 4.1. No 
abnormalities in post-operative body weight change were observed (data not 
shown). 
 
Table 4.1 Group size (n) per post-operative time point following left femoral artery 
ligation. 

Post-operative time point Group size (n) 

Day 3 6 
Day 7 6 

Day 14 12 
Day 21 10 

 

4.3.2.2 Morphology and composition 
Haematoxylin and eosin staining of the uninjured gastrocnemius muscles 3, 
7, 14, and 21 days post left femoral artery ligation revealed no gross 
morphological changes within the cellular architecture (Figure 
4.3.A/C/E/G). In the injured hind-limb at day 3, the gastrocnemius muscle 
exhibited focal necrosis of the skeletal muscle alongside an inflammatory 
infiltrate of neutrophils, plasma cells and lymphocytes (Figure 4.3.B). By day 
7, there was significant skeletal muscle loss with on-going necrosis, and a 
macrophage rich infiltrate evident (Figure 4.3.C). The injured gastrocnemius 
muscle demonstrated some resolution of the inflammatory process by day 
14, with minimal skeletal muscle necrosis (Figure 4.3.F), and by day 21, the 
skeletal muscle architecture was minimally distorted (Figure 4.3.H).    
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Figure 4.3. Haematoxylin and eosin staining of the gastrocnemius muscle 3, 7, 14 & 21 
days post hind-limb ischaemia (HLI) in the injured and non-injured hind-limbs. A/C/E/G. 
All depict the contralateral uninjured gastrocnemius 3/7/14/21 days post HLI; no 
morphological change in cellular architecture demonstrated. B. Injured gastrocnemius 
muscle 3 days post HLI; skeletal muscle necrosis with inflammatory infiltrate. D. Injured 
gastrocnemius muscle 7 days post HLI; significant skeletal muscle loss with ongoing 
necrosis and macrophage rich infiltrate. F. Injured gastrocnemius muscle 14 days post HLI; 
no inflammation or necrosis but somewhat disorganised skeletal muscle. H. Injured 
gastrocnemius muscle 21 days post HLI; largely normal skeletal muscle. Key: all scale bars 
represent 100 microns. 
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4.3.2.3 Laser Doppler flowmetry 
Immediately following left femoral artery ligation the laser Doppler scans 
were able to confirm a cessation of blood flow to the injured hind-limb 
(Figure 4.4.B). Over time, peripheral perfusion returns to the lower limb, 
with flow akin to the pre-operative baseline being approached by day 21 
(Figure 4.4. C-F). The loss and time-dependent restoration of blood-flow 
following surgery was demonstrated by normalising the laser doppler 
flowmetry flux values generated in both the injured and non-injured hind-
limbs to that of the arterial supply of the tail which acted as an internal 
control (Figure 4.5). 
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Figure 4.4. Laser Doppler flowmetry images demonstrating the loss and time-dependent 
restoration of blood flow following left femoral artery ligation in the C57Bl6 mouse. A. 
Pre-operative scan demonstrates equal flow in both hind-limbs. B. Post-operatively there is 
no detectable perfusion to the injured (left) hind-limb, yet a reactive hyperaemia on the un-
injured (right) side. C. Day 3 post-surgery depicts minimal flow in the injured (left) hind-
limb, with a reactive hyperaemia still evident in the un-injured (right) side. D. Day 7 post-
surgery highlights early revascularisation in the injured (left) limb. E. Day 14 post-surgery 
demonstrates gradual re-vascularisation of the injured (left) hind-limb. F. By day 21, the 
perfusion to the injured (left) hind-limb has almost returned to its baseline (red denotes 
maximal blood flow, and blue no dectable flow) 
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Figure 4.5 Loss and time-dependent restoration of blood-flow following left femoral 
artery ligation in the C57Bl6 mouse (n=34). A. The injured (left) hind-limb has reduced 
perfusion post-operatively, with flow gradually returning over time. B. The non-injured 
(right) hind-limb initially demonstrates increased perfusion (reactive hyperaemia) which 
quickly returns to its baseline (the laser Doppler flowmetry flux values generated in both 
the injured and non-injured hind-limbs are normalised to that of the arterial supply of the 
tail which acts as an internal control. Data are mean ± standard error, and ★★★ p < 0.005 
by one-way ANOVA). 



 117 

4.3.2.4 Wt1 immunofluorescence over time following left femoral artery 
ligation 
Double immunofluorescence for Wt1, CD31 and DAPI was performed on the 
gastrocnemius muscles of the injured and non-injured hind-limbs of 34 
C57Bl6 mice, 3, 7, 14 and 21 days post left femoral artery ligation (Figure 4.6 
B-F). Control tissue was analysed from the gastrocnemius muscles of 6 
C57Bl6 littermates that did not undergo surgery (Figure 4.6.A). A one-way 
ANOVA with Bonferroni’s multiple comparison test was used to compare all 
test families. Cell counts revealed that the injured gastrocnemius muscles 

demonstrated greater numbers of Wt1+ cells, CD31+ cells, Wt1/CD31 co-

localisation, total vessels, and Wt1+ vessels, at all time-points following 
surgery, versus control (unoperated) mice (Figure 4.7.A/C/E and Figure 
4.8.A/C). Whilst the effect was not as dramatic, the contralateral non-injured 
gastrocnemius muscle from the mice that underwent left femoral artery 
ligation, also displayed greater numbers of Wt1/CD31 co-localisation, total 

vessels, and Wt1+ vessels, at all time points following surgery, when 
compared to the control mice (Figure 4.7.F and Figure 4.8. B/D). No 

difference was detected in the numbers of Wt1+ or CD31+ cells in the non-
injured hind-limb versus control muscle at any time point post-surgery 
(Figure 4.7.B/D) Further analysis, comparing the injured with the non-
injured hind-limb revealed that whilst the injured gastrocnemius muscle 

expressed greater numbers of Wt1+ cells, CD31+ cells, and Wt1/CD31 co-
localisation, at the majority of post-operative time points, no statistically 
significant difference could be found between the total number of vessels 

and number of Wt1+ vessels between these groups (Figure 4.9). Analysis was 
also performed on the test criteria between time points within the injured 

and non-injured groups (e.g. the number of Wt1+ cells in the injured hind-
limb at day 3 versus day 7). Of note, the number of cells that co-localised Wt1 
and CD31 at day 3 post left femoral artery ligation in the injured hind-limb 
was significantly greater than at days 7, 14, and 21 (Figure 4.7.E where p < 
0.05 by one-way ANOVA with Bonferroni’s multiple comparison test – 
analysis not shown). No other difference could be detected within the 
groups, between time points, post-surgery in any other test criteria.  
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Figure 4.6. Double immunofluorescence demonstrating Wt1 expression post left femoral 
artery ligation in the gastrocnemius muscle of the C57Bl6 mouse (representative images 
from n>5 mice per time point). A. Healthy control gastrocnemius; note sporadic Wt1 
expression in non-endothelial cells. B. Day 3 post hind-limb ischaemia (HLI) in the non-
injured limb; in contrast to the control, there is evidence of endothelial Wt1 expression at 
day 3, and at days 7, 14 and 21 (data not shown). C. Day 3 post HLI in injured hind-limb; 

marked endothelial Wt1 expression. D. Day 7 post HLI in the injured hind-limb; Wt1+ vessel 
demonstrated in this section. E. Day 14 post HLI in the injured hind-limb; marked 

endothelial Wt1 expression alongside other cells surrounding the vessels which are Wt1+. F.  

Day 21 post HLI in the injured limb; again evidence of Wt1+ vessels at this time point. Key: 
Wt1 (red), CD31 (green), DAPI (blue), where scale bars in A/B/C/F represent 50 microns and 
D/E 100 microns. 
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Figure 4.7. The time dependent relationship between Wt1 expression in the injured and 
non-injured C57Bl6 gastrocnemius muscle versus control, following left femoral artery 
ligation. Day 3 (n=6), day 7 (n=6), day 14 (n=12), day 21 (n=10), controls (n=6). The number 

of Wt1+ cells (A), CD31+ cells (C), and cells that co-express Wt1 and CD31 (E), were all 
increased at days 3, 7, 14, and 21 in the injured gastrocnemius muscle following left femoral 
artery ligation compared to the same muscle from control mice were no surgery was 

performed. No significant difference was detected in the number of Wt1+ cells (B) or CD31+ 
cells (D) versus control, in the non-injured hind-limb of mice that underwent left femoral 
artery ligation, at any time point following surgery. The number of cells co-expressing Wt1 
and CD31 were increased at days 3, 14, and 21 post-surgery when compared to the 
gastrocnemius muscle of the non-injured control mouse (F) (A-F data are mean ± standard 
error where ★ p<0.05, ★★ p<0.01, ★★★ p<0.005, and ★★★★ p<0.0001 by one-way ANOVA 
with Bonferroni’s multiple comparison test comparing all post-operative time points to that 
of the control group). 
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Figure 4.8. The time dependent relationship between Wt1 expression within the 
vasculature of the injured and non-injured C57Bl6 gastrocnemius muscle versus control, 
following left femoral artery ligation. Day 3 (n=6), day 7 (n=6), day 14 (n=12), day 21 
(n=10), controls (n=6).  Whilst not all time points demonstrated statistical significance, the 
number of vessels in the injured (A) and non-injured (B) gastrocnemius muscles appeared to 
be increased at days 3, 7, 14, and 21 following left femoral artery ligation compared to the 
same muscle from control mice were no surgery was performed. No Wt1 positive vessels 
were detected in the gastrocnemius muscles of the control mice, in contrast to the injured (C) 
and non-injured (D) gastrocnemii of mice undergoing left femoral artery ligation. (A-D data 
are mean ± standard error where ★ p<0.05, ★★ p<0.01, ★★★ p<0.005, and ★★★★ p<0.0001 by 
one-way ANOVA with Bonferroni’s multiple comparison test comparing all post-operative 
time points to that of the control group). 
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Figure 4.9. The time dependent relationship of Wt1 expression between the injured and 
non-injured C57Bl6 gastrocnemius muscle, following left femoral artery ligation at days 3 

(n=6), 7 (n=6), 14 (n=12) and 21 (n=10). The number of Wt1+ cells in the injured 
gastrocnemius muscles were significantly greater than that of the contralateral, non-injured 

hind-limbs at all time-points (A). Whilst this trend is demonstrated in the number of CD31+ 
cells (B), cells co-expressing Wt1 and Cd31 (C), the number of vessels (D), and the number of 
Wt1 positive vessels (E), at days 3, 7, 14 and 21, statistical significance was not achieved in 
the majority of analyses (A-E data are mean ± standard error where ★ p<0.05, ★★ p<0.01, 
★★★ p<0.005, and ★★★★ p<0.0001 by one-way ANOVA with Bonferroni’s multiple 
comparison test comparing the injured to the non-injured gastrocnemii at post-operative 
days 3, 7, 14, and 21). 
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4.3.2.5 Quantitative real-time polymerase chain reaction analysis over time of 
the ischaemic hind-limb  
RNA analysis was performed on the gastrocnemii (injured and non-injured) 
of all 34 C57Bl6 mice that underwent left femoral artery ligation. In addition, 
the gastrocnemius muscles of the 5 control mice were also analysed. From 
these samples, 30 gastrocnemii from the experimental mice and 5 controls 
yielded RNA of sufficient quality and quantity for further analysis (Figure 
4.10). All 35 of the samples produced detectable levels of Wt1, the angiogenic 
factor Vegf-α, endothelial cell marker VE-Cadherin, the anti-angiogenic 
factor thrombospondin-1, the pericyte marker CD146, and pericyte growth 
factor, Pdgf-β. The three negative controls and two positive controls run on 
each PCR plate (Section 4.2.7) produced no detectable signals and amplified 
signals, respectively. 
 
 

 
Figure 4.10 Agilent gel electrophoresis of 12 gastrocnemius muscle samples using Agilent 
2100 Bioanalyzer and 2% agarose gel. Samples 1, 2, 3, 7, 8, 9, 10 and 12 show 2 distinct 
bands on the gel representing the 18S and 28S ribosomal RNA subunits, indicative of intact 
RNA. Samples 4-6 and 11 exhibit degraded RNA with the 18S and 28S subunits becoming 
less distinct. RIN refers to the RNA integrity value, as calculated by the Agilent 2100 
Bioanalyzer, which accounts for the entire electrophoretic trace, where on a scale of 1-10, 1 
indicates severely degraded RNA, whilst 10 indicates RNA of a high integrity.  
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Wt1 
Wt1 mRNA levels were largely undetectable in the injured (Figure 4.11.A), 
non-injured (Figure 4.12.A) and control hind-limb (Figure 4.13.A) until 21 
days post left femoral artery ligation when a demonstrable rise was observed 
in the injured group (Figure 4.11.A). Interestingly, this increase mirrored that 
of Vegf-α and VE-Cadherin at 21 days.  
 
VE-Cadherin 
The endothelial cell marker, VE-Cadherin, increased with time in the 
gastrocnemius muscles of both the injured (Figure 4.11.B) and non-injured 
(Figure 4.12.B) hind-limbs, peaking in our assay, at 21 days post surgery, 
where they were significantly higher than controls (Figure 4.13B). 
 
Vegf-α 
The angiogenic factor, Vegf-α, mirrored that of VE-Cadherin, rising over time 
in both the injured (Figure 4.11.C) and non-injured (Figure 4.12.C) 
gastrocnemius muscles. Interestingly, Vegf-α mRNA levels were significantly 
lower in the injured and non-injured hind-limbs versus control at day 3 post 
left femoral artery ligation, yet returned to levels equal to those of the control 
by day 21 (Figure 4.13.C). 
 
Thrombospondin-1 
Thrombospondin-1 is an anti-angiogenic factor, and whilst there was no 
significant difference between mRNA levels 3, 7, 14 and 21 days post-
operatively in either the injured (Figure 4.11.D) or non-injured (Figure 
4.12.D) throughout the time course experiment, thrombospondin-1 mRNA 
levels were significantly higher in the injured gastrocnemius muscle at post-
operative day 3 versus control group (Figure 4.13.D). 
 
Pericyte markers 
The pericyte marker CD146 and growth factor Pdgf-β increased over time 
following surgery in the ischaemic hind-limb, in line with VE-Cadherin, 
which would be consistent with new vessel formation (Figure 4.11 E/F). 
However, no significant difference in mRNA levels of Pdgf-β and CD146, 
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were detected between postoperative days 3, 7, 14 and 21 in the contralateral, 
non-injured, hind-limb (Figure 4.12. E/F). Pdgf-β mRNA levels trended 
upwards over time in both the injured and non-injured groups versus 
control, with significant difference detected in the ischaemic hind-limb 21 
days following surgery (Figure 4.13.E). No significant difference was 
detected in the mRNA levels of CD146 over time between the injured/non-
injured gastrocnemii and control (Figure 4.13.F). 
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Figure 4.11. Quantitative real-time polymerase chain reaction analysis of the 
gastrocnemius muscle of the injured hind-limb at days 3, 7, 14 and 21 following left 
femoral artery ligation in the C57Bl6 mouse. Day 3 (n=6), day 7 (n=6), day 14 (n=10), day 
21 (n= 18).  A. Wt1 mRNA levels were largely undetectable until day 21 when a spike in the 
transcription factor is observed. B. The endothelial cell marker, VE-Cadherin, increases with 
time in the gastrocnemius muscle following hind-limb ischaemia. C. Interestingly, the 
angiogenic factor Vegf-α mirrors that of VE-Cadherin, and also peaks at day 21 similar to 
Wt1. D. Thrombospondin-1, an anti-angiogenesis factor, trends downwards over time post-
operatively. E/F The pericyte marker CD146 and growth factor Pdgf-β appear to increase 
over time following surgery, in line with VE-Cadherin which would be consistent with new 
vessel formation (A-F data are mean ± standard error where ★ p<0.05, ★★ p<0.01, and ★★★ 

p<0.005 by one-way ANOVA with Bonferroni’s multiple comparison test). 
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Figure 4.12. Quantitative real-time polymerase chain reaction analysis of the 
gastrocnemius muscle of the non-injured hind-limb at days 3, 7, 14 and 21 following left 
femoral artery ligation in the C57Bl6 mouse. Day 3 (n=6), day 7 (n=6), day 14 (n=10), day 
21 (n=8).  A. Wt1 mRNA levels were largely undetectable throughout the time course 
experiment in the un-injured hind-limb. B. Interestingly, the endothelial cell marker, VE-
Cadherin, increases with time in the non-injured gastrocnemius muscle following hind-limb 
ischaemia on the contralateral side. C. Akin to VE-Cadherin, Vegf-α increased with time in 
the non-injured hind-limb, 3, 7, 14 and 21 days post left femoral artery ligation. D. 
Thrombospondin-1 was static over time post-operatively. E/F No significant difference was 
detected in the mRNA levels of Pdgf-β and CD146 over time following surgery (A-F data are 
mean ± standard error where ★ p<0.05, ★★ p<0.01, ★★★ p<0.005, and ★★★★ p<0.0001 by one-
way ANOVA with Bonferroni’s multiple comparison test). 
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Figure 4.13. Time-dependent change in mRNA level of 6 key markers in the injured and 
non-injured gastrocnemius muscles at days 3, 7, 14 and 21 following left femoral artery 
ligation compared to control. Day 3 (n=6), day 7 (n=6), day 14 (n=10), day 21 (n=18), 
controls (n=6).  A. Wt1 mRNA levels were largely undetectable in both the non-injured 
hind-limb and control gastrocnemius muscle, peaking 21 days post left femoral artery 
ligation in the injured hind-limb. B. VE-Cadherin increases with time in both the injured and 
non-injured muscle, yet the degree of change appears larger in the injured limb. C. Vegf-α 
starts off with significantly lower expression in the injured/non-injured limbs following 
surgery compared with control, yet increases over time post-operatively. D. Whilst no 
difference was detected between thrombospondin-1 mRNA levels of the non-injured and 
control groups over time, it is significantly greater at day 3 in the injured gastrocnemius 
muscle, prior to returning to comparable levels with the control/non-injured groups. E. 
Pdgf-β mRNA levels trended upwards over time in the injured/non-injured groups versus 
control, with significance detected in the ischaemic limb 21 days post-surgery. F. No 
significant difference was detected in the mRNA levels of CD146 over time between the 
injured/non-injured gastrocnemii and control. (A-F data are plotted as mean values where ★ 
p<0.05, ★★ p<0.01, ★★★ p<0.005, and ★★★★ p<0.0001 by one-way ANOVA with Bonferroni’s 
multiple comparison test comparing injured/non-injured values to control). 
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4.4 DISCUSSION 
The experiments described in this chapter were designed to address the 
hypothesis that tissues not known to express Wt1 within their vasculature in 
health, up-regulate endothelial Wt1 de novo following ischaemic injury. In 
Chapter 3 immunohistochemical analysis illustrated that the quiescent 
endothelial cells within the heart and gastrocnemius muscle exhibited no 
Wt1 expression. However, the results described herein demonstrate that 
following experimental myocardial infarction and hind-limb ischaemia, Wt1 
is up-regulated in both vascular endothelial cells and other non-vascular cells 
within the resultant ischaemic tissue. Pivotally, in both models, this occurs in 
a time-dependent manner.  
 

4.4.1 Wt1 is expressed in the ischaemic myocardium following left coronary 
artery ligation in the C57Bl6 mouse 
Following left coronary artery ligation, Wt1 was expressed in the vasculature 
of the infarct (and that of the ischaemic penumbra) at post-operative days 14 
and 21. This is in contrast to the work by Paul Riley’s group who reported no 
evidence of endothelial Wt1 expression post myocardial infarction (Smart et 
al., 2011), yet is supported by the findings of an earlier study where Wt1 was 
shown to be expressed in the coronary vasculature after myocardial 
infarction of the rat heart (Wagner et al., 2002a). Recently published Wt1 cell 
fate mapping studies, in combination with Wt1 mRNA analysis, have 
suggested coronary endothelial cells post myocardial infarction do express 
Wt1, and are formed de novo (van Wijk et al., 2012). The issue of whether or 
not Wt1 is expressed in the ischaemic myocardium is at the core of our 
understanding of cardiac regeneration and is hotly disputed. This and the 
supposition that the epicardium - the source of cardiomyocytes, vascular 
smooth muscle cells and endothelial cells in the developing heart (Zhou et al., 
2008, Martinez-Estrada et al., 2010, Witty et al., 2014) - can be reactivated in 
the adult mouse following tissue injury to augment cardiac function by 
stimulating proliferation of cardiomyoctyes (Mummery and Lee, 2013, Riley, 
2012), represent exciting therapeutic avenues as they focus upon stimulating 
a resident progenitor cell pool to aid self-renewal.  
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Epicardial Wt1 expression and subsequent expansion of this mesenchymal 
layer was observed at days 3 and 7 respectively in this thesis following left 
coronary artery ligation. This is in concordance with the published literature 
(van Wijk et al., 2012, Smart et al., 2011, Zhou and Pu, 2011). The mechanistic 

concept that these reactivated Wt1+ epicardial cells differentiate into 
functioning cardiomyocytes and new blood vessels is particularly appealing 
as we know Wt1 acts as a master regulator of epithelial-to-mesenchymal 
transition (and the reverse, mesenchymal-to-epithelial transition), both in the 
developing mouse embryo (von Gise et al., 2011, Zhou et al., 2008, Martinez-
Estrada et al., 2010) and in adult tissue homeostasis (Chau and Hastie, 2012). 
Moreover, recently published works support the concept that human 
pluripotent stem cells can differentiate into epicardial-like cells and undergo 
epithelial-mesenchymal transition to form fibroblastic and vascular smooth 
muscle cell types (Di Meglio et al., 2010, Witty et al., 2014). Whilst this 
strengthens the translational aspects of the work performed in mice, no 

studies to date have been able to unequivocally conclude that Wt1+ 
progenitors seen in the murine model of myocardial infarction derive from a 
non-epicardial source (e.g. invading from a remote site). Combining further 
genetic fate mapping with epicardial specific knockdown of Wt1 post-injury 
may go some way to answering these questions. 
 
The original concept behind this chapter was to interrogate the left coronary 
artery ligation model of myocardial infarction using the mTmG double 
fluorescent Cre-reporter mouse (Muzumdar et al., 2007) crossed with a 
tamoxifen inducible Cre-recombinase at the Wt1 promoter (Wt1Cre ER/T2) (Zhou 
et al., 2008) to ascertain whether Wt1 positive cells contributed to new vessel 
formation. However, as described above, two separate groups published 
work utilising similar reporters in the second year of my PhD (van Wijk et al., 
2012, Zhou et al., 2011). Not withstanding, the results in this chapter, 
alongside those described in Chapter 3, support the hypothesis that Wt1 is 
activated de novo in the vascular endothelium following ischaemic injury, yet 
is not expressed in quiescent endothelial cells in health. The left coronary 
artery ligation model is limited insofar as it does not entirely recapitulate the 
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true aetiology of that seen in human disease. In the mouse, myocardial 
ischaemia is obtained by ligation, which inevitably results in a pronounced 
inflammatory reaction in the murine heart (as well as causing damage to the 
wall of the left ventricle). In humans, an intraluminal thrombus reduces 
myocardial perfusion, thus the inflammatory process in human disease, 
within the myocardium and pericardial sac, may be less marked. Moreover, 
in this work, echocardiography (to assess heart function) and 
triphenyltetrazolium chloride staining (to accurately delineate infarct size), 
together with increasing the overall sample size, would strengthen these 
data. Finally, supplementary immunohistochemical staining could be 
performed to better define the “other” cell types seen in this model. For 
example, co-staining Wt1 with that of a pericyte antibody (Pdgfr-β) would be 
informative given the role these cells play in adult angiogenesis. 
 

4.4.2 Wt1 is expressed in the hind-limb vasculature following left femoral 
artery ligation in the C57Bl6 mouse 
Complete ligation of the left femoral artery produced reduced blood flow to 
the affected hind-limb during the first 72 hours following surgery, alongside 
a concomitant reactive hyperaemia on the contralateral side in the immediate 
post-operative phase. The reduced perfusion demonstrated by laser Doppler 
in the former, correlated with profound ischaemic change as visualised by 
H&E staining of the gastrocnemii of the mice that underwent this procedure. 
Cell counts revealed that the injured gastrocnemius muscles demonstrated 

more Wt1+ cells, CD31+ cells, Wt1/CD31 co-localisation, vessels, and Wt1 
positive vessels (at all time-points following surgery) than that of the control 
mice upon which no operation had been performed. This represents the first 
clear evidence in this model that de novo activation of the Wt1 gene occurs in 
response to ischaemic injury. These data are consistent with the findings 
described in the ischaemic myocardium (Section 4.4.1) and that of the 
published literature, which demonstrates that the transcriptional regulation 
of Wt1, similar to other angiogenic factors, is triggered by low oxygen 
tension states, akin to those seen in tumours (Wagner et al., 2008), and by a 
mechanism that involves HIF-1 (Wagner et al., 2003).  
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Quantitative real-time polymerase chain reaction analysis of the 
gastrocnemius muscle from the ischaemic hind-limb supports these novel 
findings. Whilst Wt1 mRNA was largely undetectable in the early time 
points post left femoral artery ligation, a significant rise was demonstrated 21 
days post surgery. This correlated with a peak in the mRNA levels of the 
angiogenic factor Vegf-α, and endothelial cell marker, VE-Cadherin. The rise 
in Wt1 mRNA was not mirrored in the contralateral non-injured hind-limb, 
nor was it detected in the control animals, which lends credibility to the 
argument that this is genuine result in response to ischaemic injury. The 
downstream targets of Wt1 are yet to be fully elucidated, but these data are 
consistent with recent studies that have shown WT1 regulates VEGF. Wagner 
et al. (2002) observed that Wt1 shared substantial overlap with Vegf in 
proliferating endothelial cells in proximity to the infarct site following 
myocardial infarction. Moreover, in Ewing’s sarcoma cell lines, WT1 up-
regulates VEGF transcription, leading to a corresponding increase in VEGF 
activity. Conversely, attenuation of hypoxia-mediated induction of WT1 
blunts the up-regulation of VEGF by hypoxia (McCarty et al., 2011).  The 
WT1 (-KTS) protein, which functions as a transcription factor, has also been 
shown to stimulate VE-Cadherin gene transcription in osteosarcoma cells in 
vitro (Kirschner et al., 2010), suggesting a complex interplay may exist 
between WT1, VEGF, and vascular gene transcription. 
 
Interestingly, whilst the effect was not as dramatic - and blunted compared 
to the ischaemic hind-limb - the contralateral non-injured gastrocnemius 
muscle from mice that underwent left femoral artery ligation, also displayed 

greater numbers of cells that co-expressed Wt1/CD31, total vessels, and Wt1+ 

vessels, at all time-points following surgery, versus control mice. Whilst this 
did not translate to a rise in Wt1 mRNA on quantitative real-time polymerase 
chain reaction analysis, a concomitant rise in the mRNA levels of Vegf-α and 
VE-Cadherin over time was observed. This could represent the intriguing 
possibility that a systemic response to ischaemia may underpin the up-
regulation of pro-angiogenic genes such as Vegf-α, VE-Cadherin and Pdgf-β 
(and perhaps Wt1), triggering a mild angiogenic response in the unoperated 
hind-limb. The addition of a sham procedure may lend weight to these 
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findings, as it would act as a more appropriate control to that of C57Bl6 
littermates used in the experiments in this chapter. 
 
When considering the Wt1 mRNA levels versus those of the other genes of 
interest in this chapter, it was noted that they differ by two orders of 
magnitude. This is not unusual for transcription factors such as Wt1 (Vogel 
and Marcotte, 2012, Raser and O'Shea, 2005), and whilst these levels may be 
less than those seen in the adult kidney (Chau et al., 2011), the findings are 
not unexpected given that Wt1 is normally only expressed in the 
mesothelium surrounding the visceral organs, the glomerular podocytes of 
the kidney, Sertoli/granulosa cells of the testis/ovary, and 1% of bone 
marrow cells (Walker et al., 1994, Armstrong et al., 1993, Rao et al., 2006, 
Pelletier et al., 1991b, Hosen et al., 2007). 
 
Within the field of therapeutic angiogenesis, some have argued that the 
failure of preclinical studies to translate into success in humans lies in the 
limitations of the preclinical peripheral arterial disease models (Lotfi et al., 
2013). The left femoral artery ligation model used in this chapter leads to 
acute arterial interruption which results in ischaemia and pressure gradients 
across a vascular bed that are far more dramatic than those seen in the 
clinical setting (Annex, 2013). The extent of the host response to HLI in the 
C57Bl6 strain used in these results is also robust, with complete occlusion 
often resulting in restoration of lower limb perfusion by 2-3 weeks (Waters et 
al., 2004) – consistent with the findings in this chapter.  There is considerable 
variation in the distribution of collateral arteries in healthy humans, and the 
response of this collateral circulation to arterial obstruction does vary 
between individuals (Lehoux and Levy, 2006). Mice appear to exhibit a 
similar phenomenon between strains, although inter-mice variability within 
a strain is less pronounced, suggesting experiments using the same strain are 
reliable and reproducible (Bentzon and Falk, 2010). Finally, many who suffer 
from peripheral arterial disease are older (with reduced regenerative 
capacity) (Austad, 2009), present with co-morbid disease (such as diabetes, 
hypercholesterolaemia and hypertension) (Norgren et al., 2007a), and 
therefore have a dysfunctional endothelium (Ruiter et al., 2010), thus 
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questioning the rationale of using younger, disease free, animals. However, 
there is no such thing as the perfect preclinical model, and remaining 
objective about the implications and potential for treatment is vital. 
Moreover, the work described in this chapter represents preliminary data, 
which can be explored and refined.   
 

4.4.3 Conclusions  
The studies presented in this chapter describe the spatio-temporal pattern of 
Wt1 expression following two ischaemic models of angiogenesis in the 
C57Bl6 mouse. Following left coronary artery ligation it was demonstrated 
that Wt1 was expressed within the vasculature of myocardium subjected to 
ischaemic injury, notably 14 and 21 days post infarction. Pivotally, this is 
within a tissue not known to express the gene in health. The left femoral 
artery ligation model of HLI conferred a similar result, in that endothelial 
Wt1 expression was shown within the ischaemic gastrocnemius muscle, yet 
not in that of the healthy control. Quantitative real-time polymerase chain 
reaction analysis confirmed the immunohistochemical findings in the HLI 
model, and suggested a putative relationship with vascular gene 
transcription and the angiogenic factor, Vegf-α.   
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5.1 INTRODUCTION 
Breast cancer now represents the most common female malignancy across 
the developed and developing world, and is the primary cause of death 
among women globally (Benson and Jatoi, 2012).  It is a profoundly 
heterogeneous disease, which is known to span several specific disease 
entities, in which correct stratification is pivotal for optimal management 
(Reimers et al., 2014).  In the 1970s, prognosis was traditionally determined 
by a series of conventional markers, which included tumour size, lymph 
node involvement, histological grade, oestrogen receptor (ER) status, as well 
as epidermal growth factor receptor-2 (HER2) amplification status (Reis-
Filho and Pusztai, 2011). However, the advent of high-throughput platforms 
for gene expression, such as microarrays, has challenged the conventional 
view of breast cancer being a single disease with variations in clinical 
behaviour and histopathological features (Perou et al., 2000).  
 
