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Abstract

Unlike brown or subcutaneous white adipose tissue, visceral white adipose tissue
(VWAT) is closely linked to cardiometabolic disease. The Wilms tumour 1 gene
(WT1), an important developmental transcription factor, has been shown to be
expressed in the progenitors of VWAT both in human and mouse. Moreover, adipose
tissue expansion requires the formation of blood vessels and WT1 has previously
been shown to be involved in angiogenesis during development and tumour
formation. We were therefore interested in investigating the role of WT1 in VWAT
angiogenesis by characterising the different WT1-expressing microvascular cell

populations in VWAT and by focusing on the function of WT1 in angiogenesis.

In order to look into the role of WT1 and WT1-expressing cells in vitro and in vivo, we
used a lineage tracing (Wt1°®*ER™2: mTmG) mouse line and a reporter (Wt1°F"") line.
Additionally, we used a conditional knock-out (CAGC™ERT2: Wi1'oP1oxPy mgodel,
obtained by crossing CAG®™tR™2 mice, where CreERT2 is expressed ubiquitously
under the synthetic CAG promoter, with floxed Wt1'>®"" mice. We analysed WT1
expression in several main VWAT depots present in mice (epididymal, omental,
mesenteric, perirenal and pericardial) and found that WT1 is expressed by CD31+
endothelial cells and PDGFRB+ pericytes in several VWAT depots. Moreover, our
lineage tracing experiments revealed that WT1-expressing cells give rise to cells
which reside in the perivascular space of microvessels and that the contribution of
WT1+ cells to the adipocyte population of VWAT is decreased in obesity. In humans,
omental fat, which surrounds the intestines, is one of the most studied and easily
accessible VWAT depots and our experiments on human omental VWAT showed that
WT1-expressing cells are present in the perivascular area of microvessels and WT1
levels are increased during obesity. We further investigated the role of WT1, which
we achieved by deleting WTL1 in vitro in stromal vascular fraction cells and sorted
pericytes. RNAi-mediated deletion of Wtl did not show significant changes in in vitro
angiogenic potential. Finally, we aimed to investigate the differences between WT1+
and WT1- pericytes in visceral adipose tissue, by using RNA sequencing to analyse

the transcriptome of the two populations.

Our data suggest that sub-populations of VWAT cells which express microvascular
markers are derived from WT1-expressing cells, and also express WT1 in adulthood,
which points to a potential role of WT1 in VWAT homeostasis and expansion.

However, in our in vitro experiments, knocking down Wtl in murine adipose-derived



SVF cells and pericytes did not impair angiogenic potential. Nevertheless, the fact
that WT1 expression in human omental tissue is increased during obesity may point

to a role of WT1 in human adipose remodelling.



Lay summary

According to the World Health Organization (WHO), worldwide obesity has nearly
tripled in the past 45 years, and in 2016 close to 2 billion adults were either overweight
or obese. The consequences of obesity on overall health are well-known nowadays —
high blood pressure, increased risk of type 2 diabetes and heart disease. This makes
adipose tissue (or fat) an important subject of research as we try to understand and

manage obesity.

Humans and mice have two types of adipose tissue, white and brown, which have
very different functions. The role of brown fat is to burn energy as heat. White adipose
tissue (WAT), on the other hand, is used by the body to store excess calories. WAT
is stored in several parts of the body and is roughly divided into subcutaneous white
adipose tissue (SWAT), which is found “under the skin” and visceral white adipose
tissue (VWAT), which surrounds several of the main internal organs in distinct

‘pockets’ or depots.

Many studies have shown that not all types of adipose tissue are bad, and that VWAT
seems to be the main culprit as far as the health risks of obesity go. SWAT, on the
other hand, is often described as ‘good fat’. Other studies have focused on the
differences between VWAT and SWAT, aiming to pinpoint genetic and molecular
differences between the two which might explain their different implications on human
health.

One gene in particular, Wilms’ tumour 1 (WT1), was recently shown to be activated
in VWAT, but not in SWAT. WT1, a gene originally discovered in tumour cells,
encodes a protein which regulates many genes during development and afterwards,
including genes involved in the formation of blood vessels in several organs.
Moreover, adipose tissue needs to form new blood vessels in order to support its
growth during weight gain. Taking this into account, we were interested to see if the

WT1 protein plays a similar role in the blood vessels of VWAT.

In order to look into this, we examined both human and mouse VWAT tissue from
several VWAT depots and studied the different types of cells which are used to build
blood vessels. We found that WT1 is expressed in some pericytes, cells found on the
outside of blood vessels which help maintain the integrity of these vessels and serve
as a source of new fat cells. We further isolated and grew pericytes in the laboratory,

examining whether these can form vessel-like structures when we delete the WT1



gene. Additionally, we compared pericytes expressing Wtl with pericytes where Wtl
is not expressed, and found that these two subsets have different profiles which may

mean they serve different functions in VWAT.
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Chapter 1

Introduction



1.1 Adipose tissue overview

Over the past decades, obesity has been gaining increased attention in the biomedical
community due to its effects on cardiometabolic health. Obesity, defined as excess
accumulation of adipose tissue, is a major risk factor for diabetes, cardiovascular
disease and cancer (WHO, 2020). Moreover, worldwide obesity has almost tripled in
the past 45 years, with close to 2 billion adults being overweight or obese in 2016
(WHO, 2020).

Research has shown that not all adipose tissues are equal. In both mouse and human,
there are several types of adipose tissue - white, beige, and brown. White adipose
tissue is further divided into subcutaneous white adipose tissue (SWAT) and visceral
white adipose tissue (VWAT) and over the past decades it has become obvious that
excess VWAT, rather than SWAT, is more closely linked to cardiometabolic disease

(Després and Lemieux, 2006; Després et al., 1990; Pouliot et al., 1992).

Several studies have shown that VWAT, which is deposited around internal organs
like the heart, kidney, or mesentery is correlated with the presence of cardiovascular
disease and the metabolic syndrome, a cluster of conditions including dyslipidaemia,
hypertension, insulin resistance and impaired glucose tolerance (reviewed in
Tchernof and Després, 2013). Moreover, visceral obesity can also be seen in
otherwise normal-weight individuals with diagnosed metabolic syndrome (Ruderman
et al., 1998).

It is now becoming increasingly clear that, in both human and mouse, VWAT differs
from other types of adipose tissue in several ways. VWAT has a more pro-
inflammatory phenotype arising from dysfunctional lipid storage (Cartier et al., 2009).
Moreover, failure of VWAT to store excess triglycerides appropriately can eventually
lead to ectopic fat deposition at remote sites such as skeletal muscle, the liver, the
kidney or the heart, which increases the risk of cardiovascular and metabolic

complications (Figure 1.1; Tchernof and Després, 2013).

The development of obesity involves complex interactions between the many cell
types making up adipose tissue, and the crosstalk between adipocytes, vascular cells,
immune cells, adipose progenitors and other stromal cells is central to understanding

adipose homeostasis and expansion.
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Figure 1.1. The saturation of SWAT expansion capacity leads to ectopic fat deposition.
This figure illustrates how the inability of adipose tissue to store excess lipids can lead to their
deposition in the liver, kidney, pancreas or muscle, leading to cardiovascular disease
(Tchernof and Després, 2013)

1.1.1 Adipose tissue types and depots

The correlation between increased body fat and metabolic or cardiovascular disorders
has been investigated for a long time, but only recently has it become clear that not
all types of fat function or affect overall health in the same way. Adipose tissue, which
serves as a natural energy store, is located in the body in several depots with different

properties.

Firstly, based on morphology and function, adipose tissue is divided into brown

adipose tissue (BAT) and white adipose tissue (WAT). White adipocytes, which are



unilocular, can store and release higher numbers of fatty acids, while brown
adipocytes, which are multilocular and contain more mitochondria, are better
equipped to produce heat and expend energy through the process of adaptive
thermogenesis, with the aid of uncoupling protein 1 (UCP1) (Cinti, 2005). More
recently, beige adipocytes have also been discovered. Although they are found in
WAT depots, beige adipocytes express UCP1, which is normally expressed by brown
adipocytes (Wu et al., 2012).

Secondly, WAT can be divided into subcutaneous adipose tissue (SWAT), which is
found under the skin, and visceral (VWAT), which surrounds internal organs
(Wajchenberg, 2000).

Thirdly, VWAT itself is further divided into several depots, which are similarly
distributed in human and mouse. Humans and mice both have omental,
retroperitoneal, perirenal, mesenteric and peri/epicardial VWAT, while mice

additionally have epididymal adipose depots (Figure 1.2).
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Figure 1.2. Distribution of visceral white (1-6), subcutaneous white (7), and brown (8)
adipose tissue in human and mouse (adapted from Cleal, Aldea, & Chau, 2017).

VWAT depots can be different in terms of differentiation potential and gene expression
profile, especially with regards to genes involved in development, adipogenesis,
metabolism, inflammation and angiogenesis (reviewed in Cleal, Aldea, & Chau,

2017). However, building a complete overview of VWAT depots can be challenging



due to differences in methodology across research groups. Human visceral adipose
samples can be difficult to source and most studies on human VWAT focus on
omental adipose tissue (Arner et al., 2013; Fried et al., 1998; Verboven et al., 2018).
In mouse, studies on VWAT often focus on one or two depots at a time, with emphasis

on epididymal (perigonadal) VWAT.

1.1.2 Differences between SWAT and VWAT

In terms of the main differences between the two types of white adipose tissue, SWAT
has been found to have protective effects, while VWAT fat has been found to be
associated with an increased risk of cardiometabolic disease. For several decades,
researchers have described a positive correlation between increased visceral
adiposity and increased levels of plasma triglycerides, insulin and glucose (Després
et al., 1990; Pouliot et al., 1992). Increased visceral adiposity, as measured by waist
circumference, is associated with dyslipidemia, a state characterized by high
circulating levels of triglycerides and low levels of high-density lipoprotein cholesterol
(Pascot et al., 2001). Visceral obesity is also associated with an increased risk of
developing type 2 diabetes (Balkau et al., 2007; Wang et al., 2005) and can predict
the risk of myocardial infarction and all-cause mortality (Kuk et al., 2006; Yusuf et al.,
2005). Moreover, visceral obesity has also been shown to be a predictor of
hypertension (Hayashi et al., 2003). Finally, increased visceral adiposity may be a risk
factor for certain types of cancer, such as colorectal cancer (Kang et al., 2010;

Yamamoto et al., 2010).

SWAT and VWAT are different not just because they have different anatomical
locations and implications for morbidity, but also in terms of the intrinsic properties of
the depots and their respective adipose precursor cells. For instance, SWAT shows
higher expression levels of genes necessary for adipogenesis (Drolet et al., 2008).
VWAT, on the other hand, exhibits increased levels of secreted cytokines and higher
expression of genes involved in inflammation and angiogenesis (Tchernof and
Després, 2013).

Adipose expansion is achieved either through hypertrophy (the increase in adipocyte
size) or hyperplasia (the increase in the total number of adipocytes). It has been
proposed that hypertrophy is associated with a failure of existing adipocytes to provide
storage for excess lipids, which then are trafficked to other locations like the liver or
the skeletal muscle (Tchernof and Després, 2013). Moreover, VWAT may expand as

a result of SWAT dysfunction, as an intermediate step between general adipose



expansion and ectopic fat deposition (Després and Lemieux, 2006). However, this
does not fully explain cases in which large VWAT accumulation is observed without
SWAT expansion. SWAT and VWAT also seem to show different endocrine activities.
VWAT-specific factors have been described, such as omentin, which is expressed
much more highly in omental adipose tissue than in subcutaneous (Yang et al., 2006).
Moreover, VWAT and SWAT secrete different levels of the same adipokines, which
may provide insight into the pathophysiology of high visceral adiposity. For instance,
VWAT explants obtained from obese patients secrete higher levels of VEGF,

adiponectin, leptin and IL-6 in vitro than SWAT explants (Fain et al., 2004).

The difference in the systemic effects of different adipose depots may be explained
by earlier developmental processes, which is why the development of adipose tissue
is another area quickly gaining ground. Recently, genetic lineage tracing experiments
have revealed different developmental origins of murine SWAT and VWAT, as well
as a subset of VWAT adipose progenitors which expresses the Wilms’ tumour 1 gene
(Wtl), while Wtl is not expressed in SWAT or BAT (Chau et al., 2014).

Developmental differences between SWAT and VWAT may relate not only to the
origins of the depots per se, but also to different patterns of stem cell commitment in
early pre-natal and post-natal days. Han et al. have shown that murine epididymal
adipose tissue develops in the first 14 days after birth, and that the cells comprising
the depot during the first 4 postnatal days are not committed to an adipogenic fate in
vitro in the absence of other stromal cells. Moreover, the adipogenic capacity of these
progenitors seems to be dependent on the presence of the ECM, vascular cells and
immune cells (Han et al., 2011).0n the other hand, preadipocytes isolated from SWAT
have a higher adipogenic potential and show higher expression of adipogenesis-
related genes like PPAR-y (Kim et al., 2016; Tchkonia et al., 2002).

1.1.3 Visceral obesity and its consequences on overall health

As mentioned previously, as many as 20% of adults worldwide suffer from metabolic
syndrome, a cluster of conditions encompassing hypertension, visceral obesity, low
glucose tolerance, increased cholesterol levels and abnormal levels of circulating
triglycerides, which increases the risk of developing cardiovascular disease and type
2 diabetes (O’Neill and O’Driscoll, 2015). While many morphological, molecular and
physiological differences have been described between SWAT and VWAT, it is
important to first point out that age and sex greatly influence the accumulation of

adipose tissue. In both males and females, excess visceral fat tends to amass more



with age and, in females, this is particularly significant after menopause (Lanska et
al., 1985; Zamboni et al., 1992). Throughout life, however, males are more likely to
accumulate adipose tissue in the abdominal area, whereas female adipose tissue
preferentially accumulates around the hips and thighs (Krotkiewski et al., 1983).
Although men generally present a higher percentage of visceral adipose tissue, the
increase in VWAT in men is also correlated with an increase in total adipose mass,
whereas women may have a high percentage of VWAT without overall excess weight
(Kvist et al., 1988).

These differences in adipose accumulation between men and women may be
explained by sex hormone levels. Menopause, when rapid visceral fat accumulation
is observed in women, is also accompanied by oestrogen deficiency (Tchernof and
Després, 2000). Moreover, low testosterone levels in males are associated with
increased visceral adiposity (Seidell et al., 1990). Plasma levels of sex hormone-
binding globulin are also negatively correlated with visceral obesity and an increased

risk of metabolic syndrome (Tsai et al., 2004).

Genetic variance can also determine predisposition to VWAT accumulation. For
instance, certain variants of genes like ADIPOQ (adiponectin) or RETN (resistin) have
been shown to be more closely linked to visceral obesity (Bouchard et al., 2004;
Katsuda et al., 2007). In men, variation of the SIRT1 gene, which encodes a
deacetylase important in cellular regulation, has also been correlated with visceral
obesity risk (Peeters et al., 2008). Moreover, in adolescent males, functional variation
in the androgen receptor gene was also associated with visceral adiposity, with low
numbers of CAG repeats in exon 1 of this gene correlating with increased VWAT and

hypertension (Pausova et al., 2010).

As described in the previous section, accumulation of VWAT is linked to dyslipidaemia,
predisposition to developing type 2 diabetes and an increased risk of cardiovascular
disease (Balkau et al., 2007; Kuk et al., 2006; Pascot et al., 2001). The pathological
consequences of increased visceral adiposity are believed to be at least in part due
to the accumulation of surplus free fatty acids (FFAs) in ectopic locations when
adipose depots are unable to store the excess of lipids and expand accordingly
(Tchernof and Després, 2013). However, it is worth noting that different VWAT depots
seem to have unique ‘metabolic signatures’. For instance, human mesenteric and
omental adipose progenitors differ in the expression of lipid metabolism genes
(Tchkonia et al., 2007).



1.1.4 Adipose progenitors and the adipose microenvironment

Adipose tissue contains mature adipocytes, as well as what is commonly known as
the stromal vascular fraction, which includes adipose progenitors, vascular cells and
immune cells. The microenvironment of mature adipose tissue has been increasingly
studied and can be broadly described in terms of the cell making up adipose and the
growth and inflammatory factors secreted by these cells (Quail and Dannenberg,
2019).

The cell population most central to adipose research consists of adipose progenitors.
Murine adipose progenitors/preadipocytes have been successfully isolated from
VWAT or SWAT based on a panel of well-established markers. Rodeheffer et al. have
described white adipose progenitors (Lin-CD29+CD34+Sca-1+CD24+) (Rodeheffer
et al., 2008). Moreover, this population gives rise to a more committed preadipocyte
population (Lin-CD29+CD34+Sca-1+CD24-), with loss of CD24 marking the
commitment to adipogenesis (Berry and Rodeheffer, 2013). Lastly, lineage tracing
experiments showed that white adipocytes in all WAT depots are derived from cells
expressing platelet-derived growth factor receptor a (PDGFRa), and that nearly all
CD24+ and CD24- adipose progenitors are also traced by PDGFRa lineage tracing
(Berry and Rodeheffer, 2013).

Differences also exist between subsets of adipose progenitors within the same VWAT
depot. This is illustrated by several recent studies focused on adipose progenitor
heterogeneity. For instance, two sub-populations of progenitors, distinguished by
different surface marker profiles, have been described in murine epididymal VWAT:
adipose precursor cells (LY6C-CD9-PDGFRB+), which are highly adipogenic, and
fibro-inflammatory progenitors (LY6C+PDGFRB+), which lack adipogenic capacity
but have a more pro-inflammatory profile (Hepler et al., 2018a). Similarly, Lee et al.
revealed distinct subpopulations of murine adipocytes and preadipocytes, marked by
different metabolic and transcriptomic profiles (Lee et al., 2019). Moreover, Chau et
al. showed that expression of Wt1, which is observed in VWAT but not SWAT or BAT,
is confined to a subset of adipose progenitors only, with differences between Wtl+
and Wt1- yet to be investigated (Chau et al., 2014a).

In adulthood, and especially when adipose remodelling is required, the activation of
adipose progenitors relies heavily on the microenvironment. Studies investigating the
behaviour of progenitors transplanted from VWAT into either subcutaneous or visceral

depots have shown that, regardless of origin, the proliferation and differentiation of



progenitors is mostly triggered by high fat diet-induced changes in the
microenvironment (Jeffery et al., 2016). Moreover, proliferation of adipose progenitors
also seems to be influenced by the presence of sex-dependent hormones like

oestrogens (Jeffery et al., 2016).

Alongside stem cells, resident adipose immune cells are an essential component of
adipose tissue. Macrophages, eosinophils, regulatory T (Teg) cells and natural killer
(NK) cells all contribute to the homeostasis of adipose tissue. Resident macrophages
are of particular interest in adipose research. These normally have an anti-
inflammatory M2 phenotype, maintaining low levels of inflammatory cytokines and
aiding angiogenesis (Caputa et al., 2019). During homeostasis, M2 macrophages
secrete anti-inflammatory cytokines such as IL-10, which can prevent adipocyte
hypertrophy (Gao et al., 2013). Macrophage infiltration increases with increasing
adipose mass and, interestingly, macrophages accumulate more in obese VWAT than
in obese SWAT, a phenomenon which is closely linked to the presence of hepatic
fibroinflammatory lesions (Cancello et al., 2006). Ty cells are also important in
maintaining the anti-inflammatory profile of homeostatic adipose tissue. Moreover,
VWAT presents a specific sub-population of Trg cells, which express genes involved
in lipid metabolism and which require PPARy in order to help preserve insulin

sensitivity (Cipolletta et al., 2012).

Adipose stromal cells further include fibroblasts, which can be identified by the
presence of fibroblast-specific protein 1 (FSP1). However, fibroblasts also express
markers of vascular cells such as a-smooth muscle actin (aSMA, a marker of VSMCs)
and PDGFRpB, a marker of pericytes (Zhang et al., 2018). Although the role of
fibroblasts in adipose tissue homeostasis has been largely unclear, studies have
revealed their role in cancer or tissue regeneration (Kalluri, 2016). In adipose tissue,
Zhang et al. have shown that fibroblasts expressing FSP1 do not have adipogenic
potential but are nevertheless important in tissue homeostasis. Furthermore,
activating canonical Wnt signalling in these fibroblasts results in a reduction in adipose
tissue (Zhang et al., 2018).

Lastly, the adipose tissue also contains a complex vascular network, composed of
large vessels and arteries, as well as smaller microvessels — arterioles, venules and
capillaries. All microvessels are primarily composed of a layer of endothelial cells,
which is further covered and stabilized by perivascular cells, also known as pericytes.

In larger microvessels like arterioles and venules, the endothelial layer is also



surrounded by smooth muscle cells and fibroblasts (Majesky et al., 2011; Zhao and
Chappell, 2019).

Initially described in 1873 by Rouget (Rouget, 1873), pericytes attach to the surface
of endothelial cells and embed themselves into the basement membrane of small
vessels, where they serve several functions. Firstly, they stabilize the newly formed
capillaries and restrain the proliferation of ECs, which is necessary for vessel
maturation. Moreover, they can attach to the junctions between ECs, which decreases
the permeability of the vessel (Armulik et al., 2010; Daneman et al., 2010; De Palma
et al., 2017). Outside the adipose microenvironment, adipose-derived pericytes have
more recently also shown potential in regenerative medicine, due to their

chondrogenic and osteogenic potential (Hindle et al., 2017; Hung et al., 2015).

The adipose microenvironment also includes the numerous factors secreted by the
cell populations described above, which have been studied intently since the
discovery that adipose tissue actively participates in endocrine signalling. The first
advance in this regard was the finding that leptin is an adipose-derived cytokine (or
adipokine) important in the regulation of energy balance. More than two decades ago,
Zhang et al. identified the lep gene in mice and showed that ob mutations lead to
obesity and associated metabolic disorders like type 2 diabetes (Zhang et al., 1994).
This further led to the identification of several adipokines which are important in the
homeostasis and growth of adipose tissue. While most of these secreted factors act
in a paracrine fashion, two hormones in particular, leptin and adiponectin, have since
been widely recognized as endocrine hormones acting on remote organs such as the
brain (Scheja and Heeren, 2019; Scott et al., 2011).

Leptin is primarily expressed in adipocytes and leptin-deficient ob/ob mice show not
only equivalents of human morbid obesity, but also insulin resistance. Leptin levels
increase during periods of increased caloric intake and fall during long periods of
starvation (Ahlma et al., 1996). Moreover, leptin receptors have been identified in
neurons in the hypothalamus, which suggests that leptin signalling is involved in the
control of the neural circuits which impact feeding behaviour (Friedman, 2016).
However, leptin has also been suggested to play a role in the control of

thermoregulation (Kaiyala et al., 2016).

Adiponectin is also expressed primarily in adipocytes and its levels are reduced in

obesity. Experiments on adiponectin knockout mice have highlighted several
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consequences of adiponectin deficiency, including insulin resistance, low levels of
fatty-acid transport protein (FATP-1) and high levels of the pro-inflammatory cytokine
TNFa (Maeda et al., 2002). This is believed to be due to the fact that the release of
adiponectin is important for the increased activity of PPARy and AMP kinase (Fang
and Judd, 2018).

Many of the other adipokines are, however, secreted by preadipocytes, immune cells
and vascular cells as opposed to adipocytes. Other molecules include adipsin, which
is thought to modulate the effect of obesity on inflammation and glucose metabolism,
fatty acid-binding protein 4 (FABP4), which is released as a result of lipolysis, and
Neuregulin 4, which is a member of the epidermal growth factor (EGF) family that has
anti-inflammatory properties and is necessary for the maintenance of adipose blood
vessels (Cook et al., 1987; Nugroho et al., 2018; Scheja and Heeren, 2019; Villeneuve
et al., 2018).

Moreover, microRNASs released by adipose tissue have also been the focus of several
studies. For instance, miR-92a can be an indicator of BAT activity in humans, with low
levels of miR-92a negatively correlated with BAT activity (Chen et al., 2016). Last but
not least, adipocytes and stromal cells also secrete components of the extracellular
matrix (ECM), such as collagens, which are essential in the maintenance of the tissue
architecture (Mori et al., 2014; Ruiz-Ojeda et al., 2019).

The adipose microenvironment has also been studied in cancer. The obese adipose
microenvironment can experience a cascade of changes in adipocytes as well as in
vascular and immune cells, which together may promote tumour growth by altering
lipid storage or energy expenditure (Brestoff and Artis, 2015). The link between
tumour growth and lipid storage is believed to be mediated by immune cells. In lean
mice and humans, adipose tissue presents anti-inflammatory cytokines and has a
generally anti-inflammatory profile (Quail and Dannenberg, 2019). Weight gain
triggers changes not only in adipocytes and preadipocytes, but also in other stromal
cell populations, which can cause further changes in the microenvironment. The
dysfunctional, hypertrophic growth of adipocytes as a result of a high fat diet is difficult
to sustain and eventually leads to adipocyte death. This activates a pro-inflammatory
response in adipose tissue, characterized by the release of pro-inflammatory
cytokines like TNF, IFNy and IL-6 (Brestoff and Artis, 2015). The molecules released
during adipocyte death also trigger the accumulation of macrophages, which in obese

adipose tissue are found in aggregates commonly known as macrophage crowns
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(Weisberg et al., 2003). These macrophages are believed to have a pro-inflammatory
(M2) phenotype, secreting pro-inflammatory cytokines like IL-6 and TNFa (Howe et
al., 2013). In breast adipose tissue, increasing levels of pro-inflammatory cytokines
are believed to activate macrophages through the Toll-like receptor 4, which leads to
the transcription of further pro-inflammatory genes like IL6. This further leads to the
upregulation of CYP19, an important component of the oestrogen signalling pathway,

which can increase the likelihood of developing breast cancer (Howe et al., 2013).
1.2 Adipose remodelling and angiogenesis

1.2.1 Angiogenesis

The vasculature, an essential component of all organs and systems, forms primarily
during development and expands or regresses afterwards in response to growth,
regeneration, disease or changes in muscular or adipose mass. The embryonic
vasculature is formed through either de novo vessel assembly (vasculogenesis) or
sprouting of existing vessels (angiogenesis), whereas adult vascular growth is
achieved exclusively through angiogenesis. Vasculogenesis involves the assembly of
endothelial precursors known as angioblasts into tube-like structures. Angiogenesis,
on the other hand, begins with the migration and re-assembly of existing endothelial
cells (Vailhé et al., 2001).

Two distinct types of angiogenesis have been described: capillary sprouting and
intussusception. The earliest descriptions of angiogenic growth referred mainly to
capillary sprouting (Clark, 1918). Indeed, sprouting is better characterized in the
literature than intussusception. During sprouting, specialized endothelial tip cells
extend their filopodia in response to the vascular endothelial growth factor A (VEGF-
A), while endothelial cells in the stalks of the sprouts proliferate in response to VEGF-
A (Gerhardt et al., 2003).

Intussusception, on the other hand, has only been observed and characterized in the
last three decades. Studies carried out by Burri et al. in the postnatal rat lung
vasculature revealed an alternative angiogenic process through which the existing
lumen of a vessel is split by the invasion of a transcapillary tissue pillar, which
essentially divides the existing vessel in two (Burri and Tarek, 1990; Caduff et al.,
1986). The mechanisms of intussusceptive growth are however less understood than
those of sprouting. This is partly because studying it requires scanning electron

micrographs of vascular casts, which can be laborious and difficult to obtain. Wilting
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et al. showed that VEGF induces intussusceptive growth and endothelial proliferation
when applied to chorioallantoic membrane but fails to induce capillary sprouting
(Wilting et al., 1996). These conflicting reports on the function of VEGF in sprouting
are thought to be due to variability in growth factor concentration and speed of
release, emphasising the limitations of culture models and the complexity of the

dynamics between growth factors and cell-cell interactions.

Since intussusception is a more recent discovery and more difficult to study, most of
the angiogenic mechanisms we are aware of have been discovered in the context of
angiogenic sprouting. In both development and adulthood, angiogenesis relies largely
on the same molecular and cellular key players, starting with the release of growth
factors, followed by the response of the cells and subsequent interactions between

cells and their extracellular environment (Reviewed in Carmeliet and Jain, 2011).

Growth factors are essential in the proliferation, assembly and recruitment of all
vascular cell types. The main families of growth factors involved in angiogenesis are
vascular endothelial growth factors (VEGFs), fibroblast growth factors (FGFs),
angiopoietins, the transforming growth factor beta (TGF@) family and platelet derived
growth factors (PDGFs), as well as their respective receptor families, most of which

are transmembrane receptor tyrosine kinases (Distler et al., 2003).

The VEGF/VEGFR family is central to angiogenesis. Of the VEGF/VEGFR family, the
most studied ligand is VEGF-A, which to date has been found to have six splice
variants with different numbers of amino acids — 121, 145, 165, 183, 189 and 206
(Harper and Bates, 2008). Apart from its central role in the vasculature, other roles
have been suggested for the VEGF family (Matkar et al., 2017). Of particular interest
is the correlation between alterations in the VEGF gene and diabetes mellitus and its
associated conditions. For instance, certain single nucleotide polymorphisms in the
VEGF-C gene have been associated with diabetic retinopathy and diabetic macular

oedema (Kaidonis et al., 2015).

Sprouting angiogenesis relies primarily on endothelial cells, which during the process
are divided into tip cells and stalk cells (Chen et al., 2019). VEGF receptors on the
surface of tip cells initially bind VEGF secreted by neighbouring cells such as pericytes
and smooth muscle cells, usually in a dose-dependent manner (Figure 1.3). The tip
cell filopodia, which are covered in VEGF receptors, disrupt the extracellular matrix,
making way for the tip cell to migrate as another type of ECs, stalk cells, proliferate
(Gerhardt, 2008; Ruhrberg et al., 2002).
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The Delta-Notch pathway is essential for this coordination of tip cells and stalk cells.
In response to VEGF-A, endothelial tip cells express DLL4, which binds to Notchl
receptors on the neighbouring endothelial cells. This, in turn, inhibits the expression
of VEGFR2 in stalk endothelial cells, ensuring that tip cells are the ones leading the
branching (Carmeliet and Jain, 2011). This is supported by the observation that
endothelial tip cells express much higher levels of VEGFR2 than stalk cells
(Gerhardt et al., 2003).

Another molecule produced by tip cells is PDGFB, which is essential in the recruitment
of pericytes (Gerhardt et al., 2003). Pericytes then migrate along the PDGFB gradient
in order to reach the tip cells. Capillaries are surrounded by pericytes, which are
characterized by antigens like PDGFRB, NG2, CD146 and RGS5. Although different
sub-populations of pericytes show different expression patterns of these markers,
PDGFRp is expressed by all sub-populations, as PDGFB/PDGFRp signalling is
essential in pericyte survival (Craggs et al., 2015).

Interestingly, it has also been suggested that PDGFRB binding to EC-secreted
PDGFB can cause pericytes to detach from the vasculature and promote the
proliferation of ECs. Greenberg et al. suggest that VEGF/PDGF signalling not only
promotes EC migration and proliferation, but also inhibits the function of vascular
smooth muscle cells and pericyte coverage of microvessels. This inhibition involves
the formation of a complex between the receptors VEGFR2/PDGFR[3, which prevents
PDGFR signalling (Greenberg et al., 2008)

The formation of new capillaries is also dependent on the deposition of a basement
membrane (BM), which is a type of extracellular matrix (ECM). This relies on the
secretion of BM proteins and the adherence of ECs to the BM, which is mediated
mainly by integrins. Interactions between microvascular cells are also important here.
Stratman et al. have shown that pericyte recruitment during in vitro vasculogenesis
triggers the production of BM-specific proteins like fibronectin, nidogen-1, perlecan
and laminin and that PC-EC co-cultures show an upregulation in integrins and

collagen type IV (Stratman et al., 2009).

1.2.2 Adipose remodelling

The remodelling of adipose tissue in response to caloric excess is a complex process,
which starts with changes in the size and oxygen requirements of adipocytes. This, in

turn, changes the adipose microenvironment into a low-oxygen (hypoxic) one. As
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described before, adipose tissue can expand either through hypertrophy (the increase
in size of adipocytes) or hyperplasia (the increase in the number of adipocytes), with
hyperplasia being considered healthy expansion and hypertrophy being associated
with a more pro-inflammatory, unhealthy phenotype (Salans et al., 1968). Patterns of
adipose expansion are different between individuals, sexes and depots. For instance,
in obese women, SWAT primarily expands through hyperplasia, whereas omental
adipose tissue is mostly characterized by hypertrophy (Drolet et al., 2008). Moreover,
genes related to adipogenesis and lipid metabolism, such as PPARy and perilipin

(PLIN), are more highly expressed in the SWAT of obese women (Drolet et al., 2008).

Nevertheless, both SWAT and VWAT show some degree of hypertrophy. High fat
feeding triggers adipocyte hypertrophy and mitochondrial uncoupling in mice, which
leads to an increase in oxygen consumption and the activation of the hypoxia-
inducible factor 1a (HIF-1a) (Lee et al., 2014b). HIFs are heterodimeric transcription
factors, composed of an a subunit and a B subunit. There are three alpha subunits
(HIF-1a, HIF-2a, HIF-3a), whose expression is dependent on oxygen levels, and one

beta subunit (HIF-18), which is constitutively expressed (Keith et al., 2011).

1.2.3 The adipose tissue vasculature and adipose angiogenesis
1.2.3.1 The adipose tissue vasculature

Adipose tissue is also reliant on its vascular network and vascular cells make up a
high proportion of the stromal vascular fraction. Indeed, each adipocyte is surrounded
by a capillary, and these capillaries feed into larger microvessels, known as venules
and arterioles. Microvessels are primarily composed of endothelial cells (ECs) and
adipose ECs are believed to be derived from circulating endothelial progenitor cells
(EPCs) which originate in the bone marrow (Cao, 2010). Moreover, the non-
fenestrated adipose endothelium has been shown to be important in the transport of
fatty acids, which also relies on PPARy expression in ECs (Briot et al., 2018a).
Interestingly, the adipose endothelium has also been found to give rise to adipocytes

in both white and brown adipose tissue (Tran et al., 2012).

Capillaries are further surrounded by perivascular cells, or pericytes (PCs). Pericytes
are ubiquitously located across the vasculature of all tissues, where they regulate
angiogenesis via EC-PC signalling and ensure the stability of vessels (Franco et al.,
2011). Moreover, pericytes in various organs have been found to have multipotent
potential, express markers of mesenchymal stem cells, and differentiate into

mesodermal cells such as adipocytes (Crisan et al., 2008). In vitro, these progenitors
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have osteogenic, chondrogenic and adipogenic potential. It is thus believed that
adipose pericytes are not only essential for the vasculature, but also serve as a source

of mesenchymal stem cells (Crisan et al., 2008).

Larger microvessels like arterioles and venules are also surrounded by a layer of
vascular smooth muscle cells (VSMCs), which further stabilize vessels and express
contractile proteins (Owens, 1995). Adipose stem cells can be differentiated into
VSMCs in vitro by administering transforming growth factor 31 (TGFB1) and bone
morphogenetic protein-4 (BMP-4) (Wang et al., 2010). In vitro experiments have
shown that growth media conditioned by human adipocytes induce VSMC
proliferation, which relies on VEGF in a dose-dependent manner, and that the
presence of adipokines in the media triggers an increase in VSMC expression of
VEGFR1, VEGFR2 and VEGF (Schlich et al., 2013)

Interestingly, VEGF is released more by visceral fat of obese patients than
subcutaneous fat. Perivascular adipose tissue from patients suffering from type 2
diabetes also releases higher amounts of VEGF than SWAT (Schlich et al., 2013). In
obesity, VWAT shows a more pro-inflammatory phenotype than SWAT, and VEGF
stimulates not only angiogenesis but also VSMC proliferation, which may contribute

to the general increase in VWAT inflammation (Schlich et al., 2013).

The role of the microvasculature in the maintenance and expansion of adipose tissue
is increasingly being studied. In adipose tissue, vascular networks serve several
functions (Figure 1.4). Firstly, microvessels provide the nutrients and growth factors
necessary for the survival and renewal of adipose progenitors and adipocytes.
Crucially, they transport fatty acids to adipocytes through the non-fenestrated
microvascular endothelium, via fatty acid binding proteins (FABPs) and fatty acid
transporters (FATPs). The endothelial cells of the microvasculature are of particular
importance here. In ECs, PPARYy regulates the expression of FATPs and FABPs like
FATP1, FABP4 and CD36, which in turn regulate fatty acid uptake into the ECs, and
loss of this transport mechanisms is believed to lead to direct ECs towards a more

pro-inflammatory phenotype. (Briot et al., 2018b; Mehrotra et al., 2014).
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Figure 1.4 The interplay between adipocytes, vascular cells, immune cells and stromal
progenitors in adipose tissue. Blood vessels provide adipose tissue with nutrients, growth
factors, oxygen and hormones, as well as immune cells and bone-marrow derived cells
necessary for the maintenance and expansion of adipose tissue. Moreover, endothelial cells
serve as a source of growth factors and adipokines, whereas pericytes can differentiate into
adipocytes when needed (Cao, 2010).

Secondly, adipose microvessels serve as channels for circulating cells, including
adipose progenitors. For example, it has been shown that adipose progenitors
originating from transplanted bone marrow differentiate into adipocytes in recipient
mice (Gavin et al., 2016).

Thirdly, and perhaps most importantly, the adipose microvasculature serves as a
major source of adipose progenitors. Mural cells expressing PDGFRf differentiate
into adipocytes both in vitro and in vivo; moreover, these progenitors express PPARYy,
which is essential for adipogenesis (Tang et al., 2008a). Gupta et al. further showed
that the zinc-finger protein 423 (Zfp423) transcription factor is expressed by
preadipocytes and essential in adipogenesis, directing adipocyte differentiation by
regulating PPARy expression (Gupta et al., 2010). Moreover, these Zfp423-positive
progenitors localize to white adipose tissue vessels, and more specifically to a subset
of PDGFRB-positive pericytes (Gupta et al., 2012). On the other hand, endothelial
cells have been less studied in terms of their potential to differentiate into other
lineages. However, Tran et al. showed that ECs too can contribute to the adipocyte
pool in both white and brown murine adipose tissue. Lineage tracing of cells

expressing VE-cadherin, which is an EC marker, demonstrated that ECs can
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differentiate into preadipocytes and adipocytes and that these ECs also express
Zfp423 (Gupta et al., 2013; Tran et al., 2012). However, PPARYy is also expressed in
mural PDGFRB+ preadipocytes, which have been manipulated in vivo to study their
role in obesity. Interestingly, it has been demonstrated that overexpressing PPARYy in
the mural cells of obese mice can lead to healthy VWAT expansion. This is
characterized by an increase in the adipogenic potential of PDGFRB+ cells, an
increase in the number of small adipocytes (suggesting increased hyperplasia),
improved insulin sensitivity and an increase in adiponectin levels (Shao et al., 2018).
Additionally, knocking out PPARyY in PDGFRB+ progenitors in perirenal and gonadal
adipose tissue results in increased macrophage infiltration and collagen deposition
(Vishvanath et al., 2016). However, while this protective role of PPARYy in mural cells
is essential during high fat feeding, it is not necessary for adipose tissue homeostasis
in lean mice. Other groups have shown that the signalling axis of pericytes,
PDGFB/PDGFRp, is increased in obesity and is essential for the formation of new
vessels to support the healthy expansion of adipose tissue. Knocking out PDGFR(
globally in adulthood has been shown to attenuate the detachment of pericytes from
the adipose vasculature and reduce vessel formation in high fat diet-fed mice (Onogi
et al., 2017). These data point to a complex, multi-faceted role of PDGFRp-positive
perivascular cells in adipose tissue homeostasis and remodelling.

Finally, the signalling pathways involved in the crosstalk between the cell populations
making up the microvasculature can influence the self-renewal and differentiation of
adipose progenitors, the integrity of the blood vessels and the inflammatory profile of
adipose tissue. For example, vascular growth can be influenced by leptin. Cao et al.
have shown that leptin, which modulates weight gain by regulating appetite and
energy expenditure, also stimulates angiogenesis when co-administered with VEGF
and FGF2. Moreover, the vasculature of leptin deficient ob/ob mice lacks
fenestrations, whereas administering leptin intradermally to these mice increases
vascular permeability (Cao et al., 2001). In human chondrosarcoma, adiponectin has
also been shown to induce angiogenesis and VEGFA expression in tumours by
activating HIF-1a (Lee et al., 2015).

1.2.3.2 Adipose angiogenesis

Adipose angiogenesis is key in the issue of healthy vs. unhealthy adipose
remodelling. Once adipocytes increase in size and their demand for oxygen

increases, there is a requirement for the vasculature to also expand in order to sustain
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this demand. Failure of this can lead to pathological angiogenesis, and obesity is
accompanied by a decrease in angiogenesis and associated markers. For instance,
subcutaneous tissue from obese patients shows lower levels of VEGF (58% lower
compared to lean subjects), as well as a 44% decrease in capillary density (Pasarica
et al., 2009).

As described earlier, one of the main functions of the vasculature is to provide the
tissue with oxygen, and unhealthy expansion of adipose tissue, particularly through
hypertrophy, leads to a hypoxic environment. HIFs regulate genes involved in
numerous cellular processes, such as proliferation, stem cell renewal, apoptosis,
epithelial-mesenchymal transition (EMT) and, importantly, angiogenesis. VEGF,
PDGFB, ANGPT1 and ANGPT2 are just some of the angiogenic genes regulated by
these transcription factors (Dengler et al., 2014). It has previously been shown that
not only do obese mice have increased levels of HIF-1a and VEGF protein, but, after
only one or three days of HFD feeding, HIF-1a protein levels and VEGF mRNA levels
are increased in epididymal adipose tissue (He et al., 2011; Lee et al., 2014b).
Moreover, it has also been demonstrated that HIF-1a binds to the proximal hypoxia
response element of the VEGF promoter and that this DNA-protein interaction is

stronger in adipocytes in response to hypoxia (He et al., 2011).

Despite these findings, other studies have suggested that, under caloric excess and
hypoxic stress, HIF-1a upregulation alone cannot sufficiently stimulate local
angiogenesis. Instead, constitutive overexpression of Hif-7a in mice leads to an
increase in local fibrosis and inflammation, as suggested by increased levels of
collagens and elastin and expression of inflammatory genes (Halberg et al., 2009).
These conflicting reports on the role of hypoxia in adipose angiogenesis might be
explained by the fact that the oxygen availability in in vitro hypoxia experiments does
not accurately reflect the physiological oxygen availability observed in vivo (Goossens
et al., 2011)

It is also important to distinguish between insufficient and dysfunctional angiogenesis
in the context of obesity. While vascular growth in obesity generally fails to cope with
the needs of the expanding tissue, it has also been suggested that the growth which
does occur is mainly intussusceptive, which may lead to more permeable vessels that
eventually lead to the fibrotic and inflammatory phenotype of obese adipose tissue
(Crewe et al., 2017). This is also supported by evidence that, in the VWAT of HFD
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and ob/ob mice, there are more interactions between leukocytes, endothelial cells and

platelets (Nishimura et al., 2008).

VWAT and SWAT have different consequences on metabolic health, and one of the
guestions in the field is whether these depots show different angiogenic profiles.
However, studies focused on angiogenesis have shown conflicting reports, which may
be due to significant differences in methodology and the aspects of the vasculature
which are being investigated. For instance, Ledoux et al. analysed the in vitro
angiogenic effect of VWAT and SWAT obtained from obese patients on chick
chorioallantoic membrane (CAM) and found not only that both types of adipose tissue
stimulate angiogenesis, but that VWAT and SWAT have the same effect on CAM and
also express similar levels of VEGF (Ledoux et al., 2008). However, Gealekman et al.
found that, when human visceral and subcutaneous explants are embedded in
Matrigel® basement membrane matrix, SWAT shows greater angiogenic capacity
and an increase in the expression of ANGPTL4, which is pro-angiogenic; however,
this capacity decreased in obese subjects (Gealekman et al., 2011). In mice, VWAT
of HFD-fed obese mice was found to have increased angiogenic capacity and higher
expression levels of genes involved in angiogenesis and inflammation (Song et al.,
2016).

The adipose vasculature has attracted much interest as a therapeutic target.
However, this area of research has also produced conflicting results and conclusions.
Early research suggested, for instance, that blocking angiogenesis with the well-
known inhibitor TNP-470 leads to a dose-dependent reduction in weight and adipose
tissue, with associated metabolic changes (Rupnick et al., 2002). Further research
showed that TNP-470 blocks both VEGF and FGF-2 induced angiogenesis
(Brakenhielm et al., 2004). Although blocking adipose angiogenesis leads to weight
loss and associated improvements in overall metabolic health, it is disputed whether
these changes can be sustained in the long term and whether any important side
effects need to be taken into account. Indeed, anti-angiogenic agents used in cancer

treatment have been shown to have side effects like hypertension (Cao, 2010).

Conversely, VEGF-A overexpression in adipocytes has been found to not only
activate angiogenic processes, but also induce beiging in subcutaneous adipose
tissue. Furthermore, transplantation of adipose tissue which overexpresses VEGFA
appears to improve the overall metabolic health of the mice receiving the transplant

(Park et al., 2017). Similarly, another group has shown that overexpression of VEGF
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leads to a reduction in the hypoxia and obesity induced by a high fat diet, while not

having any effect on food intake (Elias et al., 2012).

Stimulation of angiogenesis has also been achieved by targeting other key molecular
players of adipose tissue. Interestingly, activation of PPARYy in mice by treatment with
the PPARY agonist Rosiglitazone leads to an increase in capillary formation in VWAT
and an upregulation of the angiogenic factors VEGF-A, VEGF-B and angiopoietin-like
factor 4 (ANGPTL4), which stimulate EC growth (Gealekman et al., 2008). This
highlights yet another role of PPARYy in endothelial cells. Similarly, treating primary
human ECs and EC cell lines with the PPAR®S agonist GW501516 has been shown to
increase EC proliferation and angiogenic sprouting both in vitro and in vivo (Piqueras
et al., 2007).

1.3 Overview of WT1

In 1990, two groups identified the Wilms’ tumour 1 (Wt1) gene, describing its location
on chromosome 11p13. WT1 was then proposed as a driver of Wilms’ tumour, a type
of paediatric kidney cancer which arises due to both germline mutations in Wtl and
due to somatic mutations during development (Call et al., 1990; Gessler et al., 1990).
Since then, WT1 has gained much attention not only for its role in cancer, but also for
the many roles in development and adult homeostasis, some of which are outlined
further (Hohenstein and Hastie, 2006).

1.3.1 WT1 in development

Early studies in development showed that WT1 expression during embryogenesis is
similar in human and mouse (Armstrong et al., 1993). E8.5 mouse embryos start
expressing WT1 in the intermediate mesoderm and lateral plate mesoderm, the latter
further giving rise to the coelomic epithelium, which surrounds the coelomic cavity
during development. The coelomic epithelium continues to express WT1 and

subsequently gives rise to the mesothelium (Armstrong et al., 1993).

WT1 has been shown to be essential for the development of several organs, as
demonstrated by global Wt1 knockout phenotypes which result in embryonic lethality
(Herzer et al.; Kreidberg et al., 1993a). WTL1 is required for the development of the
kidney and gonads and is further expressed in the pulmonary mesothelium during
development, where loss of WT1 leads to abnormal lung development (Bandiera et
al., 2015; Cano et al., 2013; Kreidberg et al., 1993; Moore et al., 1999). Recently, it
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has also been shown that murine adipose mesothelial cells expressing WT1 during

late gestation contribute to the adipocyte population in VWAT (Chau et al., 2014).

As far as its function as a transcription factor is concerned, WT1 contains both
repressor and activator regulatory domains and can thus both upregulate and
downregulate downstream genes. Alternative splicing of WT1 results in isoforms
including or lacking three amino acids (KTS) near exon 9 (Hammes et al., 2001) and
different isoforms of WT1 appear to have different functions in development.
Interestingly, ChlP-seq studies have revealed that most transcriptional targets of WT1
are bound by -KTS isoforms (Lefebvre et al., 2015).

In the kidney, WT1 may suppress apoptosis through the activation of fibroblast growth
factors and the suppression of BMP-pSMAD signalling (Motamedi et al., 2014). In
heart development, the role of WT1 is linked to its role in EMT, which is exerted

through the Wnt/B-catenin signalling pathway (von Gise et al., 2011).
1.3.1.1 WT1 and heart development

As mentioned above, the role of WT1 in development has been shown to be crucial
in the heart. Wtl-null mice of a C57BIl/6 background die at E13.5 and show several
developmental defects, including heart malformations (Moore et al., 1999). Using a
YAC transgenic reporter mouse line, Moore et al. showed that the developing heart
starts expressing WT1 at E9, in the mesenchymal villi which constitute the
proepicardium; the cells of the proepicardium later migrate towards the myocardium,
eventually forming the epicardium (Moore et al., 1999). Later in development, WT1 is
involved in epithelial-mesenchymal transition (EMT), which is important in the
development of the heart and the diaphragm. Mouse embryos carrying epicardial-
specific Wtl deletions die between E16.5-E18.5 due to heart defects such as oedema,
blood build-up in the systemic veins, and failure to form coronary arteries, which
suggests WT1 is necessary for the differentiation of mesenchymal cardiovascular
progenitors (Martinez-Estrada et al., 2010). WT1 has also been shown to
downregulate the expression of Ccl5 and Cxcl10 in epicardial cells, which are
essential in epicardial cell migration and cardiomyocyte proliferation during heart
development (Velecela et al., 2013). Moreover, WT1 activates the tyrosine kinase
type B receptor (TrkB), which is required for myocardial vascularisation, as suggested
by the lack of subepicardial blood vessels in E12.5 mouse embryos and the increase
in apoptotic cells in the epicardium and subepicardium of Wt1 knockout mice (Wagner
et al., 2005).
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Interestingly, the mechanism of action of WT1 in heart development contrasts its role
in kidney development. During MET in the kidney, WT1 activates Wnt4, whereas
during EMT in the epicardium, WT1 represses Wnt4 (Essafi et al., 2011). This switch
in function is due to the recruitment of different co-activators/co-repressors, which
together direct a process known as chromatin flip-flop, where WT1 along and its co-

factors restrict the accessibility of the Wnt4 locus (Essafi et al., 2011).

The signalling pathways involved in heart development and regeneration further direct
immune responses. In the epicardium, WT1 represses the expression of pro-
inflammatory chemokines such as CCL5, CXCL10, which are necessary for
cardiomyocyte proliferation and epicardial cell migration (Velecela et al., 2013). This
upregulation in WT1 is correlated with the upregulation of pro-inflammatory cytokines
such as TNFa, IL-18 and IL-6 (Nian et al., 2004). These, in turn, can activate the
transcription factor NF-kB, which upregulates WT1, suggesting an anti-inflammatory
role of WT1 (Dehbi et al., 1998). This is supported also by the fact that WT1 regulates
the expression of IL-10, an anti-inflammatory cytokine (Sciesielski et al., 2010).
Moreover, mesothelial cells, which are normally characterized by the expression of

WT1, are themselves important in the regulation of inflammation (Kawanishi, 2016).
1.3.1.2 WT1 and the mesothelium

WT1 is highly expressed in the mesothelium, the layer of cells which line most internal
organs, providing stability and preventing tissue adhesion. The phenotype of
mesothelial cells presents characteristics of both mesenchymal and epithelial cells —
while they present the tight junctions and apical-basal polarity of epithelial cells, they
express many of the markers specific to mesenchymal cells (Chau and Hastie, 2012).
Interestingly, WT1-positive mesothelium has been proposed as a source of

progenitors for several organs, including the heart and liver (Chau and Hastie, 2012).

The hypothesis that WT1+ mesothelial cells are progenitors in various organs is
supported by several studies (Chau et al., 2014). For instance, lineage tracing studies
have revealed that WT1+ progenitors in the serosal mesothelium give rise to smooth
muscle cells which become incorporated in the gut vasculature (Wilm et al., 2005).
Mesothelial cells have also been found to give rise to smooth muscle cells positive for
aSMA and cells expressing PDGFR in the developing lung (Que et al., 2008). Finally,
WT1+ mesothelial cells have been suggested to contribute to other cell populations
in the developing lung, such as endothelial cells, chondrocytes and fibroblast-like

interstitial cells (Cano et al., 2013).
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1.3.2 WT1 in adult homeostasis and cancer

In the adult organism (both in mouse and human), WT1 continues to be expressed
only in a restricted set of tissues and cells. Although WT1 expression is very limited
in adult tissues, inducible ubiquitous WT1 deletion in adult mice shows a range of
phenotypes within just a few days, from glomerulosclerosis and spleen atrophy to a
loss of bone, fat and erythropoietic potential (Chau et al.,, 2011). Moreover, an
important role of WT1 past development is that of a tumour suppressor and oncogene

in several types of cancer (Reviewed in Yang et al., 2007).
1.3.2.1 WT1 in adult homeostasis

Throughout adulthood, WT1 continues to be expressed in select organs, such as the

kidney, gonads and the intestine, and in specific cell populations like mesothelial cells.

In the adult kidney, WT1 can only be detected in the podocytes. Here, Wnt/3-catenin
signalling (which lies downstream of WT1) has been suggested as an important
pathway for podocyte function. Proteinuric kidney diseases such as focal segmental
glomerulosclerosis and diabetic nephropathy show an upregulation of Wnt and [3-
catenin and (3-catenin ablation can protect against kidney disease post-injury, and are

also characterized by a loss of WT1 (Zhou and Liu, 2015).

WT1 expression is also sustained in the adult ovary. Hsu et al. have demonstrated
the presence of WT1 in the granulosa cells in primordial, primary and secondary
follicles but that the expression levels become lower as the follicles develop,
suggesting a role for WT1 in folliculogenesis and in the repression of ovarian
differentiation genes (Hsu et al., 1995). In males, WT1 is also present in Sertoli cells.
Cre-LoxP-mediated WT1 deletions in adult murine testes lead to cell death in the
seminiferous tubules and, histologically, the mouse testes highly resemble those of
patients suffering from non-obstructive azoospermia (Wang et al., 2013). Moreover,
Sertoli cells deleted for WT1 present altered morphology and polarity and fail to form
tight junctions (Wang et al., 2013). WT1 deletions in the testes have further been
shown to cause impaired spermatogenesis, marked by an accumulation of
undifferentiated spermatogonia in the testes and thought to be caused, again, through
a loss of mesenchymal-epithelial balance due to a downregulation of E-cadherin
(Zheng et al., 2014).

Adult mice also express WTL1 in the intestine. As shown by Wilm et al., expression is

maintained in the serosal mesothelium late into adulthood, suggesting that WT1-
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positive cells here are a source of progenitors essential in tissue repair (Wilm et al.,
2005). This pattern of adult mesothelial expression is also seen in the lung. Here, the
behaviour of pleural mesothelial cells is critical in the homeostasis of the lung and
dysfunctions of these cells can result in idiopathic pulmonary fibrosis. WT1 is
expressed in a subset of these mesothelial cells and loss of WTL1 results in
mesothelial-mesenchymal transition (MMT), reduced E-cadherin levels and increased
expression of fibrotic markers like fibronectin and aSMA, highlighting once again the

protective role of WT1 against disease (Karki et al., 2014).

Other cells expressing WT1 throughout adulthood are mesothelial cells lining internal
organs, bone marrow cells and gonadal cells (reviewed in Hastie, 2017). WT1 can
additionally be found in some cells of the adrenal cortex, which co-express GATA4
and can differentiate into steroidogenic cells following a gonadectomy (Bandiera et
al., 2013). Finally, Chau et al. have shown that deleting Wt1 ubiquitously in adult mice
leads, within days, to multiple organ failure and a series of dramatic phenotypes such
as spleen and pancreas atrophy, glomerulosclerosis, and loss of adipose tissue
(Chau et al., 2011).

1.3.2.2 WT1 in cancer

Perhaps the most widely studied aspect of WT1 post-development is its role in cancer.
Initially considered a tumour suppressor gene, Wtl mutations can cause
predisposition to developing Wilms’ tumours, which develop in the kidney during
childhood. In some Wilms’ tumours, overexpression of the platelet-derived growth
factor A (PDGFA) has been observed, and WT1 has subsequently been shown to
bind to several sites in the promoter of PDGFA and thus act as a repressor (Gashler
et al., 1992). Wang et al. have also suggested that loss of downregulation of PDGFA
by WT1 is a factor in the growth of Wilms’ tumours (Wang et al., 1992).

However, WT1 is also expressed in several other types of cancer, and WT1-positive
tumours are generally associated with poorer prognosis. It has thus been proposed
that WT1 may also act as an oncogene. This is supported firstly by studies showing
that it is expressed in tumours of tissues that otherwise do not express WT1, such as
breast tumours, astrocytic tumours and colon tumours (Dessain et al., 2000; Koesters
et al., 2004; Qji et al., 2004).

Many studies have focused on the mechanisms through which WT1 acts in cancer.

To mention just a few, WT1 has been shown to regulate the oncogenic activity of
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KRAS, a gene whose mutations have been found in numerous cancer types, including
pancreatic and lung cancer (Vicent et al.,, 2010). WT1 also activate the promoter
activity of c-myc, an oncogene which regulates several cell growth and metabolism
pathways (Han et al., 2004). Finally, WT1 may act in breast cancer through its role in
EMT and in prostate cancer cells by downregulating E-cadherin (Artibani et al., 2017;
Brett et al., 2013).

1.3.3 WTL1 in angiogenesis

WT1 has also been described as a regulator of angiogenesis in cancer and during

revascularization after events like ischaemia.
1.3.3.1 WT1 in the tumour vasculature

WT1 function and expression has further been examined in the vasculature of
different tumours. For instance, Wagner et al. have shown that WT1 is expressed in
the vasculature of most ovarian, pancreatic, breast, kidney and lung tumours and is
typically found in the nuclei of endothelial cells in these vessels (Wagner et al.,
2008a). Studies on Ewing sarcoma have also highlighted the role of WT1 in
angiogenesis. Induced expression of WT1 in a WT1-null Ewing sarcoma cell line
resulted in increased angiogenesis and WT1-positive tumours showed an
upregulation of VEGF, MMP9, Tie-2, and Ang-1 (Katuri et al., 2014).

However, here WT1 seems to act mainly in endothelial cells. WT1 plays a role in the
migration, proliferation and assembly of endothelial cells, as suggested by the fact
that WT1-silenced human umbilical vein endothelial cells (HUVECS) stop proliferating
and fail to form tubular networks in Matrigel cultures, without however exhibiting any
increased apoptosis (Wagner et al., 2008a). It is believed that the activation of WT1
in endothelial cells in cancer or regeneration-associated neovascularization serves to
switch the endothelial cells towards a more multipotent phenotype, which aids the

formation of new vessels (Scholz et al., 2009).