Microarray based gene profiling studies have introduced the concept that 
breast cancers are a collection of different diseases originating from the same 
anatomical structure (i.e. the terminal duct lobular unit), yet they possess 
different risk factors, clinical presentations, histopathological characteristics, 
outcome, and response to systemic therapies (Sotiriou and Pusztai, 2009). 
Gene profiling has shown that response to treatment is not purely 
determined by anatomical risk factors (e.g. lymph node involvement), but by 
the molecular signatures and features of the tumours (Desmedt et al., 2009). 
Perou et al. (2000) discovered that ER positve and ER negative breast cancers 
were fundamentally distinct diseases in moleuclar terms. Moreover, 
hierarctical cluster analysis of genes that vary more between tumours than 
between repeated samples of the same tumour revealed the existence of at 
least 4 molecular subtypes: HER2-enriched, luminal, basal-like and normal-
like (Perou et al., 2000). Meta-analyses of large breast cancer patient cohorts 
subjected to gene expression profiling have revealed that genes associated 
with “proliferation signatures” are the most important when attempting to 
forecast prognosis (Wirapati et al., 2008). Furthermore, two subtypes of ER 
negative patients that express an abundance of proliferation signatures are 
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associated with poor outcomes – HER2 positive/ER negative sub-type and 
the basal cell/ER negative subtype (Sorlie et al., 2003).   
 
Alongside the insights provided by gene expression profiling, genetically 
engineered mouse models of breast cancer have been used extensively over 
the past two decades to mimic the genetic aberrations seen in human disease 
(Van Dyke and Jacks, 2002). Several models have been generated, relying 
upon mammary-selective or mammary-specific promoters such as WAP, 
MMTV, and K14. These promoters have been combined with the 
overexpression of oncogenes (Erbb2, Myc, Ccnd1) or the inactivation of 
tumour suppressor genes (Trp53, Brca1, Pten), depending on the 
experimental model (Borowsky, 2011). Distinct challenges remain within the 
transgenic field, since not only are there developmental and physiological 
differences between the mouse and human mammary gland, but emerging 
evidence suggests extended genetic variation within a single human tumour 
mass, known as “intra-tumoural heterogeneity” (Yap et al., 2012, Zardavas et 
al., 2013).  Moreover, metastases in murine models are almost exclusively 
limited to the lung, whereas their human counterparts disseminate to bone, 
liver and brain (Vargo-Gogola and Rosen, 2007). Recapitulating the nuances 
of human breast cancer in a single murine model would be extremely 
difficult, but in fact, many of the molecular features defining the human 
breast cancer sub-types were shown to be conserved in the murine models 
when subjected to DNA microarrays analysis (Herschkowitz et al., 2007). For 
example, in the C3(1)-Tag transgenic mouse - in which a large tumor antigen 
(Tag) is fused with a rat prostatic steroid binding protein C3(1) - 100% of 
mice develop breast cancers and produce a “mixed” phenotype, with 
tumours expressing luminal, basal and mesenchymal genes akin to those 
seen in the basal-like and luminal B human counterparts (Pfefferle et al., 
2013).  
 
There is a considerable amount of data implicating WT1 in the pathogenesis 
of breast cancer. Clinical investigations show that patients with high WT1 
mRNA levels in their breast tumours have a lower 5-year disease free 
survival rate when compared to those with breast tumours expressing low 
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WT1 mRNA levels (Miyoshi et al., 2002). In addition, immunohistochemical 
analysis has shown that cytoplasmic WT1 expression within invading 
tumour cells is associated with a more biologically aggressive phenotype, 
such as ER-negative tumours >2cm in size (Silberstein et al., 1997). 
Interestingly, the HER2 oncogene, whose amplification is associated with 
20% of breast cancer (Barthelemy et al., 2014), appears to regulate WT1 levels 
in vitro. The MCF-7 cell line, originally established from ER-positive breast 
adenocarcinoma, up-regulates the WT1 protein when transfected with HER2 
(Tuna et al., 2005). In turn, WT1 stimulated G1 to S-phase cell cycle 
progression and inhibited apoptosis in the breast cancer cell lines known to 
overexpress HER2 (BT-474 and SKRb3) (Tuna et al., 2005). Herceptin™, a 
HER2 monoclonal antibody that is now first line therapy in the UK for 
metastatic breast cancer, also decreases WT1 protein levels in these 
aforementioned cell lines, indicating that WT1 may play a pivotal role in the 
pathogenesis of a more aggressive subtype of breast cancer (Tuna et al., 
2005). In support of this in vitro work Wang and colleagues demonstrated 
that not only did WT1 propagate HER2 expression in a number of cell-lines, 
but did so in tamoxifen-resistant sub-groups (Wang and Wang, 2008, Wang 
and Wang, 2010). This is particularly pertinent as tamoxifen, a selective ER 
modulator, is used as a mainstay of adjuvant therapy in breast cancer since 
70% of tumours are classified as ER-positive (Musgrove and Sutherland, 
2009). Moreover, it does so with dramatic effects – halving the rates of 
recurrence and reducing the annual breast cancer death rate by one third 
(Early Breast Cancer Trialists' Collaborative, 2005).  
 
Given that WT1 expression appears to be related to poor prognosis in some 
human breast cancer patients (Qi et al., 2012) and no global Wt1 knockout 
mouse model has yet been generated, our group decided to interrogate a 
murine model in which we can explore the functional and morphological 
consequences of global Wt1 deletion in vivo. This chapter represents the 
preliminary analysis of Wt1 expression in endothelial cells of the C3TCO 
murine breast cancer model using immunofluorescence. In addition, 
immunohistochemistry and qRT-PCR was used to analyse 60 human breast 
cancer samples from the NHS Lothian Tissue Bank to ascertain whether WT1 
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expression varied with histopathological grade, oestrogen (ER) receptor 
status and human epidermal growth factor-2 (HER2) enrichment in these 
tumour samples. 
 

5.1.1 Hypothesis 
“Wt1 expression in a murine model of breast cancer will mimic that seen in 
human disease.” 
 

5.1.2 Aims 
 

1. To utilise the C3(1)Tag murine model of breast cancer and ascertain 
whether the expression profile of Wt1 within the vascular 
endothelium differs between health and disease in this transgenic 
mouse line. 

2. To assess the relationship between WT1 expression in human breast 
cancer and the histopathological grade/ER status/HER2 enrichment 
of the tumour. 
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5.2 METHODS 

5.2.1 Animals 
The experimental approach in this study was to use the inducible Wt1 
knockout mouse (Section 2.2.1.3) generated by our group  - where loxP sites 
flank either side of exon 1 (Martinez-Estrada et al., 2010) - and cross this to 
the C3(1)/Tag breast cancer line (Maroulakou et al., 1994) and a C(3)1 driven 
doxycycline-inducible Cre-line (a kind gift to the group from Dr. Els 
Robanus, LUMC, Leiden, The Netherlands) (Figure 5.1). 
 
 

Figure 5.1 Generation of a mammary specific Wt1 knockout mouse. This 
schematic depicts the creation of the transgenic line by crossing the Wt1 conditional 
mouse with the C3(1)/Tag breast cancer model and C(3)1 driven doxycycline-
inducible Cre-line (reproduced with permission of Dr M. Arbitani). 
 
Tumour formation in the C3(1)/Tag system is induced by the expression of 
the simian virus 40 (SV40) large tumor antigen (Tag) which fuses to and 
inactivates tumour suppressors p53 and Rb via a rat prostatic steroid binding 
protein C3(1) (Holzer et al., 2003). The C3(1) gene is expressed in both the 
prostate and mammary glands, and since the SV40 Tag is regulated by the 
C3(1) promoter, its expression is targeted to the epithelium of both organs, 
driving the development of prostate tumours in males and mammary 
tumours in female mice (Maroulakou et al., 1994). The lesions are 
histopathologically akin to the human ductal carcinoma in situ, and unlike 
the vast majority of murine breast cancer models, hormone treatment or 
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pregnancy are not required to induce tumour formation. Therefore, it is 
deemed a more faithful biological representation of human disease (Green et 
al., 2000). By 8 weeks of age the mice demonstrate atypia of the mammary 
ductal epithelium, which progresses to intra-epithelial neoplasia, 
culminating in 100% of animals developing invasive carcinoma by 16 weeks 
of age (Green et al., 2000).  
 

5.2.2 Breeding strategy 
The mice used in this study were a kind gift from Dr M Arbitani who’s PhD 
has been running concurrently with my own, looking specifically at the effect 
of Wt1 deletion within the epithelium in this model of breast cancer. Dr 
Arbitani has undertaken the colony management and genotyping of these 
mice described hitherto. 
 

In brief, triple heterozygous mice (Cre+/- Wt1loxP/+ Tag+/-) were backcrossed for 
6 generations to a Friend virus B-type (FVB) background (Taketo et al., 1991), 
where a more severe and earlier onset mammary phenotype can be achieved 
(Maroulakou et al., 1994). After 6 generations, triple heterozygous males and 

homozygous conditional females (Wt1loxP/loxP), all on FVB background, were 
inter-crossed to generate experimental animals. From these crosses, Cre-

positive.Wt1loxP/loxP.Tag-positive mice (which develop mammary tumours with 
the option of doxycycline inducible Cre-mediated Wt1 loss) and Cre-

negative.Wt1loxP/loxP.Tag-positive mice were obtained.  
 

In this chapter, 20-week old Cre-negative.Wt1loxP/loxP.Tag-positive mice, which 
had not received any doxycycline or vehicle, were utilised, with standard 
FVB females acting as controls.  
 

5.2.3 Histopathological analysis of the C3(1)Tag murine model of breast 
cancer 
All tumour and healthy control breast tissue samples were retrieved from the 
mice by Dr Artibani, placed in 4% PFA in PBS overnight at 4°C, dehydrated 
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in 70% ethanol, then transported to the Histology Department at the QMRI 
whereupon they were infiltrated with wax using a vacuum infiltration 
processor, before embedding in a paraffin wax block for microtomy (as per 
section 2.5.1). Tissue sections were cut (4μm thick), stained for haematoxylin 
and eosin (Section 2.5.8) then analysed and verified by Dr James Baily 
(Veterinary Surgeon and Member of the European College of Veterinary 
Pathologists) according to the consensus report and recommendations into 
the mammary pathology of genetically engineered mice, Annapolis 1999 
(Cardiff et al., 2000). Thereafter, 6 tumours and 6 healthy control samples 
were stained for Wt1, CD31 and DAPI using double immunofluorescence 
and tyramide signal amplification (Section 2.5.6). For each sample, five 
200μm x 200μm regions of interest were analysed allowing the quantification 
of the mean number of: a) CD31 expressing cells (endothelial cells); b) Wt1 

expressing cells; c) cells co-expressing Wt1/CD31; d) vessels; and e) Wt1+ 

vessels (defined as a vessel with 2 or more Wt1+ endothelial cells) (Section 
2.6.1). 
 
In addition to the tissues of interest detailed above, one kidney from each 
experimental mouse was harvested, and processed for Wt1 
immunofluorescence in order to act as a positive control.  
 

5.2.4 Tissue collection and histopathological analysis of human breast 
cancer  
All human tumour samples, alongside matched healthy control tissue from 
the same patients, were obtained via the South East Scotland Scottish 
Academic Health Sciences Collaboration (SAHSC) BioResource funded by 
the Chief Scientists Office (CSO). The BioResource is run by the NHS Lothian 
Tissue Bank and has been approved by the Research Ethics Committee.  
 
In total, 60 formalin-fixed paraffin-embedded human ductal carcinomas and 
matched controls (healthy breast tissue from the same patient taken at the 
time of surgery) were acquired in pre-cut 4μm sections, and their 
histopathological Grade, oestrogen receptor status, size (mm), and HER2 
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enrichment status supplied via the BioResource database. In order to verify 
the data, all sections were stained with haematoxylin and eosin (Section 
2.5.8) and the aforementioned histopathological features confirmed by Dr 
Tim Kendall (Consultant Pathologist, NHS Lothian).  
 

5.2.5 Immunohistochemistry 

5.2.5.1 Immunofluorescence 
A total of 120 tissue sections (60 tumours and 60 matched controls) were 
stained for WT1, CD31 and DAPI by Ruth Hamblin (Histology Department, 
QMRI) (as per Section 2.5.6).  For each sample, five 200μm x 200μm regions 
of interest were analysed allowing the quantification of the mean number of: 
a) CD31 expressing cells (endothelial cells); b) Wt1 expressing cells; c) cells 

co-expressing Wt1/CD31; d) vessels; and e) Wt1+ vessels (defined as a vessel 

with 2 or more Wt1+ endothelial cells) (Section 2.6.1). The percentage of WT1 
expressing vessels for each region of interest within a section was then 
calculated. These 5 percentages were used to create a mean value for each 
section. All analyses were performed blind. 
 

5.2.5.2 Immunoperoxidase staining 
Twelve of the tumour samples (x4 Grade I, x4 Grade II, x4 Grade III) 
alongside their matched controls (n=12), were stained using the WT1 DAB 
protocol (Section 2.5.7) in order to help determine which cell types may or 
may not express WT1 in these samples. All samples were visualised using 
the Provis AX-70 Optical Microscope with Axiocam HRc Camera (Section 
2.6). 
 

5.2.6 Quantitative real-time polymerase chain reaction (qRT-PCR) analysis 
of human breast cancer 
Alongside the 4μm sections for immunohistochemistry, the NHS Tissue 
Bank also provided freshly cut 20μm sections of each of the 60 breast 
tumours and matched controls. RNA isolation and purification was 
performed on each sample using the Qiagen RNeasy formalin-fixed, 
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paraffin-embedded (FFPE) kit (Section 2.4.4.2). Once the RNA was extracted, 
the quantity and quality of the RNA was ascertained using a 
spectrophotometer and by running an Agilent gel, respectively (Section 
2.4.4.3).  Copy DNA replication was performed (Section 2.4.4.4) and the 
signal amplified, prior to gene expression analysis (Section 2.4.4.5). For each 
sample, the concentration of the mRNA transcript levels of WT1, VEGF-α, 
VE-CADHERIN, and PDGF-β were calculated relative to the reference genes 
β-ACTIN and GAPDH (Bustin et al., 2009). Three negative controls were used 
in this experiment, and run on each Lightcycler® PCR Plate during 
amplification (Section 2.4.4.5). Firstly, the tumour sample with the highest 
quantity of RNA yielded at the time of extraction (ng/μL) was incubated 
without reverse transcriptase during the creation of cDNA (Section 2.4.4.4). 
Second, said tumour’s matched control was also incubated without reverse 
transcriptase. Finally, RNase-free water was run on each individual plate. 
 

5.2.7 Statistics and data analysis 
Parametric data are expressed as mean (± standard deviation), whilst non-
parametric data are expressed as median (± interquartile range). In paired 
analyses (e.g. breast cancers versus their matched controls), the p values 
were determined using Student’s T- or Wilcoxon signed rank tests for 
parametric and non-parametric data, respectively. In unpaired analyses (e.g. 
comparing ER positive to ER negative tumours) Student’s T- and Mann 
Whitney U tests were used for parametric and non-parametric data, 
respectively. A one-way analysis of variance (ANOVA) (plus Tukey’s 
multiple comparison test) and Kruskal-Wallis Test with Dunn’s multiple 
comparisons were used when comparing the means of two or more unpaired 
samples from parametric and non-parametric data samples respectively. 
Statistical significance was defined as p < 0.05. All analyses were performed 
using Prism 6 for Mac OS X (GraphPad Software Inc., USA). 
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5.3 RESULTS 

5.3.1 Characterisation of the Cre-negative Wt1loxP/loxP Tag-positive mice  

The characterisation of the Cre-negative.Wt1loxP/loxP.Tag-positive mice, 
alongside the resultant C3(1)/Tag mammary tumours, was performed 
exclusively by Drs. M. Artibani and J. Baily from our group. The genotyping 
of this transgenic line was undertaken by Dr. Artibani using the primers as 
described in Table 2.2. Dr Baily conducted the histopathological analysis of 
all 6 C3(1)/Tag tumours in this chapter, verifying their number, size, Grade 
and morphology as per Section 5.2.4 and the 1999 Annapolis Guidelines. 
 

5.3.2 Immunohistochemical analysis of the C3(1)Tag murine model of 
breast cancer 
Double immunofluorescence for Wt1, CD31 and DAPI of all 6 C3(1)/Tag 
tumours and FVB controls revealed that the endothelial cells of the arteries, 

veins and capillaries in both tissues expressed Wt1+ cells (Figure 5.2). In 
addition, in every section of healthy breast tissue, epithelial cells in the 

terminal duct lobular unit (TDLU) were noted to be Wt1+ (Figure 5.2.B). In 
the mammary tumours, tumour stromal cells were also observed to be Wt1 
positive (Figure 5.2.C). The percentage of vessels expressing Wt1 was greater 
in the C3(1)/Tag tumours than in the healthy controls of the FVB mice (Figure 

5.3.F). Whilst there was no significant difference between the number of Wt1+ 

cells in the tumours versus controls (Figure 5.3.A), the number of CD31+ cells 
(Figure 5.3.B), Wt1/CD31 co-localisation (Figure 5.3.C), number of vessels 

(Figure 5.3.D), and number of Wt1+ vessels (Figure 5.3.F), were all increased 
in the tumours versus the controls. 
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Figure 5.2 Double immunofluorescence showing Wt1 expression in the breast tissue of 

Cre-negative.Wt1loxP/loxPTag-positive mice versus Friend virus B-type (FVB) controls 
(representative images from n=6 mice per group). A. Blood vessels within the mammary 
tissue of the FVB mouse depict co-localisation of Wt1 (red) with the endothelial cell marker, 

CD31 (green). B. Epithelial cells of the terminal duct lobular unit (TDLU) are also Wt1+ (red) 

in the healthy FVB mouse. C. The tumour stroma of the Cre-negative.Wt1loxP/loxPTag-positive 

mammary carcinoma model exhibits global Wt1 (green) expression, whilst D. depicts Wt1+ 
(green) endothelial cells (red) at higher magnification in the same animals (NB DAPI = Blue 
in all images). Key: Scale bars in A/B represent 100 microns. 
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Figure 5.3 The breast tissue of Cre-negative.Wt1loxP/loxP.Tag-positive mice which express 
the C3(1)/Tag mammary tumour phenotype exhibit greater numbers of Wt1 vessels 
compared to age matched Friend virus-B controls (n=6). A. Wt1 expression in the 
C3(1)/Tag mammary tumour was increased when compared with healthy controls B. The 

number of CD31+ cells was increased in the tumours, C. alongside the number of Wt1+ cells 
that co-localise with CD31 D/E depict that both the number of vessels and the number of 

Wt1+ vessels are increased in the mammary tissue of the C3(1)/Tag tumour model. F.  The 

percentage of Wt1+ vessels are increased in the C3(1)/Tag tumour model when compared to 
that of the controls. (Data are expressed as median ± interquartile range, where " p < 0.05 
and "" p < 0.01 by Mann-Whitney U test). 
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5.3.3 Histopathological analysis of human breast cancer 
All 60 tumour samples and matched controls (Table 5.1) from the NHS 
Tissue Bank were verified independently by Dr Tim Kendall (Consultant 
Pathologist) following H&E staining, in order to confirm or refute their 
histopathological Grade, as assigned at the time of resection (Figure 
5.4.A/B). With the exception of 4 healthy samples that were noted to contain 
tumour, the remaining 116 correlated with the original diagnosis. These 4 
healthy samples were returned to the bank, and a further 4 selected from a 
different paraffin block, from the same patient.  
 

5.3.3.1 WT1-DAB staining of human breast cancer and matched controls 
WT1-DAB staining revealed that, similar to the findings in the mouse, the 
endothelial cells lining the arteries, veins and capillaries of healthy breast 
tissue were positive for WT1 (12/12 samples analysed) (Figure 5.4.C/D). 
Moreover, some but not all, of the smooth muscle cells lining the arteries 
were WT1 positive (Figure 5.4.D). In addition, epithelial cells lining the 
TDLU in each of the 12 samples were noted to be WT1 positive (images not 
shown). WT1 positivity was also observed in the tumour stroma, TDLU, and 
endothelial cells lining the arteries, veins, ands capillaries of all tumour 
Grades (Figure 5.4.E/F represent Grade II cancers). 
 
5.3.3.2 Double Immunofluorescence of human breast cancer and matched 
controls 
In total, 56 tumours alongside their matched controls proceeded to analysis 
following double immunofluorescence (Figure 5.5). Four tumours were 
excluded from the matched analysis, as their corresponding controls were 
stained sub-optimally for confocal visualisation and counting. This was 
likely due to a human technical error during the immunofluorescence 
protocol. 
 

The number of WT1+ cells observed across all 56 human breast cancers were 
increased compared with their matched controls (Figure 5.6.A). Whilst the 
number of cells that co-expressed WT1/CD31 was increased in tumours 
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(Figure 5.6.C), no difference was detected in the number of CD31+ cells 

(Figure 5.6.B) or the number of WT1+ vessels (Figure 5.6.E) However, the 
total number of vessels was greater in the tumour versus control tissue 
(Figure 5.6.D).  
 
Consistent with the findings in the mouse and WT1-DAB staining, the 
endothelial cells lining the arteries, veins and capillaries of the breast tissue 
in health and cancer, were positive for WT1 (Figure 5.5.B-D) Moreover, 
epithelial cells lining the TDLU in health and disease, alongside the tumour 
stroma were also positive for WT1 (Figure 5.5.D). Of note, some vessels in 
both the healthy breast tissue and the tumour sections were not WT1 positive 
(Figure 5.5.A).  
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Figure 5.4 Immunohistochemical analysis of healthy human breast tissue versus Grade II 
breast cancer (representative images of n=4 Grade II tumours versus matched controls). A. 
Benign breast tissue illustrated by haematoxylin and eosin stain (H&E). B. Breast tissue 
widely infiltrated by ductal adenocarcinoma (Grade II) on H&E staining. C. WT1 3’3 
Diaminobenzidine (DAB) stain of healthy human breast tissue depicting positive capillaries 
and arteries D. Higher magnification reveals WT1 DAB positive endothelial cells in the 
capillaries and arteries (arrowhead), alongside WT1 DAB positive smooth muscle cells in the 
arterial walls (black arrow). E. Widely infiltrated ductal adenocarcinoma stained using WT1 

DAB. F. Higher magnification; WT1+ tumour stromal and endothelial cells (arrowhead). 
Key: Scale bars in A-C represent 200 microns and D-F 50 microns. 
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Figure 5.5 Double immunofluorescence showing WT1 expression in human breast cancer 
alongside healthy control tissue. A. Healthy breast tissue displaying no endothelial WT1 
expression in a small capillary. B. Healthy breast tissue exhibiting marked endothelial WT1 

expression, alongside WT1+ smooth muscle cells in the arterial wall. C. Grade II, oestrogen 

receptor positive, HER2 negative breast cancer displaying WT1+ endothelial cells in both the 
artery and small capillaries. D. Grade III, oestrogen receptor positive, HER2 positive breast 

cancer exhibiting WT1+ ducts, arteries, and tumour stromal cells. Key: Wt1 (red), CD31 
(green), DAPI (blue), where scale bars represent 50 microns. 

 
 
 



 151 

 
Figure 5.6. WT1 expression in 56 human breast cancers versus matched controls. The 

number of WT1+ cells was increased in the tumours versus healthy control tissue (A), yet no 
difference was detected in the number of CD31 expressing cells (B). Cells that co-expressed 
WT1 and CD31 were increased in the tumours (C), alongside the number of vessels (D), 
compared to their matched controls. No difference was detected in the number of WT1 
expressing vessels between the tumours and control counterparts (E). The percentage of 

WT1+ vessels within the tumours compared with matched controls exhibited a similar 
expression pattern (F) (A-B data are mean ± standard deviation where ★★★★ p<0.0001 by 

paired Student’s T test, and C-E data are median ± interquartile range where ! p < 0.05 and 

!!! p < 0.005 by Wilcoxon signed rank test). 
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WT1 expression and Histopathological Tumour Grade 
Of the 60 tumours obtained from the NHS Lothian Tissue bank, 10 Grade I, 
17 Grade II, and 31 Grade III tumours proceeded to analysis following 
immunofluorescence staining (n = 58). Two tumour samples were excluded 
from this analysis since one did not have its Grade reported by the Tissue 
Bank, and a second was inadequately stained: again, likely due to a technical 

error in the staining protocol. The number of WT1+ cells, CD31+ cells, 
WT1/CD31 co-localisation, and number of vessels were all increased in 
Grade I breast cancers compared to Grade III tumours (Figure 5.7.A-D). In 

addition, Grade I cancers had more WT1+ vessels than their Grade II and 

Grade III counterparts (Figure 5.7.E). Interestingly, the percentage of WT1+ 
vessels appeared to decrease as tumour Grade increased, although this was 
not noted to be statistically significant (Figure 5.7.F). 
 
WT1 expression and oestrogen receptor status 
Initially, 58 tumours with their matched controls were analysed to ascertain 
whether any difference could be detected between ER positive (n=36) and ER 
negative tumours (n=22) versus matched controls (Figure 5.8). Both the ER 

positive and ER negative tumours expressed more WT1+ cells than controls 
(Figure 5.8 A/B). The ER positive tumours exhibited more CD31+ cells than 
controls, yet no difference was observed in the ER negative group (data not 
shown). The ER positive tumours also displayed greater WT1/CD31 co-
expression versus matched controls, in contrast to their ER negative 
counterparts, where no difference in expression levels were detected (Figure 
5.8 C/D). Interestingly, the ER positive tumours also had more vessels (data 

not shown) and more WT1+ vessels than matched controls, yet no similar 
pattern was observed in their ER negative counterparts (Figure 5.8 E/F). 
Analysis was also undertaken to ascertain whether the expression pattern of 
WT1 differed between the ER positive and ER negative cancers (Figure 5.9). 

No difference was detected between the numbers of WT1+ cells in the ER 
negative versus ER positive tumour subtypes (Figure 5.9.A). However, ER 

positive tumours had statistically greater numbers of CD31+ cells; 

WT1/CD31 co-expression; total vessels; and WT1+ vessels (Figure 5.9.B-E).  
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The percentage of WT1+ vessels was increased in the ER positive tumours 
when compared with their ER negative counterparts (Figure 5.9.F). 
 
WT1 and HER2 status 
Fifty-six cancers with matched controls were analysed to determine whether 
any difference could be detected between HER2 positive (n = 18) and HER2 
negative cancers (n = 38) versus controls, with respect to WT1 expression 
(Figure 5.10). HER2 positive and negative tumours both expressed greater 

levels of WT1+ cells compared to their matched controls (Figure 5.10 A/B).  

No difference was detected in the number of CD31+ cells in either the 
positive or negative HER2 cancers (data not shown). Whilst HER2 positive 
cancers exhibited greater levels of WT1/CD31 co-localisation versus controls, 
no difference was observed in the HER2 negative subtype (Figure 5.10 C/D). 
Neither HER2 positive or HER2 negative cancers displayed a difference in 

WT1+ vessel numbers versus matched controls (Figure 5.10 E/F), although 
unlike HER2 positive enriched tumours, the HER2 negative sub-type did 
exhibit significantly greater numbers of vessels as a whole when compared 
with controls (data not shown).  
 
Statistical analysis was also undertaken to ascertain whether the expression 
pattern of WT1 differed between the HER2 positive (n=18) and HER2 
negative cancers (n=41). With the exception of an increase in the total 
number of vessels in the HER2 negative cancers (Figure 5.11D) no difference 

was detected in WT1+ cells; CD31+ cells; WT1/CD31 co-localisation or WT1+ 
vessels between tumour sub-types (Figure 5.11 A/B/C/E). In addition, the 

percentage of WT1+ vessels in HER2 positive and HER2 negative tumours 
compared to their matched controls was minimal (Figure 5.11 F). 
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Figure 5.7. The relationship between WT1 expression and histopathological Grade in 58 

human breast cancers. The number of WT1+ cells was significantly greater in Grade I versus 
Grade III tumours, yet no difference was detected between Grades I and II nor II and III (A). 
Grade I tumours also expressed more CD31 positive cells compared with Grade III (B), and 
more cells that co-expressed WT1 and CD31 (C). The number of vessels was increased in 

Grade I versus Grade III tumours (D) and there were more WT1+ vessels in Grade I tumours 

compared with both Grade II and Grade III tumours (E). The percentage of WT1+ vessels 
within the tumours appeared to decrease as histopathological Grade increased, although this 
was not noted to be statistically significant (F) (where n = 10 Grade I, 17 Grade II, 31 Grade 

III, data are mean ± standard deviation, and ★ p < 0.05, ★★ p < 0.01, and ∗∗∗ p < 0.005 by 

one-way ANOVA). 
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Figure 5.8. The relationship between WT1 expression and oestrogen receptor (ER) status 
amongst 56 human breast cancers versus matched controls. Both the ER negative (A) and 

ER positive (B) tumours expressed more WT1+ cells compared with their matched controls. 
However, only the ER positive cancers exhibited more WT1/CD31 co-localisation (C/D) and 

greater numbers of WT1+ vessels (E/F). (where n = 36 ER positive tumours, 22 ER negative 

tumours, A/C/E/F data are median ± interquartile range where ! p < 0.05 and !! p < 0.01 by 
Wilcoxon signed rank test, and B/D data are mean ± standard deviation where ★★ p < 0.01, 
★★★ p < 0.005, by paired Student’s T test). 
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Figure 5.9. The relationship between WT1 expression and oestrogen receptor (ER) status 
in 59 human breast cancers. There was no significant difference between the numbers of 
WT1+ cells in ER positive versus ER negative cancers (A). ER positive tumours had 
increased CD31 expression (B), increased WT1/CD31 co-localisation (C), an increase in the 

total number of vessels (D), and an increase in number of vessels that were WT1+ (E), when 

compared with their ER negative counterparts. Finally, the percentage of WT1+ vessels 
within the tumours appeared to be greater in ER positive versus ER negative cancers when 
compared with their matched controls, however this was not found to be statistically 
significant (F) (where n = 22 ER negative tumours, n = 37 ER positive tumours, A-E data are 
mean ± standard deviation and ★★ p < 0.01, ★★★ p < 0.005, ★★★★ p < 0.001 by unpaired 
Student’s T test 
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Figure 5.10. The relationship between WT1 expression and HER2 receptor status in 56 
human breast cancers versus matched controls. Both the ER negative (A) and ER positive 

(B) tumours expressed more WT1+ cells compared to their matched controls. Moreover, only 
the ER positive tumours exhibited more WT1/CD31 co-localisation (C/D) and greater 

numbers of WT1+ vessels (E/F) (n=38 HER2 negative tumours, n=18 HER2 positive tumours, 
A/B/C/E/F data are mean ± standard deviation where ★ p < 0.05, ★★ p < 0.01 by paired 
Student’s T test, and D data are median ± interquartile range). 
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Figure 5.11 The relationship between WT1 expression and HER2 receptor status in 59 
human breast cancers. No difference was detected between HER2 negative and HER2 

positive breast cancers regarding the number of WT1+ cells (A); number of CD31+ cells (B); 

cells co-expressing WT1/CD31 (C); and the number of WT1+ vessels (E). The number of 
vessels in HER2 negative cancers was noted to be significantly greater than their HER2 

positive counterparts (D). The percentage of WT1+ vessels in HER2 positive and HER2 
negative tumours compared with their matched controls was minimal (where n=41 HER2 
negative tumours, 18 HER2 positive tumours, A-B data are mean ± standard deviation, C-E 
data are median ± interquartile range, and !! p < 0.01 by Mann Whitney U test). 
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5.3.4 Quantitative real-time polymerase chain reaction (qRT-PCR) analysis 
of human breast cancer 
RNA extraction was performed on all 60 tumours and matched controls 
(n=120). From these samples, 30 tumours and 8 controls yielded RNA of 
sufficient quality and quantity for further analysis (Figure 5.12). Whilst all 38 
of the aforementioned samples produced detectable levels of the angiogenic 
factors VEGF-α and PDGFR-β, plus endothelial cell marker VE-Cadherin, 
only 28 cancers and 3 matched controls produced demonstrable WT1 mRNA 
on amplification. The negative controls run on each PCR plate produced no 
detectable signal for any of the amplified genes. 
 
 

 
Figure 5.12 Agilent gel electrophoresis of 12 human breast cancer samples using Agilent 
2100 Bioanalyzer and 2% agarose gel. Samples 1-5 show 2 distinct bands on the gel 
representing the 18S and 28S ribosomal RNA subunits, indicative of intact RNA. Samples 6-
12 exhibit degraded RNA with the 18S and 28S subunits becoming less distinct. RIN refers to 
the RNA integrity value, as calculated by the Agilent 2100 Bioanalyzer, which accounts for 
the entire electrophoretic trace, where on a scale of 1-10, 1 indicates severely degraded RNA, 
whilst 10 indicates RNA of a high integrity. N/A indicates the RIN was unable to be 
calculated due to its poor quality.   

 
Histopathological Grade 
PDGF-β, VEGF-α and VE-Cadherin mRNA levels exhibited no significant 
difference across histopathological tumour Grades I-III (Figure 5.13 A-C). 
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This was in contrast to WT1 mRNA expression, which was increased in 
Grade I versus Grade III tumours (Figure 5.13 D).  
 
Oestrogen receptor (ER) status 
No significant difference was detected between ER positive and ER negative 
tumours when assessing WT1, VEGF-α, PDGF-β and VE-Cadherin mRNA 
expression levels (Figure 5.14). 
 
HER2 status  
No significant difference was detected between HER2 positive and HER2 
negative tumours when assessing WT1, VEGF-α, PDGF-β, and VE-Cadherin 
mRNA expression levels (Figure 5.15). 
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Figure 5.13. The relative mRNA concentrations of VEGF-α (A), PDGF-β (B), VE-Cadherin 
(C), and WT1 (D) across human breast cancers when classified by histolopathological 
Grade. No significant difference was detected in this analysis across tumour type and 
mRNA levels with the exception of greater WT1 expression in Grade I versus Grade III 
tumours (D) (A-C Grade I (n=8), Grade II (n=8), Grade III (n=14), D Grade I (n=4), Grade II 

(n=8), Grade III (n=14). Data are median ± interquartile range where ! p<0.05 by Kruskal-
Wallis Test with Dunn’s multiple comparisons). 
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Figure 5.14. The relative mRNA concentrations of VEGF-α (A), PDGF-β (B), VE-Cadherin 
(C), and WT1 (D) in human breast cancers when classified by oestrogen receptor (ER) 
status.  No difference was demonstrated between ER positive and ER negative cancers with 
respect to VEGF-α, PDGF-β, VE-Cadherin or WT1 mRNA levels (A-C ER negative cancers 
(n=9), ER positive cancers (n=21), D ER negative cancers (n=16), ER positive cancers (n=12). 
All data are median ± interquartile range). 

 
 



 163 

 
Figure 5.15. The relative mRNA concentrations of VEGF-α (A), PDGF-β (B), VE-Cadherin 
(C), and WT1 (D) in human breast cancers when classified by HER2 enrichment. No 
difference was demonstrated between HER2 positive and HER2 negative cancers with 
respect to VEGF-α, PDGF-β, VE-Cadherin or WT1 mRNA levels (A-C HER2 negative 
cancers (n=23), HER2 positive cancers (n=7), D HER2 negative cancers (n=22), HER2 positive 
cancers (n=6). Data are median ± interquartile range). 
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5.4 DISCUSSION 
One of the main findings from this chapter was not only is WT1 up-regulated 
in the vasculature of the C3(1)/Tag mammary tumour model of breast cancer 
compared to healthy control tissue, but this was mirrored in a subset of 
human breast cancers versus matched controls. Moreover, WT1 was 
expressed in healthy human breast tissue, supporting the data demonstrated 
in Chapter 3 in the healthy murine mammary tissue. This is consistent with 
the breast being an active, rather than a quiescent, tissue. Both of these key 
discoveries confirm that the results obtained in mice can be translated to 
humans.  
 

5.4.1 Wt1 expression in the C3(1)/Tag  murine model of breast cancer 
The murine cancer model exhibited dramatic differences in its cellular 
makeup to that of the healthy mammary tissue, across all measured 

domains. The C3(1)/Tag tumours demonstrated an increase in Wt1+ cells, 

CD31+ cells, Wt1/CD31 co-localisation, total vessels, and Wt1+ vessels, 
compared to healthy control tissue. Interestingly, when interrogating the 

human data, this result was mimicked in the number of Wt1+ cells, 

Wt1/CD31 co-localisation, and total vessels, yet not in the number of CD31+ 

cells and number of Wt1+ vessels. The reasons for this may be multifactorial 
and more complex than on initial inspection. Two fundamental factors in this 
analysis centre around the murine model used, and whether the human 
tumours should be analysed en masse given there are thought to be four 
distinct molecular phenotypes - HER2-enriched, luminal, basal-like and 
normal-like.  
 
As discussed in the introduction (Section 5.1), the C3(1)-Tag transgenic 
mouse produces a mixed phenotype, with tumours expressing luminal, basal 
and mesenchymal genes as seen in the basal-like and luminal B human 
breast cancer subtypes (Pfefferle et al., 2013). The former tend to be ER/HER2 
negative, whilst the latter ER/HER2 positive. Thus, the HER2 enriched, 
basal-like A and normal-like molecular sub-types are not represented in our 



 165 

murine model. Moreover, given the small sample size (n=6) and the marked 
heterogeneity we know exists within a single tumour, where the sample was 
sectioned for this study could influence the expression pattern of WT1 in this 
model. Multiple sections from multiple mice would strengthen the findings 
and mitigate any confounding factors due to sample size and sampling error.  
 

5.4.2 WT1 expression in human breast cancer 
In addition to considering the 4 molecular human subtypes of breast cancer, 
many have argued ER positive and ER negative cancers are also distinct 
disease entities (Perou et al., 2000, Sorlie et al., 2003). Therefore, caution must 
be used when interpretting the results from a varied group of human “breast 
cancers” collectively without further sub-classification. This is exemplified 
by the sub-analysis of WT1 expression in the ER positive and ER negative 
cancers versus their matched controls. Whilst both ER positive and ER 
negative tumours demonstrated greater WT1 cellular expression than 
matched control tissue, the ER positive sub-type exhibited greater statistical 
significance, and displayed increased WT1/CD31 co-localisation alongside 

greater numbers of WT1+ vessels, unlike their ER negative counterparts.  In 
addition, when comparing the data between cancer types, ER positive 

tumours demonstrate increased vascularisation and increased WT1+ vessels 
compared with ER negative cancers. ER positive breast cancers represent 
over 70% of all breast cancers (Harvey et al., 1999) and respond to one of the 
most commonly targeted therapies in breast cancer treatment - tamoxifen. 
Clinical classification of this biomarker (alongside HER2 enrichement) 
therefore affects the therapeutic strategy applied to every patient (Reis-Filho 
and Pusztai, 2011). The frequency of ER positivity and ER negativity (based 
on immunohistochemical staining) varies for each of the molecular subtypes 
of breast cancer.  The luminal A and B subtypes are considered to be ER 
positive breast cancers, and indeed these are rarely ER negative (Rivenbark et 
al., 2013). Likewise, normal-like breast cancers are more often ER positive. In 
contrast, HER2 positive and basal-like breast cancers are considered ER 
negative breast cancers, but these breast cancer subtypes are clinically 
classified as ER positive on occasion (Harrell et al., 2012). The HER2 positive 
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breast cancers are most heterogeneous for ER expression, exhibiting 
positivity in approximately 56% of cases, whereas the basal-like breast 
cancers are ER positive in 17% (Rivenbark et al., 2013). Thus, the finding that 
CD31 positive cells, endothelial WT1 expression, total vessels, and total WT1 
positive vessels all increased in ER positive breast cancers compared with 
their ER negative counterparts is fascinating as the basal-like breast cancers, 
which are typically ER negative and represent 15% of all breast cancers, have 
the highest rates of proliferation and extremely poor clinical outcomes (Sorlie 
et al., 2003, Sorlie et al., 2001). This may suggest endothelial WT1 expression 
could be linked to improved clinical outcome, and therefore an in depth 
analysis of the Tissue Bank database into the clinical outcome of the 60 
human sampled should be performed in future. 
 
Dissecting the data on HER2 enrichment and WT1 expression is a little more 
complex. Whilst both HER2 negative and HER2 positive cancers showed 
increased cellular expression of WT1 compared to matched controls, neither 
depicted more vascular WT1 expression, although the HER2 positive cancers 
did marginally depict a slight increase in WT1/CD31 co-localisation versus 
controls. With the exception of more vessels seen in the HER2 negative sub-
type, no difference was detected between HER2 positive and HER2 negative 
tumours in these data. 
 

Interestingly, as histopathological Grade increased, the number of WT1+ 
cells, number of CD31 cells, number of cells co-expressing WT1/CD31, the 

number of vessels, the WT1+ vessels and the percentage of WT1+ vessels 
within the tumours all appeared to decrease. Grade III cancers tend to be 
more invasive and associated with poorer clincal outcomes (Rivenbark et al., 
2013). Taken alongside the findings with ER status, the results pertaining to 
the immunohistochemical staining for WT1 suggest more aggressive 

tumours with poorer clinical outcomes have fewer WT1+ cells in their 
vasculature. These observations appear to conflict with the evidence 
described in the introduction (Section 5.1) which suggests cytoplasmic 
expression is associated with a more aggressive phenoptype (Silberstein et 
al., 1997). However, my experiments have specifically focused upon the 
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vasculture within the tumours, and indeed no difference was seen in the 

number of WT1+ cells across the ER receptor positive/negative or HER2 
positive/negative phenotypes, suggesting the role of WT1 expression within 
the vasculature may differ from that of global expression of the protein.  
 
The quality and quantity of RNA extracted from the formalin-fixed, paraffin-
embedded tissue was surprisingly good, given the historical difficulty with 
extracting RNA from tissue fixed in this process. However, a significant 
limitation was the inability to detect WT1 mRNA on amplification in some of 
the tumours, and the majority of healthy breast tissue. This may reflect the 
lack of expression of the gene in healthy mammary tissue or, more likely, an 
inability of the assay to detect it at low relative concentrations. WT1 mRNA 
relative to GAPDH and β-Actin, was significantly increased in many of the 
cancers. Whilst no difference was seen between ER positive and negative 
tumours (or with HER2 enrichment), Grade I tumours appeared to express 
more WT1 than Grade III (consistent with the immunohistochemical 
analysis). However, this result should be interpreted with caution, as the 
number of tumours in former group was small (n=3). 
 

5.4.3 Future work 
Moving forward, future experiments interrogating the effect of global WT1 
knockout, alongside endothelial deletion of the gene within the C3(1)Tag, 
would be incredibly informative. This would enable a more in depth analysis 
and assessment of whether WT1 expression in the vascular component of the 
cancer plays a role in tumourigenesis. Collecting human breast cancers 
prospectively and looking for WT1 expression via microarray, may mitigate 
the methodological difficulties associated with extracting RNA from 
formalin fixed, paraffin embedded tissue. 
 

5.4.4 Conclusions 
In the previous chapter, two in vivo models of ischaemic angiogenesis 
demonstrated that Wt1 was expressed in the vascular compartment of tissues 
not known to express the gene in health. The data presented in this chapter 
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supports the over-arching hypothesis that the WT1 gene is expressed in the 
endothelial cells of angiogenic tissues. Moreover, WT1 is up-regulated in a 
murine model of mammary cancer and that of a sub-set of aggressive breast 
cancers, compared to healthy control tissue. These results are complicated by 
the heterogeneity that exists within both human and murine models of breast 
cancer, but support the view that WT1 may play a role in physiological and 
pathological angiogenesis. 
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6.1 INTRODUCTION 
The data presented in the preceding results chapters have demonstrated that 
WT1 appears to be absent from quiescent endothelial cells. By contrast, the 
vascular networks of organ systems known to undergo physiological 
angiogenesis as part of their cyclical remodelling and regeneration, express 
Wt1 within the vascular endothelium. In addition, Wt1 is expressed 
following ischaemic injury in both the myocardium and the gastrocnemius 
muscle; two tissues not known to express Wt1 in health. In Chapter 5, WT1 
was shown to be up-regulated in a murine model of mammary cancer, and 
that of a sub-set of aggressive human breast cancers, compared with healthy 
control tissue. In the context of the scientific literature (Wagner et al., 2008), 
these data support the view that WT1 may play a key role in both 
physiological and pathological angiogenesis. The aim of this final 
investigation was to interrogate a well-recognised in vivo model of 
angiogenesis (Small et al., 2005, Staton et al., 2009, Toriseva et al., 2012) via a 
number of transgenic mouse lines, in order to confirm or refute Wt1’s role in 
the formation of new blood vessels. 

 
Until recently, Wt1 was thought to be a relatively dormant gene in the adult. 
In mice, it is expressed in a restricted fashion in a small percentage of cells, in 
very few tissues. These include the mesothelium, glomerular podocytes, 
Sertoli cells of the testis, granulosa cells of the ovary, and 1% of bone marrow 
cells (Walker et al., 1994, Armstrong et al., 1993, Rao et al., 2006, Pelletier et al., 
1991b, Hosen et al., 2007). Deleting Wt1 ubiquitously in the adult mouse 
uncovered a dramatic phenotype. Mutant mice developed severe 
glomerulosclerosis, pancreatic atrophy, defects in erythropoiesis, an enlarged 
spleen, rapid bone loss, and a reduction in fat volume (Chau et al., 2011). 
Perhaps most strikingly, this occurred within 10 days of gene deletion. Taken 
together, these results suggest a key role for Wt1 in maintaining adult tissue 
homeostasis (Miller-Hodges and Hohenstein, 2012). The molecular 
mechanisms by which Wt1 facilitates this function are yet to be fully 
elucidated. However, it has been suggested that it may do in part by 
regulating the epithelial-mesenchymal balance within sub-populations of 
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progenitor/stem cells within the adult (Chau and Hastie, 2012).  For 
example, the severe glomerulosclerosis exhibited by the Wt1 mutants in 
Chau et al.’s (2011) study is thought to be due to damage to the foot processes 
of the glomerular podocytes, which regulate ultra filtration within the kidney 
microcirculation. There was almost a complete loss of podocyte proteins 
(Chau et al., 2011), including nephrin (a transcriptional target of Wt1), 
reinforcing the importance of Wt1 in maintaining kidney homeostasis in the 
adult. Potential mechanisms thought to lead to the progressive nature of 
glomerular disease include podocyte detachment, EMT, de-differentiation, 
and apoptosis (Miller-Hodges and Hohenstein, 2012). For example, Li and 
colleagues have showed that murine podocytes in vitro and in vivo undergo 
de-differentiation and EMT following injury (Li et al., 2008). 
 
Whilst the work by Chau et al. (2011) has clearly demonstrated the 
importance of Wt1 in maintaining a variety of adult homeostatic 
mechanisms, the phenotype of the mutant animals was so extreme that 
dissecting a specific vascular trait was incredibly challenging due to the 
complex interplay between the failures of multiple organ systems. To date, 
there is no published work illustrating the effects of Wt1 deletion on either 
physiological or pathological angiogenesis. As previously mentioned, our 
collaborators in Nice, have investigated the effect of Wt1 knockout in TIE2 
expressing cells of mice that had B16 melanoma and LLC1 lung carcinoma 
tumour xenografts implanted sub-dermally. Over four weeks, tumour 

growth was reduced by 90% in tamoxifen-inducible Tie2-CreERT2;Wt1lox/lox 
knockout mice versus controls. Moreover, Kaplan Meier curves showed 
prolonged survival in the Wt1 TIE2-knockout group versus control (Wagner 
et al., 2014). These data suggest that Wt1 may be a novel regulator of cancer 
growth via modulation of tumour angiogenesis. However, the picture is 
muddied by the fact TIE2 is not specific to endothelial cells, and is also 
expressed by haematopoietic stems cells, alongside a sub-population of 
monocytes that primarily account for angiogenic activity of recruited 
tumour-associated macrophages (Augustin et al., 2009). 
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Given the expression profile of Wt1 in the aggressive breast cancer 
phenotype seen in Chapter 5, its marked expression in a variety of human 
cancers (Nakatsuka et al., 2006, Wagner et al., 2008), potential as an 
immunotherapeutic agent (Cheever et al., 2009), and its safety profile as a 
peptide vaccine for leukaemia (Uttenthal et al., 2014), the field represents an 
exciting avenue for future work. Specifically, further research is required to 
establish whether de novo activation of the Wt1 gene in the vascular 
endothelium is essential for angiogenesis in the healthy adult. The studies 
described in this chapter were designed to address this knowledge gap by 
using the sponge implantation model of angiogenesis, in conjunction with a 
number of transgenic mouse lines, to determine whether Wt1 is expressed in 
this model, and if so, what effects are caused by the deletion of the gene 
within vascular endothelial cells.   
 

6.1.1 Hypothesis 
“Selective deletion of Wt1 from endothelial cells will inhibit angiogenesis 
following sponge implantation”  
 

6.1.2 Aims 
 

1. To assess the effects of global Wt1 deletion in the ex vivo aortic ring 
model of angiogenesis. 

2. To ascertain whether Wt1 is expressed in vivo using a sponge model of 
angiogenesis alongside a novel Wt1 genetic fate mapping mouse line. 

3. To quantify Wt1 expression in the sponge implantation model. 
4. To determine the cellular nature of Wt1 expressing cells in the sponge 

model of angiogenesis. 
5. To determine whether selective deletion of Wt1 in endothelial cells 

using a conditional knockout mouse line will inhibit angiogenesis in 
vivo in the sponge implantation model of angiogenesis. 
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6.2 METHODS 

6.2.1 Animals 

6.2.1.1 C57Bl6  
All C57Bl6 mice used in this chapter were 20-30g males purchased from 
Charles River Laboratories, UK.  Animals were allowed to acclimatise to 
their environment for at least 1 week prior to experimental use, at which 
point they were 3-4 months old. Identifying ear notches were cut at the time 
of surgery. 
 

6.2.1.2 Wt1-GFP line 
The Wt1-GFP mice used in this chapter were 3-4 month old males that were 
generated and genotyped as described in Sections 3.2.1.2 and 2.2.2, 
respectively.  
 

6.2.1.3 Inducible Wt1 knockout mouse (WER mouse line) 
In order to investigate the effects of global Wt1 deletion ex vivo, our group 
have previously generated a tamoxifen inducible knockout mouse (Chau et 
al., 2011) (Section 2.2.1.3). The studies in this chapter utilised 3-4 month old 
male mice, weighing 20-30g. Anna Thornburn performed the genotyping 
and generation of this line. 
 
Generation of the WER line 

The experimental mice used in this chapter – Cre-ERTM;Wt1lloxP/loxP – were 

generated by crossing homozygous Wt1 conditional male mice (Wt1loxP/loxP) 

(Martinez-Estrada et al., 2010) with CAGG promoter driven Cre-ERTM females. 
Flanking loxP sites either side of exon 1 of the Wt1 gene generated the 

homozygous Wt1 conditional mouse – Wt1loxP/loxP (Martinez-Estrada et al., 
2010).  Two copies of the conditional allele are required to knockout Wt1 
(upon induction with tamoxifen). Therefore breeding of multiple generations 
was required in order to obtain male mice both positive for Cre and 
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expressing two copies of the conditional allele. Cre negative littermates were 
used as the control animals in these experiments. 
 
Genotyping of the WER line 
PCR of genomic DNA isolated from ear clip tissue samples and gel 
electrophoresis of the resulting products was used to identify the genotype of 
experimental animals (Section 2.2.2). Wild type mice possess a single band at 

196 base pairs. Mice heterozygous for the conditional allele (Wt1loxP/+) possess 
two bands, one at 230 base pairs and the second at 196 base pairs, whilst 
mice homozygous for the conditional allele have a single band at 230 base 
pairs (Figure 6.1). Mice positive for Cre have an additional band at 400 base 
pairs. However, when genotyping for Cre alone (e.g. when crossing mTmG 
homozygotes) a fatty acid binding protein (Fabpi) is used as an internal 
control, in order to differentiate between a true negative result and a failed 
PCR (Figure 6.2). Mice positive for Fabpi have a band at 200 base pairs. 
 
 
 

 

Figure 6.1. Agarose gel electrophoresis under ultraviolet (UV) trans-illumination for the 
Wt1 conditional transgenic mouse line. Wild type mice possess a single band at 196 base 

pairs. Mice heterozygous for the conditional allele (Wt1loxP/+) possess two bands, one at 230 
base pairs and the second at 196 base pairs, whilst mice homozygous for the conditional 

allele have a single band at 230 base pairs (Wt1loxP/loxP). The ladder is represented at the far 
left of the image (Figure courtesy of Anna Thornburn). 
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6.2.1.4 Wt1.Cre-ERT2;mTmG mouse line 

A novel lineage tracing mouse line - Wt1.Cre-ERT2;mTmG - was used in this 
chapter to trace the lineage of Wt1 expressing cells (Chau et al., 2014) (Section 
2.2.1.2). The studies in this chapter utilised 3-4 month old male mice, 
weighing 20-30g. Anna Thornburn performed the genotyping and generation 
of this line. 
 

Generation of the Wt1.Cre-ERT2;mTmG line 
The mTmG double fluorescent Cre-reporter mouse (Muzumdar et al., 2007) 
was crossed with a tamoxifen-inducible Cre-recombinase at the Wt1 

promoter (Wt1.Cre-ERT2)(Zhou et al., 2008). In the resultant Wt1.Cre-

ERT2;mTmG mouse, membrane bound Tomato is ubiquitously expressed 
under the strong pCA promoter prior to Cre-mediated recombination. After 
Cre-mediated loxP recombination (which excises Tomato) membranous GFP 
is expressed.  
 
 

Figure 6.2. Agarose gel electrophoresis under ultraviolet (UV) trans-illumination for Cre-

recombinase found in both the Cre-ERT2 and Cre-ERTM mice. Mutant mice positive for Cre 
posses a band at 400 base pairs (Cre allele) alongside a band at 200 base pairs (Fabpi allele). 
Wild type mice possess a band at 200 base pairs only (Fabpi allele). Fabpi is used as an 
internal control, in order to differentiate between a true negative result and a failed PCR 
reaction. The ladder is represented at the far left of the image (Figure courtesy of Anna 
Thornburn). 
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Genotyping of the Wt1.Cre-ERT2;mTmG line 
PCR of genomic DNA isolated from ear clip tissue samples and gel 
electrophoresis of the resulting products was used to identify the genotype of 
experimental animals (Section 2.2.2). Wild type mice possess a single band at 
330 base pairs. Mice heterozygous for the mTmG allele possess two bands, 
one at 250 base pairs and the second at 330 base pairs, whilst mice 
homozygous for the conditional allele have a single band at 250 base pairs 
(Figure 6.3). Mice positive for Cre have an additional band at 400 base pairs 
(Figure 6.2). 
 

 

Figure 6.3 Agarose gel electrophoresis under ultraviolet (UV) trans-illumination for the 
mTmG construct. Wild type mice possess a single band at 330 base pairs. Mice heterozygous 
for the mTmG allele possess two bands, one at 250 base pairs and the second at 330 base 
pairs, whilst mice homozygous for the conditional allele have a single band at 250 base 
pairs. The ladder is represented at the far left of the image (Figure courtesy of Anna 
Thornburn). 
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6.2.1.5 Wt1loxP/loxP;VE Cadherin.Cre-ERT2 mouse line 

The VE CadherinCre ER/T2 transgenic mouse line allows the expression of Cre-
recombinase under the regulatory control of the VE-Cadherin promoter. VE-
Cadherin is an exclusive marker of endothelial cells (Harris and Nelson, 

2010), thus, cross breeding with the Wt1 conditional mouse (Wt1loxP/loxP) 
creates a transgenic mouse allowing selective Wt1 deletion from endothelial 
cells following the administration of tamoxifen (Alva et al., 2006, Monvoisin 
et al., 2006). Whilst the generation and genotyping of this line was 
commenced in the 2nd year of this PhD, the number of experimental mice 
necessary to undertake the planned studies was insufficient. Therefore, all 

studies performed in this chapter using the Wt1loxP/loxP;VE Cadherin.Cre-ERT2 
mice were conducted in Nice by our collaborators Drs Kay and Nicole 
Wagner. Moreover, these mice were generated and genotyped in France.  
 

6.2.2 Angiogenesis Assays 

6.2.2.1 Ex vivo Aortic Ring Assay 
The principles and techniques of the aortic ring assay used in this chapter 
were identical to those described in Section 3.2.3.1. However, the aim of these 
studies was to assess the effect of global Wt1 deletion in this ex vivo model by 

using the Cre-ERTM;Wt1loxP/loxP (WER) mouse line. Three Cre positive and 3 
Cre negative mice were culled by asphyxiation in CO2, their aortae harvested 
and subsequently embedded in Type I Collagen. Each mouse aorta yielded 9 
aortic rings, 3 of which were fed with 150μL Opti-MEM® + 3% FCS, 3 with 
150μL Opti-MEM® +3% FCS +4-OH tamoxifen (Sigma-Aldrich Company 
Ltd., England), and 3 with 150μL Opti-MEM® + 3% FCS + 100% ethanol. The 
tamoxifen was dissolved in 100% ethanol to a final concentration of 1μM. 
Thus, the rings cultured in Opti-MEM® + 3% FCS acted as the positive 
control, whilst those in ethanol alone acted as a vehicle control. Endothelial 
microvessel growth was quantified at days 3 and 7 (Section 2.3.2), and the 
culture media changed at days 2 and 5.  
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6.2.2.2 In vivo sponge model of angiogenesis 
In a series of experiments outlined below, synthetic sponges were implanted 
sub-cutaneously into a variety of transgenic mouse lines in order to 
interrogate the role of Wt1 in a stimulated model of angiogenesis in vivo. The 
technique used (Section 2.4.2.1) is based upon previously published work by 
our group (Small et al., 2005). 
 
Genetic fate mapping of Wt1 in the sponge model of angiogenesis 
In order to determine whether Wt1 is expressed in the sponge model of 

angiogenesis, the Wt1.Cre-ERT2;mTmG transgenic mouse line was used to 
interrogate the model. Tamoxifen (Sigma-Aldrich Company Ltd., England) 
was dissolved in Glyceryl Trioctanoate (Sigma-Aldrich Company Ltd, 

England) at a concentration of 20mg/ml. Thereafter it was gavaged into Cre+ 

and Cre- mice at a dose of 8mg/40g body weight (n=6 per group). Adult mice 
were given 5 doses in total - 2 per week, 72 hours apart, for 2 weeks prior to 
sponge implantation, and 1 dose, 3 days following sponge implantation. The 
mice were then culled at 21 days post-implantation by asphyxiation in CO2. 

The sponges, kidneys and hearts of the experimental mice were retrieved 
and placed into 4% PFA for tissue processing, paraffin embedding and 
microtomy (Section 6.2.3). 
 
In these studies the kidneys acted as positive control tissue as successful Cre-
recombination (and therefore expression of membrane bound GFP) would be 

expected in the renal podocytes of Cre+ mice. To control for non-specific 

recombination, kidney sections from Cre- were examined. 
 
Quantification of Wt1 expression in the sponge model of angiogenesis over time 
To quantify Wt1 expression over time, sponges were implanted into 25 
C57Bl6 mice and retrieved at 3, 7, 14 and 21 days post-implantation (n=6±1 
per group).  At the respective time points, mice were culled by asphyxiation 
in CO2; one sponge and kidney were placed in 4% PFA for 
immunohistochemical analysis (Section 6.2.4) whilst the contralateral sponge 
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was snap frozen on dry ice for quantitative real-time polymerase chain 
reaction analysis (Section 6.2.5).  
 
Analysis of GFP positive cells in the sponge model of angiogenesis using the Wt1-
GFP line and fluorescent activated cell sorting (FACS) 
In order to understand the cellular nature of GFP-expressing cells within the 
sponge model of angiogenesis, FACS was combined with sponge 
implantation into the Wt1-GFP transgenic mouse line. Sponges were 

implanted into a total of 10 Wt1GFP/+ mice, and 4 Wt1+/+ controls (the latter 

being GFP-). Five Wt1GFP/+ mice and 2 GFP- controls were culled by 
asphyxiation in CO2 at day 7 and at day 21 post-implantation. Next, single 
cell suspensions were isolated from the sponges and kidneys retrieved from 

the both the Wt1GFP/+ and GFP- mice as per Section 2.4.5.1, and processed for 
FACS analysis. Sorting gates were created using sponge and kidney cells 

from GFP- (control) mice. In order to calculate the percentage of GFP+ versus 

GFP- cells at days 7 and 21, respectively, cells from one sponge from each 

mouse were run through the FACS machine sorting for GFP+ and GFP- cells 
only. Thereafter, a series of antibodies – for CD31 and CD140b (Pdgfr-β) 
(Table 2.4) - were applied to single cell suspensions from the contralateral 

sponge to delineate the most abundant cell type within the GFP+ and GFP- 

cell populations at days 7 and 21 (Section 2.4.5.2). Isotype control antibodies 
(Table 2.4) and OneComp eBeads acted as negative controls to exclude non-

specific staining. In addition, one kidney from each Wt1GFP/+ and GFP- mouse 
was stained for anti-GFP and Wt1 to verify the genetic status of the 
individual.  
 
Deletion of Wt1 in endothelial cells in the sponge model of angiogenesis 
To determine the effect of Wt1 deletion in endothelial cells within the sponge 

model of angiogenesis, the tamoxifen inducible VE Cadherin.Cre-ERT2 mouse 
line was used. Experiments carried out in this section were performed by our 
collaborators Dr Kay and Nicole Wagner of the Institute for Research on 
Cancer and Ageing of Nice (IRCAN). All mice were male, weighed 25-30g, 
and 3-4 months old. In a series of dose-response experiments, the optimal 
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regimen for inducing recombination in the VE Cadherin.Cre-ERT2 transgenic 
mouse line housed at IRCAN was calculated at 33mg/kg of tamoxifen per 
day. Tamoxifen (Sigma-Aldrich, France) was dissolved in corn oil at a 
concentration of 20mg/mL, and the injection dose was determined for each 

animal. In total, 10 Cre+ mice were injected either with tamoxifen (n=6) or 
corn oil alone (n=6) for 6 consecutive days; the latter group acting as the 
vehicle control. One week following the last injection, sub-cutaneous sponges 
were implanted for 21 days. The mice were then culled by asphyxiation in 
CO2, and the sponges retrieved and placed into 4% PFA for tissue processing, 
paraffin embedding and microtomy. 
 