With regard to its mechanism of action, WT1 was suggested to be a transcriptional
regulator of ETS-1, a transcription factor acting on angiogenesis-associated genes
like angiopoietin-2 and VEGFR2, both of which were downregulated in WT1-silenced
cells (Wagner et al., 2008a). Moreover, the impaired in vitro angiogenic potential of
WT1-null HUVECSs described by Wagner et al. was also observed in conjunction with
a decrease in nestin expression following WT1 knockdown. As nestin is an

intermediate filament protein directly regulated by WT1, this suggests that WT1 also
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plays a role in the way the cytoskeleton is organized and re-organized depending on

physiological needs (Wagner et al., 2006).

WT1 regulates the expression of CD31 and CD117 (cKit) and is expressed in the
tumour vasculature and stromal cells of several cancers, independently of its
expression in cancer cells (Wagner et al., 2014). Moreover, Wt1 conditional knockouts
in Tie2-CreERT2;Wt1'** and VE-CreERT2;Wt1'*/°* mice have shown a significant

reduction in tumour growth and tumour vascularisation (Wagner et al., 2014).
1.3.3.2 WT1 in angiogenesis after ischemia

Following an infarction, Wtl is upregulated in the endothelium and the epicardium and
peaks at day 7 post-infarction (Duim et al., 2016). WT1 is also involved in blood vessel
formation following an ischaemic event. This was initially suggested after the
observation that, post-ischaemia, the rat myocardial vasculature shows an increase
in Wt1 expression and that WT1 co-localizes with cell proliferation markers and VEGF,
the main driver of angiogenesis, as well as with endothelial cell and VSMC markers
like CD31 and aSMA (Wagner et al., 2002). This is of interest especially as WT1 had
normally only been detected in the epicardium. It has further been suggested that the
function of WT1 in this scenario is linked to the oxygen availability in the tissue.
Indeed, hypoxia triggers the upregulation of WT1 in the kidney and the heart, but not
in the brain or the spleen (Wagner et al., 2003).

The simultaneous increase in WT1 and VEGF expression after ischemia is especially
of interest as VEGF has been found to be directly or indirectly under the control of
WT1. VEGF has several pro-angiogenic and anti-angiogenic isoforms obtained
through alternative splicing (Houck et al., 1991). The alternative splicing of VEGF is
dependent on the splicing factor kinase SRPKZ1, which lies under the control of WT1,
and the anti-angiogenic VEGF6sb isoform is downregulated in Wt1 mutants (Amin et
al., 2011). Moreover, WT1 has been shown to directly suppress SRPK1 in kidney
podocytes and the -KTS isoform of WT1 regulates VEGF isoform balance through
transcriptional regulation of SRPK1 and the serine/arginine-rich splicing factor 1
(Wagner et al., 2019). Similar results have been obtained from an in vivo ovarian
cancer model, where lentiviral transfections with -KTS WT1 isoforms lead to
shortened overall survival, an increase in VEGF expression and higher microvessel
density (Yamanouchi et al., 2014). In Ewing sarcoma, WT1 has similarly been shown
to bind directly to the VEGF promoter and direct its expression (McCarty et al., 2011).

Moreover, WT1 expression in Ewing sarcoma is upregulated by hypoxia and WT1 is
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essential for hypoxia-induced angiogenesis (McCarty et al., 2011). Hanson et al. have
additionally demonstrated that the zinc finger DNA binding domain of the WT1 protein
is essential for its transcriptional regulation of VEGF (Hanson et al., 2007).

1.4 WT1 and adipose tissue

The observation that ubiquitous Wtl deletion in adult mice leads to multiple organ
failure within days was surprising, especially considering the limited expression of Wtl
in adulthood (Chau et al., 2011). Mice deleted for Wtl showed a variety of
phenotypes, including a surprising loss of adipose tissue (Chau et al., 2011). Chau et
al. further showed that WT1 is expressed in all visceral adipose depots analysed, but
not in subcutaneous or brown adipose tissue (Chau et al., 2014). Moreover, WT1
MRNA was detected in human visceral adipose tissue, but not in subcutaneous or
brown (Chau et al., 2014).

Unlike SWAT, VWAT depots are surrounded by a mesothelial layer; interestingly, in
VWAT, WT1 is expressed in the mesothelium of several visceral adipose tissue
depots — such as epididymal, perirenal and pericardial adipose tissue. Moreover, the
mesothelium has been demonstrated to be a source of progenitors that continue to
differentiate into adipocytes or other cell types after birth, depending on the

requirements of the tissue (Chau and Hastie, 2015).

Chau et al. also showed that WT1 is not detected in mature visceral adipocytes, but
is present in a subset of adipose progenitors (Lin-CD31-CD29+CD34+Sca1+CD24~-
cells), which retain WT1 expression throughout adulthood (Chau et al., 2014).
However, it must also be noted that not all adipose progenitors are WT1+, with current
data suggesting that WT1+ and WT1- progenitors give rise to adipocytes with different
properties (Chau et al., 2014). The percentage of progenitors expressing WT1 is also
different across VWAT depots. This has sparked further questions regarding the
developmental origins of different adipose depots, with the lateral plate mesoderm
being currently suggested as the origin of VWAT (Chau et al., 2014).

Other recent work has been focused on subsets of adipocytes and adipose in murine
depots. Lee et al. have revealed three white adipocyte sub-populations, derived from
three adipose progenitor populations (Lee et al., 2019). These progenitor populations
are characterized by the expression of WT1, transgelin, and myxovirus 1 respectively
and exhibit different transcriptional and metabolic signatures. WT1-positive

progenitors and the adipocytes derived from these show high glycolytic metabolism,
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reduced triglyceride accumulation in vitro and responsiveness to TNFa (Lee et al.,
2019). This highlights the issue of adipose heterogeneity, both inter-depot and intra-
depot, even though the exact function of WT1 in VWAT is currently unknown.
Considering the well-documented role of WTL1 in inflammation, as well as in
developmental and adult angiogenesis, it is important to know whether WT1 is also
expressed in the vascular and immune cells of VWAT and, if so, what its role is in

these populations.
1.5 Summary

Several different lines of research are currently focusing on the pathological
consequences of obesity, and visceral adipose tissue in particular has gained
notoriety due to its correlation with the development of the metabolic syndrome.
However, as more data are being published, it is becoming increasingly clear that
different visceral depots should be approached as individual ‘organs’ when studying

the development, homeostasis and expansion of VWAT.

In parallel, much research has also been carried out on WT1, a transcription factor
with many functions in both development and adulthood, which is illustrated by the
lethal effect of embryonic WT1 deletion (Herzer et al.; Kreidberg et al., 1993b) and
the multiple organ failure observed when WT1 is deleted ubiquitously in adult mice
(Chau et al.,, 2011). The recent findings that WT1 is expressed in adult VWAT
progenitors and that progenitors expressing WT1 during development give rise to
some visceral adipocytes have revealed new angles from which the difference
between VWAT and SWAT can be researched. Additionally, VWAT is, like all adipose
tissues, reliant on its vasculature and the roles identified for WT1 in angiogenesis in
other organs lead to the question of whether WT1 plays a role in the adipose

vasculature as well.
1.5.1 Hypothesis

Although WT1 expression is limited after embryogenesis, a population of VWAT
adipose progenitors continues to express WT1 into adulthood, in both humans and
mice, and the mesothelium has been demonstrated to be a source for these
progenitors. Secondly, VWAT is more closely associated to cardiovascular disease
and it has an increased angiogenic profile. Thirdly, WT1-expressing mesothelial cells
can incorporate into new blood vessels and there is evidence to suggest that WT1

also regulates the expression of genes associated with angiogenesis, such as VEGF.
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With this in mind, the aim of my project is to investigate the role of WT1 and WT1-
positive adipose progenitors in VWAT angiogenesis. Although certain isoforms of
WT1 have been associated with post-transcriptional processes, its best-characterised
function remains that of a transcription factor, and this is the function that this project

is focused on. Therefore, the main hypothesis of this thesis is:

WT1-expressing progenitors are involved in the angiogenic processes associated

with adipose tissue formation and homeostasis.

152 Aims
In order to address this hypothesis, this project has the following aims:

1. Tocharacterize in vivo expression of WT1 in the vasculature of murine and
human VWAT
2. To investigate the role of murine WTL1 in angiogenesis in vitro

3. Toinvestigate the role of WT1 in murine adipose pericytes.
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Chapter 2

Materials and methods

32



2.1 Animal models

An brief overview of the mouse models used for our experiments is outlined in Table

2.1, with further details in the subsections below.

Genotype Age Sex References
Wit1 CERTZ-mTmG 6 MO M Chau et al., 2014a; Muzumdar et al., 2007
w1 S >3 MO M/F  |Hosen et al., 2007

CAG CeERTZ.. g 1oXPIoXP | 53 MO M/F  |Chau et al., 2011; Martinez-Estrada et al., 2010

CAG CeERT2.. g1 1XPICFP | 53 MO M/F  |Chau et al., 2011; Martinez-Estrada et al., 2010
C57Bl/6 >3 MO M/F Murray and Little, 1935

Table 2.1. Mouse strains used in experiments.

2.1.1 Animal husbandry

Mice were housed in the animal facilities at the MRC Human Genetics Unit and at
Little France, University of Edinburgh. Animals were kept in compliance with Home

Office regulations.

2.1.2 Wtl lineage tracing model (Wt1°®ER™2:mTmG)

Lineage tracing mouse model — Wt1¢¢E8T2: mTmG

Wtl w2/ o pCA 2

o d Dmerem
loxP loxP

(Inactive)

Wt To

creElTﬂ
L]
‘
(Active)
pCA pCA
- Domm
loxP loxP

Figure 2.1. Schematic representation of the lineage tracing model Wt1¢¢5RT22mTmG.
This model is obtained by crossing Wt1¢®ERT2 knock-in mice with the reporter mTmG mouse
line. In the progeny, CreERT2 is inactive in the absence of tamoxifen and thus no
recombination occurs. In the absence of CreERT2-induced recombination, Tomato is
expressed ubiquitously in the cell membrane, under the pCA reporter. Tamoxifen activates
CreERT2 and the resulting recombination leads to the excision of Tomato and the
membranous expression of GFP. Since the expression of Cre is directed by the Wt1 promoter,
membranous GFP can only be observed in the cells where Wtl is expressed at the time
tamoxifen is administered.
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For the lineage tracing Wt1"*ER™:mTmG model, the tamoxifen-inducible Wt1°"ER™
(Figure 2.1) mouse line was crossed with a reporter mTmG mouse, generating a
mouse in which the expression of membranous GFP in a cell indicates Wil
expression in its progenitor at the time tamoxifen was administered (Chau et al.,
2014a; Muzumdar et al., 2007).

The pups received tamoxifen through the mother's milk. Four doses of tamoxifen (2
doses per week) were given to mothers at beginning of PO. High fat diet mice were
fed a HFD since the age of 1 month old and culled at 7.5 months old. Control mice
were fed a standard chow diet and culled at 7.5 months old.

2.1.3 Wt1 reporter model (Wt1°77*)

Wit1%FP* mice (Figure 2.2) were used to observe the endogenous expression of Wil
(Hosen et al., 2007).

GFP knock-in model - Wt1GFF/+

Figure 2.2 Schematic representation of the GFP knock-in mouse model Wt1¢F"* where
GFP is expressed under the Wt1 promoter.

2.1.4 Wtl conditional knockout model (CAGC™ERT2: g1 '0xP/loxPy

In our conditional knockout model (Figure 2.3), Wtl can be deleted by administering
4-hydroxytamoxifen (the active metabolite of tamoxifen). The CAGC™ERT?; Wwi1'oxP/loxP
mouse line was obtained by crossing the CreERT2 line with mice where exon 1 of
Wil is flanked by loxP sites (Wt1'>F'®) and then further intercrossing the offspring
(Chau et al., 2011; Martinez-Estrada et al., 2010).

2.1.5 Wtl conditional knockout model (CAGC™ERT2: 1 '0xP/GFPy

CAGCERT2: Wi1'*PICFP (\WWGER) mice were generated by crossing Wt16™ mice with

CAGFCERT2: W\t loxPlloxP mica as described above.
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Ubiquitous tamoxifen-inducible deletion model — CAGE€ERTZ; W loxP/loxP

s Wit o
loxP loxP

l Wil (Exon 1)
(Inactive) . loxP loxP

TAM

R Wil (Exon 1)

loxP loxP

loxP loxP

(Active)

Figure 2.3 Schematic representation of the ubiquitous tamoxifen-inducible Wt1 deletion
model — CAGCeERT2: \jpqloxPlloxP - CAGCreERT2 male mice, in which CreER is expressed
ubiquitously under the synthetic CAG promoter, were crossed with floxed Wt1'oxPloxP females,
and the offspring were further intercrossed, resulting in CAGCeERTZ; \Wt1loxPloxP nrogeny. CreER
is inactive unless tamoxifen is administered. Tamoxifen was administered to isolated cells in
culture.

2.1.6 CreERT2 control mice (CAGC™ERT?)

CreERT?2 toxicity effects were assessed in cells isolated from CAG®*R™ mice.

2.1.7 Wild-type mice

All wild-type mice used were of C57BI/6 background and housed in the animal facility
at Little France, University of Edinburgh.

2.1.8 Genotyping of transgenic mice

DNA extracted from ear clips was used for genotyping. DNA was extracted by placing
each ear clip in a 0.5 mL Eppendorf, adding 75 pL Solution 1 (25 mM NaOH and 0.2
mM EDTA in dH:0), and placing the tube at 95°C for 30 minutes. Then, 75 uL of
Solution 2 (40 mM Tris in dH20) were added to each tube, and the tubes were

vortexed.

Genotyping was performed under the conditions detailed in Table 2.3. For all reaction
mixes, we used GoTaq® G2 Hot Start Green Master Mix (M7422, Promega), as well

as the primer sequences in Table 2.2.
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Gene

Genotyping primer sequences (5’ - 3’)

Cre F: GCATTACCGGTCGATGCAACGAGTGATGAG
R: GAGTGAACGAACCTGGTCGAAATCAGTGCG
Wtl co/co F: TGGGTTCCAACCGTACCAAAGA
R: GGGCTTATCTCCTCCCATGT
GFP F1: GCCTGAAGAACGAGATCAGC

F2: GGCAGCTTGAATTCCTCTCA
R: AGCCTGAAGCTGCTCACATCC

Table 2.2 Primer sequences used for mouse genotyping.

Gene PCR reaction mix PCR conditions
Cre F primer: 0.5 pL 94°C 2 min
R primer: 0.5 pL 94°C 15s
GoTag® Master Mix: 10 pL 58°C 30s 35 cycles
H20: 4 pL 72°C 1 min
DNA: 5 pL 72°C 5 min
4°C 10 min
Wt1 col/co F primer: 0.5 pL 94°C 2 min
R primer: 0.5 pL 94°C 15s
GoTag® Master Mix: 10 pL 58°C 30 s 35 cycles
H20: 4 pL 72°C 1 min
DNA: 5 pL 72°C 5 min
4°C 10 min
GFP F1 primer: 0.5 pL 94°C 3 min
F2 primer: 0.5 uL 94°C 30 s
R primer: 0.5 uL 58°C 30 s 35 cycles
GoTag® Master Mix: 10 pL 72°C 1 min
H20: 3.5 pL 72°C 5 min
DNA: 5 pL 4°C 10 min

Table 2.3 Cycling conditions used for mouse genotyping.

2.1.9 Agarose gel electrophoresis

Genotyping of all mice was carried out by agarose gel electrophoresis. 2% agarose

gels were made up by dissolving 2 grams agarose powder (UltraPure™ Agarose,
16500500, ThermoFisher) in 100mL of 1X TAE buffer (40mM Tris acetate, 1mM

36



EDTA) and adding 5 pL of GelRed® Nucleic Acid Gel Stain (#41003, Biotium) per 100
mL of gel. Samples were run in 1X TAE buffer at 120V for one hour.

2.2 Human samples

Humans tissues were obtained courtesy of Prof. Roland Stimson at the University of
Edinburgh. Samples were collected from patients aged 18 to 80, due to undergo
abdominal surgery within NHS Lothian, Edinburgh. Samples were obtained under the
Lothian NRS Human Annotated Bioresource (research ethics committee number
15/ES/0094). Patients were divided into three groups based on BMI: lean (BMI: <25),
overweight (BMI: 25.0 - 30.0) and obese (BMI: >30).

2.3 Immunohistochemistry

2.3.1 Human and mouse sample preparation

Samples were fixed in 4% Paraformaldehyde (diluted in PBS) and stored at 4°C
overnight. The following day, samples were washed in PBS (3 x 30 min) and then
transferred to 70% EtOH. Tissues were embedded in paraffin using a HistoStar™
Embedding Workstation (A81000001, Thermo Fisher).

Paraffin blocks were cutinto 5 um sections using a Leica RM2125 RTS Rotary Manual
Microtome. The sections were placed on Thermo Scientific™ SuperFrost Plus™
Adhesion slides (#10149870) slides and dried overnight at 50°C.

2.3.2 Solutions for paraffin immunofluorescence

Tris-EGTA buffer, pH9

For 1 litre ofsolution, 1.211 g Tris base (Tris(hydroxymethyl)aminomethane (TRIS,
Trometamol) 299%, 443866G, VWR Chemicals) and 0.19 g EGTA (Ethylene glycol-
bis(2-aminoethylether)-N,N,N’,N'-tetraacetic acid, E3889, Sigma-Aldrich) were added
to 1 L distilled water.

50nM NH4Cl in PBS

For 1 litre solution, 2.6745g NH,CL (Ammonium chloride, A9434, Sigma-Aldrich) was
dissolved in 1L PBS.

Wash 1 (1X PBS with 1% BSA, 0.2% Gelatin, and 0.05% Saponin)

For 1 litre solution, 2 g gelatin (Gelatin from porcine skin, G1890, Sigma-Aldrich) were
added to 200 mL 1X PBS and microwaved until dissolved. This was then added to
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10g BSA powder (A3294-50G, Sigma-Aldrich) and 0.5 g Saponin (Saponin from
Quillaja Bark Purified, S4521, Sigma-Aldrich), and the volume was made up to 1 L by
adding 1X PBS. The solution was prepared fresh for each experiment.

Wash 2 (1X PBS with 0.1% BSA, 0.2% Gelatin, and 0.05% Saponin)

For 1 litre solution, 2g gelatin (Gelatin from porcine skin, G1890, Sigma-Aldrich) were
added to 200 mL 1X PBS and microwaved until dissolved. This was then added to 1
g BSA powder (A3294-50G, Sigma-Aldrich) and 0.5 g Saponin (Saponin from Quillaja
Bark Purified, S4521, Sigma-Aldrich) and the final volume was made up to 1L by
adding 1X PBS. Fresh solution was prepared for each experiment.

Antibody solution (1X PBS with 0.1% BSA and 0.3% Triton X-100)

For 50 mL of antibody solution, 0.05 g BSA were dissolved into 50 mL 1X PBS. 150

uL Triton X-100 were added to the resulting solution.

2.3.3 Immunofluorescence

Sections were dewaxed in xylene (2 x 20 min), washed in 100% EtOH (2 x 10 min),
rehydrated in 96%, 85%, and 70% EtOH (1 x 10 min each) and then briefly rinsed in
water 3 times. For antigen retrieval, the samples were then immersed in 1.5 L Tris-
EGTA buffer, in an InstantPot IP-LUX50 pressure cooker. Antigen retrieval was
carried out for 5 minutes, after which samples were left to cool down on a shaker.
Slides were then placed in 50nM NH4CI solution for 30 minutes and then blocked in
Wash 1 (3 x 10 minutes).

Primary antibodies (Table 2.4) were diluted in antibody solution. The sections were
encircled on the slide using a PAP Pen (ab2601, Abcam) and were incubated in the
primary antibody overnight at 4°C. The next day, slides were washed in Wash 2 (3 x
10 minutes) and incubated with the secondary antibody (Table 2.5, diluted in antibody
solution) for 30 min in the dark, at room temperature. The slides were washed again
in Wash (3 x 10 minutes), incubated with DAPI diluted in antibody solution (1:5000)
for 15 minutes in the dark, at room temperature, and then mounted in
VECTASHIELD® Mounting Medium with DAPI (H-1200, Vector Laboratories).
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2.3.4 Imaging

Immunofluorescence stained sections were imaged using a Zeiss Axioplan2

epifluorescence microscope and images were acquired and processed using Micro-

Manager (uManager, Edelstein et al., 2014).

Primary antibody/stain Manufacturer Dilution Species  used
on

GFP (goat anti-mouse) Abcam (ab6673) 1:1000 mouse
WT1 (rabbit anti-mouse) Abcam (ab89901) | 1:1000 mouse, human
CD31 (rabbit anti-mouse) Abcam (ab28364) | 1:50 mouse
CD31 (mouse anti-human) Dako (M0823) 1:100 human
Perilipin (rabbit anti-mouse) | Sigma (P1998) 1:10,000 mouse
aSMA (mouse anti-mouse) | Sigma (A2547) 1:400 mouse, human
Isolectin-B4 Vector Labs 1:400 mouse
PDGFRDb (rabbit anti-mouse) | Abcam (ab32570) | 1:100 mouse

Table 2.4. Primary antibodies used for immunofluorescence.
Secondary antibody Dilution
AlexaFluor 488 donkey anti-rabbit IgG (#A-21206) 1:500
AlexaFluor 488 donkey anti-goat 1gG (#A-11055) 1:500
AlexaFluor 594 donkey anti-rabbit IgG (#A-21207) 1:500
AlexaFluor 594 donkey anti-goat 1gG (#A-11058) 1:500
AlexaFluor 488 goat anti-mouse IgG (#A-11029) 1:500

Table 2.5 Secondary antibodies used for immunofluorescence.

2.4 Isolation and culture of primary adipose SVF cells, primary adipose pericytes and

cell lines

VWAT depots were dissected out of mice using sterile scissors and forceps and were

placed in 1X PBS. Fat pads were cut into 1 mm? fragments using disposable scalpels

and then placed in 5 mL or 10 mL collagenase solution, depending on the size of the

fat pad. For the collagenase solution, 0.5 mg/mL Collagenase B (11088815001,
Roche) and 4 mg/mL BSA powder (A3294-50G, Sigma-Aldrich) were added to 1X
sterile PBS. The solution was then sterile filtered and supplemented with 2%
Penicillin/Streptomycin (15070063, Life Technologies).
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Samples were incubated at 37% in a shaker for 1 hour and then shaken vigorously
and filtered through cell strainers (22363548, Fisher Scientific) into 50 mL falcon
tubes. DMEM (10% FCS, 2% Penicillin-Streptomycin and 1% sodium pyruvate) was
added to the samples (in volumes equal to the initial volume of the collagenase
solution) in order to inactivate the collagenase; the cells were then centrifuged at 300g
for 5 minutes. The top lipid layer and supernatant were aspirated and the SVF pellets

were re-suspended in growth medium and plated into 6 well plates.

2.4.2 Reagents for tissue culture

All cells were incubated under normoxic conditions (20% O, 5% CO,) in standard
tissue culture incubators. bEND3 (ATCC® CRL-2299™) and MCEC cells were
obtained from were obtained from Prof. Andrew Baker at the University of Edinburgh.

SVF culture medium

SVF cells were maintained in 1X DMEM (11966025, Life Technologies)
supplemented with 10% FCS, 2% Penicillin-Streptomycin (15070063, Life
Technologies), and 1% sodium pyruvate (11360070, Life Technologies).

Pericyte culture medium

Freshly isolated pericytes were grown in EGM-2 Endothelial Cell Growth Medium-2
BulletKit (CC-3162, Lonza) until confluent.

bEND3 and MCEC cell culture medium

bEND3 and MCEC cells were cultured in 1X DMEM (11966025, Life Technologies)
supplemented with 10% FCS, 2% Penicillin-Streptomycin (15070063, Life
Technologies), and 1% sodium pyruvate (11360070, Life Technologies).

2.4.2 Immunofluorescence staining of adherent cells

Cells were isolated following the previously described protocol and seeded in 12 well
plates (CLS3512-100EA, Corning). Cells were cultured until confluent (7 days) or
treated following the RNAI protocol described later, in section 2.7.2. When ready for
staining, all cells were fixed using 400 uL of 4% paraformaldehyde for 10 minutes at
37°C, after which they were washed 3 times with 500 pL 1X PBS. Cells were
permeabilised by adding 400 pL 0.1% Triton-X (in 1X PBS) to each well and
incubating at room temperature for 15 minutes, followed by 3 washes in 1X PBS. Cells
were then blocked by adding 500 pL 2% BSA (in 1X PBS) per well and incubating at

40



room temperature for 30 minutes. After blocking, primary antibodies were diluted in
500 pL 0.1% BSA and cells were incubated with the antibody dilution for 3 hours at
room temperature or overnight at 4°C. After incubation with the primary antibody
(antibodies outlined in Table 2.1, used at 1:50 dilution), cells were washed 3 times in
1X PBS and incubated with fluorescent dye-labelled secondary antibodies (Table 2.2)
diluted in 0.1% BSA (for 45 minutes at room temperature). Finally, cells were washed
again with 1X PBS and incubated for 10 minutes with DAPI in 0.1% BSA.

2.5 Flow cytometry and FACS sorting

Flow cytometry and FACS sorting were carried out by Mari Pattison in the QMRI flow
cytometry and cell sorting facility. Flow cytometry was performed using a BD
LSRFortessa cell analyser, while FACS sorting was carried out using a BD FACS Aria

Il cell sorter.

Flow cytometry was performed on freshly isolated SVF cells. After digestion in
Collagenase B solution (see Section 2.5.2), SVF cells were resuspended in FACS
buffer (PBS supplemented with 5% FCS and penicillin/streptomycin) and further
stained with antibodies against surface antigens (Table 2.6), using the protocol
described by Cleal & Chau (2016). After each staining step, cells were washed with
3mL FACS buffer and centrifuged for 5 minutes at 300g.

Primary antibody/stain Manufacturer Dilution | Species used on
Biotin Mouse Lineage Panel | BD Biosciences (559971) 1:50 mouse
CD31-PeCy7 eBioscience (25-0311-82) | 1:500 mouse
cKit-APC-eF780 eBioscience (47-1172-82) | 1:100 mouse
PDGFRB-APC eBioscience (17-1402-82) | 1:100 mouse

Table 2.6 Antibodies used for flow cytometry.

Flow cytometry analysis was carried out with FlowJo™ Software (v10).

2.6 Gene expression analysis

2.6.1 RNA extraction

RNA from freshly dissociated cells, cultured cells and unfixed tissues was extracted
using TRIzol® Reagent, following the manufacturer’s protocol. Unfixed tissues were
homogenized prior to RNA isolation, using an IKA® ULTRA-TURRAX® tissue
disperser (2722359, Sigma).
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2.6.2 cDNA synthesis

cDNA synthesis was performed in a 40 L reaction, using 1 uL 25 mM dNTP mix
(10297018, Invitrogen), 1.3 uL Random Hexamers (79236, Qiagen), 8 uL 5x. First
Strand Buffer, 0.4 pL 0.1 M DTT, 1 pL SuperScript Ill Reverse Transcriptase (18080-
044, Invitrogen) andl pL RNaseOUT RNase Inhibitor (10777019, Invitrogen),
resulting in a total volume of 12.7 pyL. The remaining volume was made up of 1 ug

RNA and RNase-free H,O. The reaction was incubated at 52° for 2.5 hours.

2.6.3 Quantitative real-time polymerase chain reaction (QRT-PCR)

Gene expression was assayed by quantitative real-time polymerase chain reaction
(qPCR), using the Roche Universal Probe Library (UPL). 2 pL undiluted cDNA was
added to the reaction mix, along with 0.1 pL of each forward and reverse primers (out
of a 20uM dilution) (Table 2.7), 0.1 pL of the relevant UPL probe (Table 2.6,
04683633001, Roche), 2.7 uL nuclease-free H,O, and 5 pL LightCycler® 480 Probes
Master (04707494001, Roche).

Gene Species Primer sequences (5’ - 3’) Probe

Wil Mouse F: ggacgccctacagcagtg #33
R: catctgattccaggtcatgc

WT1 Human F: agctgtcccacttacagatgc #4
R: ccttgaagtcacactggtatgg

18S Mouse, F: cgattggatggtttagtgagg #81

human R: agttcgaccgtcttctcagc

CXCL5 Mouse F: tgtagagccccaatctccac #25
R: gagctggaggctcattgtg

DCN Mouse F: agtgttaattacatcgcagctttg #92
R: agagttgccttcatgattatctca

PTN Mouse F: ggacctctgcaagccaaa #72
R: cacagctgccaagatgaaaa

RGS5 Mouse F: ttcctgcctgaggagtgce #18
R: gtgttcgcaggaatctgactt

IRF7 Mouse F: cttcagcactttcttccgaga #25
R: tgtagtgtggtgacccttgc

aSMA Mouse F: ccagcaccatgaagatcaag #58
R: tggaaggtagacagcgaagc

Vimentin Mouse F: ccaaccttttcttccctgaa #109
R: tgagtgggtgtcaaccagag

Table 2.7 DNA primer sequences and UPL probes used for gPCR.

2.7 Gene knockdown

2.7.1 Cre-mediated Wt1 knockdown in primary adipose SVF cells
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Each cell suspension resulting from the collagenase digestion was divided in two, with
half of the cells cultured in medium containing 4-hydroxytamoxifen (1 yM) and half
serving as a vehicle control (medium containing 1uL/mL 100% EtOH). The cells were

harvested when confluent (after approximately 7 days).