6.2.3 Histology 
Sponges, kidneys and hearts retrieved from all experimental mice in these 
studies were placed in 4% PFA in PBS overnight at 4°C, dehydrated in 70% 
ethanol, then transported to the Histology Department at the QMRI prior to 
infiltration with wax using a vacuum infiltration processor. Thereafter, they 
were embedding in a paraffin wax block for microtomy (as per section 2.5.1). 
Tissue sections were cut (4μm thick), prior to proceeding to 
immunohistochemical analysis. 
 
In addition, sponge sections from mice that participated in the sponge time-
course experiments, underwent staining with hematoxylin and eosin in order 
to aid the classification of cellular morphology within the samples (Section 
2.5.8), prior to analysis using the Provis AX-70 Optical Microscope (Section 
2.6). 
 

6.2.4 Immunohistochemistry 

6.2.4.1 Wt1Cre ER/T2;mTmG sponge genetic fate mapping experiment 
The cut sections of the sponges, kidneys and hearts from each mouse were 
stained for anti-RFP, anti-GFP and DAPI using double immunofluorescence 
and tyramide signal amplification (Section 2.5.6). The stained sections were 
visualised using confocal microscopy (Section 2.6). 
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6.2.4.2 C57Bl6 sponge time course experiment 
The cut sections of the sponges and one kidney from each mouse were 
stained for Wt1, CD31 and DAPI using double immunofluorescence and 
tyramide signal amplification (Section 2.5.6). This was performed on sponges 
at each time point. The stained sections were visualised using confocal 
microscopy (Section 2.6). Cell counts were performed for each sponge 
sample. Five 200μm x 200μm regions of interest were analysed allowing the 
quantification of the number of: a) CD31 expressing cells (endothelial cells); 
b) Wt1 expressing cells; c) cells co-expressing Wt1/CD31; d) vessels; and e) 
Wt1+ vessels (defined as a vessel with 2 or more Wt1+ endothelial cells) 
(Section 2.6.1). All analyses were performed blind. 
 

6.2.4.3 Verification of the Wt1-GFP mouse line for FACS 
The cut kidney sections retrieved from the Wt1-GFP mice were stained for 
anti-GFP, Wt1 and DAPI using double immunofluorescence and tyramide 
signal amplification (Section 2.5.6).  
 

6.2.4.4 Wt1loxP/loxP;VE Cadherin.Cre-ERT2 sponge deletion experiment. 
The cut sections of sponges from each mouse were stained for PECAM-1 
(Abcam, France, catalogue � ab28364, at 1/30 dilution) using the 
immunoperoxidase protocol (Section 2.5.7), and the relative area density of 
PECAM-1 signal was calculated using Image J (National Institute of Health, 
USA) by our collaborators Drs Kay and Nicole Wagner.  For each sponge, 5 
randomly generated fields of interest were analysed using the software. 
 

6.2.5 Quantitative real-time polymerase chain reaction (qRT-PCR) analysis 
RNA isolation and purification was performed on the sponges at each time 
point using the Qiagen RNeasy® Mini Kit (Section 2.4.4.1). Once the RNA 
was extracted, the quantity and quality of the RNA was ascertained using a 
spectrophotometer and by running an Agilent gel, respectively (Section 
2.4.4.3). Copy DNA replication was performed (Section 2.4.4.4) and the signal 
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amplified, prior to gene expression analysis (Section 2.4.4.5). For each 
sample, the concentration of the mRNA transcript levels of Wt1, Vegf-α, VE-
cadherin, Thrombospondin-1, CD146 and Pdgf-β were calculated relative to the 
reference genes β-actin and Gapdh (Bustin et al., 2009). Two negative controls 
were incorporated into this stage of the experiment, and run on each 
Lightcycler® PCR Plate during amplification. Firstly, the sponge with the 
highest quantity of RNA yielded at the time of extraction (ng/μL) was 
incubated without reverse transcriptase during the creation of cDNA 
(Section 2.4.4.4). Second, RNase-free water was run on each individual plate. 
Two positive controls were also run on each PCR plate during amplification 
– RNA extracted from healthy C57Bl6 kidney and RNA extracted from the 
M15 cell line (WT1-expressing mesonephric cell line, kind gift from Dr You-
Ying Chau). 
 

6.2.6 Statistics and data analysis 
Parametric data are expressed as mean (± standard error of mean), whilst 
non-parametric data are expressed as median (± interquartile range). In 
unpaired analyses Student’s T- and Mann Whitney U tests were used for 
parametric and non-parametric data. A one-way analysis of variance 
(ANOVA) (plus Tukey’s multiple comparison test) and Kruskal-Wallis Test 
with Dunn’s multiple comparisons were used when comparing two or more 
unpaired samples from parametric and non-parametric data samples 
respectively. Statistical significance was defined as p < 0.05. All analyses 
were performed using Prism 6 for Mac OS X (GraphPad Software Inc., USA). 
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6.3 RESULTS 

6.3.1 Ex vivo aortic ring model of angiogenesis 

Aortic rings were cultured in triplicate from 6 Cre-ERTM;Wt1loxP/loxP (WER) 

mice (n=3 Cre+ and n=3 Cre-) and incubated with either Opti-MEM +3%FCS, 
Opti-MEM +3%FCS +tamoxifen, or Opti-MEM +3%FCS +vehicle (100% 
ethanol). Endothelial microvessel sprouting was detected by contrast phase 
microscopy in all treatment groups over time (Figure 6.4), and whilst no 
significant difference could be detected between the groups at either time 
point, there was a trend towards reduced endothelial microvessel formation 

in the Cre+ group receiving tamoxifen at days 3 and 7 (Figure 6.5). 
 

 
Figure 6.4. Contrast phase microscopy of the ex vivo aortic ring time-course assay using 

the global Wt1 knockout mouse (Cre-ERTM;Wt1lloxP/loxP) illustrating endothelial 
microvessel sprouting with tamoxifen versus vehicle (representative images from n=3 
mice per time point). On statistical analysis, no significant difference was detected between 

any of the groups at days 3 and 7. However, Cre+ mice with tamoxifen demonstrate a trend 
towards reduced endothelial microvessel sprouting at days 3 (A) and 7 (B) compared to 

respective controls. Cre+ mice with vehicle at days 3 (C) and 7 (D) exhibited similar patterns 

of growth to that of the Cre- mice with tamoxifen (E/F) and with vehicle (G/H) at both time 
points in the analysis (all rings were cultured Opti-MEM+3% FCS with either 4-OH 
tamoxifen dissolved in 100% ethanol to a final concentration of 1uM or 100% ethanol alone 
as vehicle control). Key: Scale bars in A-D represent 200 microns and F-H 500 microns. 
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Figure 6.5 Aortic ring time-course assay in the Cre-ERTM;Wt1loxP/loxP (WER) mouse line 

(where n=3 Cre+ and n=3 Cre- mice). A. The number of endothelial microvessel sprouts at 
day 3 demonstrated no significant difference between treatment groups. B. Similarly, no 
statistical significant difference was determined at day 7. Aortic rings were cultured in Opti-
MEM +3% FCS (“+M”), Opti-MEM +3% FCS +tamoxifen (“+T”) or Opti-MEM +3% FCS + 
100% ethanol (“V”) (Data median ± interquartile range where ns denotes not significant by 
Mann-Whitney U test when compared with all other treatment groups). 
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6.3.2 In vivo sponge implantation model of angiogenesis  

6.3.2.1 Physiological parameters 
There was no intra-operative or post-operative mortality associated with any 
of the sponge implantation experiments in this study. However, one of the 
C57Bl6 mice in the time-course experiment developed a wound infection and 
was culled according to Home Office guidelines. No abnormalities in post-
operative body weight change were observed (data not shown). 
 

6.3.2.2 Genetic fate mapping of Wt1+ cells in the sponge model of 
angiogenesis 

Twelve mice (6 Cre+ and 6 Cre-) successfully underwent tamoxifen 
administration and sponge implantation, and the heart, kidneys and sponges 
were retrieved at 21 days following surgery. Double immunofluorescence 
and confocal microscopy demonstrated no membrane bound GFP signal in 
the renal podocytes of the Cre- mice following tamoxifen administration. RFP 
was detected in other native cells of the kidney (Figure 6.6.A). In contrast, 

Cre+ mice did exhibit GFP expression in the glomeruli, which is consistent 
with Cre-recombination within the podocytes (Figure 6.6.B). These findings 
are indicative of Wt1 expression within these cells, and in keeping with the 

published literature. Of note, no other cells expressed GFP within these Cre+ 
kidney sections. There was no GFP signal detected within the hearts of either 

the Cre+ or Cre- negative mice (Figure 6.6.C/D), the former of which is in line 
with the results from Chapter 3 demonstrating no Wt1 expression in the 

vasculature of the adult heart. The analysis of sponges implanted into Cre- 
mice revealed RFP expression alone within the cellular milieu (Figure 
6.76.A), and there was no detectable GFP signal within these sections post 

tamoxifen dosing. Interestingly, Cre+ mice demonstrated GFP expression 
within the vessels and other cells of the sub-cutaneous sponge at 21 days 

post-implantation illustrating Cre-recombination within Wt1+ cells (Figure 
6.7.B). 
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Figure 6.6 Double immunofluorescence demonstrating GFP expression in the podocytes 

of the Cre+ Wt1.Cre-ERT2;mTmG mice following administration of tamoxifen 

(representative images from n=6 animals per group). A. In the kidney sections of the Cre- 
mice no GFP was detected in the renal podocytes following tamoxifen administration. RFP 

was detected, as expected, in other native cells. B. Cre+ mice do exhibit membrane bound 
GFP expression in the glomeruli, which is consistent with Cre-recombination within the 

podocytes (known to express Wt1). Of note, no other cells expressed GFP within these Cre+ 

kidney sections. C/D There was no GFP signal detected within the hearts of the Cre+ or Cre- 
negative mice. This is in-keeping with the literature, as Wt1 is not known to be expressed in 
the adult heart, in health. Key: Anti-RFP (red), Anti-GFP (green), and DAPI (blue), where 
scale bars represent 50 microns (all tissues were taken from mice within which sub-
cutaneous sponges were implanted for 21 days) 
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Figure 6.7 Double immunofluorescence demonstrating GFP expression in the vessels of 

sub-cutaneous sponges implanted in Cre+ Wt1.Cre-ERTM;mTmG mice at 21 days 
(representative images from n=6 animals per group). A. This panel depicts membrane 

bound RFP expression within the cells of the sponge implanted into Cre- mice. Of note, there 
was no GFP expression within the sponge sections of these mice following tamoxifen dosing. 

B. Interestingly, Cre+ mice demonstrate GFP expression within the vessels and other cells of 
the sub-cutaneous sponge at 21 days post-implantation in-keeping with Cre-recombination 
within Wt1 positive cells. Key: Anti-RFP (red), Anti-GFP (green), DAPI (blue), and scale bars 
represent 50 microns.  
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6.3.2.3 Wt1 expression in the sponge model of angiogenesis over time 
 
Morphology and composition 
Haematoxylin and eosin staining of the implanted sponges revealed a 
change in the cellular architecture over time. At 7 days post implantation the 
sponges comprised largely empty space interspersed with sparse 
inflammatory cells (neutrophils/macrophages) (Figure 6.8.A). Vessels were 
first detected in the peripheral sections of the sponge by day 7, and by days 
14 and 21, vascular networks had started to develop in all regions (Figure 
6.8.B/C). The cellular composition shifted over time with foreign body giant 
cells and stromal fibroblasts present from day 14 onwards, and a 
concomitant reduction in neutrophils observed over time (Figure 6.8.B/C). 
These findings are consistent with the literature, which describes an acute 
inflammatory milieu followed by a vascularised fibrous tissue by days 14-21 
(Small et al., 2005). 
 
Wt1 immunofluorescence  
Double immunofluorescence for Wt1, CD31 and DAPI was performed on the 
sponge samples and matched control kidneys of 24 C57Bl6 mice, 3, 7, 14 and 
21 days post sponge implantation (Figure 6.9 A-F). The podocytes of all 24-
kidney samples were positive for Wt1 (Figure 6.9.A). Sponge samples were 
devoid of any cellular structures at 3 days post-implantation on H&E, thus it 
was unsurprising that immunofluorescence was unsuccessful at this time 

point.  Cell counts demonstrated Wt1+ cells, CD31+ cells, and Wt1/CD31 co-
localisation at days 7, 14 and 21 (Figure 6.10.A-C). Whilst there was no 

difference in the numbers of Wt1+, CD31+, and Wt1+/CD31+ cells between 7, 
14 and 21 days, all expressed increased expression of the cellular markers 
when compared with 3 days post implantation. Finally, whereas the 

percentage of Wt1+ vessels trended towards an increase over time, no 
statistical significance was demonstrated (Figure 6.10.D/E). 
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Figure 6.8. Hematoxylin and eosin staining of sponges at 7, 14 and 21 days post sub-
cutaneous implantation in C57Bl6 mice (representative images from n=6 animals per time 
point). A. Sponge section at day 7 post implantation demonstrates mainly empty space 
punctuated with sparse inflammatory cells. B. At 14 days post implantation neutrophils and 
macrophages are clustered around the sponge material (pale pink triangles) and a number of 
small vessels can be visualised. C. This high magnification image at 21 days post 
implantation illustrates foreign body giant cells, vascularised fibrous tissue, and stromal 
fibroblasts. Key: Scale bars in A/C represent 100 microns and B 50 microns. 
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Figure 6.9. Double immunofluorescence demonstrating Wt1 expression at days 7, 14 and 
21 post sponge implantation in C57Bl6 mice (representative images from n=6 animals). A. 
Renal podocyte expressing Wt1 acting as the positive control. B. At 7 days post sponge 
implantation a variety of cells, some of which exhibit Wt1/CD31 co-localisation, were 
demonstrable. C. Moreover, some Wt1+ vessels were also detected in the peripheral sponge 

sections at day 7. Interestingly, non-endothelial cells surrounding the vessel are also Wt1+. 

D. As illustrated in this image at 14 days post implantation, not all vessels were Wt1+. E. At 
21 days post implantation Wt1 positive and negative vessels were also observed. F. In this 

panel (21 days post implantation) Wt1+ lymphoid tissue was visualised.  Key: Wt1 (red), 
CD31 (green), DAPI (blue), and all scale bars represent 50 microns. 
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Figure 6.10. Wt1 expression in sponges implanted sub-cutaneously within the C57Bl6 
mouse measured 3, 7, 14, and 21 days following surgery (where n=6 per time point).  
Sponge samples were devoid of any cellular structures at 3 days post implantation. By 
contrast, the number of Wt1+ cells (A), CD31+ cells (B), and cells co-expressing Wt1/CD31 
(C) were increased at 7, 14, and 21 days post implantation, compared with day 3. 
Interestingly, the number of vessels (D) and Wt1+ vessels (E), increased over time, and 
whilst the percentage of Wt1+ vessels trended towards an increase as time increased, no 

statistical significance was demonstrated (F) (A-F data are mean ± standard error where ★ 

p<0.05, ★★ p<0.01, and ★★★★ p<0.0001 by one-way ANOVA with Bonferroni’s multiple 

comparison test comparing days 7, 14 and 21 to that of day 3, unless otherwise indicated). 
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Quantitative real-time polymerase chain reaction analysis over time 
RNA isolation was performed on all 25 sponge samples, and 24 yielded RNA 
of sufficient quality and quantity for further analysis (Figure 6.11). All 24 of 
the samples produced detectable levels of Wt1, Vegf-α, VE-Cadherin, 
Thrombospondin-1, Pdgf-β and CD146. The two negative controls and two 
positive controls run on each PCR plate produced no detectable signals and 
amplified signals, respectively. 
 
Wt1 
Wt1 mRNA levels were largely undetectable at 3 days post sponge 
implantation, and peaked in our assay at day 14 (Figure 4.12.A). 
Interestingly, this increase mirrored that of the angiogenic factor Vegf-α. 
 
VE-Cadherin 
The endothelial cell marker, VE-Cadherin, increased over time in the sponge 
samples, peaking at day 21 post-implantation in our analysis (Figure 4.12.B).  
  
Vegf-α 
Vegf-α mRNA was detected at all time-points post sponge implantation, with 
a demonstrable rise at day 14 (Figure 4.12.C). 
 

Thrombospondin-1 
There was an apparent increase in mRNA levels for the anti-angiogenic 
factor thrombospondin-1 between 3, 7, and 14 days, although this did not 
achieve statistical significance. Thrombospondin-1, was detected throughout 
the time-course experiment (Figure 4.12.D), and interestingly, showed the 
highest detectable mRNA levels of all genes of interest (Figure 4.13). 
 
Pericyte markers 
Pdgf-β mRNA levels increased over time following sponge implantation 
(Figure 4.12.E) mirroring the expression profile of VE-Cadherin, which 
would be consistent with new vessel formation. CD146 followed a similar 
pattern throughout the time course, with the exception of a reduction in 
mRNA levels between days 14 and 21 (Figure 4.12.F).  
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Figure 6.11 Agilent gel electrophoresis of 12 sponge samples using Agilent 2100 
Bioanalyzer and 2% agarose gel. With the exception of sample 6, all others demonstrated 2 
distinct bands on the gel representing the 18S and 28S ribosomal RNA subunits, indicative 
of intact RNA. Sample 6 exhibited degraded RNA with the 18S and 28S subunits becoming 
less distinct.  
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Figure 6.12. Quantitative real-time polymerase chain reaction analysis of sub-cutaneous 
sponges implanted for 3, 7, 14, or 21 days in the C57Bl6 mouse (where n=6 per time point). 
Wt1 mRNA levels were largely undetectable at 3 days post sponge implantation, and 
peaked in this assay at day 14 (A). VE-Cadherin, increased over time peaking 21 days post-
implantation (B). Vegf-α mRNA was detected at all time-points post implantation, with a 
demonstrable rise at day 14 (C). Whilst there was an apparent increase in thrombospondin-1 
mRNA levels between days 3, 7, and 14, this did not achieve significance (D). Pdgf-β mRNA 
levels increased over time (E) whilst CD146 peaked at day 14 prior to a significant reduction 
between 14 and 21 days post implantation (F) (A-F data are mean ± standard error where ★ 
p<0.05, ★★ p<0.01, ★★★ p<0.005, and ★★★★ p<0.0001 by one-way ANOVA with Bonferroni’s 
multiple comparison test). 
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Figure 6.13. Time dependent quantitative real-time polymerase chain reaction analysis of 
a variety of genes of interest following of sub-cutaneous sponges implantation in the 
C57Bl6 mouse (n=6 per time point). This graph demonstrates the same data as Figure 4.12 
but illustrates the mRNA levels of a series of genes of interest collectively at 3, 7, 14, and 21 
days post implantation.   
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6.3.2.4 Fluorescent activated cell sorting (FACS) analysis of GFP+ cells in the 
sponge model of angiogenesis using the Wt1-GFP line  
FACS analysis was used in these studies in order to elucidate the cellular 

nature of GFP+ (i.e. Wt1+) cells - in this in vivo model. The kidneys were used 

as a positive control in these experiments and retrieved from 6 Wt1GFP/+ mice 

and 2 GFP- mice at each time point (7 and 21 days post-implantation). 

Wt1GFP/+ mice expressed a distinct population of GFP+ cells (Figure 6.14.A) in 

contrast to their GFP- littermates (Figure 6.14.B), consistent with the Wt1+ 
cells of the glomerular podocytes.  These findings were supported by double 

immunofluorescence staining for Wt1, anti-GFP, and DAPI in both the GFP+ 

and GFP- mice (data not shown).  Next, day 7 (n=5) and day 21 (n=5) sponges 

were sorted, revealing a discrete sub-population of GFP+ cells within each 
sponge, at each time point (Figure 6.14.C/D). In contrast, the sponges sorted 

from the GFP- littermates (n=2 per time point) expressed very few GFP+ cells 
within the same sorting gate (Figure 6.14.E). Interestingly, the number of 

GFP+ cells was significantly greater in day 7 (13.01%) than in day 21 sponges 
(1.87%) (p<0.0001) - Figure 6.14.F. 
 

In order to help characterise the cellular nature of the GFP+ cell populations 
within the sponge, CD31 and CD140b (Pdgfr-β) antibodies were incubated 
with single cell suspensions prior to FACS. Therefore, for each animal, at 

each time point, a scatter plot was generated to delineate whether the GFP+ 

and GFP- cells expressed the cellular markers CD31 (endothelial cells) or 
Pdgfr-β (pericytes)  (Figure 6.15). Prior to this analysis the isotype control for 
each antibody was analysed to guard against non-specific staining of the 
single cell suspensions (data not shown).  
 

The percentage composition of GFP+ and GFP- cells at 7 and 21 days are 

summarised in Table 6.1. Whilst the percentage of CD31+ cells within the 

entire GFP+/GFP- populations remained static at days 7 and 2, those cells 
expressing both Pdgfr-β and CD31 surface markers were significantly 
reduced at day 21 versus day 7 (Figure 6.15.E/F). In addition, within the 
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GFP+ population the number of Pdgfr-β+ cells was significantly greater at day 
7 compared to that of day 21 (Figure 6.15.F). Significantly, the largest sub-

population within the GFP+ and GFP- cells remained those that were Pdgf-β-

/CD31-. 
 

Table 6.1. Percentage composition of GFP+ and GFP- cells within sub-cutaneous sponges 

at 7 and 21 days post implantation 

Cell markers 
Day 7 GFP+ 

(%) 
Day 21 GFP+ 

 (%) 
Day 7 GFP- 

(%) 
Day 21 GFP- 

 (%) 

Pdgfr-β+/CD31-  5.12 2.86 12.58 10.58 

Pdgfr-β+/CD31+ 0.98 0.24 1.72 0.28 

Pdgfr-β-/CD31- 92.39 96.07 81.74 87.17 

Pdgfr-β-/CD31+ 1.51 0.83 4.23 1.97 

 
 

6.3.2.5 Effect of Wt1 deletion from endothelial cells in the sponge model of 
angiogenesis 
Tamoxifen or vehicle control (corn oil) was injected intra-peritoneally for six 

consecutive days, one week prior to sponge implantation in 12 Cre+ 

Wt1loxP/loxP;VECadherin.Cre-ERT2 mice (n=6 per group). At 21 days post 
implantation, immunoperoxidase staining for the endothelial cell marker 
PECAM-1 illustrated a significant reduction in PECAM-1 area density on 
image J analysis in the group dosed with tamoxifen. This is consistent with 
reduced vascularisation in the sponges of these mice (Figure 6.16A-G). 
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Figure 6.14. The percentage of GFP positive cells found in the sponge model of 
angiogenesis decreases over time (representative images from n=5 per time point). A-B. 
Fluorescent activated cell sorting (FACS) scatter plots depicting the kidneys’ role as a 

positive control tissue. Wt1GFP/+ kidneys posses a distinct population of GFP+ cells (A), 

unlike the kidneys’ of their GFP- littermates, where only a few GFP positive cells are 
detected within the scatter plot (B). Panels C-E illustrate that sponges implanted into 

Wt1GFP/+ mice for 7 (C) and 21 (D) days, posses discrete sub-populations of GFP+ cells 

following FACS, in contrast to their GFP- counterparts (E). F.  Interestingly, the numbers of 

GFP+ cells were significantly decreased between 7 and 21 days post implantation (data are 

mean±standard error and **** p<0.0001 by Student’s T test). Key: D7 = sponges retrieved at 
7 days post implantation, D21 = sponges retrieved at 21 days post implantation, each gated 
box in A-E highlights GFP+ cell populations within the scatter plot. 
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Figure 6.15. GFP+ cells within sponges demonstrate distinct CD31+ and Pdgfr-β+ cell sub-
populations at 7 and 21 days post implantation (representative images from n=5 per time 
point). A. Fluorescent activated cell sorting (FACS) scatter plot summarising the 4 quartiles 
examined in these studies. B. Both the CD31 and Pdgfr-β antibodies were first tested 
alongside their respective isotype controls. In this FACS plot the Pdgf-β antibody was tested 

on a small sponge sample, and the scatter depicts GFP+ population (green), Pdgfr-β+ cells 

(red) and Pdgfr-β- (blue). C/D. FACS plots of GFP+ cells (green) at 7 (C) and 21 (D) days post 

sponge implantation respectively. E/F.  The composition of GFP- (E) and GFP+ (F) sub-

populations, 7 and 21 days post sponge implantation. Both GFP- and GFP+ cells decreased 

their co-expression of CD31+/Pdgfr-β+ cell markers from 7 to 21 days, whilst GFP+ cells also 

decreased their expression of Pdgfr-β+ cells across the same time points (data are 

mean±standard error, *	  p<0.05, and *** p<0.005 by Student’s T test). Key: GFP+ cells = green, 

Pdgfr-β+ cells = red, CD31+ cells = black, CD31+/Pdgfr-β+ cells = black, CD31-/Pdgfr-β- cells 
= blue 
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Figure 6.16. Endothelial specific knockout of Wt1 reduces the percentage of PECAM-1 
density within sub-cutaneous sponges implanted for 21 days  (representative images from 
n=6 animals per group). A-C PECAM-1 DAB staining of sub-cutaneous sponges, 21 days 

post implantation in 6 Cre+ Wt1loxP/loxP;VE Cadherin.Cre-ERT2 mice, all of which received 

vehicle dosing prior to surgery. D-F. These 3 Cre+ littermates received tamoxifen prior to 
sponge implantation, and the PECAM-1 staining is markedly reduced. G. The percentage of 
PECAM-1 area density is significantly reduced in the tamoxifen versus vehicle control group 

(where each scale bar represents 50 microns, data are mean ± standard error, and **** 
p<0.0001 by Student’s T test). 
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6.4 DISCUSSION 
The experiments in this chapter were designed to address the hypothesis that 
selective deletion of Wt1 from endothelial cells would inhibit angiogenesis in 
vivo. Global Wt1 deletion within the aortic ring model failed to ratify a 
specific phenotype in this ex vivo model of angiogenesis - although a trend 

towards reduced endothelial microvessel growth in the Cre+ group receiving 
tamoxifen at days 3 and 7 growth was observed, this failed to reach 
significance. Nevertheless, following sponge implantation genetic fate 
mapping confirmed the expression of Wt1 within this assay, and this was 
supported by quantitative real time polymerase chain reaction analysis 
demonstrating a rise in Wt1 mRNA levels within sponges over time. The 
expression profile of Wt1 mRNA levels mirrored that of the angiogenic factor 
Vegf-α, and preceded a rise in VE-Cadherin expression, suggestive of an 
association with angiogenesis. The latter was re-enforced by 
immunofluorescence, which illustrated vessel formation at 7, 14 and 21 days 
post implantation. Endothelial Wt1 expression has been shown previously 
within this thesis to be absent in quiescent endothelial cells, yet present in 
reproductive tissues known to regenerate in health. FACS analysis in 
combination with double immunofluorescence confirmed Wt1 expression 
within endothelial cells and the vasculature of the sponge assay. These 
finding are consistent with the literature demonstrating endothelial Wt1 
expression in the vasculature of human cancers (Wagner et al., 2008) and 
following myocardial infarction (Wagner et al., 2002a, van Wijk et al., 2012). 
Crucially, endothelial deletion of Wt1 within this model confirms the 
importance of the gene for new vessel formation, providing a proof of 
concept for the role of Wt1 in adult angiogenesis.   
 

6.4.1 Genetic fate mapping identifies Wt1 in the newly formed vasculature 
of the sponge in vivo 
Our group recently demonstrated a major ontogenetic difference between 
visceral and subcutaneous white adipose tissue in the mouse, using the 

Wt1.Cre-ERT2;mTmG mouse line (Chau et al., 2014). In order to trace the 
descendants of a cell, the Cre-recombinase approach to permanent genetic 
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labelling by tamoxifen-induced activation of the mTmG reporter was used in 
this chapter to interrogate the sponge model of angiogenesis. In this 
technique the genetic tracing of progenitors tattoos all cells that had 
expressed the tissue specific Wt1 promoter driving Cre recombination, thus 
identifying structures arising from the Wt1 gene expression domain 
(Muzumdar et al., 2007, Buckingham and Meilhac, 2011). Sponge 

implantation in the Cre+ mice demonstrated GFP expression within the 
vessels and other cells of the sponge. These results indicate that the cells 
ultimately derived from a Wt1-expressing progenitor. By contrast no GFP 
expression was detected in the sponge, kidney or heart samples (n=6) of the 

Cre- animals, confirming that non-specific recombination had not taken place. 

Interestingly, the data from the heart and kidney sections of the Cre+ mice 
receiving tamoxifen also supports the conclusions in Chapter 3, since no GFP 
expression was observed in these organs, confirming the absence of Wt1 in 
quiescent endothelial cells. 
 
A significant characteristic of the mTmG mouse line is that it permits global 
expression of a reporter gene (Wt1) from a defined locus. Most Cre reporters 
use a weak endogenous promoter without the guarantee of high expression 
in cells (Anastassiadis et al., 2010). However, the pCA promoter driving the 
mTmG construct allows expression of membrane bound tomato and GFP in 
nearly 100% of cells, in high-resolution analysis of tissue sections 
(Muzumdar et al., 2007). A potential drawback of the double fluorescent 
system includes the persistence of the first marker in recombined cells, which 
may result in double marker expression (Figure 6.7). Muzumdar et al. (2007) 
reported this phenomenon in their original paper when describing the mTmG 
reporter mouse, and also noted that the number of double-labelled cells 
varied between tissues and over time. For example, the lag time for mT loss 
was 9 days in hepatocytes. The fact that tamoxifen dosing occurred after 
sponge implantation in our model may explain mT expression at 21 days. 
Moreover, it may also be down to the inherent properties of this synthetic 
material. Irrespective of this phenomenon, the split images clearly illustrate a 

distinct subpopulation of cells that are GFP+ (depicted by the yellow cells in 
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the merged picture), supporting these findings as a true result. Finally, a 
vehicle control (e.g. glyceryl trioctanoate) could have been used to mitigate 
against non-specific recombination (Anastassiadis et al., 2010). The fact that 

this was not observed in the Cre- negative mice, acts as some assurance that 

the findings in the Cre+ littermates were real. 
 

6.4.2 Time-dependent expression of Wt1 in the sponge model of 
angiogenesis in vivo 
The multiple sequential steps that underpin vascular growth, which in turn 
are orchestrated by a series of complex cellular interactions, can make the 
study of angiogenesis challenging (Carmeliet and Jain, 2011a). A significant 
benefit of utilising a time course assay in the sponge model is that it permits 
chronological in vivo analysis of a relatively inert synthetic substance, 
initially devoid of any cellular components, to be examined at key waypoints 
associated with vascular growth (Staton et al., 2009). The discovery of Wt1 
positive vessels in this time course (demonstrated from day 7 onwards) 
supports the underlying hypothesis that Wt1 plays a role in newly formed 
vascular networks. Interestingly, individual endothelial cells, alongside other 
non-endothelial cells not part of a specific vascular lumen, express Wt1 
(Figure 6.9.B/C/E). Coupled with the data from the genetic fate mapping 
studies described in the previous section, this raises the intriguing possibility 
that Wt1 may be switched on in a progenitor-like cell, early in the formation 
of the vasculature in this model. Whilst care must be taken when comparing 
and contrasting in vivo models, this would be consistent with Wt1’s function 
in the damaged heart, where cell lineage tracing has identified Wt1+ cells 
arising from the epicardial progenitor cell pool as the key responders to 
injury, which are able to differentiate into fully functioning cardiomyocytes, 
vascular smooth muscle cells and endothelial cells (van Wijk et al., 2012, 
Chen et al., 2013, Smart et al., 2011, Zhou et al., 2012). Of note, there were 
numerous vessels within the sponge (especially at the later time points) 
which did not express Wt1. Dissecting the nature of the vessels that exhibit 
Wt1 from those that do not, would be an important future study, as one 
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hypothesis could be that the latter represent the quiescent vasculature, 
currently not involving new vessel formation.  
 