2.7.2 siRNA-mediated Wtl knockdown in primary adipose SVF cells and primary

adipose pericytes

For siRNA-mediated knockdown of Wtl in primary adipose SVF, we adapted a
previously described protocol (Lee et al., 2014a). SVF cells from C57BI/6 mice were
expanded in culture and, once confluent, plated into 12-well plates at a density of
50,000 cells/well.

24 hours post-plating, cells were transfected with an siRNA against Wt1 (S101473108,
Qiagen) or with negative control siRNA, both used at a final concentration of 40 nM
and diluted in 6 pL HiPerFect Transfection Reagent per well (301704, Qiagen). 24
hours post-transfection, cells were refed with DMEM (10% FCS, 2% penicillin-

streptomycin) and left for an additional 24 hours, resulting in a 48-hour knockdown.

2.8 In vitro angiogenesis assays

2.8.1 Matrigel-based tube formation assays

Matrigel-based tube formation assays were performed using a modified version of a
published protocol (Arnaoutova and Kleinman, 2010). 15,000 cells per well of a 96-
well plate were plated on growth factor reduced, phenol red-free Matrigel®
(15585729, Corning). Brightfield images were acquired 3, 6, and 24 hours after
plating, using an inverted Nikon Eclipse TS100 microscope at 4x magnification. For
each experiment, cells were counted using a TC20™ Automated Cell Counter (Bio-
Rad).

2.8.2 Network formation image analysis

For network formation quantification, images were analysed using the Angiogenesis
Analyzer plugin for ImageJ (Carpentier and Cascone, 2012). Figure 2.4 illustrates the

measurements taken by the plugin on a brightfield image of adipose SVF networks.
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Figure 2.4. A-B: Example of analysis carried out using the Angiogenesis Analyzer
plugin for ImageJ. Green: branches; cyan: twigs; magenta: segments; orange: master
segments; blue sky: meshes; red surrounded by blue: nodes surrounded by junctions symbol;
junctions surrounded by red: master junctions; blue: isolated elements; cyan: small isolated
elements; red surrounded by yellow: extremities. Brightfield images taken at 4X magnification.

2.9 RNA-sequencing

2.9.1 RNA extraction

For this experiment, epididymal adipose SVF cells were isolated from adult Wt167"*
mice (n=3). RNA used for sequencing was extracted from FACS-sorted Lin-cKit-
CD31-PDGFRb+GFP+ (n=3) and Lin-cKit-CD31-PDGFRb+GFP- cells (n=3) using
the RNeasy® Plus Micro Kit (74034, Qiagen). RNA was extracted according to the
manufacturer’s protocol; the final mass and Q20 quality score of each RNA sample is
outlined in Table 2.8. Sequencing and sample quality control were carried out by BGI
Genomics (BGI Park, No.21 Hongan 3rd Street, Yantian District, Shenzhen, 518083,
China)

Sample Total mass (ug) Q20 (%) GC (%)
GFP- #1 0.0279 99.00% 50.79%
GFP- #2 0.0794 98.96% 51.21%
GFP- #3 0.0211 98.97% 50.77%
GFP+ #1 0.1229 99.06% 50.86%
GFP+ #2 0.4767 99.01% 50.70%
GFP+ #3 0.2406 99.11% 50.79%

Table 2.8. Total mass, Q20 quality score and GC content of all samples used for RNA-
sequencing

Analysis was carried out by Matthew Sinton in the Centre for Cardiovascular Science,
University of Edinburgh.
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2.9.2 RNA-sequencing guality control

Fastq files were first trimmed using Trimmomatic

(http://www.usadellab.org/cms/?page=trimmomatic), before performing quality

control using FastQC (bioinformatics.babraham.ac.uk/projects/fastqc/).

2.9.3 RNA-sequencing read alignment

RNA-sequencing reads for each sample were mapped using STAR version 2.7.1a

(https://academic.oup.com/bioinformatics/article/29/1/15/272537) against the mouse

genome build mm10, downloaded via the Ensembl FTP site. Alignment was
performed with the following options: --readFilesCommand zcat, --runThreadN 1, --
runMode alignReads, quantMode --GeneCounts. The

Mus_musculus.GRCm38.98.gtf file contained the coding transcripts in a GTF format.

2.9.4 Differential expression analysis

Gene expression levels were calculated by first running featureCounts

(http://subread.sourceforge.net/) on the alignments, to count reads and map to

genomic features. Differential expression analysis was then performed using DESeq2

(https://bioconductor.org/packages/release/bioc/html/DESeqg2.html), to estimate

variance-mean dependence in the generated count data.

2.10 Statistical analysis

Data was expressed as the mean value of the biological replicates (+ the standard
error of mean). P values were calculated using a two-tailed t-test, with p values

smaller than 0.05 defined as statistically significant.
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Chapter 3

In vivo expression of WT1 in the

vasculature of murine and human VWAT
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3.1 Introduction

WT1 is expressed in few tissues and cell types in the adult mouse and human.
Previous research has revealed that WTL1 is expressed in all VWAT depots in adult
mice — epididymal, mesenteric, retroperitoneal, perirenal, omental, and pericardial
(Chau et al., 2014). Moreover, a large percentage of WT1+ cells in all depots express
adipose progenitor markers (Lin-GFP+CD29+ CD34+ Scal+CD24-/+), whereas
mature adipocytes are not positive for WT1. Similarly, only a subset of VWAT adipose
progenitors express WT1, although it is yet unclear what differences there are
between WT1+ and WT1- progenitors (Chau and Hastie, 2015b).

In all VWAT depots, most of the Lin-WT1+ cells are positive for adipose progenitor
markers, but the identity of the remaining WT1+ cells is presently unknown. As
described before, WT1 has been detected in different vascular cell types in adult
mouse and human, although mostly in the context of cancer and revascularization
post-ischaemia. Endothelial cells (ECs) in tumours express WT1, whereas no WT1
can be detected in healthy adjacent tissue (Wagner et al., 2008a). Moreover, knocking
out Wtl in vivo in endothelial cells (Tie2+ and VE-cadherin+) leads to significant
tumour regression and a reduction in angiogenesis (Wagner et al., 2014). Moreover,
WT1 is expressed in the epicardium of the developing heart but is almost absent from
the adult heart, with the exception of local ischaemic events which can trigger Wtl
expression in vascular ECs and smooth muscle cells (VSMCs) around the infarcted
area (Wagner et al.,, 2002). Interestingly, WT1 is also expressed in ECs in the
developing heart at E12.5 (Duim et al., 2015).

However, it is presently not known whether and when WT1 is expressed in
microvascular cells in VWAT. The first aim of this chapter is therefore to establish
whether WT1 is expressed in murine ECs, VSMCs, and pericytes in various VWAT
depots and what the pattern of expression is between different vascular cell types and

different depots.

WT1 is also expressed in visceral adipose progenitors and following the fate of these
cells can provide insight into the mechanics of adipose expansion. This can be
achieved using genetic lineage tracing. Lineage tracing studies have shown that WT1-
expressing cells give rise to vascular cells in several tissues. For instance, WT1+ cells
in the serosal mesothelium differentiate into VSMCs which then incorporate into the
blood vessels in the gut (Wilm, 2005). Epicardial cells expressing WT1 also

differentiate into the VSMCs, fibroblasts and myocardial cells necessary for the
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development of the heart, mainly through the EMT process (von Gise et al., 2011).
Moreover, our group has shown that WT1+ cells give rise to adipocytes in all VWAT
depots, although other cell types may also be derived from these progenitors (Chau
et al., 2014).

With this in mind, the second aim of this chapter is to map the fate of murine WT1+
cells after birth and investigate potential vascular cell populations derived from these.
Genetic lineage tracing has been described in the literature, with inducible Cre-loxP
recombination models having the advantage of allowing for temporal control of
reporter gene expression. Our model - Wt1“*¥R™2mTmG - has been shown to
faithfully trace the fate of WT1+ cells, and has recently been used to trace WT1+ cells
in VWAT by Chau et al. (2014). Moreover, we can also use this model to explore
differences between lean and obese mice and investigate whether the contribution of
WT1+ cells to the VWAT cell populations changes during adipose remodelling.

Finally, WT1 mRNA has previously been detected in human omental fat, but the
location of WT1-positive cells in this tissue is not known. The third aim of this chapter
is therefore to investigate the location of WT1+ cells in patient-derived samples
obtained from abdominal surgeries and explore differences between lean and obese
patients. As detailed before, obesity dramatically changes the microenvironment of
adipose tissue and VWAT in particular switches to a hypoxic, pro-inflammatory
phenotype marked by changes in adipocyte size, adipogenesis, and vascular
remodelling. Moreover, Wtl itself is activated in response to hypoxia (Wagner et al.,
2003), which suggests that the expression and function of WT1 in VWAT is different

between a normoxic lean fat and hypoxic excess fat.

3.1.1 Hypothesis

Considering the role of WT1 and WT1-expressing cells in the vasculature of other
adult tissues, the main hypothesis of this chapter is that WT1 is expressed in
microvascular cells in VWAT and WT1+ adipose progenitors give rise to

microvascular cells in VWAT.
3.1.2 Aims
This chapter therefore has the following aims:

1. Investigate the expression of WT1 in endothelial cells, vascular smooth

muscle cells and pericytes in murine VWAT,;
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2. Trace the fate of WT1-positive progenitors over 6 months in order to establish
their contribution to the murine VWAT microvasculature and investigate
whether the contribution of WT1+ cells is different between lean and obese
mice;

3. Investigate the expression of WT1 in the microvasculature of human VWAT
and establish whether there are any differences in WT1 expression between

lean, overweight, and obese patients.
3.2 Results

3.2.1 Expression of WT1 in the microvasculature of murine VWAT

WT1 is expressed in VWAT adipose progenitors, which are located in the
mesothelium surrounding all VWAT depots, as well as within the rest of the tissue.
However, little is known about WT1 expression in microvascular cells in adult murine
VWAT. We aimed to look into the expression of WT1 in the visceral vasculature, using
the transgenic Wt1™"* reporter mouse model (Hosen et al., 2007), where GFP is

expressed under the Wtl promoter.

Paraffin-embedded visceral adipose sections from adult Wt1°F* mice fed a standard
chow diet were co-stained with antibodies against GFP (reflecting endogenous Wil
expression) and the microvascular cell markers CD31, aSMA, and PDGFRB. WT1 is
highly expressed in the podocytes of the adult kidney, which means the kidney is an
appropriate positive control for WT1 and GFP expression. Figure 3.1 shows a diagram
of the Wt1%F"* model (Figure 3.1, A), as well as a representative image of kidney co-
stained with antibodies against WT1 and GFP (Figure 3.1, B), where WT1 and GFP
are co-expressed in the podocytes and are absent from other cells. Due to the species
reactivities of our panel of antibodies, we subsequently used an antibody against GFP

to observe WT1 expression.
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Figure 3.1. Wt1® " reporter model. A. Diagram of reporter mouse model; GFP is expressed
under the Wtl promoter. B. Paraffin-embedded kidney sections co-stained with antibodies
against GFP (green), WT1 (red), and DAPI (blue). GFP and WT1 are co-expressed in the

podocytes, which are known to express high levels of WT1 in adulthood. Scale bars: 100 um.

Sections from epididymal, omental, pericardial, mesenteric, and perirenal adipose
tissue were co-stained with antibodies against GFP and CD31 (Figure 3.2). As
expected, some of the GFP+ cells were present in the mesothelia. Moreover, GFP+
cells were detected in the proximity of CD31+ microvessels in all five depots, although
we did not see co-expression of GFP and CD31 within the same cells. However, we
observed that the prevalence of GFP+ cells throughout the tissue varied between
depots. GFP appeared to be more extensively expressed in omental and pericardial
VWAT (Figure 3.2, B-C, n=3). Similarly, epididymal, mesenteric and perirenal adipose

tissue appeared to express GFP to a lesser extent (Figure 3.2, A, D-E, n=3).

We further co-stained paraffin sections from VWAT depots with antibodies against
GFP and aSMA, which marks VSMCs and a subset of pericytes. Similarly, GFP was
expressed in cells located next to aSMA+ vessels, and in some cases was co-
expressed with aSMA within the same cells (Figure 3.3). Once again, GFP appeared

to be expressed more highly and in more cells in omental and pericardial adipose
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tissue (Figure 3.3, B-C, n=2 for omental, and n=3 for pericardial). GFP was also
detected near aSMA+ vessels and/or in aSMA+ cells in epididymal (Figure 3.3, A,
n=2), mesenteric (Figure 3.3, D, n=3), and perirenal (Figure 3.3, E, n=3) adipose

tissue.

Lastly, we co-stained paraffin sections from VWAT for GFP and PDGFRf, which
marks pericytes (Figure 3.4). In all five depots, we observed cells positive for both
GFP and PDGFRB, as well as single-positive GFP+ or PDGFRp+ cells, suggesting
the presence of a sub-population of pericytes that express WT1. Figure 3.4 illustrates
co-expression of GFP and PDGFRp in epididymal (panel A, n=2), omental (B, n=2),
pericardial (C, n=3), mesenteric (D, n=3), and perirenal (E, n=3). Moreover, some

PDGFRpB+ cells were also observed in the mesothelial area (Figure 3.4).
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Figure 3.2. WT1-expressing cells are located in the perivascular space of CD31-positive
microvessels in VWAT. Panel A shows paraffin-embedded epididymal adipose tissue
stained with GFP (green), CD31 (red) and DAPI (blue), with single-channel images shown to
its right (n=3). The remaining panels show omental (B, n=3), pericardial (C, n=3), mesenteric
(D, n=3) and perirenal (E, n=3) adipose tissue stained for GFP (green), CD31 (red) and DAPI
(blue). White arrows indicate GFP expressed near CD31+ microvessels. Scale bars: 100 pum.
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Figure 3.3. WT1-expressing cells are located in the perivascular space of aSMA-positive
microvessels in VWAT. Panel A shows paraffin-embedded epididymal adipose tissue
stained with GFP (green), aSMA (red) and DAPI (blue), with single-channel images shown to
its right (n=2). The remaining panels show omental (B, n=2), pericardial (C, n=3), mesenteric
(D, n=3) and perirenal (E, n=3) adipose tissue stained for GFP (green), aSMA (red) and DAPI
(blue). White arrows indicate GFP expressed near aSMA+ microvessels. Scale bars: 100 pm.
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Figure 3.4. WT1 and PDGFRB are co-expressed in VWAT. Panel A shows paraffin-
embedded epididymal adipose tissue stained with GFP (green), PDGFRp (red) and DAPI
(blue), with single-channel images shown to its right (h=2). The remaining panels show
omental (B, n=2), pericardial (C, n=3), mesenteric (D, n=3) and perirenal (E, n=3) adipose
tissue stained for GFP (green), PDGFRp (red) and DAPI (blue). White arrows indicate GFP
expressed near PDGFRB+ microvessels. Scale bars: 100 pm.
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In order to quantify WT1 expression in VWAT vascular cells, we again used the
transgenic Wt1%™* mouse model (Figure 3.5, A). The SVF was isolated from
epididymal, omental, pericardial, mesenteric, and perirenal VWAT and cells were
used for flow cytometry analysis. As the SVF is a heterogeneous mixture which
includes immune cells, preadipocytes and vascular cells, surface markers can be
used to isolate or analyse vascular sub-populations. Figure 3.5 illustrates the gating
strategy. After gating based on size and granularity (FSC and SSC, Figure 3.5, B),
cells were gated based on the expression of the hematopoietic lineage markers CD3e,
CD45R, Ly-6G, Ly-6C, CD11b and TER-119 (lineage panel/Lin) and the
hematopoietic stem cell marker cKit (CD117, Figure 3.5, C). Double negative cells
(Lin-cKit-) were further gated based on the expression of the EC marker CD31 and
the expression of the pericyte marker PDGFR (Figure 3.5, D). Endothelial cells were
defined as Lin-cKit-PDGFRB-CD31+ and pericytes were defined as Lin-cKit-CD31-
PDGFRpB+. As we used freshly dissociated cells for these experiments, aSMA was

not included in the marker panel for this experiment.

GFP expression in PDGFRp+ pericytes was analysed in all five VWAT depots (Figure
3.6, A). While all depots have GFP+ pericytes, the percentage of Lin-cKit-CD31-
PDGFRB+WT1+ cells varies between depots. For instance, 40% of pericytes isolated
from epididymal adipose tissue express GFP (Figure 3.6, A, n=4), while in omental
and pericardial fat the majority of pericytes are WT1-positive (~75% and 80%,
respectively, n=4). Approximately 50% of mesenteric VWAT-derived pericytes
express WT1, whereas in perirenal adipose tissue only 30% of Lin-cKit-CD31-
PDGFRp+ cells are GFP+ (n=4). In Figure 3.6, panels B-F show GFP expression in
Lin-cKit-CD31-PDGFRB+ from epididymal (B), omental (C), pericardial (D),
mesenteric (E), and perirenal (F) fat. Different depots not only show different
percentages of Lin-cKit-CD31-PDGFRB+GFP- and Lin-cKit-CD31-PDGFRB+GFP+

cells, but also different levels of GFP signal intensity.
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Figure 3.5. Flow cytometry gating strategy for isolating endothelial cells and pericytes
from freshly dissociated visceral adipose SVF and analysing GFP expression in these
two populations. Freshly isolated SVF cells from Wt16FP* mice (A) were gated based on size
and granularity (forward and side scatter, panel B). Next, cells were gated based on the
expression of hematopoietic lineage markers (Lin) and the hematopoietic stem cell marker
cKit (C). Double negative cells (Lin-cKit-) were further gated based on the expression of EC
marker CD31 and pericyte marker PDGFR (D). Pericytes (Lin-cKit-CD31-PDGFRB+, panel
E) and ECs (Lin-cKit-PDGFRB-CD31+, panel F) were finally analysed based on expression of

GFP.
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Figure 3.6. GFP is expressed in a subset of VWAT pericytes. (A) Percentage of pericytes
(Lin-cKit-CD31-PDGFRf+) expressing GFP in five VWAT depots (n=4). Representative dot
plots of GFP expression in pericytes from epididymal (B), omental (C), pericardial (D),
mesenteric (E), and perirenal (F) adipose tissue. Omental and pericardial show the highest
percentage of WT1+ pericytes (75-80%), while perirenal adipose tissue shows the lowest
percentage of WT1+ pericytes (35%). Error bars represent the SEM.
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Figure 3.7. GFP is expressed in a subset of VWAT endothelial cells. (A) Percentage of
ECs (Lin-cKit-PDGFRB-CD31+) expressing GFP in five VWAT depots (n=4). Representative
dot plots of GFP expression in ECs from epididymal (B), omental (C), pericardial (D),
mesenteric (E), and perirenal (F) adipose tissue. Omental and pericardial show the highgest
percentage of WT1+ pericytes (3-5%). Error bars represent the SEM.
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Next, the percentage of endothelial cells expressing WT1 was analysed in the same
five VWAT depots (Figure 3.7, n=4). Similarly, all depots present Lin-cKit-PDGFR[3-
CD31+GFP+ cells (Figure 3.7, A). In omental and pericardial adipose tissue, less than
5% of endothelial cells are GFP+, whereas in epididymal adipose tissue close to 25%
of ECs are GFP+ (n=4). In mesenteric and perirenal fat, ~15% and ~10% of Lin-cKit-
PDGFRB-CD31+ cells respectively were GFP+ (Figure 3.7, A, n=4). In figure 3.7,
panels B-F show representative dot plots of GFP expression in Lin-cKit-PDGFR-
CD31+ from epididymal (B), omental (C), pericardial (D), mesenteric (E), and
perirenal (F) fat.

Overall, our findings indicate that WT1 is expressed not only in adipose progenitors,
but also microvascular cells in VWAT. Moreover, different VWAT depots might contain
different proportions of WT1+ ECs and pericytes.

3.2.2 WT1+ cells in murine VWAT may differentiate into vascular smooth muscle cells

and pericytes after birth, but not into endothelial cells

WT1+ cells in the serosal mesothelium have been shown to differentiate into VSMCs
making up the vasculature of the gut (Wilm et al., 2005a). We aimed to investigate
whether WT1+ cells can give rise to microvascular cells in VWAT as well. For this
purpose, we used a previously described lineage tracing model (Chau et al., 2014).
Wt1C®ERT2 knock-in mice were crossed with the reporter mTmG mouse line. In the
absence of CreERT2-induced recombination, Tomato is expressed ubiquitously in the
cell membrane, under the pCA reporter. Tamoxifen binds CreERT2, causing it to
translocate to the nucleus, and the resulting recombination leads to the excision of
Tomato and the membranous expression of GFP. Since the expression of Cre is
directed by the Wtl promoter, membranous GFP can only be observed in the cells
where Wtl is expressed at the time tamoxifen is administered. For the following
experiment, we analysed tissues from 7.5 month old Wt1°*ER"2:mTmG mice that had
received tamoxifen through the mother's milk (four doses of tamoxifen at the

beginning of PO) and been fed a standard chow diet.

Figure 3.8 shows a schematic representation of the Wt1°®5f*™2:mTmG model (panel
A), as well as a representative image of VWAT co-stained with antibodies against
GFP and WT1; these images illustrate that GFP+ cells are distinct from WT1+ cels
(Figure 3,8, B). CreERT2-negative mice (Wt1"*;mTmG) were used as negative
controls for lineage tracing and samples stained with secondary antibodies only were

used as negative controls for immunofluorescence.
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We stained epididymal, omental, pericardial, mesenteric, and perirenal adipose tissue
with antibodies against GFP and CD31, which is expressed by endothelial cells
making up both small capillaries (with a diameter < 10 um) and larger arterioles and
venules (10 — 100 um) (Figure 3.9). While the staining suggests that some GFP+ cells
surround mature microvessels with a diameter of over 10 um, we did not observe
lineage traced cells around small capillaries. Moreover, the location of GFP+ cells
suggests these are VSMCs or pericytes (Figure 3.9). This can be observed in all 5

depots analysed (n=4 in all depots).

To further investigate this, we co-stained VWAT sections from Wt1°®5R™2:mTmG with
antibodies against GFP and aSMA. This revealed GFP+ cells located near aSMA+
microvessels in all VWAT depots analysed (epididymal, omental, pericardial,
mesenteric, and perirenal, Figure 3.10). Moreover, we also observed cellular co-
expression of GFP and aSMA, suggesting that at least part of the lineage traced cells
are VSMCs.

Capillaries and microvessels are stabilized by pericytes, which can trigger the
proliferation and migration of endothelial cells when angiogenesis is required.
Although several markers of pericytes have been described, not all pericytes express
all markers; for instance, RGS5 has been described as a marker of brain pericytes,
but not in the lung or gut (Bondjers et al., 2003). However, PDGFR is recognized as
a marker of all pericyte populations. VWAT sections from chow-fed Wt1<"*ER™2:mTmG
mice were also co-stained for GFP and PDGFRp (Figure 3.11). All five depots show
PDGFRp+ cells positive for GFP, confirming that WT1+ cells may give rise not only
to VSMCs, but also pericytes after birth. Interestingly, we also observed
GFP+PDGFRp+ cells in the mesothelial area.
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Figure 3.8. Wt1CER2mTmG long-term lineage tracing. A. Wt1CrERT2 knock-in mice were
crossed with the reporter mTmG mouse line. In the absence of CreERT2-induced
recombination, Tomato is expressed ubiquitously in the cell membrane, under the pCA
reporter. Tamoxifen binds to CreERT2, causing it to translocate to the nucleus, and the
resulting recombination leads to the excision of Tomato and the membranous expression of
GFP. Since the expression of Cre is directed by the Wt1 promoter, membranous GFP can only
be observed in the cells where Wtl is active at the time tamoxifen is administered. For these
experiments, we used 7.5 month old Wt1ceERT2mTmG mice that had received tamoxifen
through the mother's milk (four doses of tamoxifen at the beginning of PO) and been fed a
standard chow diet. B. WT1 (red) and GFP (green) expression in murine epididymal VWAT,
showing that lineage traced GFP+ cells (white arrow) are WT1-negative. WT1+ cells are
indicated by yellow arrows. Scale bars: 100 pm.
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Figure 3.9. Wtl-lineage traced cells are found near CD31+ microvessels. Panel A shows
paraffin-embedded epididymal adipose tissue stained with GFP (green), CD31 (red) and DAPI
(blue), with single-channel images shown to its right (n=4). The remaining panels show
omental (B, n=5), pericardial (C, n=4), mesenteric (D, n=5) and perirenal (E, n=6) adipose
tissue stained for GFP (green), CD31 (red) and DAPI (blue). White arrows indicate GFP
expression near CD31+ microvessels. Scale bars: 100 pm.
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Figure 3.10. Wtl-lineage traced cells are found near aSMA+ microvessels. Panel A
shows paraffin-embedded epididymal adipose tissue stained with GFP (green), aSMA (red)
and DAPI (blue), with single-channel images shown to its right (n=5). Panels B-E show
omental (B, n=5), pericardial (C, n=4), mesenteric (D, n=5) and perirenal (E, n=6) adipose
tissue were stained for GFP (green), aSMA (red) and DAPI (blue). White arrows indicate GFP
expression near aSMA+ microvessels. Scale bars: 100 pm.
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Figure 3.11 A subset of Wtl-lineage traced cells are PDGFRB-positive. Panel A shows
paraffin-embedded epididymal adipose tissue stained with GFP (green), PDGFRf (red) and
DAPI (blue), with single-channel images shown to its right (n=2). Panels B-E show omental
(B, n=4), pericardial (C, n=5), mesenteric (D, n=3) and perirenal (E, n=3) adipose tissue were
stained for GFP (green), PDGFRf (red) and DAPI (blue). White arrows indicate co-expression
of PDGFRE and GFP. Scale bars: 100 pm.
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Figure 3.12. Wtl-lineage traced adipocytes and vessels are present in mice fed a
standard chow diet (CD) and in mice fed a high fat diet (HFD). A-B: Paraffin-embedded
sections of epididymal fat from CD mice (A) and HFD mice (B) stained for GFP (green),
perilipin (PLIN, red) and DAPI (blue). C-D: Paraffin-embedded sections of epididymal fat from
CD mice (C) and HFD mice (D) stained for GFP (green), CD31 (red) and DAPI (blue). E-F:
Paraffin-embedded sections of epididymal fat from CD mice (E) and HFD mice (F) stained for
GFP (green), aSMA (red) and DAPI (blue). Scale bars: 100 pm.
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We also investigated whether Wtl-lineage traced vessels are also found in obese

1CERT2.MTmG mice

mice; we therefore further analysed tissues from 7.5 month old Wt
dosed with tamoxifen through the mother's milk (four doses of tamoxifen at the

beginning of PO) and fed a high fat diet (HFD) from the age of one month.

Figure 3.12 shows representative images of epididymal adipose tissue from CD and
HFD mice, co-stained for GFP and CD31 (C-D) and GFP and aSMA (E-F). Our
immunofluorescence images show that both CD and HFD samples present lineage
traced cells in the perivascular area of CD31+ and aSMA+ vessels. We next aimed
to quantify the proportion of vessels where lineage traced cells are found, by counting
all microvessels (with a diameter > 10 um) across several images taken of each depot,
and then dividing the number of GFP+ microvessels by the total number of
microvessels. Figure 3.13 (A-B) shows the proportion of GFP+ microvessels across
five depots — epididymal, omental, pericardial, perirenal and mesenteric. Most depots
show that, in HFD-fed mice, there is a trend towards fewer Wtl-lineage traced

vessels. However, this decrease was not statistically significant.

Perivascular cells have been shown to serve as a pool of adipose progenitors (Tang
et al., 2008). Crisan et al. also demonstrated that purified perivascular cells show
strong adipogenic potential (Crisan et al., 2008). We therefore also co-stained CD and
HFD samples from Wtl-lineage traced mice for GFP and perilipin (PLIN), which is
expressed by mature adipocytes (Figure 3.12, A-B). Both CD and HFD adipose tissue
presents Wtl-lineage traced adipocytes and this is observed in epididymal fat (Figure
3.12, A), as well as in omental, pericardial, mesenteric and perirenal fat (not pictured).
At first glance, we observed fewer GFP+ adipocytes in VWAT from HFD-fed mice. We
therefore also quantified the percentage of GFP+ adipocytes in all depots and we
found fewer lineage traced adipocytes in the HFD groups (Figure 3.13, C). We
observed a statistically significant decrease in the percentage of GFP+ adipocytes in
epididymal (p=0.041, CD n=6, HFD n=7), omental (p=0.0012, CD n=6, HFD n=5), and
perirenal (p=0.0009, CD n=5, HFD n=6) fat from HFD mice. We also observed a
decrease in the percentage of GFP+ adipocytes in pericardial and mesenteric adipose

tissue.

Overall, we found that WT1-expressing cells not only give rise to adipocytes but may
also differentiate into VSMCs and perivascular cells in five VWAT depots. Quantifying
the percentages of lineage traced cells in lean and obese mice indicated that the

contribution of WT1+ cells to the adipocyte population is decreased in obesity.
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Figure 3.13. The percentage of Wtl-lineage traced microvessels and adipocytes is lower
in HFD-fed Wt1°®ERT2mTmG mice. A. VWAT depots from HFD-fed mice show a trend
towards reduction in the percentage of aSMA+ vessels presenting GFP+ cells, although not
significant (statistical analysis results are outlined in Table A.1). B. VWAT depots from HFD-
fed mice show a trend towards reduction in the percentage of CD31+ vessels presenting GFP+
cells, although not significant (statistical analysis results are outlined in Table A.1). C.
Epididymal, omental and perirenal adipose tissue from HFD-fed mice shows a significant
reduction in the percentage of PLIN+ adipocytes that are GFP + (epididymal: p=0.041;
omental: p=0.0012; perirenal: p=0.0009). Pericardial and mesenteric fat also shows a
reduction in the percentage of Wtl-lineage traced adipocytes. Error bars indicate the SEM.
n24 in all groups; n numbers for all conditions are outlined in Table A.1 (Appendix).
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3.2.3 Expression of WT1 in the microvasculature of human VWAT

WT1 mRNA has been detected by gPCR in human omental visceral fat, but not in
subcutaneous fat (Chau et al., 2014). We therefore decided to look into the expression
and location of WT1 in human VWAT. We collected omental and subcutaneous fat
samples from patients undergoing surgery. Based on BMI, we classed the patients as
lean (BMI < 25), overweight (BMI = 25-30), and obese (BMI > 30). Paraffin-embedded
sections from omental and subcutaneous adipose tissue were stained for WT1
(Figure 3.14). As predicted, no WT1 was detected in subcutaneous fat from the three
groups (Figure 3.14, B, D, F). On the other hand, cells positive for nuclear WT1 were
present in omental adipose tissue from lean, overweight, and obese individuals
(Figure 3.14, A, C, E). Interestingly, as in our murine samples, we observed WT1
expression in the mesothelium of omental adipose tissue (Figure 3.14, A,
arrowheads).

In order to find out where the WT1-positive cells are located in relation to the
vasculature of omental adipose tissue, we co-stained paraffin-embedded sections for
WT1 + CD31 and WT1 + aSMA (Figure 3.15), In Figure 3.15, panels A, C, and E show
that WT1+ cells are located in the perivascular area of CD31+ microvessels in lean,
overweight, and obese subjects, respectively. Similarly, in all three groups, WT1+
cells are found in the perivascular space of microvessels positive for aSMA (Figure
3.15, B, D, and F). Anthropometric data on all patients included in this analysis can
be found in the Appendix (Table A.2)
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Figure 3.14. WT1 is expressed in omental, but not subcutaneous, adipose tissue from
lean, overweight and obese patients. Paraffin-embedded omental and subcutaneous
adipose tissue from lean (A-B, n=4), overweight (C-D, n=4), and obese (E-F, n=6) patients
was stained for WT1 (green) and DAPI (blue). Omental adipose tissue is positive for WT1 in
all three groups. White arrows indicate WT1+ cells. No WT1 was detected in subcutaneous
adipose tissue. Scale bars: 100 pm.
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Figure 3.15. WT1-positive cells are found in the perivascular area of vessels in omental
fat from lean, overweight and obese patients. Paraffin-embedded omental adipose tissue
from lean (A-B, n=4), overweight (C-D, n=4), and obese (E-F, n=6) patients was co-stained for
WT1 + CD31 (A, C, E) and WT1 + aSMA (B, D, F). WT1-positive cells are found in the
perivascular area of CD31+ vessels and aSMA+ vessels in all three groups. White arrows
indicate WT1+ cells. Scale bars: 100 pm.
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Figure 3.16. WT1 mRNA and the percentage of WT1+ cells are both increased during
obesity. A. WT1 mRNA levels in omental and subcutaneous adipose tissue, extracted from
lean (n=4), overweight (n=4), and obese (n=5) patients. Transcript levels are increased in
overweight and obese patients (p=0.08 for lean vs. obese). WT1 levels were normalized to
18S mRNA levels in each samples. B. The percentage of WT1+ cells in omental fat from lean
(n=4), overweight (n=4), and obese (n=6) patients. Obese patients present a significantly

increased percentage of WT1+ cells compared to lean ones (p= 0.043)
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Figure 3.17. WT1 mRNA expression in cultured human omental and subcutaneous SVF
cells. WT1 mRNA levels were measured in SVF cells from lean (n=3), overweight (n=2), and
obese (n=2) donors. WT1 levels are expressed as 1/dCT. WT1 levels were normalized to 18S
mMRNA levels in each samples.

WT1 signal in human samples was stronger than in murine samples, enabling the
guantification of WT1+ cells in human omental adipose tissue, especially since WT1
expression is generally restricted to the nucleus. We quantified the percentage of
WT1+ cells in omental adipose tissue from lean (n=4), overweight (n=4), and obese
(n=6) patients (Figure 3.16, B). The areas sampled were selected randomly and the
percentage of WT1+ cells was calculated by dividing the total number of WT1+ nuclei
by the total number of DAPI-stained nuclei (with at least 300 total cells counted
overall). Lean and overweight patients showed a similar percentage of WT1+ cells
(17% and 15.25%, respectively). However, we observed a much higher percentage
of WT1+ cells in samples from obese patients (40.93%). The proportion of WT1+ cells
was significantly higher in obese patients compared to lean ones (p=0.043). However,
there was no significant difference between lean and overweight samples (Figure
3.16, B).

We also performed qRT-PCR in order to analyse WTL1 transcript levels in whole
omental adipose tissue obtained from lean (n=4), overweight (n=4), and obese (n=5)
patients (Figure 3.16, A). As expected, WT1 was undetectable or close to the

threshold of detection in subcutaneous adipose tissue from all three groups. In

72



omental adipose tissue, we observed an increase in WT1 levels in overweight
compared to lean subjects, as well as an increase in obese subjects compared with

lean subjects, with the latter showing a trend towards significance (p=0.08).

We further looked into WT1 expression in SVF cells in culture. We isolated SVF cells
from omental and subcutaneous adipose tissue from lean (n=3), overweight (n=2),
and obese (n=2) subjects and expanded these in culture for 7 days (until confluent).
SVF cells derived from the adipose tissue of obese subjects presented higher levels
of WT1 than SVF cells isolated from lean or overweight subjects (Figure 3.17).
However, when we compared only SVF from overweight subjects with SVF cells from
lean subjects we did not observe any difference in WT1 transcript levels (Figure 3.17).
Interestingly, subcutaneous SVF cells showed some WT1 transcripts after being

cultured to confluence (Figure 3.17).

Overall, these results indicate that not only is WT1 present in human omental adipose
tissue from all three groups, but that WT1 transcript levels and the number of WT1+
cells both seem to be increased during obesity. These results were most obvious in
unfixed adipose tissue, where the WT1 mRNA levels and percentage of WT1+ cells
were analysed. However, this difference was not maintained when adipose-derived
SVF cells were kept in culture, suggesting that WT1 expression is different in vivo and

in vitro.
3.3 Discussion

It has been demonstrated that WT1 is expressed in both murine and human visceral
adipose tissue, but absent from subcutaneous adipose tissue (Chau et al., 2014a).
While it is known that WT1 is expressed in visceral adipose progenitors, we currently
have no information about WT1 expression in other cell populations in VWAT (Chau
et al., 2014). As angiogenesis is essential for the homeostasis and remodelling of
VWAT, and WT1 is important for angiogenesis in development and cancer, we wanted

to firstly look into the expression of WT1 in the VWAT vasculature.

First, the experiments in this chapter aimed to establish whether WT1 is expressed in
microvascular cells in murine VWAT. Second, we aimed to trace the fate of WT1-
expressing cells after birth, establish whether these cells can differentiate into
microvascular cells, and investigate whether the contribution of WT1+ cells to the
vasculature is altered under HFD. Third, we aimed to find out whether WT1+ cells are

present in human omental VWAT, where WT1+ cells are located in relation to the
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omental vasculature, and whether there are any differences in human WT1 gene

expression between lean, overweight, and obese subjects.

3.3.1 WT1 is expressed by microvascular cells in VWAT

In murine VWAT, we used the Wt1®7"* mouse model to identify the location of WT1-
expressing cells and the expression of WT1 in microvascular cells in five VWAT
depots. We identified WT1-positive cells in the perivascular area of vessels positive
for CD31, aSMA, and PDGFR and co-expression of GFP and PDGFR@ in the same
cells. Our immunofluorescence data did not reveal co-expression of GFP and CD31
in endothelial cells. However, our flow cytometry data show two microvascular cell
populations positive for GFP: Lin-cKit-PDGFRB-CD31+GFP+ and Lin-cKit-CD31-
PDGFRB+GFP+, which may be due to the higher sensitivity of flow cytometry
analysis, in vivo, CD31 is expressed more highly at the endothelial cell-cell junctions
(Lertkiatmongkol et al., 2016), which may make it difficult to detect co-expression of

CD31 and WT1 by immunofluorescence alone.

Although different VWAT depots have different sizes, with omental and pericardial
adipose tissue being much smaller than, for instance, epididymal, we observed by
flow cytometry a higher proportion of PCs expressing GFP, which suggests the

varying sizes of distinct VWAT depots does not influence these results.

Both ECs and pericytes in VWAT can be divided into WT1-negative and WT1-positive
sub-populations. A role of WT1 in ECs has been previously described in the context
of cancer, where it is involved in EC proliferation and migration (Wagner et al., 2008a).
Similarly, in tumours, WT1 has been shown to regulate the expression of factors
responsible for the alternative splicing of VEGF (Wagner et al., 2019). These and
other studies suggest that an increased need for vascularisation is accompanied by
upregulation of WT1 and its downstream targets. Our finding that WT1 is expressed
in a subset of adipose ECs could mean that WT1 is also involved in EC proliferation
and migration during VWAT expansion, although whether its role is likely to be
protective or pathological may depend on the complex interactions between several

cell populations in the VWAT microenvironment.

However, the proportion of WT1+ cells was much higher in adipose pericytes from all
VWAT depots analysed, which suggests a role of WT1 in pericytes rather than in ECs.
Pericytes have been thoroughly described in terms of their role in the vasculature, but

also as a source of adipocytes, especially during hyperplastic expansion of obese
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adipose tissue (Vishvanath et al., 2016). It is thus important to establish whether the
function of WT1 in pericytes is related to their role in stabilising the vasculature, to

their role as adipose progenitors, or both.

Interestingly, WT1 signal in samples from our Wt1®™* mice was strongest in
mesothelial cells, some of which also expressed PDGFR. Elsewhere in the adipose
tissue analysed, WT1 signal tended to be weaker, which may be an indication that
WT1 is more essential in the mesothelium. This is particularly of interest as, for
instance, studies in the liver have revealed that mesothelial cells can differentiate into
perivascular mesenchymal cells (Asahina et al., 2011). Our finding of WT1+/-
populations of adipose pericytes is, however, also significant because of other studies
showing subsets of pericytes with different functions. For instance, Hepler et al.
showed that PDGFRB+ stromal cells in murine visceral fat can be divided into two
sub-populations based on LY6C expression, with LY6C-CD9-PDGFRp+ cells having
high adipogenic potential and LY6C+PDGFRp+ cells presenting a fibro-inflammatory
phenotype (Hepler et al., 2018). It is, therefore, possible that WT1+/- pericytes may
have different functions in the homeostasis and expansion of adipose tissue.

3.3.2. WT1-positive cells contribute to the VWAT microvasculature differently during

homeostasis and during diet-induced obesity

Our lineage tracing experiments show that, after birth, WT1-expressing cells continue
to give rise not only to adipocytes, but also to pericytes. We also observed Wtl-
lineage traced cells surrounding the perivascular area of vessels positive for CD31
and aSMA, although whether the lineage traced cells themselves are ECs or VSMCs

is difficult to assess by IHC alone.

Interestingly, we observed a decrease in the contribution of WT1+ cells to adipocytes
in diet-induced obesity. We also observed a potential downward trend in the
contribution of WT1+ cells to microvascular cell populations. Although we were not
able to quantify individual PDGFRB+ cells or vessels due to the morphology of the
tissue and the continuous pattern of PDGFRB expression along the microvessels,
quantifying vessels positive for CD31 and aSMA revealed a decreasing trend in
lineage traced vessels in obese mice. Moreover, the proportion of Wtl-lineage traced
adipocytes was significantly lower in obesity. Considering the fact that PDGFRB+
pericytes have been proposed as a source of adipocytes, the decrease in the number
of vessels presenting perivascular GFP may be correlated with the decrease in WT1-

derived adipocytes (Shao et al., 2018). It is, however, important to note that the
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perceived decrease in GFP+ adipocytes may also be a result of adipocyte death and
vascular dysfunction as a result of diet-induced obesity ye(Strissel et al., 2007; Ye,
2011).

3.3.3 WT1 expression is increased in human omental adipose tissue during obesity

Similarly to murine VWAT, WT1 mRNA has been previously detected in human
visceral fat (Chau et al., 2014). In our experiments, we also identified WT1 in VWAT
by immunofluorescence. Moreover, we found that some WT1-positive cells in human
omental fat are located in the perivascular area of microvessels positive for CD31 and
aSMA. However, while processing our samples we found that WT1 expression can
vary throughout the tissue, with clusters of WT1+ cells abundant in some areas, while
other parts of the same human sample might present few WT1+ cells. In humans, the
omentum is a large, ‘apron’-like adipose depot which covers most abdominal organs
(Wilkosz et al., 2005). It is therefore likely that small samples obtained from abdominal
surgeries are not entirely representative of the whole depot, which may lead to
increased variation across biological replicates. Another limitation of these data lies
in the heterogeneous patient populations included here, comprising both males and
females with ages ranging from 33 to 76 (Appendix, Table A.2).

Although we saw some variability in our human data, we have nevertheless identified
an increase in WTL1 transcripts and an increase in the number of WT1+ cells during
obesity. At the transcript level, WT1 mRNA was increased in obese subjects
compared to lean counterparts, with a trend towards significance. We further identified
a significant increase in the proportion of WT1+ cells in obese subjects, although
these cells may be ECs and pericytes, as well as progenitors located elsewhere in
the stroma or mesothelium. Nonetheless, the increase in WT1+ cells during obesity
suggests a role for WT1 in adipose remodelling. Moreover, considering the role of
WT1 in angiogenesis and inflammation, it is possible that WT1+ cells here have a role
in the pro-inflammatory, pro-angiogenic microenvironment of obese VWAT (Nian et
al., 2004; Scholz et al., 2009; Sontake et al., 2018).

We also observed a large proportion of WT1+ cells in the mesothelium of human
VWAT from all groups, which is consistent with murine WT1 expression in the VWAT
mesothelium. The mesothelium, which consists of a layer of mesoderm-derived
epithelial-like cells, has recently been proposed as a key player in metabolic health
and disease. For instance, adipose mesothelial cells have been shown to acquire a

pro-inflammatory phenotype in obesity (Darimont et al., 2008). Moreover, mesothelial
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cells secrete cytokines such as IL-8 (Gupta and Gupta, 2015). Lastly, the mesothelium
has also been proposed as a source of preadipocytes and adipocytes in VWAT (Chau
et al., 2014a).

These newly revealed functions of the adipose mesothelium are essential for a better
understanding of adipose biology and are also of therapeutic relevance, as cells
isolated from adipose tissue are frequently used in clinical settings (Strong et al.,
2015; Tremolada et al., 2010; Zuk et al., 2001). Many in vitro studies involve isolation
and manipulation of the stromal vascular fraction, which will inevitably include
mesothelial cells. WT1 is not only a mesothelial marker but also a transcriptional
regulator of several angiogenesis and inflammation genes (McCarty et al., 2011,
Velecela et al., 2013). Its increased expression in obese subjects suggests that it
either modulates inflammation and angiogenesis directly during adipose remodelling,

or continues to serve as a source of cells necessary for adipose expansion.

Interestingly, we observed that the differences between patient groups in terms of
WT1 expression are not the same when analysing unfixed tissue and SVF cells after
7 days in culture. While a direct comparison cannot be made between mRNA levels
in cultured SVF cells and mRNA levels in whole unfixed tissue, it is still worth pointing
out that any differences between groups of lean or obese mice/patients must be
assessed in unfixed tissue or freshly isolated cells, as WT1 expression in these cells

may be dependent on their microenvironment.

3.3.4 Conclusions

The results in this chapter indicate that WT1 is expressed in sub-populations of murine
microvascular cells such as ECs and pericytes. Moreover, Wtl-lineage traced cells
are still present in VWAT at the age of 6 months and their location suggests that WT1+
cells differentiate into perivascular cells after birth. Although we observed this in all
depots analysed, we also noticed differences in WT1 expression between epididymal,
omental, pericardial, mesenteric, and perirenal fat. These different expression profiles
suggest that different mechanisms are employed in different VWAT depots, stressing
the importance of examining each depot individually when carrying out studies on
visceral adipose tissue. Moreover, the fact that the majority of pericytes in omental
and pericardial fat express WT1, taken together with the data from Chau et al.
showing higher percentages of adipose precursors expressing WT1 and data showing

PDGFRb+ populations aiding healthy adipose expansion, suggest these WT1-

77



positive pericytes play a role in the maintenance of a healthy adipocyte population
(Chau et al., 2014; Shao et al., 2018).

On the other hand, our human data show an increase in WT1 mRNA levels and WT1+
cells in obesity. This may be a consequence of an increasingly hypoxic environment,
where WT1 gets activated by HIF-1 (WAGNER et al., 2003), although it is yet to be
determined whether WT1 and WT1-expressing cells later modulate the

microenvironment of expanding adipose tissue.
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Chapter 4

Investigating the role of murine WT1 in

In vitro angiogenesis
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4.1 Introduction

Adipose tissue relies on vascular growth, both during homeostasis and during
remodelling. Therefore, studying adipose angiogenesis in vitro is useful in order to
reveal the cellular and molecular processes governing the adipose vasculature.
Vascular cells, such as endothelial cells, pericytes, and smooth muscle cells, can be
isolated from the stromal vascular fraction (SVF) of adipose tissue and analysed or
further manipulated in vitro. However, such specific populations may be difficult to
obtain from small adipose depots and often require large numbers of samples to be

pooled.

One alternative to this is assessing the in vitro angiogenic potential of the
heterogenous SVF. Firstly, several studies have shown that SVF has angiogenic
potential in vivo. For instance, SVF cells isolated from human subcutaneous adipose
tissue have been found to aid wound healing in nude mice when delivered together
with ECM components to the tail veil (Sun et al., 2017). Similarly, SVF cells isolated
from murine epididymal adipose tissue can promote vasomotor relaxation in
dysfunctional small arteries (Morris et al., 2015). Secondly, studies have also revealed
the in vitro angiogenic properties of adipose SVF cells. For instance, human adipose
SVF secretes high levels of angiogenic factors, including VEGF (Rehman et al., 2004;
Vezzani et al., 2018). Moreover, freshly isolated rat SVF cells plated on Matrigel®
ECM form aggregates and later show tip/stalk cell formation and branching (Zakhari
et al., 2018).

Considering the above, we aimed to investigate the role of WT1 on the in vitro
angiogenic potential of epididymal, omental, and pericardial SVF cells. However, due
to the small size of depots such as omental and pericardial adipose tissue, SVF cells
require expansion in culture, which means only some sub-populations may be
selected through standard cell culture methods (Cleal and Chau, 2016). Therefore,
the first aim of this chapter was to investigate which vascular cells are selected from
the SVF by culture on standard tissue plates, and what proportion of these cells retain

WT1 expression in vitro.

Several previous studies have looked into the in vitro function of WT1 in angiogenesis,
both by investigating direct transcriptional targets of WT1 and by performing Wt1 gene
deletions in various models. Several studies in human and mouse cells have revealed
an essential role of WT1 in angiogenesis in vitro (McCarty et al., 2011; Wagner et al.,
2014, 2008).

80



For instance, Wagner et al. have shown that WT1-silenced human umbilical vein
endothelial cells (HUVECSs) fail to form tubular networks in Matrigel® cultures
(Wagner et al., 2008). Moreover, WT1 silencing in HUVECSs inhibits the migratory and
proliferative potential of the cells, as well as the expression of nestin, which is a
marker of neovascularization (Wagner et al., 2008). Moreover, WT1 is expressed in
the vasculature of several tumour types (including lung, skin, and breast) and WT1
knockouts in endothelial, hematopoietic and myeloid-derived suppressor cells have

been shown to reduce tumour angiogenesis and growth (Wagner et al., 2014).

The mechanisms behind the role of WT1 in cancer have also been investigated. For
instance, it was shown that in Ewing sarcoma cells WT1 levels are positively
correlated with VEGF levels and that WT1 directly binds to the VEGF promoter
(McCarty et al., 2011). Moreover, WT1 expression increases during hypoxia in the
kidney and heart, as well as in lymphoblasts and osteosarcoma cells, and HIF-1 binds
to the promoter region of Wtl (Wagner et al., 2003). This is particularly important
when investigating the adipose vasculature, firstly because hypoxia characterises
obese adipose tissue, and secondly because hypoxia has been shown to modulate

angiogenesis in ischemia and cancer (Krock et al., 2011; Pasarica et al., 2009).

Considering the evidence linking WT1 to angiogenesis, the second aim of this chapter
was to investigate whether deleting Wtl in vitro using the Cre/loxP system may alter
the angiogenic potential of visceral adipose SVF cells. However, Cre recombinases
have been previously shown to have unwanted toxic effects, such as chromosomal
rearrangements and a reduction in cell proliferation (Adams and van der Weyden,
2001; Loonstra et al., 2001). We therefore also aimed to investigate whether the
Cre/loxP system approach can be used to delete Wtl in adipose SVF cells, whether
Wil deletion may affect the behaviour of SVF cells in vitro and, if so, whether knocking
down Wtl through alternative methods such as RNA interference can reveal the

function of WT1 on in vitro angiogenesis.

4.1.1 Hypothesis

Taking into consideration the fact that WT1 has been shown to modulate angiogenic
potential in vitro and that the adipose SVF contains vascular cells, we hypothesised
that knocking down Wil in murine SVF cells may impair the in vitro angiogenic
potential of SVF from murine VWAT.
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4.1.2 Aims
The aims of this chapter are therefore the following:

1. Examine WT1 expression in vitro, in cultured visceral SVF cells from
epididymal, omental, and pericardial VWAT.

2. Use the Cre-loxP system to delete Wtl in vitro and examine the effects of Cre
recombination and Wt1 deletion on angiogenic potential and inflammation

3. If Cre toxicity effects are observed, delete Wtl through alternative methods
such as RNA interference and examine the effect of Wtl deletion on the in

vitro angiogenic potential of visceral adipose SVF cells.
4.2 Results

4.2.1 Characterisation of visceral adipose SVF cells in vitro

As adipose SVF cells have been shown to form tubes in vitro, we wanted to
investigate whether deleting Wtl in the SVF of visceral adipose depots might impair
the ability of the cells to assemble into tube-like structures. The data described in the
previous chapter showed that WT1 is expressed in both ECs and PCs in all VWAT
depots. However, as SVF cells must be expanded in culture in order to render
sufficient numbers for tube formation experiments, we first aimed to establish how
well WT1 expression is retained in vitro and, furthermore, whether WT1 expression is

retained in vascular sub-populations.

We selected three depots to focus on for subsequent experiments — epididymal
adipose tissue, which due to its size is one of the most widely studied murine visceral
depots, and omental and pericardial adipose tissue, which we have previously shown
to have high numbers of WT1-expressing cells. Flow cytometry was used to analyse
the expression of WT1 in total SVF, as well as the expression of PDGFR( and CD31
in GFP+Lin-cKit- cells isolated from Wt1¢F"*" epididymal, omental and pericardial
adipose tissue (Figure 4.1). Firstly, the percentage of GFP+ cells in epididymal VWAT
is higher than in omental or pericardial VWAT (30% vs. approximately 10%, Figure
4.1, D). Secondly, although GFP+Lin-cKit- cells make up less than 10% of the total
pericardial and omental SVF, at least 20% of these GFP+ cells express PDGFR,
whereas only 5% of epididymal GFP+Lin-cKit- were PDGFRp+ (Figure 4.1, E).
Finally, in all three depots, only 3-6% of GFP+Lin-cKit- cells were CD31+ (Figure 4.1,
F).
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Figure 4.2 shows preliminary immunofluorescence data on epididymal SVF cells
maintained in culture for 7 days (until confluent) and stained with antibodies against
CD31, aSMA, PDGFR, and WT1 (n=1). After being maintained in culture, SVF cells
were positive for aSMA, PDGFRB, and WT1 (Figure 4.2, B-D), but not for CD31
(Figure 4.2, A). This is supported by the literature describing optimal culture conditions
for ECs, which require additional growth factors to be added to the culture medium
(Leopold et al., 2019).

We further investigated the co-expression of WT1 and PDGFRp in epididymal,
omental, and pericardial SVF cells after 7 days in culture. Staining SVF cells with
antibodies against WT1 and PDGFRp revealed that both proteins continue to be
expressed in vitro. Moreover, as expected, WT1 and PDGFRp are co-expressed in
some of the cells (Figure 4.3, A-C). While cultured SVF cells retain expression of WT1,
the proportion of WT1+ cells is lower than in freshly isolated SVF cells, with
approximately 5% WT1+ cells in omental SVF and approximately 20% WT1+ cells in
pericardial and epididymal SVF (Figure 4.3, D). Moreover, PDGFR[ expression was
detected in 20% of omental SVF cells, 30% of pericardial SVF cells and close to 50%
of epididymal SVF cells (Figure 4.3, E). Finally, we analysed the percentage of
PDGFRp+ cells expressing WT1 (Figure 4.3, F). We found that the percentage of
WT1+ pericytes after culture was lower than in our flow cytometry analysis of freshly
isolated SVF cells.

We further looked at the co-expression of WT1 and aSMA in SVF cells maintained in
culture. We observed WT1 expression in some of the VSMCs present in epididymal,
omental, and pericardial SVF (Figure 4.4, A-C). The percentage of SVF cells
expressing aSMA was lower than the percentage of PDGFRB+ cells (Figure 4.4, E).
When analysing co-expression of WT1 and aSMA, we found that 10% of omental,
20% of epididymal, and over 30% of pericardial aSMA+ cells expressed WT1 (Figure
4.4, F).

It has been suggested that, in kidney fibrosis, PDGFR[+ pericytes express aSMA as
they differentiate into myofibroblasts (Humphreys et al., 2010a). Moreover, in fibrotic
lung disease, WTL1 is upregulated and directly binds to the promoter of the aSMA
gene (Sontake et al., 2018). We were therefore interested in investigating co-
expression of PDGFRP and aSMA in visceral adipose SVF cells maintained in culture.
We co-stained SVF cells from epididymal, omental, and pericardial adipose tissue

with antibodies against aSMA and PDGFRB and found the two co-expressed in a
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subset of cells (Figure 4.5, A-C). We further quantified the percentage of PDGFRB+
cells expressing aSMA. We found that, in omental and epididymal adipose tissue,
close to 50% of PDGFRp+ cells are also positive for aSMA, while this percentage is
lower in pericardial adipose tissue (20%; Figure 4.5, F). Figures 4.2 — 4.6 thus show
that SVF cells maintained in culture retain PDGFRB, aSMA, and WT1 expression,
and that some PDGFR[3 express aSMA as well.
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Figure 4.1. WT1 and vascular cell marker expression in freshly isolated VWAT SVF.
Representative plot of PDGFRB and CD31 expression in omental (A), pericardial (B), and
epididymal (C) adipose tissue. D. Expression of GFP in SVF isolated from omental, pericardial,
and epididymal adipose tissue. E-F. PDGFRB and CD31 expression in GFP+Lin-cKit- cells
isolated from epididymal, omental, and pericardial adipose tissue. n=4 across all panels.
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PDFGRp

anti-mouse 488 anti-rat 488

Figure 4.2. Standard method of culturing adipose SVF cells selects for pericytes and
VSMCs, but not ECs. A. Epididymal SVF cells cultured on standard tissue culture plates
stained with CD31 antibody (green) and DAPI (blue). No CD31-positive cells are present after
7 days in culture. B Epididymal SVF cells stained with PDGFRf antibody (green) and DAPI
(blue). Arrowheads indicate PDGFR+ cells C. Epididymal SVF cells stained with antibodies
against WT1 (green) and DAPI (blue). Arrowheads indicate WT1+ cells. D. Epididymal SVF
cells stained with aSMA antibody (green) and DAPI (blue). Arrowheads indicate aSMA+ cells.
n=1 across all panels. E-F. Secondary antibody controls. Scale bars: 100 um.
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Figure 4.3. SVF cells from epididymal, omental, and pericardial adipose tissue continue
to express WT1 and PDGFRB while being maintained in culture. Adipose SVF cells
isolated from epididymal (A), omental (B), and pericardial (C) adipose tissue stained with WT1
antibody (red), PDFGRB antibody (green), and DAPI (blue). Arrowheads indicate co-
expression of WT1 and PDGFRp. D: Percentage of omental (n=3), pericardial (n=1), and
epididymal (n=2) SVF adipose cells expressing WT1. E: Percentage of omental (n=3),
pericardial (n=1), and epididymal (n=2) SVF adipose cells expressing PDGFRp. F: Percentage
of pericytes expressing WT1 in omental (n=3), pericardial (n=1), and epididymal (n=2) SVF.
Scale bars: 100 pm.
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Figure 4.4. SVF cells from epididymal, omental, and pericardial adipose tissue continue
to express WT1 and aSMA while being maintained in culture. Adipose SVF cells isolated
from epididymal (A), omental (B), and pericardial (C) adipose tissue stained with WT1 antibody
(red), aSMA antibody (green), and DAPI (blue). Arrows indicate co-expression of WT1 and
aSMA. D: Percentage of omental (n=3), pericardial (n=1), and epididymal (n=2) SVF adipose
cells expressing WT1. E: Percentage of omental (n=3), pericardial (n=1), and epididymal (n=2)
SVF adipose cells expressing aSMA. F: Percentage of VSMCs expressing WT1 in omental
(n=3), pericardial (n=1), and epididymal (n=2) SVF. Scale bars: 100 pm.
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Figure 4.5. Some PDGFRB+ SVF cells from epididymal, omental, and pericardial adipose
tissue express aSMA after being maintained in culture. Adipose SVF cells isolated from
epididymal (A), omental (B), and pericardial (C) adipose tissue stained with aSMA antibody
(red), PDFGRg antibody (green), and DAPI (blue). Arrows indicate co-expression of PDGFRS
and aSMA. D: Percentage of omental (n=2), pericardial (n=1), and epididymal (n=2) SVF
adipose cells expressing aSMA. E: Percentage of omental (n=2), pericardial (n=1), and
epididymal (n=2) SVF adipose cells expressing PDGFR. F: Percentage of PDGFR[+ cells
expressing aSMA in omental (n=2), pericardial (n=1), and epididymal (n=2) adipose tissue.
Scale bars: 100 pm.
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4.2.2 The effect of Cre/loxP-mediated Wtl deletion on tube formation by visceral

adipose SVF cells

My next aim was to investigate the effect of Wtl deletion on in vitro network formation
by SVF cells. For this experiment, | selected epididymal and pericardial adipose tissue
from CAGC™ERT2: \Wit1'oxPoxP o CAGCTERT2; Wit1'OPIGFP mice (further referred to as Wt1-
deleted cells), as well as an immortalized mouse cardiac endothelial cell (MCEC) line
(He et al., 2008). SVF cells were also isolated from CreERT2-negative control mice
(Wt1'®1o® " further referred to as CreERT2- control) and CreERT2-positive control
mice (CAGC™ER™2 Wt1™"*, further referred to as CreERT2+ control). As described
previously, SVF cells from all three genotypes were maintained in culture until
confluent (7 days) and treated with 4-hydroxytamoxifen for 7 days. Cells were
subsequently harvested and plated onto wells coated with Matrigel®, in endothelial
basal medium (EBM-2), which typically provides the optimal environment for cells to
self-assemble into networks of tube-like structures. Images of the assembled

networks were acquired 3 hours and 6 hours after seeding.