In health, endothelial cells maintain a state of equipoise by a series of pro- 
and anti-angiogenic autocrine signals, with VEGF and thrombospondin-1 
being examples of the former and latter, respectively (Potente et al., 2011). 
Indeed, VEGF plays a pivotal role in many of the sequential steps involved in 
angiogenesis, from endothelial cell liberation and selection of the tip cell to 
vessel branching, maturation, and quiescence (Carmeliet, 2005). Quantitative 
real-time polymerase chain reaction analysis over time in the sponge assay 
demonstrated that Wt1 mRNA levels mirrored those of the angiogenic factor 
Vegf-α, peaking at 14 days post implantation. Notably, the mRNA levels of 
Wt1 and Vegf-α preceded a rise in the endothelial cell marker VE-Cadherin 
and the pericyte marker CD146, implicating a potential role in stimulating 
vessel growth. Whilst the downstream targets of Wt1 are yet to be fully 
elucidated, recent studies have shown that Wt1 regulates Vegf. Wagner et al. 
(2002) noted that Wt1 shared substantial overlap with Vegf in proliferating 
endothelial cells in proximity to the infarct site following myocardial 
infarction. Moreover, WT1 up-regulates VEGF transcription, in Ewing’s 
sarcoma cell lines, leading to a corresponding increase in VEGF activity 
(McCarty et al., 2011).  
 
Of all the genes analysed, thrombospondin-1, demonstrated the most dramatic 
rise in expression level over the time course experiment, peaking at day 14. 
Thrombospondin-1 is a calcium binding protein that regulates cell adhesion 
and migration, cytoskeletal organisation, and apoptosis (Krishna and 
Golledge, 2013). It is constitutively present in blood vessels, and is classified 
as a counter-adhesive matricellular protein (Bonnefoy et al., 2008), known for 
its potent anti-angiogenic properties – specifically the receptor mediated 
apoptosis of activated endothelial cells (Jimenez et al., 2000) and its ability to 
attenuate VEGF binding to VEGFR2 (Rodriguez-Manzaneque et al., 2001). 
Interestingly, thrombospondin-1 also exerts powerful effects on fibroblasts 
and macrophages, limiting the expansion of granulation tissue whilst 
protecting the non-infarcted myocardium from fibrotic remodeling in murine 
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models of myocardial infarction (Frangogiannis et al., 2005), and promoting 
the recruitment of macrophages to sites of tissue inflammation (Martin-
Manso et al., 2008). The rise of thrombospondin-1 in the sponge model, 
correlated with a fall in tumour necrosis factor-α (Tnf-α) over time (data not 
shown), in keeping with its role in inflammatory resolution (Krishna and 
Golledge, 2013).  Intriguingly, following a peak in Wt1 at day 14, 
thrombospondin-1 levels start to decrease, and whilst the mechanism has not 
been studied in the works presented in this chapter, Wt1 is known to repress 
thrombospondin-1 in vitro (Dejong et al., 1999).  
 
A criticism of the sponge implantation model is that it results in a marked 
inflammatory response, with excessive matrix deposition, and fibrosis 
(Staton et al., 2009). This does not preclude it as valid model; rather it may 
potentially confound the results, as there is a strong fibrovascular 
component. Myofibroblast-like-cells and multi-nuclear giant cells were 
clearly visible in the H&E stained sections 14- and 21-days post implantation, 
confirming these observations. Paradoxically, this may serve to make the 
study of Wt1 in this context even more relevant. Hepatic stellate cells (HSC) 
have been implicated in the pathogenesis of liver fibrosis as they trans-
differentiate from a quiescent epithelial state into myofibroblast-like-cells, 
secreting pro-inflammatory cytokines and pro-fibrogenic factors such as 
transforming growth factor-β (TGF-β) (Lee et al., 2014). As discussed 
previously HSC express Wt1 (Chau and Hastie, 2012), and in a carbon 

tetrachloride model of fibrotic liver injury, activated Wt1+ stellate cells 
exacerbate the fibrotic response (Kendall et al., in press). Thus, whilst the 
sponge model can be criticised for not being a “pure” model of angiogenesis 
(few are), these studies may have implications for attenuating the aberrant 
fibrotic response seen in chronic liver injury (Pellicoro et al., 2014).  
 

6.4.3 Characterising the Wt1-expressing GFP population within sub-
cutaneous sponges in vivo 
FACS remains an indispensable tool for defining and separating rare cell 
populations with a high degree of purity, which can combine intracellular 
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protein expression with fluorescently tagged monoclonal antibodies (Basu et 
al., 2010). Hosen et al. (2007) first utilised the Wt1-GFP knock-in reporter 
mouse to identify and isolate viable GFP (Wt1)-expressing cells. The studies 
contained in this chapter stained single cell suspensions isolated from 
sponges implanted in Wt1-GFP mice with the endothelial cell marker CD31 

and the pericyte marker Pdgfr-β to identify the key fractions contained 
within the vasculature.  
 

The first noteworthy finding was that GFP+ cells are found in sub-cutaneous 
sponges at 7 and 21 days post-implantation, confirming the findings in the 
genetic fate mapping and immunohistochemical studies reported previously 

in this chapter. The in vivo results show that 13.01% of cells are GFP+ at day 7, 
in contrast to 1.87% cells at day 21 post-implantation (p<0.0001). This striking 
result is difficult to decipher in isolation, but coincides with the influx of 
inflammatory and vascular progenitor cells into the sponge at the earlier 
time point (Staton et al., 2009). Conversely, once mature vessels are 
established and a chronic fibrotic picture ensues (Small et al., 2005, Toriseva 

et al., 2012), the number of GFP+ cells is significantly reduced. Intriguingly, 

three sub-populations of GFP+ cells were identified - CD31+Pdgfr-β-, 

CD31+Pdgfr-β+, and CD31-Pdgfr-β+. Whilst these populations constituted 

<6% of GFP+ cells at both time points, these data, in combination with the 
results from the two previous sections, provide proof of concept as to the 
existence of Wt1-expressing endothelial cells and pericytes – two key cellular 
components of developing vasculature. Further, these discrete sub-

populations alter over time, with a significant reduction in the CD31+Pdgfr-

β+ and CD31-Pdgfr-β+ fractions at day 21. It is interesting to note that at both 

day 7 and 21, by far the largest population of cells are CD31-Pdgfr-β-, 
constituting 92.39% and 96.07% respectively. Further characterisation is 

required, but on-going work at the time of writing suggests 5.02% of all GFP+ 
cells at day 7 stain positive for lineage panel makers (CDe3, CD11b, CD45R, 
Ly-6G, Ly-6C, TER119) compared with 7.8% at day 21. This is in contrast to 

38.8% of GFP- cells at 7 days post implantation and 36.0% at day 21. 

Notwithstanding, this still leaves approximately 85-90% of GFP+ cells of 
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unknown phenotype. One possibility, given the nature of the evolution of 
the sponge model to a fibrovascular state (Toriseva et al., 2012), is that these 
cells may represent myofibroblasts. Myofibroblasts are the major source of 
extracellular matrix component that accumulate during tissue fibrosis (Hinz 
et al., 2007). Depending on the type of tissue being remodelled, myofibroblast 
precursor cells are recruited from different sources. For example, resident 
mesenchymal stem cells (MSC) such as pericytes, are known to differentiate 
into myofibroblasts, and play an important role in vessel repair in the heart 
(Weber et al., 2013). By contrast, circulating bone marrow-derived cells, 
known as fibrocytes (CD45R positive), are known to play a crucial role in 
liver fibrosis (Pellicoro et al., 2014). Thus, α-SMA, a commonly used 
myofibroblast marker (Hinz et al., 2007), could be added to the cell marker 
panel in future FACS experiments. However, rather than embark upon an 
elaborate “fishing” exercise, work is presently being undertaken to extract 

RNA from both the GFP+ and GFP- populations following FACS, in order to 
undertake gene expression analysis via microarray. 
 

6.4.4 Tamoxifen-induced endothelium selective Wt1 deletion inhibits 
angiogenesis in vivo 
The ability to target gene deletion to a specific genetic compartment via the 
Cre/loxP system has been a powerful tool in molecular biology in the analysis 
of broadly expressed genes (Lewandoski, 2001).  VE-Cadherin or CD144 
plays an essential role in the adult endothelium during physiological and 
pathological conditions (Harris and Nelson, 2010) and, thus, the generation 

of the VE Cadherin.Cre-ERT2 cross bred with the Wt1 conditional mouse 

(Wt1loxP/loxP) makes it ideal for studying the effects of Wt1 deletion in 
endothelial cells subsequent to the administration of tamoxifen (Alva et al., 
2006).  
 
Following the administration of tamoxifen, endothelium-specific knockout of 
Wt1 dramatically reduced vessel growth in vivo in the sub-cutaneous sponge 
model at 21 days.  In light of the previous findings in this chapter 
demonstrating Wt1’s expression profile in angiogenesis, this is perhaps not 
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all that surprising. However, these data provide the beginnings of an 
important proof of principle, supporting the hypothesis that de novo 
activation of the Wt1 gene in the vascular endothelium is important for 
angiogenesis in the healthy adult and in response to damage.  
 
To correctly interpret a phenotype caused by tissue specific Cre-mediated 
gene inactivation, it is important to confirm in which cells recombination has 
taken place. Therefore, further work is needed using this transgenic line to 
verify, either at the mRNA or protein level, that Wt1 is absent in the vascular 
endothelium. Moreover, toxicity from Cre-recombinase has been reported by 
a number of labs (Glaser et al., 2005) and, whilst using a line heterozygous for 

Cre (as in these studies) mitigates against this phenomenon, a true Cre- 
mouse would be a more rigorous control. Finally, tamoxifen is also known to 
cause a number of problems, largely due to its ability to block exogenous 
oestrogen receptors.  For example, transient infertility has been documented 

in both male and female mice following a standard course of Cre-ERT2 
tamoxifen induction (Anastassiadis et al., 2010). In addition, tamoxifen is 
used in the treatment of breast cancer, and one of its suggested mechanisms 
of action is via the inhibition of angiogenesis (Zardavas et al., 2013). The anti-
angiogenic mechanisms are not well defined, but one study has shown that 
tamoxifen can even inhibit angiogenesis in oestrogen receptor negative 
angiogenesis assays in vitro (Blackwell et al., 2000). Therefore, on-going 

future work using the Wt1loxP/loxP.VE Cadherin.Cre-ERT2 transgenic line plans 

to incorporate two additional groups; Cre- plus tamoxifen and Cre+ (on a 
wild type background) plus vehicle. The former would control for the anti-
angiogenic effects of tamoxifen, and the latter for Cre toxicity. Whilst the 
former has been controlled for by our collaborators in their recent work 
(Wagner et al., 2014), to safeguard the robustness of our work, this should 

also be re-performed once we have re-derived the Wt1loxP/loxP.VE 

Cadherin.Cre-ERT2 transgenic line in Edinburgh. 
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6.4.5 Conclusions 
The studies presented in this chapter demonstrate that Wt1 is expressed in 
the sponge implantation model. This taken together with the up-regulation 
of the gene observed in a number of different angiogenic tissues suggests a 
role for Wt1 in regulating angiogenesis. Deletion of Wt1 within the 
endothelial cell compartment significantly impairs the formation of vascular 

networks within the sponge. Future work utilising the Wt1loxP/loxPVE 

Cadherin.Cre-ERT2 transgenic mouse line should expand upon the 

experiments described herein, focusing upon the use of a Cre- control to rule 
out any potential anti-angiogenic effects of tamoxifen and Cre toxicity. 
Further studies should also address how the loss of Wt1 in the vascular 
endothelium inhibits vessel formation, focusing specifically on the molecular 
mechanisms involved. Moreover, given the integral role played by the 
perivascular cells in vessel formation, maturation and stability, additional 
experiments should investigate the impact of endothelial Wt1 deletion upon 
the neighbouring pericytes. 
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7.1 GENERAL CONCLUSIONS 
The vascular network provides vital nourishment to all tissues in order to 
support growth and repair. It is not surprising that structural or functional 
vessel abnormalities underlie the pathogenesis of many diseases. Inadequate 
vessel maintenance or growth causes ischaemia in myocardial infarction 
(Heusch et al., 2014) and stroke (Libby et al., 2011), whilst excessive vascular 
proliferation or abnormal remodelling is a key factor in facilitating cancer 
growth and progression (Folkman, 2007). Emerging evidence suggests that 
the modulators of angiogenesis affect the metabolism and expansion of fat 
mass by regulating the growth and remodelling of the adipose tissue 
vasculature (Cao, 2010).  Taken together, pharmacological manipulation to 
stimulate or inhibit angiogenesis represents attractive therapeutic 
opportunities in cancer biology, heart regeneration, and even obesity 
(Folkman, 2007, Xin et al., 2013, Cao, 2010). However, taking VEGF inhibitors 
as an example; despite multi-million dollar investment and promising results 
reported in preclinical animal models, the translation from bench to bedside 
in the form of successful Phase III clinical trials remains elusive (Rapisarda 
and Melillo, 2012). A greater appreciation of the molecular mechanisms 
underpinning both physiological and pathological angiogenesis is therefore 
essential (Carmeliet and Jain, 2011b).  
 
WT1 is a multi-faceted gene, fundamental to the development of the mouse 
and human embryo (Armstrong et al., 1993). By contrast, it is largely 
quiescent in the healthy adult (Chau and Hastie, 2012). Recent studies 
suggest Wt1 plays a pivotal role in the maintenance of adult tissue 
homeostasis, and global knockout of the gene leads to a dramatic phenotype 
resulting in multi-organ failure and death within 9 days (Chau et al., 2011). 
Endothelial Wt1 expression has been demonstrated in the infarction zone 
following experimental myocardial infarction (Wagner et al., 2002a) and 
within a variety of human cancers (Wagner et al., 2008). Strikingly, its 
absence is noted in the surrounding healthy tissue of these organs.  
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The work presented in this thesis was, therefore, undertaken to clarify; 
whether Wt1 was expressed in the quiescent vasculature; if it was expressed 
during both physiological and pathological angiogenesis; and to ascertain 
the functional and morphological consequences of Wt1 deletion within the 
vascular endothelium. 
 

7.1.1 Wt1 in the quiescent vasculature 
Endothelial cells are remarkably dynamic, exhibiting morphological 
plasticity at a single- and collective-cell level during new vessel growth, 
adult vascular homeostasis, and in response to injury (Bentley et al., 2014). To 
date, there has been no comprehensive review within the published scientific 
literature describing Wt1 expression within the healthy adult endothelium.  
 
Having devoted significant rigour to ensure that the C19 WT1 antibody 
(Santa Cruz, USA) used in these investigations was both specific and 
sensitive to the protein (and associated with minimal interference from 
background staining), robust immunohistochemical analysis of a wide 
variety of tissues and organs within the C57Bl6 mouse confirmed the 
hypothesis that Wt1 is absent from quiescent murine vasculature. Supporting 
these results, complementary analysis was also preformed using the Wt1-
GFP knock-in mouse line (Hosen et al., 2007). Whilst these findings are 
crucial to the premise of this thesis, they are not overly surprising in the 
wider context of the literature. Because WT1 has been identified as a 
molecular target for cancer immunotherapy (Cheever et al., 2009), many 
laboratories are now using immunohistochemical detection of WT1 in 
tumour cells as an essential part of routine practice as a diagnostic marker 
(Nakatsuka et al., 2006). Numerous studies have reported WT1 expression 
within a variety of human malignancies yet note its absence in the cells of 
surrounding healthy tissues (Wagner et al., 2008, Al Dhaybi et al., 2010). The 
preliminary data obtained from human radial arteries in this PhD suggests 
that the findings demonstrated in the murine vasculature may also be 
applicable in the adult human. In conclusion, the data presented strongly 
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suggest WT1 is not expressed in quiescent endothelial cells of the adult 
vasculature. 
 

7.1.2 Wt1 in physiological angiogenesis 
The term angiogenesis is generally applied to the growth of microvessel 
sprouts, the size of capillary blood vessels, orchestrated by a series of 
angiogenic factors and inhibitors. Physiological angiogenesis remains 
distinct from arteriogenesis and lymphangiogenesis, and occurs in 
development, wound repair, and the reproductive organs. Typically it is 
focal and self-limited in time, taking days (ovulation), weeks (wound 
healing) or months (placental development and growth) (Folkman, 2007). 
 
In this thesis, Wt1 was expressed extensively throughout the murine 
reproductive organs. Within the undecidualised uterus this included the 
endothelial, columnar epithelial, and fibroblast-like stromal cells within the 
basal layer of the endometrium. This is significant as this layer acts as a 
germinal compartment from which the endometrium can grow and 
differentiate following menses (Chan et al., 2004). The uterus is an active 
prolific organ, and undergoes cyclical episodes of proliferation, angiogenesis, 
differentiation, inflammation, and tissue breakdown, many times during a 
woman’s reproductive life (Cousins et al., 2014). Therefore, modelling 
menstruation provides a fantastic opportunity to interrogate numerous 
physiological processes, including vascular growth and regression. Whilst 
the data generated in Chapter 3 were mainly descriptive, they clearly 
demonstrate both cytoplasmic and nucleic Wt1 expression within the 
vascular endothelium (and other cell types) in the decidualised uterus. These 
findings are significant as WT1 is involved not only in transcriptional 
regulation of the nucleus, but also in RNA metabolism and translational 
regulation in the cytoplasm (Huff, 2011). Taken together with Cousins et al’s. 
(2014) hypothesis that the fibroblast-like stromal cells in the menstrual model 
are potential instigators of epithelial regeneration via MET, this raises the 
possibility of Wt1 playing a regulatory role in this process. Given what is 
known about Wt1 regulating EMT in the developing coronary vasculature 
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(Martinez-Estrada et al., 2010), alongside its ability to bind directly to the 
VEGF promoter (McCarty et al., 2011), there remains the exciting possibility 
that Wt1 may orchestrate vascular regeneration within the endometrium. 
 
Interestingly, the studies presented also illustrated Wt1 expression within the 
endothelial cells of murine breast tissue, and those of healthy control tissue 
in 60 patients diagnosed with breast cancer. These findings are reassuring 
since they not only validate the hypothesis that WT1 is expressed in active 
versus quiescent endothelial cells, but also support the translational 
application of this work. 
 

7.1.3 Modelling ischaemic angiogenesis 
An obvious prerequisite for any investigation is the ability to model and 
quantify the response to vascular injury. Two models of ischaemic 
angiogenesis previously published by our group (Kirkby et al., 2012, 
McSweeney et al., 2010) were used to assess Wt1 expression following 
myocardial infarction and hind-limb ischaemia, respectively.  
 
Left coronary artery ligation is an animal model used extensively to study 
the response of ischaemic injury within the myocardium (Ahmed et al., 2011, 
McSweeney et al., 2010, Smart et al., 2011, Zhou et al., 2012, Altarche-Xifro et 
al., 2009, Laflamme and Murry, 2011). It is a valuable technique in the 
important, yet complex field of ischaemic heart disease, and crucially can be 
used to measure the acute and chronic effects of myocardial infarction in a 
spatio-temporal manner (Borst et al., 2011). It can be combined with 
ultrasonography to measure cardiac function, and the extensive availability 
of genetically modified animals means new models can be generated to 
address specific questions. Consistency in the technique (i.e. in the amount of 
injury induced) is an initial difficulty to overcome; yet measuring serum 
troponin levels can mitigate this (McSweeney et al., 2010). Disadvantages 
include the time taken to learn the technique, high peri- and post-operatively 
mortality, and the ability of the assay to accurately depict human disease. For 
example, myocardial infarction in humans often involves an ischaemic-
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reperfusion injury via intraluminal thrombus obstruction in contrast to 
permanent ligation of a vessel (Xu et al., 2014). 
 
The advantages and disadvantages of the femoral artery ligation model were 
discussed in detail in Section 4.4.2. A remarkable feature of the C57Bl6 
mouse is that whilst ligation results in complete cessation of hind-limb blood 
flow, the host response is extremely robust, with partial restoration of lower 
limb perfusion often being achieved by 2-3 weeks (Waters et al., 2004). Whilst 
some argue this inaccurately reflects critical limb ischaemia seen in human 
subjects (Annex, 2013), investigating the ability of this mammal to 
collateralise and regenerate its vascular network within such a short time 
frame is invaluable.  
 

7.1.4 Wt1 expression in ischaemic angiogenesis 
Following left coronary artery ligation, Wt1 was expressed in the vasculature 
of the infarct (and that of the ischaemic penumbra) at post-operative days 14 
and 21. Recently published Wt1 cell fate mapping studies, in combination 
with Wt1 mRNA analysis, complement these findings, and suggest coronary 
endothelial cells (post myocardial infarction) express Wt1 (van Wijk et al., 
2012). These are exciting results, especially in the context of the 
developmental biology literature, where elegant lineage tracing analysis 
within the developing heart has shown that epicardial progenitors have the 
ability to transform into cardiomyocytes, vascular smooth muscle cells, and 
endothelial cells (Zhou et al., 2008, Martinez-Estrada et al., 2010, Witty et al., 
2014) via EMT, under the transcriptional control of Wt1 (Martinez-Estrada et 
al., 2010). However, this area remains controversial, as conflicting studies by 
Paul Riley’s group suggest the re-activated epicardium post-myocardial 
infarction, contributes to a cardiomyoctye lineage, but not that of an 
endothelial cell fate (Bollini et al., 2014). 
 
Complementing the findings in the ischaemic myocardium, complete 
ligation of the left femoral artery in the C57Bl6 mouse demonstrated 

increased expression of Wt1+ cells, CD31+ cells, Wt1+/CD31+ cells, vessels, 
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and Wt1+vessels, at all time-points following surgery when compared with 
mice upon which no operation had been performed. This represents the first 
clear evidence in this model that de novo activation of the Wt1 gene occurs in 
response to ischaemic injury. These studies are also consistent with the 
hypothesis that transcriptional regulation of Wt1, similar to that of other 
angiogenic factors, is triggered by low oxygen tension states (Wagner et al., 
2008), and involving a mechanism including HIF-1 (Wagner et al., 2003). 
Quantitative real-time PCR analysis of the gastrocnemius muscle from the 
ischaemic hind-limb reinforces these findings. Further, whilst Wt1 mRNA 
was mainly undetectable in the early time points following surgery, a 
significant rise was demonstrated at 21 days post-injury. This correlated with 
a peak in the mRNA levels of the angiogenic factor Vegf-α, and endothelial 
cell marker, VE-Cadherin. An outstanding question in these studies remains 
why the non-injured gastrocnemius muscle from mice that underwent left 
femoral artery ligation, also displayed a concomitant rise in Wt1 expression 
levels?  Following acute limb ischaemia in man, a systemic inflammatory 
response can ensue, with profound metabolic consequences, triggering renal 
injury and cardiac dysfunction (Eliason and Wakefield, 2009). A similar 
mechanism may exist in this murine model, which begs the question, is Wt1 
expressed in resident cells within the affected tissue or do these cells migrate 
to the site of injury? 
 

7.1.5 Wt1 in murine and human breast cancer 
Any mutant, over-expressed, or abnormally expressed protein in cancer cells 
can be a target for cancer cell vaccines or T-cell therapy (Pardoll, 2012, 
Weiner et al., 2010). WT1, the highest ranked tumour antigen with greatest 
immunotherapeutic potential (Cheever et al., 2009), is an attractive prospect 
for immunotherapy. Breast cancer, remains the most common female 
malignancy across the globe, yet despite a range of chemotherapeutic agents 
their efficacy is limited by both intrinsic and acquired therapeutic resistance, 
especially in those patients presenting with aggressive forms of the disease 
(Zardavas et al., 2013, Musgrove and Sutherland, 2009). Clinical data have 
previously demonstrated that patients with high WT1 mRNA levels in their 
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breast tumours have a lower 5-year disease free survival rate when 
compared with those with breast tumours expressing low WT1 mRNA levels 
(Miyoshi et al., 2002). In light of these data, alongside the potential to develop 
immunotherapeutic agents akin to those trialled in gynaecological cancers 
(Coosemans et al., 2013a, Coosemans et al., 2013b), the studies presented in 
this thesis aimed to assess the relationship between WT1 expression in 
human breast cancer and the histopathological grade, ER status, and HER2 
enrichment in 60 tumours. Running in parallel, a fellow PhD student was 
investigating the C3(1)/Tag model of breast cancer; therefore, preliminary 
data were also obtained from this transgenic mouse line. 
 
The murine cancer model demonstrated a dramatic difference in its cellular 

architecture to that of the healthy mammary tissue. Wt1+ cells, CD31+ cells, 

Wt1+/CD31+ cells, total vessels, and total Wt1+ vessels, were all increased in 

the tumour samples versus those of healthy controls. Similarly, CD31+ cells, 

endothelial WT1 expression, total vessels, and total Wt1+ vessels were all 
increased in ER positive breast cancers compared with their ER negative 
counterparts. These data are striking as basal-like breast cancers - typically 
ER negative, representing 15% of all breast cancers - have the highest rates of 
proliferation and extremely poor clinical outcomes (Sorlie et al., 2003, Sorlie et 
al., 2001). Interestingly, as histopathological Grade increased, the number of 

Wt1+ cells, CD31+ cells, Wt1+/CD31+ cells, total vessels, and total Wt1+ 
vessels, all appeared to decrease. Grade III cancers tend to be more invasive 
and associated with poorer clincal outcomes (Rivenbark et al., 2013), 
therefore, alongside the findings with ER status, the results suggest more 

aggressive tumours with poorer clinical outcomes have fewer Wt1+ cells in 
their vasculature.  
 
These data support the principle for developing targeted immunotherapy in 
a sub-set of tumours but further work must be undertaken to establish if this 
link is also true based upon the molecular sub-type of the disease. The latter 
is particular pertinent given the extensive work illustrating the heterogeneity 
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that exists within both human and murine breast cancers (Seton-Rogers, 
2014).  

 

7.1.6 Time-dependent expression of Wt1 in the sponge model of 
angiogenesis 
The sponge model of angiogenesis provides an excellent platform for 
assessing angiogenesis in vivo. The multiple sequential steps that underpin 
blood vessel formation were interrogated by a range of transgenic mouse 
lines, in a spatio-temporal manner (Small et al., 2005).  Genetic fate mapping 
studies confirmed that Wt1 was not only expressed within this assay, but 
specifically in the newly formed vasculature of the sponge. This was 
reinforced by quantitative real time PCR analysis demonstrating a rise in 
Wt1 mRNA levels within sponges over time. The expression profile of Wt1 

mRNA levels mirrored that of the angiogenic factor Vegf-α, and preceded a 
rise in the endothelial cell marker, VE-Cadherin, alongside the pericyte 
marker, CD146, suggestive of an association with angiogenesis. The latter 
was supported by immunohistochemical analysis, which illustrated vessel 
formation at 7, 14 and 21 days post implantation. 
 

7.1.7 Wt1 expressing cells in angiogenesis 
The results following in vivo sponge implantation and FACS in the Wt1-GFP 

mouse line illustrate that 13.01% of cells are GFP+ at day 7, compared with 
1.87% at day 21 post-implantation (p<0.0001). Intriguingly, three sub-

populations of GFP+ cells were identified - CD31+Pdgfr-β-, CD31+Pdgfr-β+, 

and CD31-Pdgfr-β+. These data, in combination with the results from the 
previous section, provide proof of concept of the existence of Wt1-expressing 
endothelial cells and pericytes – two key cellular components of developing 

vasculature. Given these populations constituted <6% of GFP+ cells at both 
time points, the outstanding question beckons – what is the cellular nature of 
the remaining 94%? As discussed, on going work has demonstrated that 

5.02% of all GFP+ cells at day 7 stain positive for lineage panel makers (CDe3, 
CD11b, CD45R, Ly-6G, Ly-6C, TER119) compared with 7.8% at day 21, yet 
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85-90% GFP+ cells of unknown phenotype remain. None withstanding, Wt1 
expression can be dynamic, rapidly switching on and off (Huff, 2011). In this 
way the actual number of endothelial cells expressing Wt1 along the process 
would be underestimated in a single image, at one specific point in time. 
 
Myofibroblasts are the major source of extracellular matrix components that 
accumulate during tissue fibrosis (Hinz et al., 2007). Hepatic stellate cells are 
a type of pericyte, thought to be the source of myofibroblasts that mediate 
tissue fibrosis in the liver (Pellicoro et al., 2014). Dr Neil Henderson’s group 
has recently published some elegant genetic fate mapping studies using a 
Pdgfrβ-Cre mouse line that targets myofibroblasts, and to demonstrating that 

depletion of the αV-integrin within these cells reduces liver fibrosis 
(Henderson et al., 2013). The Pdgfrβ-Cre mice express Cre-recombinase under 
the control of a fragment of the gene encoding Pdgfrβ (Foo et al., 2006). 
Therefore, combining these with the Ai14 reporter mouse, generates a line 

which promotes expression of a red fluorescent protein (tdTomato) in Pdgfrβ+ 

cells post tamoxifen administration. Eight mice (6 Cre+ and 2 Cre-) were 
kindly provided by Neil Henderson, in order to produce preliminary data on 
myofibroblast/activated pericyte expression within the sponge model. This 
would allow validation of the data illustrated by FACS. The rationale behind 
this work also derives from the finding that hepatic stellate cells express Wt1 
(Dr T Kendall, personal communication) and the sponge model typically 
produces a fibrovascular response (Toriseva et al., 2012). 
 
Prior to sponge implantation, Ai14.Pdgfrβ-Cre mice were dosed with 
tamoxifen using the regimen described in Section 5.6.2.2. Heart, kidney and 
sponge samples were retrieved at 21 days, paraffin embedded, and stained 
for Wt1, anti-RFP, and DAPI using immunofluorescence (Section 2.5.). 
Confocal microscopy demonstrated marked Pdgfr-β expression within the 

sponges of the Cre+ mice at 21 days (n=6), alongside co-localisation with Wt1 
in the newly formed vessels of the sponge (Figure 7.1).  These provisional 
data support the findings generated by FACS analysis, and indicate Wt1 

expression within a sub-set of Pdgfr-β+CD31+ cells within the newly formed 
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vasculature in vivo. Given the inter-connectivity between endothelial cells 
and pericytes, and the importance of this cellular interaction in vascular 
remodelling (Carmeliet and Jain, 2011a, Peault, 2012), these data support the 
hypothesis of a role for Wt1 in angiogenesis. 
 

 
Figure 7.1 Wt1 immunofluorescence within the Ai14.Pdgfrβ-Cre transgenic mouse line 

following sponge implantation (representative images of n=6 Cre+ and n=3 Cre- mice, 21 

days post sponge implantation, following pre-operative tamoxifen dosing). A. 