Figure 4.6 shows images of epididymal SVF-only wells 3 hours (A, C, E) and 6 hours
after plating (B, D, F), while figure 4.7 shows epididymal SVF cells co-cultured with
MCEC endothelial cells under the same conditions. Pre-quantification, we did not
observe any obvious differences between SVF cells deleted for Wtl and CreERT2-
control cells, as newly formed tube-like structures could be observed in cells isolated
from both genotypes (n=3). SVF cells were also co-cultured with MCEC cells in order
to investigate whether deleting Wtl in SVF cells may have an effect on the signalling
between them and endothelial cells. In co-cultures, networks still formed under all
three conditions (Figure 4.7). However, we observed that networks formed by
epididymal SVF cells isolated from CreERT2+ control mice showed a more
disorganized pattern compared to Wtl-deleted cells, with more frequent aggregates
of cells as opposed to the expected tube-like structures (Figure 4.6, E-F). We
observed the same difference between pericardial SVF cells isolated from CreERT2+
control mice and pericardial SVF cells deleted for Wtl (Figure 4.8, E-F). However, no
obvious differences were present in CreERT2+ control cells co-cultured with MCEC
cells (Figure 4.7, E-F; Figure 4.9, E-F).

Having established that SVF can be successfully cultured on Matrigel® membrane
both alone and with an endothelial cell line, we sought to quantify the networks formed

in order to investigate whether Wtl deletion causes a significant difference in
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angiogenesis. Before quantifying the effect of Wtl deletion on network formation
potential, we analysed Wtl transcript levels in the knockout and control cells in order
to validate our model (Figure 4.10). Both epididymal and pericardial knockout SVF
cells showed a reduction in Wtl levels compared to the CreERT2- and CreERT2+
control cells. We further quantified the properties of the in vitro networks using the
Angiogenesis Analyzer plugin for Imaged (Carpentier and Cascone, 2012). We
analysed the number of ‘branches’ (or tube-like structures), as well as the ‘total
branching length’ (or the total length of the networks) in all conditions (Figures 4.11-
4.12). We did not observe any difference between the angiogenic potential of
epididymal and pericardial SVF cells deleted for Wtl and that of control cells at 3
hours or 6 hours (Figure 4.11). Furthermore, at 3 hours or at 6 hours post-seeding,
we did not observe any effect on angiogenesis in co-cultures of MCEC cells and
epididymal and pericardial SVF cells deleted for Wtl (Figure 4.12).
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Figure 4.6. The effect of Cre/lloxP-mediated Wtl deletion on tube formation by
epididymal SVF cells. A-B: Tube formation by Wtl-deleted epididymal SVF cells, 3 hours (A)
and 6 hours after plating (B). C-D: Tube formation by epididymal SVF cells isolated from
CreERT2- control mice, 3 hours (C) and 6 hours after plating (D). E-F: Tube formation by

epididymal SVF cells isolated from CreERT2+ control mice, 3 hours (E) and 6 hours after
plating (F). n=3 across all conditions. Brightfield images acquired at 4X magnification.
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Epididymal Wt1-deleted SVF co-cultured with MCEC cells

Epididymal CreERT2- control SVF co-cultured with MCEC cells

Epididymal CreERT2+ control SVF co-cultured with MCEC cells

Figure 4.7. The effect of Cre/lloxP-mediated Wtl deletion on tube formation by
epididymal SVF cells co-cultured with MCEC cells. A-B: Tube formation by Wtl-deleted
epididymal SVF cells co-cultured with MCEC cells, 3 hours (A) and 6 hours after plating (B).
C-D: Tube formation by epididymal SVF cells isolated from CreERT2- control mice co-cultured
with MCEC cells, 3 hours (C) and 6 hours after plating (D). E-F: Tube formation by epididymal
SVF cells isolated from CreERT2+ control mice co-cultured with MCEC cells, 3 hours (E) and
6 hours after plating (F). n=3 across all conditions. Brightfield images acquired at 4X
magnification.
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Figure 4.8. The effect of Cre/loxP-mediated Wt1l deletion on tube formation by
pericardial SVF cells. A-B: Tube formation by Wtl-deleted pericardial SVF cells, 3 hours (A)
and 6 hours after plating (B). C-D: Tube formation by pericardial SVF cells isolated from
CreERT2- control mice, 3 hours (C) and 6 hours after plating (D). E-F: Tube formation by
pericardial SVF cells isolated from CreERT2+ control mice, 3 hours (E) and 6 hours after
plating (F). n=3 across all conditions. Brightfield images acquired at 4X magnification.
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Figure 4.9. The effect of Cre/loxP-mediated Wtl deletion on tube formation by
pericardial SVF cells co-cultured with MCEC cells. A-B: Tube formation by Wtl-deleted
pericardial SVF cells co-cultured with MCEC cells, 3 hours (A) and 6 hours after plating (B).
C-D: Tube formation by pericardial SVF cells isolated from CreERT2- control mice co-cultured
with MCEC cells, 3 hours (C) and 6 hours after plating (D). E-F: Tube formation by pericardial
SVF cells isolated from CreERT2+ control mice co-cultured with MCEC cells, 3 hours (E) and

6 hours after plating (F). n=3 across all conditions. Brightfield images acquired at 4X
magnification.
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Figure 4.10. qPCR analysis to validate Cre/loxP-mediated Wt1 knockdown in epididymal
and pericardial SVF treated with 4-hydroxytamoxifen. Wtl mRNA levels in Wtl-deleted
and CreERT2+ control cells from epididymal SVF (A) and pericardial SVF (B) were normalized
to Wtl levels in CreERT2- control cells. Wt1 mRNA levels were reduced in Wt1-deleted cells
compared to CreERT2- cells in epididymal (p=0.320518559) and pericardial (p=0.09412)
samples (n=3; error bars represent the SEM).
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Figure 4.11. Quantification of network formation potential of epididymal and pericardial
SVF cells using Angiogenesis Analyzer. For each condition, the number of ‘branches’ (or
tubes) formed and the length of the network were quantified. A-D: No significant differences
were observed in the network formation potential of Wtl-deleted epididymal SVF cells at 3
hours and 6 hours (n=3). E-H: No significant differences were observed in the network
formation potential of Wt1-deleted pericardial SVF cells at 3 hours and 6 hours (n=3). Results
of statistical analysis are outlined in Table A.3 (Appendix)
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Figure 4.12. Quantification of network formation potential of epididymal and pericardial
SVF cells co-cultured with MCEC cells. For each condition, the number of ‘branches’ (or
tubes) formed and the length of the network were quantified. A-D: No significant differences
were observed in the network formation potential of Wtl-deleted epididymal SVF cells co-
cultured with MCEC cells at 3 hours and 6 hours (n=3). E-H: No significant differences were
observed in the network formation potential of Wtl-deleted pericardial SVF cells co-cultured
with MCEC cells at 3 hours and 6 hours (n=3). Results of statistical analysis are outlined in
Table A.3 (Appendix)
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4.2.3 CreERT2 toxicity effects on tube formation potential and gene expression of

epididymal and pericardial SVF cells

As shown before, assessing the angiogenic potential of SVF cells alone and in co-
cultures did not show significant differences between mutant and CreERT2- control
cells. However, when observing the behaviour of mutant and control cells, we saw
that the networks formed by pericardial CreERT2+ control cells did not seem to be as
orderly as those formed by CreERT2- or Wtl-deleted cells (Figure 4.8, E-F).
Moreover, we noticed slightly lower levels of Wil mRNA in pericardial CreERT2+

control cells treated with 4-hydroxytamoxifen than in Cre- cells (Figure 4.10, B).

We therefore hypothesised that CreERT2 has a deleterious effect on pericardial cells
in vitro. We first compared network formation in CreERT2- control cells and
CreERT2+ control cells. Figure 4.13 shows network formation in pericardial SVF cells
3 hours (A, C) and 6 hours (B, D) after plating, with the overlays generated by the
Angiogenesis Analyzer ImageJ plugin. Networks formed by CreERT2+ cells appeared
to be less robust and more disorganized compared to our controls. Furthermore, this
was mirrored in the number of isolated segments, i.e. segments not connected to
larger branches (Figure 4.13, E-F). At both timepoints, networks formed by CreERT2+
cells presented more isolated segments than those formed by CreERT2- control cells

(n=3). Similar effects were observed in epididymal SVF cells as well (data not shown).

We also aimed to assess whether CreERT2 has any effects on the expression of other
genes in pericardial adipose SVF cells in vitro. Pericardial SVF cells isolated from
CAGCreERT2, \yt1loxPloxP - C AGCERT2 and wild-type mice were expanded in culture for
7 days (until confluent) and treated with 4-hydroxytamoxifen throughout. Cells were
then harvested and total RNA was used for gene expression analysis. Figure 4.14, A
shows the expression of Wtl in Wtl-deleted, CreERT2+ control cells and wild-type
cells when treated with 4-hydroxytamoxifen and with 100% EtOH (as vehicle control).
As expected, Wtl-deleted cells showed a reduction in Wt1 levels after treatment with
4-hydroxytamoxifen, while in wild-type cells the expression of Wtl was not affected
by the presence of 4-hydroxytamoxifen (Figure 4.14, A). However, CreERT2+ control
cells treated with 4-hydroxytamoxifen also showed a reduction in Wtl levels (Figure
4.14, A). We further looked into the expression of several inflammation-related genes
previously identified as WT1 targets in our lab (unpublished data). We selected 5
genes: C-X-C Motif Chemokine Ligand 5 (CXCL5), decorin (DCN), interferon
regulatory factor 7 (IRF7), pleiotrophin (PTN), and Regulator of G-protein signaling 5
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(RGS5). Upon CreERT?2 activation in CreERT2+ control cells, we noticed changes in
the expression of all 5 genes, with higher levels of CXCL5, DCN, IRF7 and RGS5 in
4-hydroxytamoxifen-treated cells than in vehicle controls (Figure 4.14, B, C, D, F) and
lower levels of PTN after CreER activation (Figure 4.14, E). Moreover, we observed
changes in the expression of DCN and PTN in Wtl-deleted cells (Figure 4.14, B-F).
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Figure 4.13. The effect of CreERT2 on in vitro tube formation by pericardial SVF cells.
A-B: Networks formed by pericardial CreERT2- control cells 3 hours after plating (A) and 6
hours after plating (B). C-D: Networks formed by pericardial CreERT2+ control cells 3 hours
(C) and 6 hours (D) after plating. E-F: Quantification of isolated segments in CreERT2- and
CreERT+ control pericardial cells 3 hours (E, p=0.25) and 6 hours (F, p=0.24) after plating
(n=3).
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Figure 4.14. The effect of CreERT2 on the expression of inflammation genes in
pericardial SVF cells. A: Wt1 mRNA levels in pericardial adipose Wtl-deleted SVF cells,
CreERT2+ control cells, and wild-type mice (n=3). B-F: Gene expression levels of Cxcl5, Dcn,
Irf7, Ptn and Rgs5 in Wtl-deleted, CreERT2+ control cells and wild-type cells (n=3). Results
of statistical analysis are detailed in Table A.4 (Appendix)
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4.2.4 The effect of RNAi-mediated Wt1 deletion on tube formation by visceral adipose
SVE cells

In light of the in vitro data from experiments using the Cre/loxP system, we further
looked into the effects of Wtl deletion using RNA interference. We used a short
interfering RNA (SiRNA) against Wtl in SVF cells isolated from the epididymal,
pericardial and omental adipose tissue of wild-type C57BL/6 mice. Figure 4.15 shows
Wil levels in cells treated with an anti-Wtl siRNA, as well as in cells treated with
scramble control sSiRNA and transfection reagent only. As expected, cells treated with
siRNA against Wt1 showed a reduction in Wt1l mRNA levels in epididymal (figure 4,15,
A), pericardial (Figure 4.15, B) and omental (Figure 4.15, C) SVF cells, with
knockdown cells from all 3 depots showing a reduction in Wtl expression of at least
75%.

To confirm that the Wt1 deletion is also reflected at protein level, immunofluorescence
was also performed on cells treated with siRNA against Wtl. Wild-type epididymal,
omental, and pericardial cells cultured in vitro were treated with anti-Wtl siRNA,
scramble control siRNA and HiPerfect transfection reagent and were stained with anti-
WT1 and anti-PDGFRf antibodies (Figure 4.16). In Figure 4.16, panels A-D show
representative images of epididymal SVF cells deleted for Wtl (A), as well as images
of the relevant controls — scramble control (B), mock transfection control (C), and
untreated cells (D). All controls showed cells positive for WT1 and/or cells where WT1
and PDGFR are co-expressed, whereas knockdown cells showed visibly fewer
WT1+ cells. Figure 4,16, E-J further shows the percentage of WT1+ cells in omental
(E), pericardial (F), and epididymal SVF cells (G), as well as the percentage of
PDGFRpB+ cells expressing WT1 in omental (H), pericardial (l), and epididymal SVF
(3). In omental SVF, less than 1% of cells expressed WT1 after knockdown, while this
percentage ranged between 2 and 5% in our controls; moreover, only around 2%of
PDGFRpB+ cells were positive for WT1 after knockdown, compared to 10—-20% in
controls (Figure 4.16, E, H). In pericardial SVF cells, only around 2% of cells
expressed WT1 after incubation with anti-Wtl siRNA, compared to 5-13% in controls,
and only around 5% of PDGFRpB+ cells were WT1+ after knockdown, compared to
20-50% in our controls (Figure 4.16, F, I). Similarly, only 2% of knockdown epididymal
SVF cells were positive for WT1, compared to 6-8% in controls, whereas under 5% of
PDGFRpB+ cells were WT1+, compared to 15-25% in controls (Figure 4.16, G, J).
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Figure 4.15. Validation of RNAi-mediated Wt1 knockdown in epididymal, pericardial, and
omental SVF. Wtl mRNA levels in KD (Wtl-deleted) and mock transfection control cells from
epididymal SVF (A, n=1), pericardial SVF (B, n=3), and omental SVF (C, n=3) were normalized
to Wtl levels in control cells treated with a scramble siRNA. Wt1 knockdown was significant
in pericardial (p=0.011) KD cells compared to scramble control and close to statistical
significance in omental KD cells (p=0.05).
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Figure 4.16. Validation of RNAi-mediated Wt1 knockdown in cultured SVF cells from
epididymal, pericardial, and omental adipose tissue. A-D. Representative images of
epididymal SVF cells in culture after RNAi-mediated knockdown. WT1+ cells are indicated by
white arrows; scale bars: 100 um. E, H. Percentage of WT1+ cells and WT1+ pericytes in
omental adipose tissue in knockdown cells and control cells (n=2). F, I. Percentage of WT1+
cells and WT1+ pericytes in pericardial adipose tissue in knockdown cells and control cells
(n=2). G, J. Percentage of WT1+ cells and WT1+ pericytes in epididymal adipose tissue in
knockdown cells and control cells (n=3). Results of statistical analysis are detailed in Table

A.5 (Appendix)
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Having observed a reduction in Wt1 transcript in all 3 depots, both at gene expression
and protein expression levels, we further looked into the effect of siRNA-mediated
Witl knockdown on the in vitro angiogenic potential of omental, pericardial and
epididymal adipose SVF cells. Cells were isolated and expanded in culture for one
passage as before, subsequently transfected with siRNA against Wtl, scramble

control siRNA or no siRNA, and finally used for tube formation assays on Matrigel®.

Figure 4.17 shows knockdown (A) and control (B-D) epididymal SVF cells 3 hours
after plating. No visible difference in angiogenic potential was observed 3 hours after
seeding. Moreover, quantification of total branches and branching length using the
Angiogenesis Analyzer plugin for ImageJ (Carpentier and Cascone, 2012) revealed
no significant differences in network formation by knockdown cells and control cells
(n=1, Figure 4.17, E-F). Similarly, 6 hours after plating, epididymal SVF cells deleted
for Wtl formed networks similar to those assembled by control cells (Figure 4.18, A-
D) and the number of branches and total branching length were not significantly

altered in knockdown cells (n=1, Figure 4.18, E-F).

We performed the same knockdown protocol and assay on pericardial adipose SVF
cells. Figure 4.19 (A-D) shows representative images of networks formed by
pericardial cells deleted for Wt1, as well as control cells, 3 hours after plating. No
visible differences are present between the four cell populations, which is mirrored by
the quantification of branches and branching length (Figure 4.19, E-F). Similarly, no
significant differences were observed between knockdown and control cells at 6 hours
(Figure 4.20).

Finally, we looked into the in vitro angiogenic potential of omental adipose SVF cells
deleted for Wtl. Figure 4.21 (A-D) shows representative images of knockdown cells
(A), as well as scramble control cells (B), mock transfection control cells (C), and non-
transfected cells (D), 3 hours after plating. Similarly to epididymal and pericardial
adipose SVF, no visible differences were observed in the networks formed by
knockdown cells compared to control cells (Figure 4.21, E-F). Figure 4.22 (A-D)
further shows the same cells 6 hours after plating. Again, no visible differences were

observed in the networks formed by cells deleted for Wtl (Figure 4.22, E-F).
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Figure 4.17. The effect of RNAi-mediated Wt1 deletion on tube formation by epididymal
SVF cells 3 hours post-seeding. For each condition, the number of ‘branches’ (or tubes)
formed and the length of the network were quantified. Network formation by epididymal SVF
cells deleted for Wtl (A), treated with scramble control siRNA (B), mock transfection control
cells (C), and non-transfected cells (D). No significant differences in network formation were
observed 3 hours after plating (E-F, n=1). Brightfield images were acquired at 4X
magnification.
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Figure 4.18. The effect of RNAi-mediated Wt1 deletion on tube formation by epididymal
SVF cells 6 hours post-seeding. For each condition, the number of ‘branches’ (or tubes)
formed and the length of the network were quantified. Network formation by epididymal SVF
cells deleted for Wtl (A), treated with scramble control siRNA (B), mock transfection control
cells (C), and non-transfected cells (D). No significant differences in network formation were
observed 6 hours after plating (E-F, n=1). Brightfield images were acquired at 4X
magnification.
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Figure 4.19. The effect of RNAi-mediated Wt1 deletion on tube formation by pericardial
SVF cells 3 hours post-seeding. For each condition, the number of ‘branches’ (or tubes)
formed and the length of the network were quantified. Network formation by pericardial SVF
cells deleted for Wtl (A), treated with scramble control siRNA (B), mock transfection control
cells (C), and non-transfected cells (D). No significant differences were observed in the
number of branches (p=0.41) or total branching length (p=0.43) between KD and Scramble
control cells 3 hours after plating (E-F, n=3). Brightfield images were acquired at 4X
magnification.
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Figure 4.20. The effect of RNAi-mediated Wt1 deletion on tube formation by pericardial
SVF cells 6 hours post-seeding. For each condition, the number of ‘branches’ (or tubes)
formed and the length of the network were quantified. Network formation by pericardial SVF
cells deleted for Wtl (A), treated with scramble control siRNA (B), mock transfection control
cells (C), and non-transfected cells (D). No significant differences were observed in the
number of branches (p=0.54) or total branching length (p=0.33) between KD and Scramble
control cells 6 hours after plating (E-F, n=3). Brightfield images were acquired at 4X
magnification.
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Figure 4.21. The effect of RNAi-mediated Wt1 deletion on tube formation by omental
SVF cells 3 hours post-seeding. For each condition, the number of ‘branches’ (or tubes)
formed and the length of the network were quantified. Network formation by omental SVF cells
deleted for Wtl (A), treated with scramble control siRNA (B), mock transfection control cells
(C), and non-transfected cells (D). No significant differences were observed in the number of
branches (p=0.56) or total branching length (p=0.09) between KD and Scramble control cells
3 hours after plating (E-F, n=3). Brightfield images were acquired at 4X magnification.
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Figure 4.22. The effect of RNAi-mediated Wt1 deletion on tube formation by omental
SVF cells 6 hours post-seeding. For each condition, the number of ‘branches’ (or tubes)
formed and the length of the network were quantified. Network formation by omental SVF cells
deleted for Wtl (A), treated with scramble control siRNA (B), mock transfection control cells
(C), and non-transfected cells (D). No significant differences were observed in the number of
branches (p=0.25) or total branching length (p=0.29) 6 hours after plating (E-F, n=3).
Brightfield images were acquired at 4X magnification.
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4.3 Discussion

WT1 has been shown to be expressed in several vascular cell populations, both in
humans and in mice. WT1 is not only expressed in cardiac and tumour ECs (Duim et
al., 2015), but is actively involved in EC proliferation and migration in the tumour
vasculature (Wagner et al., 2008a). WT1 is also expressed in human SMCs, where it
is upregulated during the non-proliferative state of the cells (Small et al., 2006).
Although WT1 expression in adipose pericytes has not been described before, the
results discussed in the previous chapter showed WT1 expression in pericytes
isolated from 5 visceral adipose depots. Moreover, Wtl knockdowns have shown to

impair angiogenesis both in vitro and in vivo (Wagner et al., 2014, 2008a).

With this in mind, the experiments detailed above aimed to firstly describe WT1
expression in the cell sub-populations selected through standard adipose SVF
isolation methods. Second, we performed Wtl deletions in epididymal and pericardial
adipose SVF cells isolated from CAGC"ERT2; Wit1'*P1oXP mice, and analysed the effect
of these deletions on the in vitro network formation potential. Given that we observed
a potential toxic effect of CreER in these cells, we then assessed the impact of Wtl
deletions on in vitro angiogenesis using an alternative RNAI deletion model. RNAI-

mediated knockdowns also showed no significant effect on network formation in vitro.

4.3.1 Standard cell culture methods used for adipose SVF select for cells expressing

pericyte, VSMC, and myofibroblast markers, but not for endothelial cells

The isolation of SVF cells from murine or human adipose depots has been described
previously (Senesi et al., 2019). Moreover, isolating cells based on adherence alone
has been shown to select for cells expressing mesenchymal stem cell markers
(Bieback et al., 2008). In my experiments, | further stained SVF cells (both freshly
isolated and adherent) with antibodies against WT1 and the vascular cell markers
CD31 (for endothelial cells), PGDFR} (pericytes) and aSMA (VSMCs). We found that,
in all three depots analysed (epididymal, omental, and pericardial), PGDFRB+ cells
make up a lot more of the freshly isolated GFP+Lin-cKit- population than CD31+ cells
do. Moreover, after attachment to cell culture plates, we did not detect any CD31
expression in SVF cells from either depot, but did observe PGDFRB and aSMA
expression, confirming that subsequent experiments may indicate the role of WT1 in
pericytes and VSMCs. Studies in ECs have previously shown that Wt1 deletion can
significantly impair angiogenic potential (Wagner et al., 2014, 2008). However,

knowledge on the function of WTL1 in perivascular cells is limited, except for studies
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showing the role of WT1 in the formation of cardiovascular progenitor cells (Martinez-
Estrada et al., 2010). While our flow cytometry analysis showed WT1 expression in a
large proportion of omental and pericardial pericytes, we nevertheless observed that

the percentage of WT1+ cells decreased after expansion in culture.

4.3.2 Cre/loxP-mediated Wtl deletion does not alter the in vitro angiogenic potential

of epididymal and pericardial SVF cells

In our two-dimensional assays, we found that Cre/loxP-mediated Wt1 deletion in
pericardial and epididymal SVF cells did not significantly alter their in vitro network
formation potential. A role here may be played by the potential CreER toxicity

observed, which is described in more detail below.

4.3.3 Potential CreERT2 toxicity is observed in epididymal and pericardial adipose
SVEF cells

CreER toxicity has been described previously, where activated CreER cuts pseudo-
loxP sites, resulting in DNA damage and growth inhibition (Loonstra et al., 2001). In
my experiments, | found small, although not statistically significant differences
between cells deleted for Wtl and control cells. When we compared CreERT2+ and
CreERT2- control cells, we however observed differences in network formation;
considering the controls included in these experiments, we suggest that this is an
effect of CreERT2 and not an effect of 4-hydroxytamoxifen. Although the difference
between means was not statistically significant, CreERT2+ control cells showed much
greater variability than CreERT2- cells, suggesting that CreRT2 activation in

pericardial adipose cells alters the behaviour of these cells.

We found that CreERT2 activation in epididymal, omental and pericardial SVF cells
also has an effect on the expression of Wtl. Here, Wtl expression was lower in
CreERT2+ control cells treated with 4-hydroxytamoxifen than in wild-type cells,
suggesting an off-target effect of CreERT2 even in the absence of floxed Wtl (Figure
4.14). Moreover, this effect extended further onto inflammation genes previously
found to be under the control of WT1, such as CXCL5 and PTN.

4.3.4 RNAi-mediated W11 deletion does not affect the in vitro angiogenic potential of

epididymal, omental, and pericardial SVF cells

In our RNAI experiments, we did not observe any significant changes in angiogenic

potential after Wt1 knockdown. There are several possible reasons for this. Firstly,
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SVF cells maintained in culture are still a heterogeneous population including cells
other than pericytes and vascular smooth muscle cells. Therefore, knocking down
Wil in such a mixed population may not be enough to reveal the in vivo role of WT1
in our populations of interest. It has previously been shown that adipose-derived stem
cells positive for PGDFR[ aid endothelial cell network formation on Matrigel® and
that this effect may be due to the fact that PGDFRB+ progenitors secrete angiogenic,

inflammatory and mobilization factors (Traktuev et al., 2008).

Previous studies focused on the role of WT1 in angiogenesis used mainly endothelial
cells (Duim et al., 2015; Wagner et al., 2008). As we observed much lower expression
of WT1 in ECs isolated from most visceral depots, our experiments were subsequently
focused on vascular cells of mesenchymal origin. Therefore, deleting Wtl in adipose
endothelial cells only may show a stronger phenotype. However, in small depots such
as omental or pericardial fat, it may be difficult to obtain sufficient material and it may
be necessary to either pool high numbers of samples or passage the cells several

times to expand the cell population, which may affect Wt1 expression.

Additionally, 2D network formation assays are generally used to assess angiogenesis
in ECs (DeCicco-Skinner et al., 2014; Francescone et al., 2011). It is possible that
different assays may be more suitable for evaluating angiogenic potential in
PCs/VSMCs. In my experiments, | also attempted to use 3D assays to investigate the
effect of Wtl deletion, where fragments of adipose tissue are embedded in Matrigel®
supplemented with growth factors. Although using this method for adipose tissue has
been described before (Rojas-Rodriguez et al., 2014), the data obtained through this
assay were highly variable and we were unable to accurately observe the effect of
CreERT2-mediated deletion (data not included).

4.3.5 Conclusions

The in vitro experiments in this chapter aimed to look into the function of WT1 in
adipose vascular cells. Our previous results showed a high percentage of visceral
adipose pericytes expressing WT1. Moreover, in this chapter we show that a large
percentage of the adipose SVF cells we isolated and expanded in culture express
markers of VSMCs and PCs, although the expression on WT1 in these cells

decreases after 7 days in culture.

We found that deleting Wtl (through either the Cre/loxP system or RNAI) in SVF

isolated from several visceral depots has no significant effect on in vitro network
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formation when using 2D Matrigel-based assays. Similarly, Wtl deletion did not

influence network formation by SVF cells co-cultured with endothelial cells.

One caveat of the experiments detailed above is that all assays were conducted in
standard incubator conditions (37°C, 95% relative humidity, and a CO2 concentration
of about 5%). However, adipose expansion is often accompanied by hypoxia, and
Wil is overexpressed as a result of hypoxia (Wagner et al., 2003). It is, therefore,
possible that conducting the same assays under hypoxic conditions will give different
results. The lack of a phenotype resulting from our Wtl deletions may also be due to
the fact that, as described in the beginning of the chapter, WT1 expression in pericytes

is reduced after the cells are maintained in culture for several days.
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Chapter 5

Investigating the role of WT1 in

murine adipose pericytes
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5.1 Introduction

As the experiments outlined in the previous chapter showed that knocking down Wtl
in SVF cells does not lead to an impairment in angiogenic potential in vitro, we further
aimed to narrow down the focus of our experiments by isolating and performing
experiments on VWAT-derived pericytes alone. Pericytes (PCs), are found
surrounding the blood vessels of all tissues, regulating angiogenesis through
interactions with ECs and the microenvironment or supporting the integrity of vessels
(Birbrair et al., 2014). Our previous experiments showed that some VWAT-derived
pericytes express WT1 (Chapter 3, Section 3.2.1) and, as the current literature
suggests, there is significant overlap between those angiogenesis genes expressed
in pericytes and those regulated by WT1 in other organs or systems d(Birbrair et al.,
2014; Darland et al., 2003; Katuri et al., 2014).

Several angiogenesis genes have been shown to be regulated by WT1. WT1 may
regulate the expression of nestin in the developing heart (Wagner et al., 2006).
Similarly, it has been shown that WT1 binds to the promoter of a4integrin (Kirschner
et al., 2006). In adulthood, and specifically after cardiac ischemia, WT1 has been
shown to potentially regulate ETS-1, a transcription factor which regulates ANG-2 and
VEGFR2 (Wagner et al., 2008a). The role of WT1 in angiogenesis has, as previously
detailed, also been described in cancer. In Ewing sarcoma, WT1 appears to
upregulate VEGF, MMP9, Tie-2 and Ang-1 (Katuri et al., 2014). Furthermore, WT1
regulates the expression of the splicing factor kinase SRPK1, which directs the
alternative splicing of the different VEGF isoforms (Amin et al., 2011).

When looking into the literature describing how PCs may regulate the vasculature at
molecular level, we noticed that some of the genes involved in this process are genes
regulated by WTL1. For instance, VEGF, a classic marker of endothelial cells, is also
produced by pericytes, and several functions of PC-derived VEGF have been
suggested. VEGF secreted by pericytes has been shown to have profound effects on
neighbouring ECs, promoting EC survival and stability (Darland et al., 2003). The
wider implications of this PC-EC crosstalk have also been investigated. For instance,
studies in the brain show that PC-derived VEGF contributes to an increased
permeability of the blood-brain barrier during a stroke (Bai et al., 2015). Similarly,
nestin is expressed by both ECs and PCs and is considered a marker of a subset of
pericytes, with nestin + PCs suggested to play a more important role in tumour vessel
stabilisation than nestin- PCs (Klein et al., 2014).
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However, other properties of PCs have been described beyond their primary role as
angiogenic regulators. For instance, pericytes and their mesenchymal stem cell
descendants have been thoroughly characterised for their role in regenerative
medicine (reviewed in Gomez-Salazar et al., 2020; James and Péault, 2019; Pittenger
et al., 2019). In the kidney, pericytes regulate blood pressure (Shaw et al., 2018) and
can be involved in fibrosis, through production of collagens such as collagen-1a1
and/or differentiation into myofibroblasts (Humphreys et al., 2010b; Lin et al., 2008).
Moreover, this differentiation into myofibroblasts also leads to detachment and
subsequent shortage of pericytes from the kidney vasculature, which can lead to
nephron ischemia (Schrimpf and Duffield, 2011). In the lung, the role of pericytes in
supplying fibroblasts has also been described in conjunction with their role as source
of vascular smooth muscle cells. Lineage tracing of lung mesothelial cells has shown,
that they differentiate into VSMCs in the developing lung (Que et al., 2008). A role of
WT1 in myofibroblast transformation has further been described in pulmonary fibrosis,
where WT1 upregulates aSMA, leading to mesothelial-to-myofibroblast and

fibroblast-to-myofibroblast transition (Sontake et al., 2018).

As there seems to be a high degree of overlap between pericyte genes involved in
angiogenesis and known WT1 targets, we were interested in finding out whether
deleting Wtl in pericytes can affect their in vitro angiogenic potential. Finally, we
aimed to explore other potential differences between WT1+ and WT1- PCs which may

not be reflected in our in vitro assays.

5.1.2 Hypothesis

Considering the high percentage of WT1+ cells in a subset of VWAT-derived pericytes
and the previous evidence regarding the effect of pericytes on EC angiogenesis, we
hypothesised that deleting Wtl in VWAT-derived pericytes impairs the ability of these
pericytes to form in vitro vascular networks when co-cultured with ECs that don’t
express Wtl. Moreover, we wanted to investigate whether the transcriptome of WT1+
PCs found in VWAT differs from that of WT1- PCs.

5.1.3 Aims
The aims of this chapter are therefore the following:

1. Delete Wtl in VWAT-derived pericytes and observe the effect of this deletion

on the angiogenic potential of co-cultured PCs and ECs.

118



2. Explore the transcriptomic differences between WT1+ and WT1- pericytes

isolated from murine VWAT.
5.2 Results

5.2.1 The effect of RNAi-mediated Wt1 deletion on tube formation by visceral adipose
pericytes

In our previous experiments (Chapter 4, Section 4.2.4), SVF cells deleted for Wtl via
RNAI did not show an altered angiogenic phenotype when cultured in a 2D model.
However, the SVF is a heterogeneous cell population and our experiments outlined
in Chapter 3 suggested that a significant proportion of PDGFRB+ cells expressed
WT1. We therefore aimed to investigate the effect of Wt1 deletion in pericytes isolated
by FACS sorting from VWAT depots based on PDGFR[ expression.

Lin-cKit-CD31-PDGFRB+ cells were isolated from wild-type murine epididymal,
omental, and pericardial adipose tissue by FACS according to the protocol described
in Chapter 3. Sorted cells were then maintained in culture until confluent (for 7 days)
and subsequently stained with antibodies against PDGFR and aSMA (Figure 5.1).
Figure 5.1 shows that PDGFRp expression is maintained in a significant proportion of
the epididymal, omental, and pericardial cells isolated (panels A, C, and E), while
aSMA is only expressed sporadically (panels B, D, and F). Moreover, maintaining the
sorted cells in culture (over a period of 7 days) did not lead to a loss of WT1 expression

(Figure 5.1, arrowheads).

Although we successfully sorted Lin-cKit-CD31-PDGFRB+ cells from epididymal,
omental, and pericardial VWAT, omental and pericardial adipose depots did not yield
enough cells to carry out subsequent experiments. We therefore focused only on

epididymal cells for our following experiments.

Sorted Lin-cKit-CD31-PDGFRB+ cells were expanded in culture and either
transfected with a short interfering RNA (siRNA) against Wt1, following the protocol
used in the experiments outlined in Chapter 4, transfected with a scramble control
siRNA or transection reagent only, or not transfected at all. Figure 5.2 shows the Wtl
MRNA levels in non-transfected epididymal pericytes and in bEND3 endothelial cells,
a brain-derived endothelial cell line selected based on its lack of Wtl expression
(Montesano et al., 1990). No Wt1 mRNA was detected in bENDS3 cells. Pericytes

isolated from epididymal fat pads transfected with anti-Wtl siRNA showed lower
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levels of Wil mRNA, with silenced cells showing a 75% reduction in Wt1 expression

overall (Figure 5.3).

We then looked into whether Wtl silencing affects the angiogenic potential of
epididymal pericytes when they are co-cultured with endothelial cells. We then
performed tube formation assays on Matrigel® membrane, including the relevant

controls.

Figures 5.4 shows knockdown (A) and control (B-D) epididymal PCs co-cultured with
bEND3 cells, 3 and 6 hours after plating. After 3 hours, we did not observe any visible
differences in angiogenic potential between the different conditions. We again used
the Angiogenesis Analyzer plugin for ImageJ (Carpentier and Cascone, 2012) in order
to quantify the total number of branches (Figure 5.4, E) and the branching length of
the networks (Figure 5.4, F). This revealed no significant differences between the

conditions.

Similarly, we examined the in vitro effect of Wtl deletions in epididymal VWAT-derived
pericytes 6 hours after plating. Figure 5.5. (A-D) shows the networks formed by Wt1-
silenced cells and control cells co-cultured with bEND3 cells. We again quantified the
number of branches present in the networks (Figure 5.5, E) and the total length of the
networks formed under each condition (Figure 5.5, F) and observed no significant

differences in tube formation.
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Figure 5.1. Pericytes isolated from epididymal, pericardial, and omental adipose tissue
continue to express WT1 while being maintained in culture. A, C, E: FACS-sorted Lin-
cKit-CD31-PDGFRp+ pericytes isolated from epididymal (A), pericardial (C), and omental (E)
adipose tissue stained with DAPI (blue) and antibodies against WT1 (red) and PDFGRB
(green). B, D, F: FACS-sorted Lin-cKit-CD31-PDGFR+ pericytes isolated from epididymal
(B), pericardial (D), and omental (F) adipose tissue stained with DAPI (blue) and antibodies
against WT1 (red) and aSMA (green). White arrowheads indicate co-expression of WT1 and
PDFGRgB. Yellow arrowhead indicates co-expression of WT1 and aSMA. N=1 across all
panels. Scale bars: 100 pm.
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Wtl expression in epi PCs and bEND3 cells
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Figure 5.2. Wtl mRNA expression in cultured epididymal pericytes and bEND3 cells.
Witl mRNA levels were quantified using qPCRs and normalized to 18S mRNA levels in all
samples. Epididymal PCs — n=3. bEND3 — n=1. Error bars represent the standard error of the
mean.

Epididymal PCs

6-

Wtl expression (22-ddCT)

Figure 5.3. Validation of RNAi-mediated Wt1 knockdown in epididymal FACS-sorted Lin-
cKit-CD31-PDGFRB+ pericytes. Wtl mRNA levels in KD (Wtl-silenced) and mock
transfection control cells from epididymal PCs were assessed by gPCR and normalized to Wil
levels in control cells treated with a scramble siRNA. Wt1 levels in KD cells were lower than in
scramble control cells, showing a trend towards significance (p=0.08)..Error bars represent
the standard error of the mean; n=3.

122



Epididymal PCs co-cultured with bEND3 cells (3h)

Wt1-silenced (3h) Scramble (3h)

Mock (3h) Non-transfected (3h)

F
Epi + bEND3 - No. of branches (3h) Epi + bEND3 - Tot. branching length (3h)

150 - 25000+
<
o 5]
b € 20000 ° ° °
o [ 2
c ] —_—r
$ % e, 15000{ o T _ e .
Y- —_— %
[e] [ ) c L]
= © 10000
a 50+ ] .
£ .‘g 5000+
= -
0 . : T . 0 . T T T
o 5 5 5 ) 5 5
& & & & & & & &
xo )t° xo xo xo x‘O xo *V
® 6’9\0 \“o‘:’& (,@b ® ° & &
éo e}o "b& @ \00
2 & o @&
& &
<« Y

Figure 5.4. The effect of RNAi-mediated Wt1 deletion on tube formation in co-cultures
of epididymal-derived PCs and bEND3 cells, 3 hours after seeding. For each condition,
the number of ‘branches’ (or tubes) formed and the length of the network were quantified.
Network formation by co-cultures with epididymal PCs deleted for Wtl (A), treated with
scramble control siRNA (B), mock transfection control PCs (C), and non-transfected PCs (D).
No significant differences between KD cells and Scramble control cells were observed in the
number of branches (p=0.31) or the total branching length (p=0.18) 3 hours after plating (E-F,
n=3). Brightfield images were acquired at 4X magnification.
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Epididymal PCs co-cultured with bEND3 cells (6h)

Wt1-silenced{6h) Scramble (6h)

Mock (6h) Non-transfected (6h)
E F
Epi + bEND3 - No. of branches (6h) Epi + bEND3 - Tot. branching length (6h)
100 - 25000 -
[ L4 £
° =y J °
% N hd e . E 20000 . . .o
[ Y o))
g 604 ° ) ° [ ] E 15000 - ° .
5 2 10000
~ 404 © b
2 a
E 2- S 5000
z A
0 . 0 T T T T
%] ) %]
& & & S & & 8
,°<'>§ .‘,‘(}; x,g&\ .&“ x~§’ ;o‘" x*oQ ,;o0
x x b’( Q @ >
& é&e “‘o* o £ 06"0 & @o\"”
« $® & &
) & &
& &

Figure 5.5. The effect of RNAi-mediated Wt1 deletion on tube formation in co-cultures
of epididymal-derived PCs and bEND3 cells, 6 hours after seeding. For each condition,
the number of ‘branches’ (or tubes) formed and the length of the network were quantified.
Network formation by co-cultures with epididymal PCs deleted for Wtl (A), treated with
scramble control siRNA (B), mock transfection control PCs (C), and non-transfected PCs (D).
No significant differences were observed between KD cells and scramble control cells n the
number of branches (p=0.25) and total branching length (p=0.44) 6 hours after plating (E-F,
n=3). Brightfield images were acquired at 4X magnification.
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5.2.2 RNA-sequencing and transcriptomic analysis of WT1+ and WT1- pericytes

isolated from epididiymal VWAT

In order to identify genes and pathways enriched in WT1+ adipose-derived pericytes,
we isolated SVF cells from the epididymal adipose tissue of Wt1°F"* mice and FACS
sorted Lin-cKit-CD31-PDGFRB+ pericytes based on GFP expression. This resulted in
two distinct populations, Lin-cKit-CD31-PDGFRB+GFP+ (further referred to as WT1+
PCs) and Lin-cKit-CD31-PDGFRB+GFP- (further referred to as WT1- PCs), which
were further used for RNA sequencing. Sequencing data rendered 14,793 transcripts
expressed in both WT1+ and WT1- adipose pericytes. In order to identify genes that
are differentially expressed, we used the Paolo Shiny application for R
(https://paolo.shinyapps.io/ShinyVolcanoPlot/). We applied a log2fold cut-off of 1.5

and an adjusted p value cut-off of 0.05. 414 genes were further identified as
significantly up- or downregulated in WT1+ pericytes (Figure 5.6). 201 of these genes
were downregulated in WT1+ PCs, whereas 213 genes were upregulated in WT1+
PCs.

In order to identify pathways differentially expressed between WT1+ and WT1-
epididymal PCs, | first carried out gene ontology analysis using GOrilla (http://cbl-
gorilla.cs.technion.ac.il/). GOrilla analysis can be performed by either inputting a

single list of ranked genes or two unranked lists (including a target list and a
background list). In order to identify just the pathways upregulated in WT1+ PCs, we
analysed a single ranked list of the 213 upregulated genes, ordered by log fold
change. Although 213 is too small a number of genes for a meaningful GO term
enrichment analysis, we nevertheless identified one enriched biological process GO

term related to the regulation of muscle contraction (Figure 5.7).

Six genes related to the regulation of muscle contraction GO term were significantly
upregulated in WT1+ epididymal pericytes - endothelin 1 (Ednl), desmoplakin (Dsp),
adrenergic receptor, alpha 1b (Adralb), prostaglandin-endoperoxide synthase 1
(Ptgsl), atpase, nat/k+ transporting, beta 1 polypeptide (Atplbl), and potassium
inwardly-rectifying channel, subfamily j, member 2 (Kcnj2) (Table 5.1). The log2 fold

change values and adjusted p values of these 6 genes are outlined in Table 5.2.
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Figure 5.6. Summary of RNA sequencing results. Volcano plot representation of
differentially expressed genes in WT1+ and WT1- adipose pericytes. 14,793 genes were
expressed in both WT1+ and WT1- adipose pericytes. In order to identify significantly under-
or overexpressed genes, we applied a log2fold cut-off of +/- 1.5 and an adjusted p value cut-
off of 0.05 (-log10 = 1.3). 414 genes were differentially expressed. The points enclosed in the
light blue rectangle represent genes downregulated in WT1+ adipose pericytes, whereas the
points in the pink rectangle represent genes overexpressed in WT1+ pericytes.
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Figure 5.7. GO term enriched in WT1+ epididymal pericytes, as identified by the GOrilla
visualisation tool. GO analysis was performed on the genes that are significantly upregulated
in WT1+ pericytes. GO analysis identified one enriched GO term (regulation of muscle

contraction).
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GO term Description | P FDR q | Enrichment | Genes

value value
GO0:0006937 | Regulation 8.01E- 1EO 3.80 Edn1l — endothelin

of muscle | 4 1

contraction
Dsp =
desmoplakin
Adralb =
adrenergic

receptor, alpha 1b

Ptgs1l —
prostaglandin-
endoperoxide
synthase 1

Atplbl - atpase,
na+/k+
transporting, beta
1 polypeptide

Kcnj2 -
potassium
inwardly-rectifying
channel,

subfamily I
member 2

Table 5.1 Upregulated genes associated with the regulation of muscle contraction, as
identified by the GOirilla visualisation tool. GO analysis identified 6 genes related to the
regulation of muscle contraction- Ednl, Dsp, Adralb, Ptgsl, Atolbl and Kcnj2.

Gene name Log?2 fold change Adjusted p value
Ednl 4.74 8.04E-19

Dsp 3.79 0.022589824
Adralb 3.69 7.07E-05

Ptgs1 3.32 3.57E-11

Atplbl 3.50 4.48E-10

Kcnj2 5.47 0.006073031

Table 5.2 Log2 fold change values and adjusted p values of regulation of muscle
contraction genes significantly upregulated in WT1+ PCs.
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We also carried out functional enrichment analysis using DAVID: Database for

Annotation, Visualization, and Integrated Discovery v6.8 (https://david.ncifcrf.qov/).

Analysis of the 213 transcripts significantly upregulated in W1+ epididymal pericytes
revealed associations with several pathways from the KEGG database.

25 pathways were found to be associated with the 213 genes upregulated in WT1+
adipose pericytes (Table 5.3). Out of these, 20 pathways were significantly
upregulated (p<0.05); after correcting the p values using the Benjamini method
(Benjamini and Hochberg, 1995), we identified two pathways containing genes
significantly upregulated in WT1+ PCs: proteoglycans in cancer and melanoma (Table
5.3).

10 genes upregulated in WT1+ PCs were associated with the proteoglycans in cancer
KEGG pathway: erb-b2 receptor tyrosine kinase 3 (Erbb3), fibroblast growth factor 2
(Fgf2), fibronectin 1 (Fnl), filamin, beta (FInb), inositol 1,4,5-triphosphate receptor 3
(Itpr3), met proto-oncogene(Met), related RAS viral (r-ras) oncogene 2 (Rras2), and
three members of the Wnt gene family: wingless-type MMTYV integration site family
member 1 (Wntl), wingless-type MMTV integration site family, member 10B
(Wnt10b), wingless-type MMTYV integration site family, member 2 (Wnt2). These 10
genes are outlined in Table 5.4, along with their respective log2 fold changes and

adjusted p values.

Moreover, 6 genes upregulated in WT1+ PCs were associated with the melanoma
KEGG pathway: three members of the fibroblast growth factor (Fgf) family - fibroblast
growth factor 1 (Fgfl), fibroblast growth factor 2 (Fgf2), and fibroblast growth factor 9
(Fgf9), as well as met proto-oncogene (Met), microphthalmia-associated transcription
factor (Mitf) and platelet-derived growth factor, C polypeptide (Pdgfc). These 6 genes
are outlined in Table 5.5, along with their respective log2 fold changes and adjusted

p values.

Interestingly, one of the KEGG pathways upregulated in WT1+ PCs was the insulin
secretion pathway (Table 5.3; p value = 0.048). The four upregulated genes which
are associated with this pathway are outlined in Table 5.6, along with their log2 fold
changes and adjusted p values calculated in the primary analysis. The following
genes were associated with this KEGG pathway: ATPase, Na+/K+ transporting, beta
1 polypeptide (Atplbl), adenylate cyclase 2 (Adcy2), cAMP responsive element
binding protein 5 (Crebb5), inositol 1,4,5-triphosphate receptor 3 (Itpr3).
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We also looked at associations between known KEGG pathways and genes
significantly downregulated in WT1+ adipose PCs (Table 5.7). Several pathways were
identified by DAVID, including the vascular smooth muscle contraction KEGG
pathway. The genes in this pathway which are downregulated in WT1+ adipose PCs
are outlined in Table 5.8; these include actin, alpha 2, smooth muscle, aorta (Acta2),
adenosine A2a receptor (Adora2a), adrenergic receptor, alpha la (Adrala), arginine
vasopressin receptor 1A (Avprla), myosin, light polypeptide 9, regulatory (Myl9),
protein phosphatase 1, regulatory (inhibitor) subunit 14A (Ppplrl4a).
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KEGG pathway No of | P value Benjamini (adjusted
genes p value)
Proteoglycans in cancer 10 1,2E-4 1,8E-2
Melanoma 6 5,4E-4 4,1E-2
Pathways in cancer 12 1,1E-3 5,8E-2
Axon guidance 7 1,3E-3 5,1E-2
Wnt signalling pathway 7 2,1E-3 6,4E-2
Melanogenesis 6 2,4E-3 6,1E-2
PI3K-Akt signalling pathway 10 5,7E-3 1,2E-1
Ras signalling pathway 8 5,8E-3 1,1E-1
Gap junction 5 8,8E-3 1,4E-1
Protein digestion and absorption 5 9,6E-3 1,4E-1
Hippo signalling pathway 6 1,4E-2 1,8E-1
Regulation of actin cytoskeleton 7 1,5E-2 1,8E-1
Rap1l signalling pathway 7 1,6E-2 1,7E-1
Thyroid hormone synthesis 4 2,9E-2 2,8E-1
Gastric acid secretion 4 3,1E-2 2,8E-1
Salivary secretion 4 3,6E-2 3,1E-1
Adrenergic signalling in cardiomyocytes | 5 4,6E-2 3,5E-1
Focal adhesion 6 4,6E-2 3,4E-1
Insulin secretion 4 4, 8E-2 3,3E-1
Aldosterone synthesis and secretion 4 4.8E-2 3,3E-1
cGMP-PKG signalling pathway 5 6,9E-2 4,3E-1
Retrograde endocannabinoid signalling | 4 7,4E-2 4,4E-1
MAPK signalling pathway 6 8,9E-2 49E-1
Cholinergic synapse 4 9,2E-2 4.8E-1
Basal cell carcinoma 3 9,3E-2 4,7E-1

Table 5.3. KEGG pathways upregulated in WT1+ epididymal adipose pericytes. 25
pathways were identified to be associated with genes significantly upregulated in WT1+
pericytes compared to WT1- pericytes. Rows in light green are pathways with a p value of
<0.05; rows in dark green contain the pathways with a Benjamini corrected p value of <0.05.

n=3
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Proteoglycans in cancer

Gene name Log2 fold | Adjusted p
change value

erb-b2 receptor tyrosine kinase 3 (Erbb3) 201 0.008

fibroblast growth factor 2 (Fgf2) 1.80 1.24E-06

fibronectin 1(Fn1l) 2.47 0.000245

filamin, beta (FInb) 1.74 8.39E-09

inositol 1,4,5-triphosphate receptor 3(Itpr3) 1.91 0.02

met proto-oncogene (Met) 2.10 0.016

related RAS viral (r-ras) oncogene 2 (Rras2) 2.30 1.09E-14

wingless-type MMTV integration site family, | 6.54 0.003041

member 1 (Wntl)

wingless-type MMTV integration site family, | 4.24 7.54E-08

member 10B (Wnt10b)

wingless-type MMTV integration site family, | 2.24 0.019

member 2 (Wnt2)

Table 5.4. Genes upregulated in WT1+ adipose pericytes which are associated with the
proteoglycans in cancer KEGG pathway. 10 genes upregulated in WT1+ adipose PCs were
associated with this KEGG pathway. N=3.

Melanoma
Gene name Log2 fold | Adjusted p
change value
fibroblast growth factor 1(Fgfl) 2.13 7.56E-05
fibroblast growth factor 2(Fgf2) 1.79 1.24E-06
fibroblast growth factor 9(Fgf9) 2.88 0.00021
met proto-oncogene (Met) 2.10 0.016
microphthalmia-associated transcription factor | 1.51 0.00016
(Mitf)
platelet-derived growth factor, C polypeptide | 4.49 8.84E-15
(Pdgfc)

Table 5.5. Genes upregulated in WT1+ adipose pericytes that are associated with the
melanoma KEGG pathway. 6 genes upregulated in WT1+ adipose PCs were associated with
this KEGG pathway. N=3
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Insulin secretion

Gene name Log?2 fold change | Adjusted p value
ATPase, Na+/K+ transporting, beta 1 | 3.49 4.48E-10
polypeptide (Atplb1)

adenylate cyclase 2 (Adcy2) 2.62 1.41E-05

cAMP responsive element binding | 1.97 0.00079

protein 5 (Crebb)

inositol 1,4,5-triphosphate receptor 3| 1.91 0.020

(Itpr3)

Table 5.6. Genes upregulated in WT1+ adipose pericytes that are associated with the
insulin secretion KEGG pathway. 4 genes upregulated in WT1+ adipose PCs were
associated with this KEGG pathway. N=3

KEGG pathway No of genes | P value Benjamini
(adjusted p value)
CcAMP signaling pathway 10 5,9E-4 7,3E-2
Neuroactive ligand-receptor | 11 2,2E-3 1,3E-1
interaction
Cell adhesion molecules (CAMs) 8 3,4E-3 1,3E-1
ECM-receptor interaction 6 4,1E-3 1,2E-1
Calcium signaling pathway 8 6,0E-3 1,4E-1
Arrhythmogenic  right ventricular | 5 8,6E-3 1,7E-1
cardiomyopathy (ARVC)
cGMP-PKG signaling pathway 7 1,4E-2 2,2E-1
Vascular smooth muscle contraction | 6 1,9E-2 2,6E-1
Hematopoietic cell lineage 5 1,9E-2 2.4E-1
Axon guidance 6 2,0E-2 2,3E-1
Insulin resistance 5 4,4E-2 4,1E-1
PI3K-Akt signaling pathway 9 6,1E-2 4,9E-1
AMPK signaling pathway 5 6,9E-2 5,1E-1
Protein digestion and absorption 4 9,0E-2 5,8E-1

Table 5.7. KEGG pathways downregulated in WT1+ epididymal adipose pericytes. 14
pathways were identified to be associated with genes significantly downregulated in WT1+
pericytes compared to WT1- pericytes. Rows in light orange contain the pathways with a p
value of <0.05. n=3.
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Vascular smooth muscle contraction

Gene name Log?2 fold change | Adjusted p value
actin, alpha 2, smooth muscle, aorta | -2.14 5.08E-06
(Acta2)

adenosine A2areceptor (Adora2a) -2.37 1.91E-05
adrenergic receptor, alpha 1la (Adrala) | -3.51 5.02E-16
arginine vasopressin receptor 1A | -2.21 0.0091
(Avprla)

myosin, light polypeptide 9, regulatory | -1.52 1.84E-12
(Myl19)

protein phosphatase 1, regulatory | -3.43 1.48E-12
(inhibitor) subunit 14A (Ppplrlda)

Table 5.8. Genes downregulated in WT1+ adipose pericytes that are associated with the
vascular smooth muscle contraction KEGG pathway. 6 genes downregulated in WT1+
adipose PCs were associated with this KEGG pathway. N=3.
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5.3 Discussion

Previously, | had not observed changes in the in vitro angiogenic potential of SVF
cells where Wtl had been deleted (Chapter 4, section 4.2.4). | hypothesised that this
may be because the heterogeneity of the adipose SVF may have been masking the
effect of Wtl deletion in what is, in fact, a small population of Wtl+ pericytes. In this
chapter, | aimed to look into VWAT-derived pericytes in particular, firstly by deleting
Wil in these cells only and examining the effect of this deletion on their angiogenic
potential and the angiogenic potential of endothelial cells, and secondly by looking

into the transcriptomic differences between WT1+ and WT1- adipose pericytes.

5.3.1 RNAi-mediated Wtl deletion in epididymal PCs does not alter their in vitro

angiogenic potential

In order to investigate the behaviour of VWAT pericytes and their effect on endothelial
cells in angiogenesis in vitro, we isolated and sorted Lin-cKit-CD31-PDGFRp+
pericytes from epididymal adipose tissue and co-cultured these in Matrigel-coated
wells with bEND3 cells, an endothelial cell line which does not express Wtl. No
significant differences in tube formation were observed between Wtl-silenced and
control cells co-cultured with ECs, suggesting that Wt1 deletion in epididymal PCs

does not affect angiogenesis of bEND3 in a co-cultured tube formation assay.

5.3.2 RNA-sequencing and transcriptomic analysis of WT1+ and WT1- perivascular

cells isolated from epididiymal VWAT

Seeing as previous work has shown the presence of distinct pericyte subsets in
adipose tissue (Hepler et al., 2018), we were curious to explore whether these WT1+
and WT1- pericytes might belong to different subsets. Comparing the transcriptome
of WT1+ and WT1- epididymal derived PCs, we found 213 genes significantly
overexpressed in WT1+ PCs compared to the WT1- PCs, out of 14,793 transcripts
expressed in both sub-populations of PCs derived from epididymal adipose tissue.
However, whether these altered pathways play a functional role in the expansion of

VWAT and obesity overall remains to be investigated.