Characteristic pattern of Pdgfr-β expression in the adult myocardium demonstrated in this 

Cre+ mouse post-tamoxifen administration. B. Section from a Cre- littermate depicting no 

Pdgfr-β expression. C. Co-localisation (white arrows) of Wt1 and Pdgfr-β in the renal 

podocytes of a Cre+ mouse post-tamoxifen administration. D. Pdgfr-β expression profile in a 

sub-cutaneous sponge, 21 days post-implantation, in a Cre+ mouse following tamoxifen 

administration. Note co-localisation of Pdgfr-β and Wt1 in a newly formed endothelial 

sprout (white arrows). Where all scale bars represent 50 microns. 
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7.1.8 The effect of Wt1 deletion on angiogenesis 
Following the administration of tamoxifen, endothelium-specific knockout of 
Wt1 dramatically reduced vessel growth in vivo in the sub-cutaneous sponge 
model at 21 days. This is an interesting finding, and whilst the result is not 
absolute, it is not surprising given most biological systems have an element 
of genetic redundancy (i.e. two or more genes perform the same function) 
(Nowak et al., 1997). In order to correctly interpret this phenotype, 
confirmation of tissue specific Cre-mediated gene inactivation is essential, 
and future work is underway to verify that Wt1 is absent in the vascular 
endothelium at the mRNA and protein level. Interestingly, statistical 
significance was not achieved when Wt1 was deleted globally in the aortic 
ring model of angiogenesis - although a reduction in growth was suggested. 
However, this may be a power issue (n=3), and further investigation is 
warranted (at the time there were insufficient WER mice of the appropriate 
age and sex available). 
 
Given the magnitude of the result demonstrated in the endothelial specific 
knockout of Wt1 in sponges, the question remains; if Wt1 is expressed in 
such a small number of cells how is it causing such a dramatic effect? This 
question re-iterates the importance of future work to control for the effects of 
Cre toxicity. In this study, cells positive for Cre-recombinase were activated 
by the addition of tamoxifen and compared with controls receiving corn oil. 
Few studies control for Cre toxicity, raising the question as to whether 
activated Cre-recombinase is the cause of some phenotypes seen in published 
studies also using this construct. The ubiquitous deletion of Wt1 by Chau et 
al. (2011) was controlled for using Cre-recombinase positive mice with no 

loxP sites (CAGG-CreERTM positive;Wt1+/+). There were no significant effects 
on tissue morphology following Cre activation in vivo, however, in vitro 
effects on colony-forming assays were not tested (Chau et al., 2011). The lack 
of morphological effects in this study may be because the body is more 
efficient at removing Cre in vivo. This differs from in vitro work where cells 
cultured in wells are unable to excrete the activated Cre-recombinase 
(Anastassiadis et al., 2010). 
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7.2 LIMITATIONS AND FUTURE EXPERIMENTS 
The work described in this thesis has crystallised a role for Wt1 in adult 
angiogenesis, supporting a model of latency in quiescent endothelial cells, 
and activation in physiological, ischaemic and tumour-associated 
angiogenesis. The mechanism by which inactivation of the gene in the 
vascular endothelium inhibits blood vessel growth remains elusive, yet 
provides an obvious avenue for future investigation. 
 

7.2.1 Human translation 
Wt1 immunhistochemical analysis of the quiescent vasculature in the mouse 
requires validation in human tissue with equal rigour. The NHS Lothian 
Tissue Bank provides the perfect system for expanding the findings 
illustrated in the healthy human mammary gland to that of other tissue 
types. Gaining ethical approval to investigate ischaemic tissue of patients 
suffering from critical limb ischaemia would support the findings observed 
in the hind-limb ischaemia model. In addition, hysterectomy samples from 
pre-menopausal women suffering benign conditions could offer a potential 
avenue for supporting the findings in the murine model of menstruation.  
 

7.2.2 Validation of the Wt1loxP/loxP;VE Cadherin.Cre-ERT2 experiments 
Controlling for Cre-toxicity, confirming tissue specific Cre-mediated gene 
inactivation, and increasing the sample size, are essential to validate the 
findings described in this model. Moreover, analysing the sponge samples 
using quantitative real-time PCR at 3, 7, 14 and 21 days post endothelium 
selective knockout of Wt1, will provide valuable insights into the possible 
mechanisms of the dramatic phenotype seen in the preliminary experiments. 
Scrutinising both the left coronary artery and the femoral artery ligation 

models with the Wt1loxP/loxP;VE Cadherin.Cre-ERT2 mouse line would 
consolidate the findings described in this thesis. Moreover, it would provide 
a greater understanding to the role of endothelial Wt1 deletion. For example, 
in the heart, whilst Paul Riley’s group were unable to rule out a circulatory 
or endothelial cell source of progenitors influencing cardiac regeneration in 
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their model of myocardial infarction, their hypothesis centered around re-
activating a latent epicardial source of progenitor cells (Smart et al., 2011). 
Assessing the effects of endothelum-specific knockout of Wt1 on cardiac 
function would illuminate the role of this cellular compartment. Similarly, 
investigating the effect of hind-limb ischaemia on the gastrocnemius muscle 
(which lacks a mesothelium), would suggest a role for “other” resident or 
circulating progenitor cells if endothelial knockout of Wt1 did not display a 
specific phenotype. 
 

7.2.3 Gene expression profiling of Wt1-expressing cells  
DNA microarrays allow the expression profile of thousands of genes to be 
assessed simultaneously (Draghici et al., 2006).  Our group has recently been 
successful in extracting RNA for quantitative real-time PCR from FACS 

sorted GFP+ cell populations in adipose tissue (Chau et al., 2014). Harnessing 

this technique has enabled the extraction of RNA from GFP+ cells in sponges 
for analysis by DNA microarray (ongoing). An additional potential approach 

would be to utilise this technique to sort GFP+ cells for gene expression 
analysis from Wt1-GFP mice subjected to the menses model at specific time 
points during menstruation.    
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7.3 SUMMARY OF CONCLUSIONS 
 
WT1 is a versatile gene, indispensible for the normal development of many 
organs and tissues, with an expanding repertoire of functions in the adult. 
The results of these studies indicate an integral role for Wt1 in adult 
angiogenesis. The major findings of this project were: 
 

• Wt1 is absent from the quiescent vasculature of the adult mouse.  

• By contrast, both murine and human tissues known to regenerate and 
undergo physiological angiogenesis, express WT1 throughout their 
vascular network. 

• Tissues not known to express Wt1 within their vasculature in health, 
up-regulate endothelial Wt1 de novo following ischaemic injury. 

• Wt1 is up-regulated in the vasculature of the C3(1)/Tag mammary 
tumour model of breast cancer compared with healthy control tissue, 
and this finding was mirrored in a subset of aggressive human breast 
cancers versus matched controls. 

• Wt1 expression within a stimulated model of angiogenesis occurs in a 
time-dependent manner, and appears to mirror that of the angiogenic 
factor Vegf, preceding endothelial and pericyte markers. 

• A subset of perivascular cells, not known to express Wt1 in the 
healthy adult, appear to express the gene during angiogenesis.   

• Provisional data are suggestive that endothelium-selective knockout 
of Wt1 impairs angiogenesis 

 
To conclude, the work from this project demonstrates that Wt1 is present and 
functionally important for the development of new blood vessels in health 
and disease.  

 
 
 
 



 225 

8 REFERENCES 
 
 
 
 
 
 

REFERENCES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 226 

Abbott, N. J., Ronnback, L. & Hansson, E. 2006. Astrocyte-endothelial 
interactions at the blood-brain barrier. Nat Rev Neurosci, 7, 41-53. 

Adams, R. H. & Alitalo, K. 2007. Molecular regulation of angiogenesis and 
lymphangiogenesis. Nat Rev Mol Cell Biol, 8, 464-78. 

Ahmed, R. P., Haider, H. K., Buccini, S., Li, L., Jiang, S. & Ashraf, M. 2011. 
Reprogramming of skeletal myoblasts for induction of pluripotency 
for tumor-free cardiomyogenesis in the infarcted heart. Circ Res, 109, 
60-70. 

Al Dhaybi, R., Powell, J., Mccuaig, C. & Kokta, V. 2010. Differentiation of 
vascular tumors from vascular malformations by expression of Wilms 
tumor 1 gene: evaluation of 126 cases. J Am Acad Dermatol, 63, 1052-7. 

Albrecht, E. D. & Pepe, G. J. 2003. Steroid hormone regulation of 
angiogenesis in the primate endometrium. Front Biosci, 8, d416-29. 

Altarche-Xifro, W., Curato, C., Kaschina, E., Grzesiak, A., Slavic, S., Dong, J., 
Kappert, K., Steckelings, M., Imboden, H., Unger, T. & Li, J. 2009. 
Cardiac c-kit+AT2+ cell population is increased in response to 
ischemic injury and supports cardiomyocyte performance. Stem Cells, 
27, 2488-97. 

Alva, J. A., Zovein, A. C., Monvoisin, A., Murphy, T., Salazar, A., Harvey, N. 
L., Carmeliet, P. & Iruela-Arispe, M. L. 2006. VE-Cadherin-Cre-
recombinase transgenic mouse: a tool for lineage analysis and gene 
deletion in endothelial cells. Dev Dyn, 235, 759-67. 

Amin, E. M., Oltean, S., Hua, J., Gammons, M. V., Hamdollah-Zadeh, M., 
Welsh, G. I., Cheung, M. K., Ni, L., Kase, S., Rennel, E. S., Symonds, K. 
E., Nowak, D. G., Royer-Pokora, B., Saleem, M. A., Hagiwara, M., 
Schumacher, V. A., Harper, S. J., Hinton, D. R., Bates, D. O. & 
Ladomery, M. R. 2011. WT1 mutants reveal SRPK1 to be a 
downstream angiogenesis target by altering VEGF splicing. Cancer 
Cell, 20, 768-80. 

Anastassiadis, K., Glaser, S., Kranz, A., Berhardt, K. & Stewart, A. F. 2010. A 
practical summary of site-specific recombination, conditional 
mutagenesis, and tamoxifen induction of CreERT2. Methods Enzymol, 
477, 109-23. 

Annex, B. H. 2013. Therapeutic angiogenesis for critical limb ischaemia. Nat 
Rev Cardiol, 10, 387-96. 

Armstrong, J. F., Pritchard-Jones, K., Bickmore, W. A., Hastie, N. D. & Bard, 
J. B. 1993. The expression of the Wilms' tumour gene, WT1, in the 
developing mammalian embryo. Mech Dev, 40, 85-97. 

Armulik, A., Genove, G. & Betsholtz, C. 2011. Pericytes: developmental, 
physiological, and pathological perspectives, problems, and promises. 
Dev Cell, 21, 193-215. 

Arroyo, A. G. & Iruela-Arispe, M. L. 2010. Extracellular matrix, 
inflammation, and the angiogenic response. Cardiovasc Res, 86, 226-35. 

Auerbach, R., Lewis, R., Shinners, B., Kubai, L. & Akhtar, N. 2003. 
Angiogenesis assays: a critical overview. Clin Chem, 49, 32-40. 

Augustin, H. G., Koh, G. Y., Thurston, G. & Alitalo, K. 2009. Control of 
vascular morphogenesis and homeostasis through the angiopoietin-
Tie system. Nat Rev Mol Cell Biol, 10, 165-77. 

Austad, S. N. 2009. Comparative biology of aging. J Gerontol A Biol Sci Med 
Sci, 64, 199-201. 



 227 

Baird, P. N. & Simmons, P. J. 1997. Expression of the Wilms' tumor gene 
(WT1) in normal hemopoiesis. Exp Hematol, 25, 312-20. 

Baker, M., Robinson, S. D., Lechertier, T., Barber, P. R., Tavora, B., D'amico, 
G., Jones, D. T., Vojnovic, B. & Hodivala-Dilke, K. 2012. Use of the 
mouse aortic ring assay to study angiogenesis. Nat Protoc, 7, 89-104. 

Barker, N. 2014. Adult intestinal stem cells: critical drivers of epithelial 
homeostasis and regeneration. Nat Rev Mol Cell Biol, 15, 19-33. 

Barthelemy, P., Leblanc, J., Goldbarg, V., Wendling, F. & Kurtz, J. E. 2014. 
Pertuzumab: development beyond breast cancer. Anticancer Res, 34, 
1483-91. 

Basu, S., Campbell, H. M., Dittel, B. N. & Ray, A. 2010. Purification of specific 
cell population by fluorescence activated cell sorting (FACS). J Vis 
Exp. 

Beckwith, J. B. 1986. The John Lattimer lecture. Wilms tumor and other renal 
tumors of childhood: an update. J Urol, 136, 320-4. 

Ben-Jonathan, N., Lapensee, C. R. & Lapensee, E. W. 2008. What can we learn 
from rodents about prolactin in humans? Endocr Rev, 29, 1-41. 

Benson, J. R. & Jatoi, I. 2012. The global breast cancer burden. Future Oncol, 8, 
697-702. 

Bentley, K., Mariggi, G., Gerhardt, H. & Bates, P. A. 2009. Tipping the 
balance: robustness of tip cell selection, migration and fusion in 
angiogenesis. PLoS Comput Biol, 5, e1000549. 

Bentley, K., Philippides, A. & Ravasz Regan, E. 2014. Do endothelial cells 
dream of eclectic shape? Dev Cell, 29, 146-58. 

Bentzon, J. F. & Falk, E. 2010. Atherosclerotic lesions in mouse and man: is it 
the same disease? Curr Opin Lipidol, 21, 434-40. 

Beral, V. & Million Women Study, C. 2003. Breast cancer and hormone-
replacement therapy in the Million Women Study. Lancet, 362, 419-27. 

Blackwell, K. L., Haroon, Z. A., Shan, S., Saito, W., Broadwater, G., 
Greenberg, C. S. & Dewhirst, M. W. 2000. Tamoxifen inhibits 
angiogenesis in estrogen receptor-negative animal models. Clin Cancer 
Res, 6, 4359-64. 

Boehm, T., Folkman, J., Browder, T. & O'reilly, M. S. 1997. Antiangiogenic 
therapy of experimental cancer does not induce acquired drug 
resistance. Nature, 390, 404-7. 

Bollini, S., Vieira, J. M., Howard, S., Dube, K. N., Balmer, G., Smart, N. & 
Riley, P. R. 2014. Re-activated adult epicardial progenitor cells are a 
heterogeneous population molecularly distinct from their embryonic 
counterparts. Stem Cells Dev. 

Bonnefoy, A., Moura, R. & Hoylaerts, M. F. 2008. The evolving role of 
thrombospondin-1 in hemostasis and vascular biology. Cell Mol Life 
Sci, 65, 713-27. 

Borowsky, A. D. 2011. Choosing a mouse model: experimental biology in 
context--the utility and limitations of mouse models of breast cancer. 
Cold Spring Harb Perspect Biol, 3, a009670. 

Borst, O., Ochmann, C., Schonberger, T., Jacoby, C., Stellos, K., Seizer, P., 
Flogel, U., Lang, F. & Gawaz, M. 2011. Methods employed for 
induction and analysis of experimental myocardial infarction in mice. 
Cell Physiol Biochem, 28, 1-12. 



 228 

Brasted, M., White, C. A., Kennedy, T. G. & Salamonsen, L. A. 2003. 
Mimicking the events of menstruation in the murine uterus. Biol 
Reprod, 69, 1273-80. 

Brem, H. & Folkman, J. 1993. Analysis of experimental antiangiogenic 
therapy. J Pediatr Surg, 28, 445-50; discussion 450-1. 

Brett, A., Pandey, S. & Fraizer, G. 2013. The Wilms' tumor gene (WT1) 
regulates E-cadherin expression and migration of prostate cancer cells. 
Mol Cancer, 12, 3. 

Buckingham, M. E. & Meilhac, S. M. 2011. Tracing cells for tracking cell 
lineage and clonal behavior. Dev Cell, 21, 394-409. 

Bustin, S. A., Benes, V., Garson, J. A., Hellemans, J., Huggett, J., Kubista, M., 
Mueller, R., Nolan, T., Pfaffl, M. W., Shipley, G. L., Vandesompele, J. 
& Wittwer, C. T. 2009. The MIQE guidelines: minimum information 
for publication of quantitative real-time PCR experiments. Clin Chem, 
55, 611-22. 

Call, K. M., Glaser, T., Ito, C. Y., Buckler, A. J., Pelletier, J., Haber, D. A., Rose, 
E. A., Kral, A., Yeger, H., Lewis, W. H. & Et Al. 1990. Isolation and 
characterization of a zinc finger polypeptide gene at the human 
chromosome 11 Wilms' tumor locus. Cell, 60, 509-20. 

Cano, E., Carmona Megias, R., Ruiz, A., Chau, Y., Hastie, N., Munoz-
Chapuli, R. & Perez Pomares, J. 2014. P314Ontogenetic contribution of 
mesodermal pro/epicardial cell lineages to coronary endothelium. 
Cardiovasc Res, 103 Suppl 1, S57. 

Cao, Y. 2010. Adipose tissue angiogenesis as a therapeutic target for obesity 
and metabolic diseases. Nat Rev Drug Discov, 9, 107-15. 

Cardiff, R. D., Anver, M. R., Gusterson, B. A., Hennighausen, L., Jensen, R. 
A., Merino, M. J., Rehm, S., Russo, J., Tavassoli, F. A., Wakefield, L. 
M., Ward, J. M. & Green, J. E. 2000. The mammary pathology of 
genetically engineered mice: the consensus report and 
recommendations from the Annapolis meeting. Oncogene, 19, 968-88. 

Carmeliet, P. 2005. Angiogenesis in life, disease and medicine. Nature, 438, 
932-6. 

Carmeliet, P. & Jain, R. K. 2011a. Molecular mechanisms and clinical 
applications of angiogenesis. Nature, 473, 298-307. 

Carmeliet, P. & Jain, R. K. 2011b. Principles and mechanisms of vessel 
normalization for cancer and other angiogenic diseases. Nat Rev Drug 
Discov, 10, 417-27. 

Cavallaro, U. & Dejana, E. 2011. Adhesion molecule signalling: not always a 
sticky business. Nat Rev Mol Cell Biol, 12, 189-97. 

Chan, R. W., Schwab, K. E. & Gargett, C. E. 2004. Clonogenicity of human 
endometrial epithelial and stromal cells. Biol Reprod, 70, 1738-50. 

Charles, A. K., Mall, S., Watson, J. & Berry, P. J. 1997. Expression of the 
Wilms' tumour gene WT1 in the developing human and in paediatric 
renal tumours: an immunohistochemical study. Mol Pathol, 50, 138-44. 

Chau, Y. Y., Bandiera, R., Serrels, A., Martinez-Estrada, O. M., Qing, W., Lee, 
M., Slight, J., Thornburn, A., Berry, R., Mchaffie, S., Stimson, R. H., 
Walker, B. R., Chapuli, R. M., Schedl, A. & Hastie, N. 2014. Visceral 
and subcutaneous fat have different origins and evidence supports a 
mesothelial source. Nat Cell Biol. 



 229 

Chau, Y. Y., Brownstein, D., Mjoseng, H., Lee, W. C., Buza-Vidas, N., Nerlov, 
C., Jacobsen, S. E., Perry, P., Berry, R., Thornburn, A., Sexton, D., 
Morton, N., Hohenstein, P., Freyer, E., Samuel, K., Van't Hof, R. & 
Hastie, N. 2011. Acute multiple organ failure in adult mice deleted for 
the developmental regulator Wt1. PLoS Genet, 7, e1002404. 

Chau, Y. Y. & Hastie, N. D. 2012. The role of Wt1 in regulating mesenchyme 
in cancer, development, and tissue homeostasis. Trends Genet. 

Cheever, M. A., Allison, J. P., Ferris, A. S., Finn, O. J., Hastings, B. M., Hecht, 
T. T., Mellman, I., Prindiville, S. A., Viner, J. L., Weiner, L. M. & 
Matrisian, L. M. 2009. The prioritization of cancer antigens: a national 
cancer institute pilot project for the acceleration of translational 
research. Clin Cancer Res, 15, 5323-37. 

Chen, S., Shimoda, M., Chen, J. & Grayburn, P. A. 2013. Stimulation of adult 
resident cardiac progenitor cells by durable myocardial expression of 
thymosin beta 4 with ultrasound-targeted microbubble delivery. Gene 
Ther, 20, 225-33. 

Chung, A. S., Lee, J. & Ferrara, N. 2010. Targeting the tumour vasculature: 
insights from physiological angiogenesis. Nat Rev Cancer, 10, 505-14. 

Cilloni, D., Gottardi, E., Messa, F., Fava, M., Scaravaglio, P., Bertini, M., 
Girotto, M., Marinone, C., Ferrero, D., Gallamini, A., Levis, A., Saglio, 
G. & Piedmont Study Group on Myleodysplastic, S. 2003. Significant 
correlation between the degree of WT1 expression and the 
International Prognostic Scoring System Score in patients with 
myelodysplastic syndromes. J Clin Oncol, 21, 1988-95. 

Clapp, C., Thebault, S., Jeziorski, M. C. & Martinez De La Escalera, G. 2009. 
Peptide hormone regulation of angiogenesis. Physiol Rev, 89, 1177-215. 

Conte, M. S. 2013. Critical appraisal of surgical revascularization for critical 
limb ischemia. J Vasc Surg, 57, 8S-13S. 

Coosemans, A., Moerman, P., Verbist, G., Maes, W., Neven, P., Vergote, I., 
Van Gool, S. W. & Amant, F. 2008. Wilms' tumor gene 1 (WT1) in 
endometrial carcinoma. Gynecol Oncol, 111, 502-8. 

Coosemans, A., Vanderstraeten, A., Tuyaerts, S., Verschuere, T., Moerman, 
P., Berneman, Z., Vergote, I., Amant, F. & Van Gool, S. W. 2013a. 
Immunological response after WT1 mRNA-loaded dendritic cell 
immunotherapy in ovarian carcinoma and carcinosarcoma. Anticancer 
Res, 33, 3855-9. 

Coosemans, A., Vanderstraeten, A., Tuyaerts, S., Verschuere, T., Moerman, 
P., Berneman, Z. N., Vergote, I., Amant, F. & Sw, V. a. N. G. 2013b. 
Wilms' Tumor Gene 1 (WT1)--loaded dendritic cell immunotherapy in 
patients with uterine tumors: a phase I/II clinical trial. Anticancer Res, 
33, 5495-500. 

Coppes-Zantinga, A. R. & Coppes, M. J. 1999. The eponym "Wilms": a 
reminder of a surgeon's lifelong contributions to medicine. Med Pediatr 
Oncol, 32, 438-9. 

Coultas, L., Chawengsaksophak, K. & Rossant, J. 2005. Endothelial cells and 
VEGF in vascular development. Nature, 438, 937-45. 

Cousins, F. L., Murray, A., Esnal, A., Gibson, D. A., Critchley, H. O. & 
Saunders, P. T. 2014. Evidence from a mouse model that epithelial cell 
migration and mesenchymal-epithelial transition contribute to rapid 



 230 

restoration of uterine tissue integrity during menstruation. PLoS One, 
9, e86378. 

Crawford, Y., Kasman, I., Yu, L., Zhong, C., Wu, X., Modrusan, Z., Kaminker, 
J. & Ferrara, N. 2009. PDGF-C mediates the angiogenic and 
tumorigenic properties of fibroblasts associated with tumors 
refractory to anti-VEGF treatment. Cancer Cell, 15, 21-34. 

Dabrosin, C. 2005. Sex steroid regulation of angiogenesis in breast tissue. 
Angiogenesis, 8, 127-36. 

Davis, G. E., Koh, W. & Stratman, A. N. 2007. Mechanisms controlling 
human endothelial lumen formation and tube assembly in three-
dimensional extracellular matrices. Birth Defects Res C Embryo Today, 
81, 270-85. 

Dayan, F., Mazure, N. M., Brahimi-Horn, M. C. & Pouyssegur, J. 2008. A 
dialogue between the hypoxia-inducible factor and the tumor 
microenvironment. Cancer Microenviron, 1, 53-68. 

Dechene, A., Sowa, J. P., Gieseler, R. K., Jochum, C., Bechmann, L. P., El 
Fouly, A., Schlattjan, M., Saner, F., Baba, H. A., Paul, A., Dries, V., 
Odenthal, M., Gerken, G., Friedman, S. L. & Canbay, A. 2010. Acute 
liver failure is associated with elevated liver stiffness and hepatic 
stellate cell activation. Hepatology, 52, 1008-16. 

Dejong, V., Degeorges, A., Filleur, S., Ait-Si-Ali, S., Mettouchi, A., Bornstein, 
P., Binetruy, B. & Cabon, F. 1999. The Wilms' tumor gene product 
represses the transcription of thrombospondin 1 in response to 
overexpression of c-Jun. Oncogene, 18, 3143-51. 

Delli Carpini, J., Karam, A. K. & Montgomery, L. 2010. Vascular endothelial 
growth factor and its relationship to the prognosis and treatment of 
breast, ovarian, and cervical cancer. Angiogenesis, 13, 43-58. 

Desmedt, C., Sotiriou, C. & Piccart-Gebhart, M. J. 2009. Development and 
validation of gene expression profile signatures in early-stage breast 
cancer. Cancer Invest, 27, 1-10. 

Di Meglio, F., Castaldo, C., Nurzynska, D., Romano, V., Miraglia, R., 
Bancone, C., Langella, G., Vosa, C. & Montagnani, S. 2010. Epithelial-
mesenchymal transition of epicardial mesothelium is a source of 
cardiac CD117-positive stem cells in adult human heart. J Mol Cell 
Cardiol, 49, 719-27. 

Dohi, S., Ohno, S., Ohno, Y., Kyo, S., Soma, G., Sugiyama, H. & Inoue, M. 
2010. WT1 expression correlates with angiogenesis in endometrial 
cancer tissue. Anticancer Res, 30, 3187-92. 

Draghici, S., Khatri, P., Eklund, A. C. & Szallasi, Z. 2006. Reliability and 
reproducibility issues in DNA microarray measurements. Trends 
Genet, 22, 101-9. 

Drummond, I. A., Madden, S. L., Rohwer-Nutter, P., Bell, G. I., Sukhatme, V. 
P. & Rauscher, F. J., 3rd 1992. Repression of the insulin-like growth 
factor II gene by the Wilms tumor suppressor WT1. Science, 257, 674-8. 

Dunn, C. L., Kelly, R. W. & Critchley, H. O. 2003. Decidualization of the 
human endometrial stromal cell: an enigmatic transformation. Reprod 
Biomed Online, 7, 151-61. 

Dvorak, H. F. 1986. Tumors: wounds that do not heal. Similarities between 
tumor stroma generation and wound healing. N Engl J Med, 315, 1650-
9. 



 231 

Early Breast Cancer Trialists' Collaborative, G. 2005. Effects of chemotherapy 
and hormonal therapy for early breast cancer on recurrence and 15-
year survival: an overview of the randomised trials. Lancet, 365, 1687-
717. 

Eilken, H. M. & Adams, R. H. 2010. Dynamics of endothelial cell behavior in 
sprouting angiogenesis. Curr Opin Cell Biol, 22, 617-25. 

Eliason, J. L. & Wakefield, T. W. 2009. Metabolic consequences of acute limb 
ischemia and their clinical implications. Semin Vasc Surg, 22, 29-33. 

Erez, N., Truitt, M., Olson, P., Arron, S. T. & Hanahan, D. 2010. Cancer-
Associated Fibroblasts Are Activated in Incipient Neoplasia to 
Orchestrate Tumor-Promoting Inflammation in an NF-kappaB-
Dependent Manner. Cancer Cell, 17, 135-47. 

Essafi, A., Webb, A., Berry, R. L., Slight, J., Burn, S. F., Spraggon, L., Velecela, 
V., Martinez-Estrada, O. M., Wiltshire, J. H., Roberts, S. G., 
Brownstein, D., Davies, J. A., Hastie, N. D. & Hohenstein, P. 2011. A 
wt1-controlled chromatin switching mechanism underpins tissue-
specific wnt4 activation and repression. Dev Cell, 21, 559-74. 

Finak, G., Bertos, N., Pepin, F., Sadekova, S., Souleimanova, M., Zhao, H., 
Chen, H., Omeroglu, G., Meterissian, S., Omeroglu, A., Hallett, M. & 
Park, M. 2008. Stromal gene expression predicts clinical outcome in 
breast cancer. Nat Med, 14, 518-27. 

Flamme, I., Frolich, T. & Risau, W. 1997. Molecular mechanisms of 
vasculogenesis and embryonic angiogenesis. J Cell Physiol, 173, 206-10. 

Folkman, J. 1971. Tumor angiogenesis: therapeutic implications. N Engl J 
Med, 285, 1182-6. 

Folkman, J. 2007. Angiogenesis: an organizing principle for drug discovery? 
Nat Rev Drug Discov, 6, 273-86. 

Foo, S. S., Turner, C. J., Adams, S., Compagni, A., Aubyn, D., Kogata, N., 
Lindblom, P., Shani, M., Zicha, D. & Adams, R. H. 2006. Ephrin-B2 
controls cell motility and adhesion during blood-vessel-wall assembly. 
Cell, 124, 161-73. 

Fraisl, P., Mazzone, M., Schmidt, T. & Carmeliet, P. 2009. Regulation of 
angiogenesis by oxygen and metabolism. Dev Cell, 16, 167-79. 

Frangogiannis, N. G., Ren, G., Dewald, O., Zymek, P., Haudek, S., Koerting, 
A., Winkelmann, K., Michael, L. H., Lawler, J. & Entman, M. L. 2005. 
Critical role of endogenous thrombospondin-1 in preventing 
expansion of healing myocardial infarcts. Circulation, 111, 2935-42. 

Fritschy, J. M. 2008. Is my antibody-staining specific? How to deal with 
pitfalls of immunohistochemistry. Eur J Neurosci, 28, 2365-70. 

Gaengel, K., Genove, G., Armulik, A. & Betsholtz, C. 2009. Endothelial-mural 
cell signaling in vascular development and angiogenesis. Arterioscler 
Thromb Vasc Biol, 29, 630-8. 

Gaide Chevronnay, H. P., Galant, C., Lemoine, P., Courtoy, P. J., Marbaix, E. 
& Henriet, P. 2009. Spatiotemporal coupling of focal extracellular 
matrix degradation and reconstruction in the menstrual human 
endometrium. Endocrinology, 150, 5094-105. 

Gambino, L. S., Wreford, N. G., Bertram, J. F., Dockery, P., Lederman, F. & 
Rogers, P. A. 2002. Angiogenesis occurs by vessel elongation in 
proliferative phase human endometrium. Hum Reprod, 17, 1199-206. 



 232 

Gao, F., Zhang, J., Wang, X., Yang, J., Chen, D., Huff, V. & Liu, Y. X. 2013. 
Wt1 functions in ovarian follicle development by regulating granulosa 
cell differentiation. Hum Mol Genet. 

Gao, L., Bellantuono, I., Elsasser, A., Marley, S. B., Gordon, M. Y., Goldman, 
J. M. & Stauss, H. J. 2000. Selective elimination of leukemic CD34(+) 
progenitor cells by cytotoxic T lymphocytes specific for WT1. Blood, 
95, 2198-203. 

Garg, M., Moore, H., Tobal, K. & Liu Yin, J. A. 2003. Prognostic significance 
of quantitative analysis of WT1 gene transcripts by competitive 
reverse transcription polymerase chain reaction in acute leukaemia. Br 
J Haematol, 123, 49-59. 

Garlanda, C. & Dejana, E. 1997. Heterogeneity of endothelial cells. Specific 
markers. Arterioscler Thromb Vasc Biol, 17, 1193-202. 