Some of our pathway analysis results do point to some interesting trends in the
transcriptome of WT1+ cells. Firstly, the two most prominent pathways associated
with genes upregulated in WT1+ cells were the proteoglycans in cancer and
melanoma KEGG pathways. Together, these pathways include not only members of

the Wnt family or the well-described proto-oncogene Met, but also genes involved in
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angiogenesis, such as 3 of the fibroblast growth factors (Fgfl, Fgf2 and Fgf9) and
Pdgfc. The role of proteoglycans has been described not only in the tumour
microenvironment and vascular expansion, but also in angiogenesis in general (lozzo
and Sanderson, 2011).

Although the upregulation of genes belonging to the Wnt family is not a surprise,
seeing as the interplay between WT1 and the Wnt pathway is well documented (Paris
et al., 2015), it is interesting to observe several angiogenesis genes upregulated in
WT1+ PCs. We previously discussed angiogenesis genes such as VEGFR2 and Ang-
2 being indirectly under the control of WT1 (Wagner et al., 2008b) and ChlIP-seq
experiments have also shown FGF to be a transcriptional target of WT1 in renal
progenitors (Motamedi et al., 2014). Here, we observed 3 members of the FGF family
(Fgfl, Fgf2 and Fgf9) significantly upregulated in WT1+ PCs compared to WT1- PCs.

The upregulation of Pdgfc in WT1+ cells is also interesting. While all the growth factors
and receptors in the PDGF(R) family have been shown to be involved in angiogenesis,
the PDGFC ligand in particular has been shown to promote tumour growth through its

role in the recruitment of cancer-associated fibroblasts (Anderberg et al., 2009).

We also found that four of the genes upregulated in WT1+ PCs are associated with
the insulin secretion KEGG pathway, which is supported by many studies which have
documented the role of the vasculature in insulin secretion and type 2 diabetes
(reviewed in Richards et al., 2010). Moreover, there is evidence suggesting pericytes
play an important role in central insulin signalling, as the regulation of blood vessels
in the pancreas is essential for adequate insulin release (Almag et al., 2018).
Interestingly, one of the pathways downregulated in WT1+ PCs relates to vascular
smooth muscle contraction and includes the genes Adrala, which is part of the
adrenergic receptor gene family and Acta2, encoding aSMA, a marker of VSCMs
(Wang et al., 2006). Interestingly, Hepler et al. also showed one subset of pericytes
expressing a different adrenergic receptor gene, Adrb3, and suggested this subset

may mark more committed adipocyte precursors (Hepler et al., 2018a).

5.3.3 Conclusions

The results outlined in this chapter revealed that deleting Wt1 in VWAT PCs does not
significantly change their potential to form vascular-like structures in vitro, although
one way to further test this would be to co-culture VWAT-derived PCs with VWAT-

derived ECs rather than immortalized endothelial cells. Furthermore, we looked at
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transcriptomic differences between epididymal adipose PCs which express WT1 and
those which are WT1-negative. We identified several pathways which are differentially
expressed between the two populations in lean mice. However, in order to confirm
that these indeed mark two sub-populations of PCs, the differentially expressed genes
would need to be validated. Furthermore, it would also be interesting to explore
differences between VWAT WT1+ and WT1- PCs isolated from obese mice, and to
investigate whether the differences we observed above are more pronounced or

whether entirely different pathways are upregulated in WT1+ PCs during obesity.
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Chapter 6

Discussion and conclusions
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Visceral white adipose tissue (VWAT) is increasingly being studied in a worldwide
effort to reveal the mechanisms of pathological obesity. VWAT accumulation is
associated with increased risk of developing type 2 diabetes (Wang et al., 2005),
hypertension and other cardiovascular disease (Hayashi et al., 2003; Yusuf et al.,

2005), as well as cancer (Kang et al., 2010).

Although the correlation between excess VWAT and increased risk of cardiometabolic
disease is well documented, the mechanisms through which VWAT affects overall
health remain elusive due to the heterogeneity of this type of adipose tissue. Firstly,
VWAT is composed of several depots with different metabolic profiles. Secondly, each
VWAT depots contains multiple populations of adipocytes, pre-adipocytes, vascular
cells and immune cells. Recent data have also shown that some VWAT adipocytes
have a different developmental origin from subcutaneous adipocytes (Chau et al.,
2014b), originating from WT1+ progenitors.

One of the main research questions arising based on this knowledge is whether WT1,
which also marks distinct populations of adipose progenitors during adulthood, is
expressed in other cell types and, if so, what its role in these cell types is in adipose
tissue. Some studies have shown that WT1 plays a role in angiogenesis (Katuri et al.,
2014; Wagner et al., 2014, 2008a), and even more lines of research have highlighted
the importance of angiogenesis in obesity (Lemoine et al., 2012). Our experiments
were therefore focused on the role of WT1 in VWAT angiogenesis. Moreover, as WT1
has been shown previously to mark VWAT progenitors in both humans and mice, the
experiments in this thesis were carried out on tissues obtained from both organisms.
Lastly, we wanted to address the fact that many studies on adipose tissue often focus
on one or two VWAT depots, whereas it is yet unclear whether distinct VWAT depots
have different metabolic profiles, origins and implications for cardiometabolic health.
We therefore included several VWAT depots in some of the experiments we carried

out on mouse tissues.

6.1 In vivo expression of WT1 in the vasculature of murine and human VWAT

Ouir first experiments looked at the expression of WT1 and the location of WT1+ cells
in vivo, in both mouse and human. Firstly, we saw by immunofluorescence that WT1+
cells are located near vessels expressing CD31, aSMA and PDGFR in five murine
VWAT depots - epididymal, pericardial, omental, perirenal and mesenteric. Moreover,
immunofluorescence images also showed that WT1 is co-expressed with PDGFR in

some cells (some of which are found in the mesothelium of VWAT). Further flow
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cytometry experiments showed expression of WT1 in both endothelial cells and
pericytes isolated from the 5 VWAT depots. Secondly, we used Wtl-lineage tracing
to show that cells expressing WT1 post-natally not only give rise to adipocytes, but
also other cells found in near CD31+ and aSMA+ microvessels. Additionally, the
contribution of WT1+ cells to the adipocyte population is decreased in obesity and
WT1+ cells may also contribute less to other cell populations (such as microvascular
cells) in adult obese mice. Finally, ourimmunofluorescence data from human samples
also showed an abundance of WT1+ cells in omental adipose tissue isolated from
lean, overweight, and obese patients alike. Moreover, we saw that tissues collected
from obese patients present an increase in Wtl mRNA and in the total percentage of
WT1+ cells compared with tissues from lean donors. However, when analysing
human visceral SVF after 7 days in culture we did not observe any significant

differences between lean, overweight and obese samples.

These findings firstly add to previous literature describing the expression of WT1 in
vascular cells. With regard to the role of pericytes in obesity, it has been previously
suggested that PDGFRp+ cells play a role in maintaining metabolically healthy
adipose tissue (Shao et al., 2018) and that mesothelial cells can differentiate into
perivascular mesenchymal cells (Asahina et al., 2011). Moreover, previous research
has identified distinct adipose pericyte subsets and a contribution of pericytes to the
adipose pool (Hepler et al., 2018a; Tang et al., 2008b). In this context, our finding that
a subset of PDGFR+ visceral pericytes express WT1 raises the question of whether
WT1+ and WT1- pericytes have different functions in angiogenesis and/or

adipogenesis, a question which is addressed in chapter 5.

Several studies have shown the presence and role of WT1 in ECs in the tumour
vasculature and in cardiac ECs (Duim et al., 2015; Timar et al., 2005; Wagner et al.,
2014), here we were only able to confirm WT1 expression in VWAT ECs by flow
cytometry but not by immunofluorescence. Co-staining VWAT samples from Wt1¢7"*
reporter mice with antibodies against WT1 and CD31 did not reveal co-expression of
the two proteins, and | hypothesise that this may be either due to low WT1 expression
in these cells or due to the fact that, in vivo, CD31 is mainly expressed at cell-cell
junctions (Lertkiatmongkol et al., 2016). It is also worth keeping in mind the fact that,
to date, the literature describing the role of WT1 in ECs during adult angiogenesis is
mainly confined to the tumour microenvironment (Katuri et al., 2014; Wagner et al.,
2014, 2008b). Furthermore, the role of WT1 in ECs in the cardiovascular setting has
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mainly been described in the context of development (Duim et al., 2016), with
transient expression in ECs also linked to a role in cardiac regeneration (Ogley R.,
2018).

This also leads us to our next research question — the expression and role of WT1 in
lean vs. obese VWAT. In our lineage tracing experiments we saw a significant
decrease in Wtl-lineage traced adipocytes in three VWAT depots from obese mice
(epididymal, omental, and perirenal). We additionally also observed a potential
decrease in Wtl-lineage traced microvessels during obesity. These data, along with
the fact that we observed PDGFRB+ in WT1+ mesothelial cells, raises another
interesting question —whether there is a role of WT1+ pericytes in VWAT homeostasis

and expansion and whether this role changes during obesity.

Finally, we showed the presence and location of WT1+ cells in human omental VWAT.
This is notable as, previously, only the presence of WT1 transcript had been
demonstrated in VWAT (Chau et al., 2014). Interestingly, our data also showed a
difference in WT1 expression and WT1+ cell numbers between lean, overweight, and
obese patients. This is particularly interesting considering that obese adipose tissue
(and VWAT in particularly) tends to be a pro-inflammatory, hypoxic environment and
the knowledge that WT1 is activated in response to hypoxia (WAGNER et al., 2003).
Moreover, this finding is also interesting in the context of the trends we observed in
lean vs obese Wtl-lineage traced mice. Finally, our insight into these differences
between lean and obese patients are also limited by the relatively small sample size,
by the fact that our patient population includes both males and females and by the

wide age range (33 to 76 years).

The data described in Chapter 3 show several trends worthy of further in vivo
investigation. However, other essential pieces of the puzzle need to be collected in
order to draw more definitive conclusions. Although our human data showed
differences in WT1 expression between lean and obese subjects, we are much more

limited when it comes to exploring the in vivo fate of human adipose progenitors.

6.2 The in vitro role of murine WT1 in visceral adipose tissue angiogenesis

Following the in vivo data described above, we carried out subsequent in vitro
experiments in order to investigate the function of WT1 (Chapter 4). We showed by
flow cytometry that WT1 expression (as indicated by our use of the Wt1°™* mouse

model) varies between depots - 30% of epididymal SVF cells are GFP+, whereas only
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around 10% of the total omental and pericardial SVF cells are GFP+. Conversely,
around 20% of GFP+Lin-cKit- cells in omental and pericardial VWAT are PDGFR3+,
whereas only around 5% of epididymal GFP+Lin-cKit- are PDGFRB+, further
highlighting inter-depot differences. | also aimed to find out whether isolating SVF
cells based on adherence alone retains WT1 expression in perivascular cells. | found
that no CD31+ ECs were selected for through this culture method; we also found that
PGDFRp+ and aSMA+ cells made up a significant proportion of SVF cells cultured
this way, although the percentage of PGDFRB+ positive for WT1+ was lower in
cultured cells compared to the freshly dissociated cells analysed previously by flow

cytometry waned in culture. Some PGDFRB+ cells also expressed aSMA in culture.

When culturing SVF cells from CAGC™ER™2  Wi1PP mice and adding 4-
hydroxytamoxifen in order to delete Wtl1, we observed a decrease in Wtl transcript
levels but nevertheless did not observe any effect on tube formation in vitro. However,
we did observe potential effects of activated Cre in these cells, with both in vitro tube
formation and cytokine gene expression altered in Cre control cells. Using an
alternative, RNAIi-based approach also showed a decrease in Wtl expression in SVF
cells treated with anti-Wtl siRNA but no effect of the Wtl knockdown on tube

formation.

Although the results above showed that Wt1 deletion in VWAT SVF cells does not
impair their in vitro angiogenic potential, they nevertheless open several other
questions in the field. Firstly, the experiments summarised above showed that
culturing SVF cells based on adherence alone selects for pericytes and VSCMs but
no ECs. However, a smaller percentage of PDGFRB+ cells were WT1+ than we had
previously seen in freshly dissociated cells used for flow cytometry. This is an
interesting finding, especially as it has been shown that cell culture conditions can
significantly alter the transcriptional profile of primary cells - using a high-throughput
microfluidics approach, Januszyk et al. showed that adipose-derived stem cells
maintained in culture showed significant differences in their transcriptional profile
between passage numbers PO, P1 and P2 (Januszyk et al., 2015). Interestingly, the
pathways upregulated at higher passages are thought to shift the cells towards a more

proliferative transcriptional profile (Januszyk et al., 2015).

Secondly, we observed a potentially toxic effect of CreERT2. The deleterious effect
of Cre recombinase has been previously described. CreERT activation in mouse

embryonic stem cells leads to a reduction in growth and proliferation, an effect which
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seems to be dose-dependent (Loonstra et al., 2001). In a cardiovascular Cre mouse
model, Cre activation has also been shown to induce cardiomyocyte apoptosis and
cardiac fibrosis, and this effect was found to be dependent on the amount of
Tamoxifen injected and the subsequent level of Cre activity (Bersell et al., 2013). The
in vitro effects of Cre-loxP recombination have further been demonstrated in bone
marrow cells used in CFU assays, highlighting that such genetic deletion models are
not ideal for this assay (McHaffie et al., 2016). CreER was also shown to induce DNA
damage and cryptic loxP site cleavage in an intestine-specific Villin-CreER™ mouse
model, again highlighting the caveats of employing this model, particularly in stem
cells (Bohin et al., 2018). Another factor to consider when discussing the effects of
inducible CreER is the effect of tamoxifen itself. During development, tamoxifen has
been shown to modulate apoptosis (Takebayashi et al., 2008). However, most of the
deleterious effects of tamoxifen have been described in relation to its role as a
selective estrogen receptor modulator and its subsequent effect on bone homeostasis
in mice (Zhong et al., 2015). As Cre toxicity has been described in cell cultures before,
our results may confirm previous reports. Importantly, to our knowledge CreERT2

toxicity has not been shown in tube-formation assays.

Thirdly, we found that while VWAT SVF form robust networks in tube formation
assays, this potential is not affected when Wtl is knocked down. The SVF has been
thoroughly described and shown to contain not only mesenchymal-type stem cells but
also preadipocytes, vascular cells, immune cells, and fibroblasts. Moreover, several
groups have demonstrated the angiogenic properties and behaviour of SVF cells;
mouse and rat adipose-derived SVF cells have been shown to promote vasomotor
relaxation of arteries in vivo, secrete angiogenic factors in vitro and form networks
when plated on Matrigel® ECM (Morris et al., 2015; Rehman et al., 2004; Sun et al.,
2017). In parallel, WT1 deletions in endothelial cells have been shown impair in vitro
angiogenic potential in Matrigel® tube formation assays (Wagner et al., 2008).
However, we did not observe an effect of Wtl knockdown when carrying out own
Matrigel®-based assays. This may be due to several reasons. For instance, WT1 may
not actively involved in VWAT angiogenesis. This would contrast the effect of WT1
deletions observed in other tissues and cell types, such as HUVECs and tumours
(Wagner et al., 2008). Another reason might be that the assay we selected for this
experiment does not accurately reflect the in vivo role of WT1 in angiogenesis and
that a more complex 3D assay may be more suitable for reflecting the adipose

microenvironment.
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The data outlined in Chapter 4 suggest that deleting Wtl in VWAT SVF cells does not
affect their angiogenic potential in vitro. However, these data also point to several
important questions related to the methodologies used in in vitro angiogenesis
research. Firstly, conditional gene knockout models may present caveats that might
skew results, so appropriate controls are essential. Secondly, data resulting from
primary cells must be analysed carefully, bearing in mind the tendency of cells to
change their gene expression profile after being extracted from their

microenvironment.

6.3 Investigating the role of WT1 in murine adipose pericytes

In our 2D angiogenesis assays, we did not observe that Wtl deletion had any
significant effect on tube formation by SVF cells (Chapter 4, Section 2.4.2). As the
SVF is a heterogeneous population, including not only vascular cells but also adipose
progenitors or immune cells, we wanted to exclude the possibility that the presence
of a high proportion of other cell types might downplay the effect of Wtl deletion on
the angiogenic potential of VWAT SVF cells. We therefore used an RNAI to knock
down Wtl in VWAT-derived pericytes only and examined the effect of this knockdown
on a Wtl-null endothelial cell line, bEND3. RNAi-mediated Wt1 knockdown in sorted
Lin-cKit-CD31-PDGFRB+ co-cultured with bEND3 cells did not show any effect on
tube formation in vitro. We then sought to examine differences between WT1- and
WT1+ adipose pericytes by looking at the whole transcriptome of these cells. We
found that 1.43% of the genes expressed were significantly upregulated in WT1+ PCs.
Moreover, we used two analysis tools, GOrilla and DAVID, to identify pathways
upregulated in the two VWAT PC populations. We identified several pathways
upregulated and downregulated in WT1+ PCs. Genes upregulated in WT1+ PCs were
most often associated with KEGG cancer pathways and included genes active in

tumour angiogenesis, such as Fgfl, Fgf2 and Fgf9 and Pdgfc.

The results outlined in this section primarily show that, while Wt1 knockdown did not
affect the in vitro behaviour of VWAT PCs in two-dimensional tube formation assays,
WT1+ and WT1- PCs nevertheless have different transcriptomic signatures, with
several interesting genes and pathways upregulated in the WT1-expressing
population. Publications from other groups support the hypothesis that subsets of
pericytes are characterised by different surface marker expression patterns, different
functions, and even different origins (Zhang et al., 2020). For instance, during CNS

development, one subset of cerebrovascular pericytes differentiates from mature
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macrophages (Yamamoto et al., 2017). In adipose research, Hepler et al. have shown
that murine PDGFRB+ cells found in visceral fat can be classed into two subsets
based on LY6C expression (Hepler et al., 2018b). In our experiments, out of all genes

expressed in epididymal PCs, 1.43% were significantly upregulated in WT1+ PCs.

However, only a small number of pathways were enriched in WT1+ PCs, and further
experiments are necessary in order to establish whether these pathways are
physiologically relevant. The main limitation of our RNA sequencing data is the fact
that, due to time constrains, we were not able to validate the genes upregulated in the
two subsets of PCs. Moreover, we had previously identified a larger percentage of
omental and pericardial PCs positive for WT1 but, as these depots are smaller, we
were not able to collect sufficient amounts of good quality RNA for sequencing. Future
work would therefore also be focused on the other VWAT depots and their respective
WT1+/- PC populations.

Interestingly, our GO analysis identified that some genes upregulated in WT1+ PCs
are associated with the regulation of muscle contraction, suggesting a potential role
of WT1 in the vasculature. DAVID functional enrichment analysis conversely identified
several genes downregulated in WT1+ PCs which are associated with the vascular
smooth muscle contraction KEGG pathway. Several genes associated with the insulin
secretion KEGG pathway were, on the other hand, upregulated in WT1+ PCs. These
results are interesting as is has been shown that insulin inhibits the contraction of
vascular smooth muscle (Kahn et al., 1993, 1998). It is therefore possible that the role
of WTL1 in the adipose vasculature is not necessarily linked to novel angiogenesis, but

to how the mature vasculature plays into the homeostasis of adipose tissue.

The experiments described in Chapter 5 show that, although WT1 does not appear to
direct sprouting angiogenesis in vitro, WT1+ and WT1- PCs nevertheless have
different transcriptomic profiles. Interestingly, genes associated with cancer are
upregulated in WT1+ PCs; these include genes associated with the Wnt pathway,
which have previously been shown to be downstream of WT1 in epicardial cells (von
Gise et al., 2011). In the future, validation of these genes and pathways and similar
analysis on other VWAT depots may shed more light on the physiological implications

of our findings.
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6.4 Future work

While our experiments generated several interesting results, further data would be
needed in order to put these in context and reveal the larger picture of WT1 and VWAT

angiogenesis.

In our lineage tracing experiments, we found that microvascular cells in five VWAT
depots not only express WT1 in adulthood but may also be derived from WT1+ cells.
Moreover, our immunofluorescence data showed that the contribution of WT1+ cells
to the vasculature seems to differ between lean and obese mice. However, further
flow cytometry data, particularly from Wt1¢5R72:mTmG lineage tracing mice, would
be key to confirming that the Witl-lineage traced cells we observed in our
immunofluorescence experiments are indeed VSCMs and PCs. Most importantly, this
experiment would also allow us to quantify the percentage of PCs and VSMCs derived
from WT1+ progenitors, which was not possible with immunofluorescence images
alone. One limitation of our lineage tracing data is also the fact that, at the time of
tamoxifen dosing, it is not known whether all WT1+ cells would be adipose
progenitors, and some of the labelled cells might be committed pericytes themselves.
In order to overcome this limitation and better assess whether WT1+ progenitors
differentiate into microvascular cells, future experiments could involve transplanting
WT1+ adipose progenitors in vivo and observing whether they incorporate into

microvessels.

In our data from human tissues, we observed increased levels of WT1 mRNA in
samples collected from obese patients. In order to connect with the lineage tracing
data we obtained from our Wt1"ER™2:mTmG model, similar data from mouse adipose
tissue would have to be collected as well, for instance by comparing whole-tissue Wtl
MRNA and protein levels from lean and obese wild-type mice. While whole-tissue
MRNA can be informative, it is also important to zoom in on the percentages of cells
expressing WT1 in these tissues, especially since we have observed that different

murine VWAT depots vary in their proportion of WT1+ cells.

Although it would also be necessary to have information on the percentages of WT1+
cells in humans, mirroring these experiments in human tissue is challenging not only
because of the difficulties in obtaining adipose tissue from pericardial, perirenal or
mesenteric adipose tissue, but also because subsequent experiments on cells
isolated from these depots must be suitable for small numbers of cells. Furthermore,

performing flow cytometry analysis experiments on WT1, a nuclear protein which may
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be expressed at relatively lower levels compared to tumour cells, comes with its own
set of challenges. Although successful WT1 flow cytometry has been shown in human
cells, the experiments in question involved cancer cell lines (Kerst et al., 2008). Here,

we were not able to successfully sort human SVF cells based on WT1+ expression.

Although we thoroughly examined the effect of Wtl deletions in a 2D in vitro
angiogenesis model, we are also aware that other in vitro angiogenesis models might
be better at reflecting the adipose microenvironment. In our experiments, we also
attempted to culture 3D adipose explants along with growth factors, following a
previously published protocol (Rojas-Rodriguez et al., 2014). However, although we
observed sprouting in some wells, we were not able to obtain results that were
consistent across replicates. It is probable that other 3D adipose constructs, such as
gels formed from suspensions of co-cultured cells or similar scaffolds populated with
adipocytes and other cells found in the SVF may be more revealing when studying
the complex interactions between adipose tissue cells (Cai et al., 2017; Murphy et al.,
2019).

In addition to the vasculature, it is worth noting the importance of studying the wider
impact of any factors active in the blood vessels of adipose tissue. Looking into
transcriptomic differences between WT1+ and WT1- PCs is informative on the
pathways which may be involved in metabolic disease. However, the differences we
observed between WT1+ and WT1- PCs are only relevant to lean adult mice. It would
undoubtedly be interesting to explore the differences between WT1+ and WT1- PCs
isolate from obese mice. Considering the effect of hypoxia on WT1 (Wagner et al.,
2003) and the multitude of transcriptional targets of WT1, such an experiment may
reveal not only more significant differences in the pathways we have already

identified, but also additional up/downregulated pathways.

Extrapolating from the pathways we identified in our transcriptomic analysis, other
aspects of the adipose tissue microenvironment are also important. Inflammation in
VWAT is a particularly important issue as VWAT has been shown to have a pro-
inflammatory phenotype and thus wider implications for metabolic health and the risk
of developing insulin resistance and type 2 diabetes (Burhans et al., 2019). The link
between adipose and vascular health is even more pronounced when we focus on
perivascular tissue; here, adipose-derived factors such as leptin, IL-6, TNF-a, CCL5

or CCL2 can lead to a dysfunction of vascular cells, including endothelial cells, smooth
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muscle cells and adventitial fibroblasts, and eventually to vascular disease (Nosalski
and Guzik, 2017).

Another issue worth pointing out is the ubiquity of mouse models in adipose research,
which is also found in the experiments outlined in this thesis. Although mechanisms
observed in murine models are often extrapolated to the human biology, recent
studies have shown that some pathways can be species-specific. For instance, it has
recently been shown that acute glucocorticoid excess promotes BAT thermogenesis
in humans by increasing UCP-1 but leads to a decrease in BAT activity and UCP-1 in
mice (Ramage et al., 2016). Differences between mice and humans have also been
described in terms of immunological response, where different isoforms of the
interleukin 1 receptor-associated kinase (IRAK) protein are essential in TLR pathways

between humans and mice (Sun et al., 2016).

6.5 Conclusions

Research on adipose tissue, and VWAT in particular is certainly an exciting area at
the moment, with many groups working on all different aspects of this complex tissue,
from development to metabolic health and inflammation. Our own experiments were
focused on just one of the potential factors regulating VWAT — WT1. The data
described in this thesis suggest that WT1 might have a complex role in VWAT, but
that this role should be further studied in the context of: 1) the cell populations
expressing Wtl; and 2) the pathways WT1 is known to be involved in. Although our
Wil knockdowns did not show a significant phenotype in vitro, this is only indicative
of new sprouting angiogenesis. However, the expression patterns of WT1 and the
different contributions of WT1+ cells to the adipocyte population in lean vs obese
subjects does suggest a role for it in the regulation of VWAT and its vasculature.
Assuming that WT1 expression in VWAT may be regulated by hypoxia and
considering all the known transcriptional targets of WT1, these data raise new
questions regarding whether this expression is increased in vascular cells from obese
VWAT and, if so, what the consequences of this increase are on blood vessels and

their integrity.
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aSMA + GFP

CD31 + GFP

PLIN + GFP

Epididymal | Omental | Pericardial | Mesenteric | Perirenal
CD 5 5 4 5 6
HFD 7 4 5 6 6
p value 0.48 0.66 0.069 0.099 0.32
CD 4 5 4 5 6
HFD 6 4 5 6 6
p value 0.62 0.2 0.69 0.19 0.51
CD 6 6 4 6 5
HFD 7 5 5 5 6
p value 0.041 0.0012 0.068 0.515( 0.00092

Table A.1. Biological replicates used in the quantification of Wt1-lineage traced
adipocyte and microvessels and results of statistical analysis
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Lean

Subject number |Age| Sex | BMI (kg/m2) WHR % Fat| Fat mass (kg) |
1176 33 |Female| 22.38835489 | 0.824175824 | 29.3 16.6
1180 43 [Female|22.14876033 [ 0.786324786 | 29.6 17.9
1200 60 |Female| 22.7189744 [0.926315789 | 35 19.6
1201 51 | Male | 23.5260771 | 0.888324873 | 24.8 16.5

Overweight

Subject number |Age| Sex | BMI (kg/m2) WHR % Fat| Fat mass (kqg) |
1175 52 | Male | 26.6953328 ND 30.9 27.5
1184 75 |Female| 29.37239738 | 0.813559322 | 42.1 33.3
1199 40 [Female| 26.3958034 [1.037037037 | 32.5 25.7
1202 62 | Male |25.15589569 | 0.93877551 | 22.5 16

Obese

Subject number Sex | BMI (kg/m2) WHR % Fat| Fat mass (kq) |
1177 56 |Female| 38.36638101 1.025 453 48.5
1178 59 |Female| 38.29344433 | 0.837301587 | 46.1 42.3
1181 60 |Female| 33.71488033 | 0.846846847 | 42.6 34.5
1182 76 |Female| 33.33187141 | 0.901709402 | 43.5 33.4
1186 69 | Male |34.47809627 | 1.043859649 | 39.1 39.9
1193 59 | Male |30.94571162 | 1.061946903 | 29.5 29.1

Table A.2. Anthropometry data of patients included in human VWAT experiments.
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Quantification p value
Epi SVF - Number of branches (3h) 0.36
Epi SVF - Number of branches (6h) 0.66
Epi SVF - Total branching length (3h) 0.059
Epi SVF - Total branching length (6h) 0.084
Peri SVF - Number of branches (3h) 0.49
Peri SVF - Number of branches (6h) 0.32
Peri SVF - Total branching legth (3h) 0.92
Peri SVF - Total branching legth (6h) 0.61
Epi CO - Number of branches (3h) 0.15
Epi CO - Number of branches (6h) 0.17
Epi CO - Total branching length (3h) 0.22
Epi CO - Total branching length (6h) 0.06
Peri CO - Number of branches (3h) 0.78
Peri CO - Number of branches (6h) 0.17
Peri CO - Total branching legth (3h) 0.62
Peri CO - Total branching legth (6h) 0.5

Table A.3. Statistical analysis of tube formation assays experiments using epididymal
and pericardial SVF cells deleted for Wtl by CreERT2 activation.
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(Vechicle control vs. Tamoxifen-treated)
Wt1- deleted CreERT2 control

Wt1 expression p=0.031 p=0.291

CXCL5 expression p=0.612 p=0.332

DCN expression p=0.089 p=0.578

IRF7 expression p=0.495 p=0.0021

PTN expression p=0.0034 p=0.262

RGS4 expression p=0.822 p=0.330

Table A.4. Results of statistical analysis - the effect of CreERT2 on the expression of
inflammation genes in pericardial SVF cells

p value
Wtl+ cells OM 0.31
WT1+ cells HF 0.11
Wtl+ cells EPI 0.051
Wtl+ pericytes OM 0.0055
W11+ pericytes HF 0.31
Wt1l+ pericytes EPI 0.13

Table A.5. Results of statistical analysis - Validation of RNAi-mediated Wt1l
knockdown in cultured SVF cells by immunofluorescence
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