Geevarghese, A. & Herman, I. M. 2014. Pericyte-endothelial crosstalk: 
implications and opportunities for advanced cellular therapies. Transl 
Res, 163, 296-306. 

Gerhardt, H. & Semb, H. 2008. Pericytes: gatekeepers in tumour cell 
metastasis? J Mol Med (Berl), 86, 135-44. 

Gimbrone, M. A., Jr., Cotran, R. S., Leapman, S. B. & Folkman, J. 1974. Tumor 
growth and neovascularization: an experimental model using the 
rabbit cornea. J Natl Cancer Inst, 52, 413-27. 

Gimbrone, M. A., Jr., Leapman, S. B., Cotran, R. S. & Folkman, J. 1972. Tumor 
dormancy in vivo by prevention of neovascularization. J Exp Med, 136, 
261-76. 

Girling, J. E. & Rogers, P. A. 2005. Recent advances in endometrial 
angiogenesis research. Angiogenesis, 8, 89-99. 

Girling, J. E. & Rogers, P. A. 2009. Regulation of endometrial vascular 
remodelling: role of the vascular endothelial growth factor family and 
the angiopoietin-TIE signalling system. Reproduction, 138, 883-93. 

Glaser, S., Anastassiadis, K. & Stewart, A. F. 2005. Current issues in mouse 
genome engineering. Nat Genet, 37, 1187-93. 

Goel, H. L. & Mercurio, A. M. 2013. VEGF targets the tumour cell. Nat Rev 
Cancer, 13, 871-82. 

Goumans, M. J., Liu, Z. & Ten Dijke, P. 2009. TGF-beta signaling in vascular 
biology and dysfunction. Cell Res, 19, 116-27. 

Grass, T. M., Lurie, D. I. & Coffin, J. D. 2006. Transitional angiogenesis and 
vascular remodeling during coronary angiogenesis in response to 
myocardial infarction. Acta Histochem, 108, 293-302. 

Green, J. E., Shibata, M. A., Yoshidome, K., Liu, M. L., Jorcyk, C., Anver, M. 
R., Wigginton, J., Wiltrout, R., Shibata, E., Kaczmarczyk, S., Wang, W., 
Liu, Z. Y., Calvo, A. & Couldrey, C. 2000. The C3(1)/SV40 T-antigen 
transgenic mouse model of mammary cancer: ductal epithelial cell 
targeting with multistage progression to carcinoma. Oncogene, 19, 
1020-7. 

Guadix, J. A., Ruiz-Villalba, A., Lettice, L., Velecela, V., Munoz-Chapuli, R., 
Hastie, N. D., Perez-Pomares, J. M. & Martinez-Estrada, O. M. 2011. 
Wt1 controls retinoic acid signalling in embryonic epicardium 
through transcriptional activation of Raldh2. Development, 138, 1093-7. 

Guha, K. & Mcdonagh, T. 2013. Heart failure epidemiology: European 
perspective. Curr Cardiol Rev, 9, 123-7. 



 233 

Guo, J. K., Menke, A. L., Gubler, M. C., Clarke, A. R., Harrison, D., Hammes, 
A., Hastie, N. D. & Schedl, A. 2002. WT1 is a key regulator of podocyte 
function: reduced expression levels cause crescentic 
glomerulonephritis and mesangial sclerosis. Hum Mol Genet, 11, 651-9. 

Haber, D. A., Buckler, A. J., Glaser, T., Call, K. M., Pelletier, J., Sohn, R. L., 
Douglass, E. C. & Housman, D. E. 1990. An internal deletion within an 
11p13 zinc finger gene contributes to the development of Wilms' 
tumor. Cell, 61, 1257-69. 

Haber, D. A., Sohn, R. L., Buckler, A. J., Pelletier, J., Call, K. M. & Housman, 
D. E. 1991. Alternative splicing and genomic structure of the Wilms 
tumor gene WT1. Proc Natl Acad Sci U S A, 88, 9618-22. 

Hanahan, D. & Weinberg, R. A. 2011. Hallmarks of cancer: the next 
generation. Cell, 144, 646-74. 

Harrell, J. C., Prat, A., Parker, J. S., Fan, C., He, X., Carey, L., Anders, C., 
Ewend, M. & Perou, C. M. 2012. Genomic analysis identifies unique 
signatures predictive of brain, lung, and liver relapse. Breast Cancer 
Res Treat, 132, 523-35. 

Harris, E. S. & Nelson, W. J. 2010. VE-cadherin: at the front, center, and sides 
of endothelial cell organization and function. Curr Opin Cell Biol, 22, 
651-8. 

Harvey, J. M., Clark, G. M., Osborne, C. K. & Allred, D. C. 1999. Estrogen 
receptor status by immunohistochemistry is superior to the ligand-
binding assay for predicting response to adjuvant endocrine therapy 
in breast cancer. J Clin Oncol, 17, 1474-81. 

Henderson, N. C., Arnold, T. D., Katamura, Y., Giacomini, M. M., Rodriguez, 
J. D., Mccarty, J. H., Pellicoro, A., Raschperger, E., Betsholtz, C., 
Ruminski, P. G., Griggs, D. W., Prinsen, M. J., Maher, J. J., Iredale, J. P., 
Lacy-Hulbert, A., Adams, R. H. & Sheppard, D. 2013. Targeting of 
alphav integrin identifies a core molecular pathway that regulates 
fibrosis in several organs. Nat Med, 19, 1617-24. 

Hennighausen, L. & Robinson, G. W. 2005. Information networks in the 
mammary gland. Nat Rev Mol Cell Biol, 6, 715-25. 

Henriet, P., Gaide Chevronnay, H. P. & Marbaix, E. 2012. The endocrine and 
paracrine control of menstruation. Mol Cell Endocrinol, 358, 197-207. 

Herschkowitz, J. I., Simin, K., Weigman, V. J., Mikaelian, I., Usary, J., Hu, Z., 
Rasmussen, K. E., Jones, L. P., Assefnia, S., Chandrasekharan, S., 
Backlund, M. G., Yin, Y., Khramtsov, A. I., Bastein, R., Quackenbush, 
J., Glazer, R. I., Brown, P. H., Green, J. E., Kopelovich, L., Furth, P. A., 
Palazzo, J. P., Olopade, O. I., Bernard, P. S., Churchill, G. A., Van 
Dyke, T. & Perou, C. M. 2007. Identification of conserved gene 
expression features between murine mammary carcinoma models and 
human breast tumors. Genome Biol, 8, R76. 

Herzer, U., Crocoll, A., Barton, D., Howells, N. & Englert, C. 1999. The Wilms 
tumor suppressor gene wt1 is required for development of the spleen. 
Curr Biol, 9, 837-40. 

Heusch, G., Libby, P., Gersh, B., Yellon, D., Bohm, M., Lopaschuk, G. & Opie, 
L. 2014. Cardiovascular remodelling in coronary artery disease and 
heart failure. Lancet, 383, 1933-43. 



 234 

Hinz, B., Phan, S. H., Thannickal, V. J., Galli, A., Bochaton-Piallat, M. L. & 
Gabbiani, G. 2007. The myofibroblast: one function, multiple origins. 
Am J Pathol, 170, 1807-16. 

Hohenstein, P. & Hastie, N. D. 2006. The many facets of the Wilms' tumour 
gene, WT1. Hum Mol Genet, 15 Spec No 2, R196-201. 

Hollink, I. H., Van Den Heuvel-Eibrink, M. M., Zimmermann, M., Balgobind, 
B. V., Arentsen-Peters, S. T., Alders, M., Willasch, A., Kaspers, G. J., 
Trka, J., Baruchel, A., De Graaf, S. S., Creutzig, U., Pieters, R., 
Reinhardt, D. & Zwaan, C. M. 2009. Clinical relevance of Wilms tumor 
1 gene mutations in childhood acute myeloid leukemia. Blood, 113, 
5951-60. 

Holmes, G., Boterashvili, S., English, M., Wainwright, B., Licht, J. & Little, M. 
1997. Two N-terminal self-association domains are required for the 
dominant negative transcriptional activity of WT1 Denys-Drash 
mutant proteins. Biochem Biophys Res Commun, 233, 723-8. 

Holzer, R. G., Macdougall, C., Cortright, G., Atwood, K., Green, J. E. & 
Jorcyk, C. L. 2003. Development and characterization of a progressive 
series of mammary adenocarcinoma cell lines derived from the 
C3(1)/SV40 Large T-antigen transgenic mouse model. Breast Cancer 
Res Treat, 77, 65-76. 

Hosen, N., Shirakata, T., Nishida, S., Yanagihara, M., Tsuboi, A., Kawakami, 
M., Oji, Y., Oka, Y., Okabe, M., Tan, B., Sugiyama, H. & Weissman, I. 
L. 2007. The Wilms' tumor gene WT1-GFP knock-in mouse reveals the 
dynamic regulation of WT1 expression in normal and leukemic 
hematopoiesis. Leukemia, 21, 1783-91. 

Huang, C. C., Orvis, G. D., Wang, Y. & Behringer, R. R. 2012. Stromal-to-
epithelial transition during postpartum endometrial regeneration. 
PLoS One, 7, e44285. 

Huff, V. 2011. Wilms' tumours: about tumour suppressor genes, an oncogene 
and a chameleon gene. Nat Rev Cancer, 11, 111-21. 

Hurwitz, H., Fehrenbacher, L., Novotny, W., Cartwright, T., Hainsworth, J., 
Heim, W., Berlin, J., Baron, A., Griffing, S., Holmgren, E., Ferrara, N., 
Fyfe, G., Rogers, B., Ross, R. & Kabbinavar, F. 2004. Bevacizumab plus 
irinotecan, fluorouracil, and leucovorin for metastatic colorectal 
cancer. N Engl J Med, 350, 2335-42. 

Ijpenberg, A., Perez-Pomares, J. M., Guadix, J. A., Carmona, R., Portillo-
Sanchez, V., Macias, D., Hohenstein, P., Miles, C. M., Hastie, N. D. & 
Munoz-Chapuli, R. 2007. Wt1 and retinoic acid signaling are essential 
for stellate cell development and liver morphogenesis. Dev Biol, 312, 
157-70. 

Inoue, K., Ogawa, H., Yamagami, T., Soma, T., Tani, Y., Tatekawa, T., Oji, Y., 
Tamaki, H., Kyo, T., Dohy, H., Hiraoka, A., Masaoka, T., Kishimoto, T. 
& Sugiyama, H. 1996. Long-term follow-up of minimal residual 
disease in leukemia patients by monitoring WT1 (Wilms tumor gene) 
expression levels. Blood, 88, 2267-78. 

Iruela-Arispe, M. L. & Davis, G. E. 2009. Cellular and molecular mechanisms 
of vascular lumen formation. Dev Cell, 16, 222-31. 

Iruela-Arispe, M. L., Rodriguez-Manzaneque, J. C. & Abu-Jawdeh, G. 1999. 
Endometrial endothelial cells express estrogen and progesterone 



 235 

receptors and exhibit a tissue specific response to angiogenic growth 
factors. Microcirculation, 6, 127-40. 

Jain, R. K. 1988. Determinants of tumor blood flow: a review. Cancer Res, 48, 
2641-58. 

Jain, R. K. 2003. Molecular regulation of vessel maturation. Nat Med, 9, 685-
93. 

Jain, R. K. 2005. Normalization of tumor vasculature: an emerging concept in 
antiangiogenic therapy. Science, 307, 58-62. 

Jain, R. K., Schlenger, K., Hockel, M. & Yuan, F. 1997. Quantitative 
angiogenesis assays: progress and problems. Nat Med, 3, 1203-8. 

Jain, R. K. & Stylianopoulos, T. 2010. Delivering nanomedicine to solid 
tumors. Nat Rev Clin Oncol, 7, 653-64. 

Jakobsson, L., Franco, C. A., Bentley, K., Collins, R. T., Ponsioen, B., Aspalter, 
I. M., Rosewell, I., Busse, M., Thurston, G., Medvinsky, A., Schulte-
Merker, S. & Gerhardt, H. 2010. Endothelial cells dynamically 
compete for the tip cell position during angiogenic sprouting. Nat Cell 
Biol, 12, 943-53. 

Jayson, G. C., Hicklin, D. J. & Ellis, L. M. 2012. Antiangiogenic therapy--
evolving view based on clinical trial results. Nat Rev Clin Oncol, 9, 297-
303. 

Jimenez, B., Volpert, O. V., Crawford, S. E., Febbraio, M., Silverstein, R. L. & 
Bouck, N. 2000. Signals leading to apoptosis-dependent inhibition of 
neovascularization by thrombospondin-1. Nat Med, 6, 41-8. 

Katuri, V., Gerber, S., Qiu, X., Mccarty, G., Goldstein, S. D., Hammers, H., 
Montgomery, E., Chen, A. R. & Loeb, D. M. 2014. WT1 regulates 
angiogenesis in Ewing Sarcoma. Oncotarget, 5, 2436-49. 

Kennedy, D., Ramsdale, T., Mattick, J. & Little, M. 1996. An RNA recognition 
motif in Wilms' tumour protein (WT1) revealed by structural 
modelling. Nat Genet, 12, 329-31. 

Kirkby, N. S., Duthie, K. M., Miller, E., Kotelevtsev, Y. V., Bagnall, A. J., 
Webb, D. J. & Hadoke, P. W. 2012. Non-endothelial cell endothelin-B 
receptors limit neointima formation following vascular injury. 
Cardiovasc Res, 95, 19-28. 

Kirschner, K. M., Sciesielski, L. K. & Scholz, H. 2010. Wilms' tumour protein 
Wt1 stimulates transcription of the gene encoding vascular 
endothelial cadherin. Pflugers Arch, 460, 1051-61. 

Kreidberg, J. A., Sariola, H., Loring, J. M., Maeda, M., Pelletier, J., Housman, 
D. & Jaenisch, R. 1993. WT-1 is required for early kidney 
development. Cell, 74, 679-91. 

Krishna, S. M. & Golledge, J. 2013. The role of thrombospondin-1 in 
cardiovascular health and pathology. Int J Cardiol, 168, 692-706. 

Laflamme, M. A. & Murry, C. E. 2011. Heart regeneration. Nature, 473, 326-
35. 

Lamouille, S., Xu, J. & Derynck, R. 2014. Molecular mechanisms of epithelial-
mesenchymal transition. Nat Rev Mol Cell Biol, 15, 178-96. 

Langenkamp, E. & Molema, G. 2009. Microvascular endothelial cell 
heterogeneity: general concepts and pharmacological consequences 
for anti-angiogenic therapy of cancer. Cell Tissue Res, 335, 205-22. 



 236 

Langer, R., Brem, H., Falterman, K., Klein, M. & Folkman, J. 1976. Isolations 
of a cartilage factor that inhibits tumor neovascularization. Science, 
193, 70-2. 

Larsson, S. H., Charlieu, J. P., Miyagawa, K., Engelkamp, D., 
Rassoulzadegan, M., Ross, A., Cuzin, F., Van Heyningen, V. & Hastie, 
N. D. 1995. Subnuclear localization of WT1 in splicing or transcription 
factor domains is regulated by alternative splicing. Cell, 81, 391-401. 

Lee, S. J., Kim, K. H. & Park, K. K. 2014. Mechanisms of fibrogenesis in liver 
cirrhosis: The molecular aspects of epithelial-mesenchymal transition. 
World J Hepatol, 6, 207-16. 

Leenders, W. P., Kusters, B., Verrijp, K., Maass, C., Wesseling, P., Heerschap, 
A., Ruiter, D., Ryan, A. & De Waal, R. 2004. Antiangiogenic therapy of 
cerebral melanoma metastases results in sustained tumor progression 
via vessel co-option. Clin Cancer Res, 10, 6222-30. 

Lehoux, S. & Levy, B. I. 2006. Collateral artery growth: making the most of 
what you have. Circ Res, 99, 567-9. 

Lewandoski, M. 2001. Conditional control of gene expression in the mouse. 
Nat Rev Genet, 2, 743-55. 

Li, Y., Kang, Y. S., Dai, C., Kiss, L. P., Wen, X. & Liu, Y. 2008. Epithelial-to-
mesenchymal transition is a potential pathway leading to podocyte 
dysfunction and proteinuria. Am J Pathol, 172, 299-308. 

Libby, P., Ridker, P. M. & Hansson, G. K. 2011. Progress and challenges in 
translating the biology of atherosclerosis. Nature, 473, 317-25. 

Lichtenberger, B. M., Tan, P. K., Niederleithner, H., Ferrara, N., Petzelbauer, 
P. & Sibilia, M. 2010. Autocrine VEGF signaling synergizes with EGFR 
in tumor cells to promote epithelial cancer development. Cell, 140, 268-
79. 

Lotfi, S., Patel, A. S., Mattock, K., Egginton, S., Smith, A. & Modarai, B. 2013. 
Towards a more relevant hind limb model of muscle ischaemia. 
Atherosclerosis, 227, 1-8. 

Lubarsky, B. & Krasnow, M. A. 2003. Tube morphogenesis: making and 
shaping biological tubes. Cell, 112, 19-28. 

Madden, S. L., Cook, D. M., Morris, J. F., Gashler, A., Sukhatme, V. P. & 
Rauscher, F. J., 3rd 1991. Transcriptional repression mediated by the 
WT1 Wilms tumor gene product. Science, 253, 1550-3. 

Makanya, A. N., Hlushchuk, R. & Djonov, V. G. 2009. Intussusceptive 
angiogenesis and its role in vascular morphogenesis, patterning, and 
remodeling. Angiogenesis, 12, 113-23. 

Makrigiannakis, A., Coukos, G., Mantani, A., Prokopakis, P., Trew, G., 
Margara, R., Winston, R. & White, J. 2001. Expression of Wilms' tumor 
suppressor gene (WT1) in human endometrium: regulation through 
decidual differentiation. J Clin Endocrinol Metab, 86, 5964-72. 

Mamdouh, Z., Chen, X., Pierini, L. M., Maxfield, F. R. & Muller, W. A. 2003. 
Targeted recycling of PECAM from endothelial surface-connected 
compartments during diapedesis. Nature, 421, 748-53. 

Mantovani, A., Sozzani, S., Locati, M., Allavena, P. & Sica, A. 2002. 
Macrophage polarization: tumor-associated macrophages as a 
paradigm for polarized M2 mononuclear phagocytes. Trends Immunol, 
23, 549-55. 



 237 

Marcelo, K. L., Goldie, L. C. & Hirschi, K. K. 2013. Regulation of endothelial 
cell differentiation and specification. Circ Res, 112, 1272-87. 

Maroulakou, I. G., Anver, M., Garrett, L. & Green, J. E. 1994. Prostate and 
mammary adenocarcinoma in transgenic mice carrying a rat C3(1) 
simian virus 40 large tumor antigen fusion gene. Proc Natl Acad Sci U 
S A, 91, 11236-40. 

Martin-Manso, G., Galli, S., Ridnour, L. A., Tsokos, M., Wink, D. A. & 
Roberts, D. D. 2008. Thrombospondin 1 promotes tumor macrophage 
recruitment and enhances tumor cell cytotoxicity of differentiated 
U937 cells. Cancer Res, 68, 7090-9. 

Martinez-Estrada, O. M., Lettice, L. A., Essafi, A., Guadix, J. A., Slight, J., 
Velecela, V., Hall, E., Reichmann, J., Devenney, P. S., Hohenstein, P., 
Hosen, N., Hill, R. E., Munoz-Chapuli, R. & Hastie, N. D. 2010. Wt1 is 
required for cardiovascular progenitor cell formation through 
transcriptional control of Snail and E-cadherin. Nat Genet, 42, 89-93. 

Maslak, P. G., Dao, T., Krug, L. M., Chanel, S., Korontsvit, T., Zakhaleva, V., 
Zhang, R., Wolchok, J. D., Yuan, J., Pinilla-Ibarz, J., Berman, E., Weiss, 
M., Jurcic, J., Frattini, M. G. & Scheinberg, D. A. 2010. Vaccination 
with synthetic analog peptides derived from WT1 oncoprotein 
induces T-cell responses in patients with complete remission from 
acute myeloid leukemia. Blood, 116, 171-9. 

Mccarty, G., Awad, O. & Loeb, D. M. 2011. WT1 protein directly regulates 
expression of vascular endothelial growth factor and is a mediator of 
tumor response to hypoxia. J Biol Chem, 286, 43634-43. 

Mcmillin, D. W., Negri, J. M. & Mitsiades, C. S. 2013. The role of tumour-
stromal interactions in modifying drug response: challenges and 
opportunities. Nat Rev Drug Discov, 12, 217-28. 

Mcsweeney, S. J., Hadoke, P. W., Kozak, A. M., Small, G. R., Khaled, H., 
Walker, B. R. & Gray, G. A. 2010. Improved heart function follows 
enhanced inflammatory cell recruitment and angiogenesis in 
11betaHSD1-deficient mice post-MI. Cardiovasc Res, 88, 159-67. 

Melero-Martin, J. M. & Dudley, A. C. 2011. Concise review: Vascular stem 
cells and tumor angiogenesis. Stem Cells, 29, 163-8. 

Miller-Hodges, E. & Hohenstein, P. 2012. WT1 in disease: shifting the 
epithelial-mesenchymal balance. J Pathol, 226, 229-40. 

Miwa, H., Beran, M. & Saunders, G. F. 1992. Expression of the Wilms' tumor 
gene (WT1) in human leukemias. Leukemia, 6, 405-9. 

Miyatake, T., Ueda, Y., Morimoto, A., Enomoto, T., Nishida, S., Shirakata, T., 
Oka, Y., Tsuboi, A., Oji, Y., Hosen, N., Nakatsuka, S. I., Morita, S., 
Sakamoto, J., Sugiyama, H. & Kimura, T. 2012. WT1 peptide 
immunotherapy for gynecologic malignancies resistant to 
conventional therapies: a phase II trial. J Cancer Res Clin Oncol. 

Miyoshi, Y., Ando, A., Egawa, C., Taguchi, T., Tamaki, Y., Tamaki, H., 
Sugiyama, H. & Noguchi, S. 2002. High expression of Wilms' tumor 
suppressor gene predicts poor prognosis in breast cancer patients. Clin 
Cancer Res, 8, 1167-71. 

Monvoisin, A., Alva, J. A., Hofmann, J. J., Zovein, A. C., Lane, T. F. & Iruela-
Arispe, M. L. 2006. VE-cadherin-CreERT2 transgenic mouse: a model 
for inducible recombination in the endothelium. Dev Dyn, 235, 3413-
22. 



 238 

Moore, A. W., Mcinnes, L., Kreidberg, J., Hastie, N. D. & Schedl, A. 1999. 
YAC complementation shows a requirement for Wt1 in the 
development of epicardium, adrenal gland and throughout 
nephrogenesis. Development, 126, 1845-57. 

Morikawa, S., Baluk, P., Kaidoh, T., Haskell, A., Jain, R. K. & Mcdonald, D. 
M. 2002. Abnormalities in pericytes on blood vessels and endothelial 
sprouts in tumors. Am J Pathol, 160, 985-1000. 

Mummery, C. L. & Lee, R. T. 2013. Is heart regeneration on the right track? 
Nat Med, 19, 412-3. 

Murray, I. R., West, C. C., Hardy, W. R., James, A. W., Park, T. S., Nguyen, 
A., Tawonsawatruk, T., Lazzari, L., Soo, C. & Peault, B. 2014. Natural 
history of mesenchymal stem cells, from vessel walls to culture 
vessels. Cell Mol Life Sci, 71, 1353-74. 

Musgrove, E. A. & Sutherland, R. L. 2009. Biological determinants of 
endocrine resistance in breast cancer. Nat Rev Cancer, 9, 631-43. 

Muzumdar, M. D., Tasic, B., Miyamichi, K., Li, L. & Luo, L. 2007. A global 
double-fluorescent Cre reporter mouse. Genesis, 45, 593-605. 

Nagy, J. A., Chang, S. H., Shih, S. C., Dvorak, A. M. & Dvorak, H. F. 2010. 
Heterogeneity of the tumor vasculature. Semin Thromb Hemost, 36, 321-
31. 

Nakatsuka, S., Oji, Y., Horiuchi, T., Kanda, T., Kitagawa, M., Takeuchi, T., 
Kawano, K., Kuwae, Y., Yamauchi, A., Okumura, M., Kitamura, Y., 
Oka, Y., Kawase, I., Sugiyama, H. & Aozasa, K. 2006. 
Immunohistochemical detection of WT1 protein in a variety of cancer 
cells. Mod Pathol, 19, 804-14. 

Nichols, M., Townsend, N., Scarborough, P. & Rayner, M. 2013. Trends in 
age-specific coronary heart disease mortality in the European Union 
over three decades: 1980-2009. Eur Heart J, 34, 3017-27. 

Nicosia, R. F. & Ottinetti, A. 1990. Growth of microvessels in serum-free 
matrix culture of rat aorta. A quantitative assay of angiogenesis in 
vitro. Lab Invest, 63, 115-22. 

Nicosia, R. F., Zorzi, P., Ligresti, G., Morishita, A. & Aplin, A. C. 2011. 
Paracrine regulation of angiogenesis by different cell types in the aorta 
ring model. Int J Dev Biol, 55, 447-53. 

Niksic, M., Slight, J., Sanford, J. R., Caceres, J. F. & Hastie, N. D. 2004. The 
Wilms' tumour protein (WT1) shuttles between nucleus and 
cytoplasm and is present in functional polysomes. Hum Mol Genet, 13, 
463-71. 

Nishida, S., Koido, S., Takeda, Y., Homma, S., Komita, H., Takahara, A., 
Morita, S., Ito, T., Morimoto, S., Hara, K., Tsuboi, A., Oka, Y., 
Yanagisawa, S., Toyama, Y., Ikegami, M., Kitagawa, T., Eguchi, H., 
Wada, H., Nagano, H., Nakata, J., Nakae, Y., Hosen, N., Oji, Y., 
Tanaka, T., Kawase, I., Kumanogoh, A., Sakamoto, J., Doki, Y., Mori, 
M., Ohkusa, T., Tajiri, H. & Sugiyama, H. 2014. Wilms tumor gene 
(WT1) peptide-based cancer vaccine combined with gemcitabine for 
patients with advanced pancreatic cancer. J Immunother, 37, 105-14. 

Norgren, L., Hiatt, W. R., Dormandy, J. A., Nehler, M. R., Harris, K. A., 
Fowkes, F. G. & Group, T. I. W. 2007a. Inter-Society Consensus for the 
Management of Peripheral Arterial Disease (TASC II). J Vasc Surg, 45 
Suppl S, S5-67. 



 239 

Norgren, L., Hiatt, W. R., Dormandy, J. A., Nehler, M. R., Harris, K. A., 
Fowkes, F. G., Group, T. I. W., Bell, K., Caporusso, J., Durand-Zaleski, 
I., Komori, K., Lammer, J., Liapis, C., Novo, S., Razavi, M., Robbs, J., 
Schaper, N., Shigematsu, H., Sapoval, M., White, C., White, J., 
Clement, D., Creager, M., Jaff, M., Mohler, E., 3rd, Rutherford, R. B., 
Sheehan, P., Sillesen, H. & Rosenfield, K. 2007b. Inter-Society 
Consensus for the Management of Peripheral Arterial Disease (TASC 
II). Eur J Vasc Endovasc Surg, 33 Suppl 1, S1-75. 

Nowak, M. A., Boerlijst, M. C., Cooke, J. & Smith, J. M. 1997. Evolution of 
genetic redundancy. Nature, 388, 167-71. 

Oka, Y. & Sugiyama, H. 2010. WT1 peptide vaccine, one of the most 
promising cancer vaccines: its present status and the future prospects. 
Immunotherapy, 2, 591-4. 

Oka, Y., Tsuboi, A., Murakami, M., Hirai, M., Tominaga, N., Nakajima, H., 
Elisseeva, O. A., Masuda, T., Nakano, A., Kawakami, M., Oji, Y., 
Ikegame, K., Hosen, N., Udaka, K., Yasukawa, M., Ogawa, H., 
Kawase, I. & Sugiyama, H. 2003. Wilms tumor gene peptide-based 
immunotherapy for patients with overt leukemia from 
myelodysplastic syndrome (MDS) or MDS with myelofibrosis. Int J 
Hematol, 78, 56-61. 

Pardoll, D. M. 2012. The blockade of immune checkpoints in cancer 
immunotherapy. Nat Rev Cancer, 12, 252-64. 

Passier, R., Van Laake, L. W. & Mummery, C. L. 2008. Stem-cell-based 
therapy and lessons from the heart. Nature, 453, 322-9. 

Peault, B. 2012. Are mural cells guardians of stemness?: From pluri- to 
multipotency via vascular pericytes. Circulation, 125, 12-3. 

Pelletier, J., Bruening, W., Kashtan, C. E., Mauer, S. M., Manivel, J. C., 
Striegel, J. E., Houghton, D. C., Junien, C., Habib, R., Fouser, L. & Et 
Al. 1991a. Germline mutations in the Wilms' tumor suppressor gene 
are associated with abnormal urogenital development in Denys-Drash 
syndrome. Cell, 67, 437-47. 

Pelletier, J., Schalling, M., Buckler, A. J., Rogers, A., Haber, D. A. & 
Housman, D. 1991b. Expression of the Wilms' tumor gene WT1 in the 
murine urogenital system. Genes Dev, 5, 1345-56. 

Pellicoro, A., Ramachandran, P., Iredale, J. P. & Fallowfield, J. A. 2014. Liver 
fibrosis and repair: immune regulation of wound healing in a solid 
organ. Nat Rev Immunol, 14, 181-94. 

Perez-Pomares, J. M., Carmona, R., Gonzalez-Iriarte, M., Atencia, G., 
Wessels, A. & Munoz-Chapuli, R. 2002. Origin of coronary endothelial 
cells from epicardial mesothelium in avian embryos. Int J Dev Biol, 46, 
1005-13. 

Perou, C. M., Sorlie, T., Eisen, M. B., Van De Rijn, M., Jeffrey, S. S., Rees, C. 
A., Pollack, J. R., Ross, D. T., Johnsen, H., Akslen, L. A., Fluge, O., 
Pergamenschikov, A., Williams, C., Zhu, S. X., Lonning, P. E., 
Borresen-Dale, A. L., Brown, P. O. & Botstein, D. 2000. Molecular 
portraits of human breast tumours. Nature, 406, 747-52. 

Pezzella, F., Pastorino, U., Tagliabue, E., Andreola, S., Sozzi, G., Gasparini, 
G., Menard, S., Gatter, K. C., Harris, A. L., Fox, S., Buyse, M., Pilotti, S., 
Pierotti, M. & Rilke, F. 1997. Non-small-cell lung carcinoma tumor 



 240 

growth without morphological evidence of neo-angiogenesis. Am J 
Pathol, 151, 1417-23. 

Pfefferle, A. D., Herschkowitz, J. I., Usary, J., Harrell, J. C., Spike, B. T., 
Adams, J. R., Torres-Arzayus, M. I., Brown, M., Egan, S. E., Wahl, G. 
M., Rosen, J. M. & Perou, C. M. 2013. Transcriptomic classification of 
genetically engineered mouse models of breast cancer identifies 
human subtype counterparts. Genome Biol, 14, R125. 

Phng, L. K. & Gerhardt, H. 2009. Angiogenesis: a team effort coordinated by 
notch. Dev Cell, 16, 196-208. 

Pollard, J. W. 2009. Trophic macrophages in development and disease. Nat 
Rev Immunol, 9, 259-70. 

Potente, M., Gerhardt, H. & Carmeliet, P. 2011. Basic and therapeutic aspects 
of angiogenesis. Cell, 146, 873-87. 

Pritchard-Jones, K., Fleming, S., Davidson, D., Bickmore, W., Porteous, D., 
Gosden, C., Bard, J., Buckler, A., Pelletier, J., Housman, D. & Et Al. 
1990. The candidate Wilms' tumour gene is involved in genitourinary 
development. Nature, 346, 194-7. 

Ptaszek, L. M., Mansour, M., Ruskin, J. N. & Chien, K. R. 2012. Towards 
regenerative therapy for cardiac disease. Lancet, 379, 933-42. 

Qi, X. W., Zhang, F., Yang, X. H., Fan, L. J., Zhang, Y., Liang, Y., Ren, L., 
Zhong, L., Chen, Q. Q., Zhang, K. Y., Zang, W. D., Wang, L. S., Zhang, 
Y. & Jiang, J. 2012. High Wilms' tumor 1 mRNA expression correlates 
with basal-like and ERBB2 molecular subtypes and poor prognosis of 
breast cancer. Oncol Rep, 28, 1231-6. 

Rabelink, T. J., De Boer, H. C. & Van Zonneveld, A. J. 2010. Endothelial 
activation and circulating markers of endothelial activation in kidney 
disease. Nat Rev Nephrol, 6, 404-14. 

Rao, M. K., Pham, J., Imam, J. S., Maclean, J. A., Murali, D., Furuta, Y., Sinha-
Hikim, A. P. & Wilkinson, M. F. 2006. Tissue-specific RNAi reveals 
that WT1 expression in nurse cells controls germ cell survival and 
spermatogenesis. Genes Dev, 20, 147-52. 

Rapisarda, A. & Melillo, G. 2012. Overcoming disappointing results with 
antiangiogenic therapy by targeting hypoxia. Nat Rev Clin Oncol, 9, 
378-90. 

Raser, J. M. & O'shea, E. K. 2005. Noise in gene expression: origins, 
consequences, and control. Science, 309, 2010-3. 

Raymond, E., Dahan, L., Raoul, J. L., Bang, Y. J., Borbath, I., Lombard-Bohas, 
C., Valle, J., Metrakos, P., Smith, D., Vinik, A., Chen, J. S., Horsch, D., 
Hammel, P., Wiedenmann, B., Van Cutsem, E., Patyna, S., Lu, D. R., 
Blanckmeister, C., Chao, R. & Ruszniewski, P. 2011. Sunitinib malate 
for the treatment of pancreatic neuroendocrine tumors. N Engl J Med, 
364, 501-13. 

Raza, A., Franklin, M. J. & Dudek, A. Z. 2010. Pericytes and vessel 
maturation during tumor angiogenesis and metastasis. Am J Hematol, 
85, 593-8. 

Reimers, M. S., Engels, C. C., Kuppen, P. J., Van De Velde, C. J. & Liefers, G. 
J. 2014. How does genome sequencing impact surgery? Nat Rev Clin 
Oncol. 

Reis-Filho, J. S. & Pusztai, L. 2011. Gene expression profiling in breast cancer: 
classification, prognostication, and prediction. Lancet, 378, 1812-23. 



 241 

Ren, G., Michael, L. H., Entman, M. L. & Frangogiannis, N. G. 2002. 
Morphological characteristics of the microvasculature in healing 
myocardial infarcts. J Histochem Cytochem, 50, 71-9. 

Ribatti, D. 2008. Judah Folkman, a pioneer in the study of angiogenesis. 
Angiogenesis, 11, 3-10. 

Ribatti, D. & Crivellato, E. 2012. "Sprouting angiogenesis", a reappraisal. Dev 
Biol, 372, 157-65. 

Riley, P. R. 2012. An epicardial floor plan for building and rebuilding the 
mammalian heart. Curr Top Dev Biol, 100, 233-51. 

Risau, W. 1997. Mechanisms of angiogenesis. Nature, 386, 671-4. 
Rivenbark, A. G., O'connor, S. M. & Coleman, W. B. 2013. Molecular and 

cellular heterogeneity in breast cancer: challenges for personalized 
medicine. Am J Pathol, 183, 1113-24. 

Roberts, S. G. 2005. Transcriptional regulation by WT1 in development. Curr 
Opin Genet Dev, 15, 542-7. 

Rocha, S. F. & Adams, R. H. 2009. Molecular differentiation and 
specialization of vascular beds. Angiogenesis, 12, 139-47. 

Rodriguez-Manzaneque, J. C., Lane, T. F., Ortega, M. A., Hynes, R. O., 
Lawler, J. & Iruela-Arispe, M. L. 2001. Thrombospondin-1 suppresses 
spontaneous tumor growth and inhibits activation of matrix 
metalloproteinase-9 and mobilization of vascular endothelial growth 
factor. Proc Natl Acad Sci U S A, 98, 12485-90. 

Roger, V. L., Go, A. S., Lloyd-Jones, D. M., Benjamin, E. J., Berry, J. D., 
Borden, W. B., Bravata, D. M., Dai, S., Ford, E. S., Fox, C. S., Fullerton, 
H. J., Gillespie, C., Hailpern, S. M., Heit, J. A., Howard, V. J., Kissela, 
B. M., Kittner, S. J., Lackland, D. T., Lichtman, J. H., Lisabeth, L. D., 
Makuc, D. M., Marcus, G. M., Marelli, A., Matchar, D. B., Moy, C. S., 
Mozaffarian, D., Mussolino, M. E., Nichol, G., Paynter, N. P., Soliman, 
E. Z., Sorlie, P. D., Sotoodehnia, N., Turan, T. N., Virani, S. S., Wong, 
N. D., Woo, D., Turner, M. B., American Heart Association Statistics, 
C. & Stroke Statistics, S. 2012. Heart disease and stroke statistics--2012 
update: a report from the American Heart Association. Circulation, 
125, e2-e220. 

Rossant, J. & Howard, L. 2002. Signaling pathways in vascular development. 
Annu Rev Cell Dev Biol, 18, 541-73. 

Rossiter, H., Barresi, C., Ghannadan, M., Gruber, F., Mildner, M., Fodinger, 
D. & Tschachler, E. 2007. Inactivation of VEGF in mammary gland 
epithelium severely compromises mammary gland development and 
function. FASEB J, 21, 3994-4004. 

Ruiter, M. S., Van Golde, J. M., Schaper, N. C., Stehouwer, C. D. & Huijberts, 
M. S. 2010. Diabetes impairs arteriogenesis in the peripheral 
circulation: review of molecular mechanisms. Clin Sci (Lond), 119, 225-
38. 

Sadak, K. T., Ritchey, M. L. & Dome, J. S. 2013. Paediatric genitourinary 
cancers and late effects of treatment. Nat Rev Urol, 10, 15-25. 

Saito, Y., Kitamura, H., Hijikata, A., Tomizawa-Murasawa, M., Tanaka, S., 
Takagi, S., Uchida, N., Suzuki, N., Sone, A., Najima, Y., Ozawa, H., 
Wake, A., Taniguchi, S., Shultz, L. D., Ohara, O. & Ishikawa, F. 2010. 
Identification of therapeutic targets for quiescent, chemotherapy-
resistant human leukemia stem cells. Sci Transl Med, 2, 17ra9. 



 242 

Sandler, A., Gray, R., Perry, M. C., Brahmer, J., Schiller, J. H., Dowlati, A., 
Lilenbaum, R. & Johnson, D. H. 2006. Paclitaxel-carboplatin alone or 
with bevacizumab for non-small-cell lung cancer. N Engl J Med, 355, 
2542-50. 

Schnerwitzki, D., Perner, B., Hoppe, B., Pietsch, S., Mehringer, R., Hanel, F. & 
Englert, C. 2014. Alternative splicing of Wilms tumor suppressor 1 
(Wt1) exon 4 results in protein isoforms with different functions. Dev 
Biol. 

Scholz, H. & Kirschner, K. M. 2011. Oxygen-Dependent Gene Expression in 
Development and Cancer: Lessons Learned from the Wilms' Tumor 
Gene, WT1. Front Mol Neurosci, 4, 4. 

Scholz, H., Wagner, K. D. & Wagner, N. 2009. Role of the Wilms' tumour 
transcription factor, Wt1, in blood vessel formation. Pflugers Arch, 458, 
315-23. 

Sennino, B. & Mcdonald, D. M. 2012. Controlling escape from angiogenesis 
inhibitors. Nat Rev Cancer, 12, 699-709. 

Sera, T., Hiasa, Y., Mashiba, T., Tokumoto, Y., Hirooka, M., Konishi, I., 
Matsuura, B., Michitaka, K., Udaka, K. & Onji, M. 2008. Wilms' 
tumour 1 gene expression is increased in hepatocellular carcinoma 
and associated with poor prognosis. Eur J Cancer, 44, 600-8. 

Seton-Rogers, S. 2014. Tumour heterogeneity: A cooperative tumour cell 
community. Nat Rev Cancer, 14, 294. 

Silberstein, G. B., Van Horn, K., Strickland, P., Roberts, C. T., Jr. & Daniel, C. 
W. 1997. Altered expression of the WT1 wilms tumor suppressor gene 
in human breast cancer. Proc Natl Acad Sci U S A, 94, 8132-7. 

Silvestre, J. S., Mallat, Z., Tedgui, A. & Levy, B. I. 2008. Post-ischaemic 
neovascularization and inflammation. Cardiovasc Res, 78, 242-9. 

Small, G. R., Hadoke, P. W., Sharif, I., Dover, A. R., Armour, D., Kenyon, C. 
J., Gray, G. A. & Walker, B. R. 2005. Preventing local regeneration of 
glucocorticoids by 11beta-hydroxysteroid dehydrogenase type 1 
enhances angiogenesis. Proc Natl Acad Sci U S A, 102, 12165-70. 

Smart, N., Bollini, S., Dube, K. N., Vieira, J. M., Zhou, B., Davidson, S., 
Yellon, D., Riegler, J., Price, A. N., Lythgoe, M. F., Pu, W. T. & Riley, P. 
R. 2011. De novo cardiomyocytes from within the activated adult 
heart after injury. Nature, 474, 640-4. 

Smart, N., Dube, K. N. & Riley, P. R. 2012. Epicardial progenitor cells in 
cardiac regeneration and neovascularisation. Vascul Pharmacol. 

Smart, N. & Riley, P. R. 2012. The epicardium as a candidate for heart 
regeneration. Future Cardiol, 8, 53-69. 

Smart, N., Risebro, C. A., Melville, A. A., Moses, K., Schwartz, R. J., Chien, K. 
R. & Riley, P. R. 2007. Thymosin beta4 induces adult epicardial 
progenitor mobilization and neovascularization. Nature, 445, 177-82. 

Smolina, K., Wright, F. L., Rayner, M. & Goldacre, M. J. 2012a. Determinants 
of the decline in mortality from acute myocardial infarction in 
England between 2002 and 2010: linked national database study. BMJ, 
344, d8059. 

Smolina, K., Wright, F. L., Rayner, M. & Goldacre, M. J. 2012b. Incidence and 
30-day case fatality for acute myocardial infarction in England in 2010: 
national-linked database study. Eur J Public Health, 22, 848-53. 



 243 

Sorlie, T., Perou, C. M., Tibshirani, R., Aas, T., Geisler, S., Johnsen, H., Hastie, 
T., Eisen, M. B., Van De Rijn, M., Jeffrey, S. S., Thorsen, T., Quist, H., 
Matese, J. C., Brown, P. O., Botstein, D., Lonning, P. E. & Borresen-
Dale, A. L. 2001. Gene expression patterns of breast carcinomas 
distinguish tumor subclasses with clinical implications. Proc Natl Acad 
Sci U S A, 98, 10869-74. 

Sorlie, T., Tibshirani, R., Parker, J., Hastie, T., Marron, J. S., Nobel, A., Deng, 
S., Johnsen, H., Pesich, R., Geisler, S., Demeter, J., Perou, C. M., 
Lonning, P. E., Brown, P. O., Borresen-Dale, A. L. & Botstein, D. 2003. 
Repeated observation of breast tumor subtypes in independent gene 
expression data sets. Proc Natl Acad Sci U S A, 100, 8418-23. 

Sotiriou, C. & Pusztai, L. 2009. Gene-expression signatures in breast cancer. 
N Engl J Med, 360, 790-800. 

Staton, C. A., Reed, M. W. & Brown, N. J. 2009. A critical analysis of current 
in vitro and in vivo angiogenesis assays. Int J Exp Pathol, 90, 195-221. 

Stiffey-Wilusz, J., Boice, J. A., Ronan, J., Fletcher, A. M. & Anderson, M. S. 
2001. An ex vivo angiogenesis assay utilizing commercial porcine 
carotid artery: modification of the rat aortic ring assay. Angiogenesis, 4, 
3-9. 

Storkebaum, E., Quaegebeur, A., Vikkula, M. & Carmeliet, P. 2011. 
Cerebrovascular disorders: molecular insights and therapeutic 
opportunities. Nat Neurosci, 14, 1390-7. 

Swift, M. R. & Weinstein, B. M. 2009. Arterial-venous specification during 
development. Circ Res, 104, 576-88. 

Takeichi, M., Nimura, K., Mori, M., Nakagami, H. & Kaneda, Y. 2013. The 
Transcription Factors Tbx18 and Wt1 Control the Epicardial 
Epithelial-Mesenchymal Transition through Bi-Directional Regulation 
of Slug in Murine Primary Epicardial Cells. PLoS One, 8, e57829. 

Taketo, M., Schroeder, A. C., Mobraaten, L. E., Gunning, K. B., Hanten, G., 
Fox, R. R., Roderick, T. H., Stewart, C. L., Lilly, F., Hansen, C. T. & Et 
Al. 1991. FVB/N: an inbred mouse strain preferable for transgenic 
analyses. Proc Natl Acad Sci U S A, 88, 2065-9. 

Taylor, C. R. 1992. Quality assurance and standardization in 
immunohistochemistry. A proposal for the annual meeting of the 
Biological Stain Commission, June, 1991. Biotech Histochem, 67, 110-7. 

Thiery, J. P., Acloque, H., Huang, R. Y. & Nieto, M. A. 2009. Epithelial-
mesenchymal transitions in development and disease. Cell, 139, 871-
90. 

Thomas, A. & Hassan, R. 2012. Immunotherapies for non-small-cell lung 
cancer and mesothelioma. Lancet Oncol, 13, e301-10. 

Thurston, G., Noguera-Troise, I. & Yancopoulos, G. D. 2007. The Delta 
paradox: DLL4 blockade leads to more tumour vessels but less 
tumour growth. Nat Rev Cancer, 7, 327-31. 

Toriseva, M., Laato, M., Carpen, O., Ruohonen, S. T., Savontaus, E., Inada, 
M., Krane, S. M. & Kahari, V. M. 2012. MMP-13 regulates growth of 
wound granulation tissue and modulates gene expression signatures 
involved in inflammation, proteolysis, and cell viability. PLoS One, 7, 
e42596. 



 244 

Toth, Z. E. & Mezey, E. 2007. Simultaneous visualization of multiple antigens 
with tyramide signal amplification using antibodies from the same 
species. J Histochem Cytochem, 55, 545-54. 

Troidl, K. & Schaper, W. 2012. Arteriogenesis versus angiogenesis in 
peripheral artery disease. Diabetes Metab Res Rev, 28 Suppl 1, 27-9. 

Tuna, M., Chavez-Reyes, A. & Tari, A. M. 2005. HER2/neu increases the 
expression of Wilms' Tumor 1 (WT1) protein to stimulate S-phase 
proliferation and inhibit apoptosis in breast cancer cells. Oncogene, 24, 
1648-52. 

Tyler, E. M., Jungbluth, A. A., O'reilly, R. J. & Koehne, G. 2012. WT1-specific 
T-cell responses in high-risk multiple myeloma patients undergoing 
allogeneic T-cell depleted hematopoietic stem cell transplantation and 
donor lymphocyte infusions. Blood. 

Ucuzian, A. A. & Greisler, H. P. 2007. In vitro models of angiogenesis. World 
J Surg, 31, 654-63. 

Uttenthal, B., Martinez-Davila, I., Ivey, A., Craddock, C., Chen, F., Virchis, 
A., Kottaridis, P., Grimwade, D., Khwaja, A., Stauss, H. & Morris, E. 
C. 2014. Wilms' Tumour 1 (WT1) peptide vaccination in patients with 
acute myeloid leukaemia induces short-lived WT1-specific immune 
responses. Br J Haematol, 164, 366-75. 

Van Dyke, T. & Jacks, T. 2002. Cancer modeling in the modern era: progress 
and challenges. Cell, 108, 135-44. 

Van Wijk, B., Gunst, Q. D., Moorman, A. F. & Van Den Hoff, M. J. 2012. 
Cardiac regeneration from activated epicardium. PLoS One, 7, e44692. 

Vargo-Gogola, T. & Rosen, J. M. 2007. Modelling breast cancer: one size does 
not fit all. Nat Rev Cancer, 7, 659-72. 

Vogel, C. & Marcotte, E. M. 2012. Insights into the regulation of protein 
abundance from proteomic and transcriptomic analyses. Nat Rev 
Genet, 13, 227-32. 

Von Gise, A., Zhou, B., Honor, L. B., Ma, Q., Petryk, A. & Pu, W. T. 2011. 
WT1 regulates epicardial epithelial to mesenchymal transition 
through beta-catenin and retinoic acid signaling pathways. Dev Biol, 
356, 421-31. 

Wagner, K. D., Cherfils-Vicini, J., Hosen, N., Hohenstein, P., Gilson, E., 
Hastie, N. D., Michiels, J. F. & Wagner, N. 2014. The Wilms' tumour 
suppressor Wt1 is a major regulator of tumour angiogenesis and 
progression. Nat Commun, 5, 5852. 

Wagner, K. D., Wagner, N., Bondke, A., Nafz, B., Flemming, B., Theres, H. & 
Scholz, H. 2002a. The Wilms' tumor suppressor Wt1 is expressed in 
the coronary vasculature after myocardial infarction. FASEB J, 16, 
1117-9. 

Wagner, K. D., Wagner, N., Vidal, V. P., Schley, G., Wilhelm, D., Schedl, A., 
Englert, C. & Scholz, H. 2002b. The Wilms' tumor gene Wt1 is required 
for normal development of the retina. EMBO J, 21, 1398-405. 

Wagner, K. D., Wagner, N., Wellmann, S., Schley, G., Bondke, A., Theres, H. 
& Scholz, H. 2003. Oxygen-regulated expression of the Wilms' tumor 
suppressor Wt1 involves hypoxia-inducible factor-1 (HIF-1). FASEB J, 
17, 1364-6. 

Wagner, N., Michiels, J. F., Schedl, A. & Wagner, K. D. 2008. The Wilms' 
tumour suppressor WT1 is involved in endothelial cell proliferation 



 245 

and migration: expression in tumour vessels in vivo. Oncogene, 27, 
3662-72. 

Wagner, N., Wagner, K. D., Theres, H., Englert, C., Schedl, A. & Scholz, H. 
2005. Coronary vessel development requires activation of the TrkB 
neurotrophin receptor by the Wilms' tumor transcription factor Wt1. 
Genes Dev, 19, 2631-42. 

Walker, C., Rutten, F., Yuan, X., Pass, H., Mew, D. M. & Everitt, J. 1994. 
Wilms' tumor suppressor gene expression in rat and human 
mesothelioma. Cancer Res, 54, 3101-6. 

Walker, R. A. 2006. Quantification of immunohistochemistry--issues 
concerning methods, utility and semiquantitative assessment I. 
Histopathology, 49, 406-10. 

Wang, L. & Wang, Z. Y. 2008. The Wilms' tumor suppressor WT1 inhibits 
malignant progression of neoplastigenic mammary epithelial cells. 
Anticancer Res, 28, 2155-60. 

Wang, L. & Wang, Z. Y. 2010. The Wilms' tumor suppressor WT1 induces 
estrogen-independent growth and anti-estrogen insensitivity in ER-
positive breast cancer MCF7 cells. Oncol Rep, 23, 1109-17. 

Wang, Z. Y., Qiu, Q. Q. & Deuel, T. F. 1993a. The Wilms' tumor gene product 
WT1 activates or suppresses transcription through separate functional 
domains. J Biol Chem, 268, 9172-5. 

Wang, Z. Y., Qiu, Q. Q., Enger, K. T. & Deuel, T. F. 1993b. A second 
transcriptionally active DNA-binding site for the Wilms tumor gene 
product, WT1. Proc Natl Acad Sci U S A, 90, 8896-900. 

Warren, C. M. & Iruela-Arispe, M. L. 2010. Signaling circuitry in vascular 
morphogenesis. Curr Opin Hematol, 17, 213-8. 

Waters, R. E., Terjung, R. L., Peters, K. G. & Annex, B. H. 2004. Preclinical 
models of human peripheral arterial occlusive disease: implications 
for investigation of therapeutic agents. J Appl Physiol (1985), 97, 773-80. 

Weber, K. T., Sun, Y., Bhattacharya, S. K., Ahokas, R. A. & Gerling, I. C. 2013. 
Myofibroblast-mediated mechanisms of pathological remodelling of 
the heart. Nat Rev Cardiol, 10, 15-26. 

Weiner, L. M., Surana, R. & Wang, S. 2010. Monoclonal antibodies: versatile 
platforms for cancer immunotherapy. Nat Rev Immunol, 10, 317-27. 

Wels, J., Kaplan, R. N., Rafii, S. & Lyden, D. 2008. Migratory neighbors and 
distant invaders: tumor-associated niche cells. Genes Dev, 22, 559-74. 

Werner, H., Shen-Orr, Z., Rauscher, F. J., 3rd, Morris, J. F., Roberts, C. T., Jr. 
& Leroith, D. 1995. Inhibition of cellular proliferation by the Wilms' 
tumor suppressor WT1 is associated with suppression of insulin-like 
growth factor I receptor gene expression. Mol Cell Biol, 15, 3516-22. 

Wirapati, P., Sotiriou, C., Kunkel, S., Farmer, P., Pradervand, S., Haibe-Kains, 
B., Desmedt, C., Ignatiadis, M., Sengstag, T., Schutz, F., Goldstein, D. 
R., Piccart, M. & Delorenzi, M. 2008. Meta-analysis of gene expression 
profiles in breast cancer: toward a unified understanding of breast 
cancer subtyping and prognosis signatures. Breast Cancer Res, 10, R65. 

Witty, A. D., Mihic, A., Tam, R. Y., Fisher, S. A., Mikryukov, A., Shoichet, M. 
S., Li, R. K., Kattman, S. J. & Keller, G. 2014. Generation of the 
epicardial lineage from human pluripotent stem cells. Nat Biotechnol. 



 246 

Woodfin, A., Voisin, M. B. & Nourshargh, S. 2007. PECAM-1: a multi-
functional molecule in inflammation and vascular biology. Arterioscler 
Thromb Vasc Biol, 27, 2514-23. 

Wu, M., Smith, C. L., Hall, J. A., Lee, I., Luby-Phelps, K. & Tallquist, M. D. 
2010. Epicardial spindle orientation controls cell entry into the 
myocardium. Dev Cell, 19, 114-25. 

Xin, M., Olson, E. N. & Bassel-Duby, R. 2013. Mending broken hearts: cardiac 
development as a basis for adult heart regeneration and repair. Nat 
Rev Mol Cell Biol, 14, 529-41. 

Xu, Z., Alloush, J., Beck, E. & Weisleder, N. 2014. A murine model of 
myocardial ischemia-reperfusion injury through ligation of the left 
anterior descending artery. J Vis Exp. 

Yap, T. A., Gerlinger, M., Futreal, P. A., Pusztai, L. & Swanton, C. 2012. 
Intratumor heterogeneity: seeing the wood for the trees. Sci Transl 
Med, 4, 127ps10. 

Zand, B., Coleman, R. L. & Sood, A. K. 2012. Targeting angiogenesis in 
gynecologic cancers. Hematol Oncol Clin North Am, 26, 543-63, viii. 

Zardavas, D., Baselga, J. & Piccart, M. 2013. Emerging targeted agents in 
metastatic breast cancer. Nat Rev Clin Oncol, 10, 191-210. 

Zhou, B., Honor, L. B., He, H., Ma, Q., Oh, J. H., Butterfield, C., Lin, R. Z., 
Melero-Martin, J. M., Dolmatova, E., Duffy, H. S., Gise, A., Zhou, P., 
Hu, Y. W., Wang, G., Zhang, B., Wang, L., Hall, J. L., Moses, M. A., 
Mcgowan, F. X. & Pu, W. T. 2011. Adult mouse epicardium modulates 
myocardial injury by secreting paracrine factors. J Clin Invest, 121, 
1894-904. 

Zhou, B., Honor, L. B., Ma, Q., Oh, J. H., Lin, R. Z., Melero-Martin, J. M., Von 
Gise, A., Zhou, P., Hu, T., He, L., Wu, K. H., Zhang, H., Zhang, Y. & 
Pu, W. T. 2012. Thymosin beta 4 treatment after myocardial infarction 
does not reprogram epicardial cells into cardiomyocytes. J Mol Cell 
Cardiol, 52, 43-7. 

Zhou, B., Ma, Q., Rajagopal, S., Wu, S. M., Domian, I., Rivera-Feliciano, J., 
Jiang, D., Von Gise, A., Ikeda, S., Chien, K. R. & Pu, W. T. 2008. 
Epicardial progenitors contribute to the cardiomyocyte lineage in the 
developing heart. Nature, 454, 109-13. 

Zhou, B. & Pu, W. T. 2011. Epicardial epithelial-to-mesenchymal transition in 
injured heart. J Cell Mol Med, 15, 2781-3. 

Zhou, B. & Pu, W. T. 2012. Genetic Cre-loxP Assessment of Epicardial Cell 
Fate Using Wt1-Driven Cre Alleles. Circ Res, 111, e276-80. 

Zhou, J., Rauscher, F. J., 3rd & Bondy, C. 1993. Wilms' tumor (WT1) gene 
expression in rat decidual differentiation. Differentiation, 54, 109-14. 

 
 
 
 
 



 247 

9 APPENDIX A: METHOD 

DEVELOPMENT: THE WT1 ANTIBODY 
APPENDIX A: 

METHODOLOGICAL 
DEVELOPMENT OF THE WT1 

ANTIBODY 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 248 

Antibody titre and dilutions, alongside incubation time and temperature, all 
have the ability to influence the quality of immunohistochemical staining. 
These factors can be changed independently or in a complementary manner, 
to bring about significant differences in the quality of staining. In the first six 
months of this PhD one key aim was to achieve selective WT1 staining 
accompanied by minimal interference from background staining. A crucial 
first step was to attempt to characterise where Wt1 was expressed in the 
adult vasculature. A combination of wild type C57BL6 adult mice alongside 
the Wt1-GFP transgenic mouse line was ultimately used to address this 
question. However, prior to achieving this aim, considerable methodological 
development was required to ensure the WT1 antibody was sensitive and 
specific. Fortunately, the Hastie lab has extensive experience and numerous 
publications in the WT1 arena. Therefore, a rigorous, peer reviewed protocol 
already existed for WT1 staining from formalin-fixed paraffin-embedded and 
frozen tissue sections. Notwithstanding, three WT1 antibodies were initially 
trialled, across a range of tissues, using a series of dilutions of primary and 
secondary antibodies. Of note, all primary (Table A1) and secondary (Table 
A2) antibodies were well established within the literature.  
 
Formalin-fixed, paraffin embedded kidney, heart and gastrocnemius sections 
from the C57Bl6 mouse (n=6) were initially stained using the protocol 
described in Section 2.6. A range of WT1 antibody dilutions was investigated 
(Table A3), and incubated with either 1/1000 or 1/2000 dilutions of the 
secondary antibody. The renal podocytes acted as a positive control tissue, 
whilst two negative controls utilising the primary or secondary antibodies 
alone were also employed. 
 
The same antibodies were used on frozen sections taken from Wt1-GFP 
mouse kidneys, using the protocol described in Section 2.6.2 and 2.6.3.1. 
Representative images from both paraffin-embedded and frozen sections are 
demonstrated in Figure A1.   
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Table A1. Primary WT1 antibodies scrutinized in method development  

Antigen Description 
Species 

reactivity 
Company 

WT1 
IgG Rabbit 
Polyclonal 

Human, 
mouse, rat, 

porcine 

Catalogue ♯SC-192, 
Santa Cruz 

Biotechnology Ltd., 
USA 

WT1 
Mouse 

monoclonal 
(6F-H2 clone) 

Human, 
mouse 

Catalogue ♯05-753, 
Merck Millipore, 

Germany 

WT1 
Rabbit 

Polyclonal 
Human, 

mouse, rat 
Catalogue ♯ GTX15249, 

Genetex, USA 
 
 
Table A2. Secondary antibodies scrutinized in method development  

Antigen Description 
Species 

reactivity 
Company 

Alexa-Fluor ® 
594 

Donkey anti-
Rabbit IgG 

(H+L) 
1:1000 

Catalogue ♯A-21207, 
Invitrogen, UK 

Alexa-Fluor ® 
594 

Donkey anti-
mouse IgG 

(H+L) 
1:1000 

Catalogue ♯A-21203, 
Invitrogen, UK 

 
 
Table A3 Primary antibody test dilutions 

Dilution 1/50 1/100 1/250 1/500 1/1000 1/2000 No primary 
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Figure A1. Immunofluorescence demonstrating Wt1 staining in the C57Bl6 and Wt1-GFP 
mouse line (representative images from n=6 mice per strain). A.  Wt1+ renal podocytes 
illustrated using the Genetex rabbit polyclonal WT1 antibody (1/200) with Invitrogen Alexa-
Flour secondary (1/1000). B. Section from the same animal stained with the Santa Cruz C19 
WT1 rabbit polyclonal (1/500) and Invitrogen Alexa-Flour secondary (1/1000). C/D Heart 
and gastrocnemius muscle sections stained using Genetex rabbit polyclonal WT1 antibody 
(1/200) and Invitrogen Alexa-Flour secondary (1/1000). Note, no WT1 immunofluorescence 
in either tissue. E. Unstained kidney cryosection from a Wt1-GFP positive mouse. F. 
Cryosection from the same mouse stained for Wt1 (Santa Cruz C19 WT1 rabbit polyclonal, 
1/500, and Invitrogen Alexa-Flour secondary, 1/1000) and DAPI, where yellow 
demonstrates GFP co-localising with the Wt1 antibody. 
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Following these experiments the WT1 antibody from Santa Cruz was 
selected. The rationale was threefold. Firstly, this was the antibody with 
which the group had most experience. Second, at a dilution of 1/500 
combined with the Alexa-Fluor secondary (1/1000) it was not only specific, 
but also accompanied by minimal interference from background staining 
across all tissue types. Prior to embarking upon the work contained within 
each experimental chapter in this thesis, a number of additional controls 
were employed. These included the use of a matched blocking peptide to the 

Santa Cruz C19 WT1 antibody (Catalogue ♯SC-192 P, Santa Cruz 
Biotechnology Ltd., USA), alongside an IgG isotype control to rule out non-
specific cell surface staining (Section 3.2.6.3). 
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