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Abstract

Genome wide-association studies (GWASs) have identified many loci
that contribute to coronary artery disease (CAD). A huge challenge of the post-
GWAS era is identifying the biological pathways risk variants act through to
contribute to disease. | explored the use of MSCs as a model to investigate the
effects of CAD-related variants in vitro.

To establish a MSC bank, cells were isolated from 114 umbilical cords
and subsequently characterised. MSCs met the ISCT criteria; they adhered to
plastic, expressed a characteristic cell surface profile and differentiated into
three common lineages. As a proof of principle study, a BMI-associated variant
was investigated. Speliotes et al., (2010) showed rs3810291 was an eQTL for
ZC3H4 in adipose tissue. However, MSC-derived adipocytes did not
recapitulate the effect of this variant. Analysis of another known eQTL
(rs10840106) in adipose tissue was significantly associated with TRIM66 gene
expression in MSCs and differentiated adipocytes.

It is hypothesised CAD risk variants act in CAD-relevant cell types to
exert their effects, so MSCs were differentiated towards a SMC lineage. A
second proof of concept study focussed on a CAD-associated variant reported
to be functional in SMCs. Pu et al., (2013) showed rs3825807 affected vascular
SMC migration, ADAMTS7 maturation and COMP cleavage. | did not see a
genotype effect of rs3825807 on ADAMTS7 prodomain cleavage or migration of
differentiated SMCs.

These findings suggest that MSCs may be robust enough to detect the
association of variants on important genetic effects such as mRNA levels.
However using MSCs to understand the effects of CAD-associated variants is
still a difficult process. It is hindered by technical challenges such as MSC
heterogeneity, variation in MSC differentiation and underpowered sample sizes.
These barriers need to be overcome in order to successfully use MSCs to
model disease.
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Chapter 1- Introduction



1.1 Coronary artery disease

Cardiovascular disease (CVD) is a group of diseases that involve the
heart and blood vessels. Common CVDs include, amongst others, coronary
artery disease (CAD), peripheral arterial disease, congenital heart disease,

ischaemic heart disease and cardiomyopathy.

CAD is the most common form of heart disease. It is the primary cause
of morbidity and mortality in the UK and worldwide, and the occurrence of CAD
is rapidly increasing in developing countries (Mackay & Mensah, 2004).
Approximately 17.5 million people died from CVDs in 2012, of these 7.4 million
were because of CAD (World Health Organisation, 2015). Since 1990, globally
more individuals have died from CAD than any other cause, and by 2030,
nearly 23.6 million people will die as a result of CAD (Lloyd-Jones et al., 2009).
In an individual, CAD develops gradually and is therefore seen as a disease of
the elderly. CAD becomes clinically apparent at 40, but people aged 65 and
above account for approximately 85% of all CAD deaths (Boudi, 2013). In
addition, in 2011 the cost of CAD to the NHS was approximately £6.7 billion
(British Heart Foundation, 2012). So it is vital that we continue to increase our
knowledge of the underlying biological mechanisms of CAD, in order to target
them for therapeutic purposes, to reduce the medical, social and economic
burden caused by CAD.

1.2 Overview of CAD pathobiology

CAD is a complex health condition that develops over an individuals’
lifetime, normally intensified by a combination of environmental and genetic risk
factors. CAD occurs when the arteries that deliver oxygen-rich blood to the
heart (known as the coronary arteries) narrow due to a gradual build up of fatty
material in the artery wall. This condition is called atherosclerosis; it is a chronic
progressive disease that remains asymptomatic for decades, and is the single
most important contributor of CAD. Atherosclerosis is the result of four main

steps; 1) injury and activation of the endothelium, 2) lipid accumulation,



modification, and foam cell formation, 3) growth and fibrous cap formation and
4) plaque rupture.

A normal artery has three layers; the tunica intima (inner layer), tunica
media (middle layer) and the adventitia (outer layer of the artery; Figure 1.1A).
The tunica intima is lined by an endothelial cell monolayer which is in direct
contact with flowing blood. The monolayer is underlined by a basement
membrane which supports the endothelium. The intima also contains smooth
muscle cells (SMCs). The tunica media, the muscular middle layer, contains
more SMCs than the tunica intima, where SMCs are present in a complex
extracellular matrix. The adventitia (also known as the tunica externa) is the
outer layer of the arteries; it consists of connective tissue (primarily collagen)
microvessels, nerve endings and mast cells (Libby et al., 2011).

The understanding of the pathobiology of CAD has evolved hugely over
the past century. Animal experiments and human samples postulate, the first
event of atherosclerosis to occur, is a change in the endothelial cell monolayer
that is in direct contact with flowing blood. The endothelium is subject to
important hemodynamic forces, which are not uniform within the vasculature.
The blood flow is laminar in straight parts of the vascular system, whereas at
regions of arterial branching or curvature, blood flow is disturbed and the wall is
subject to low shear stress. It is at these regions atherosclerotic plaques are
predisposed to develop (Gimbrone, 1999).

The endothelium is an important organ system required to preserve the
integrity and vascular tone of the arterial wall (Jackson et al.,, 2012). Under
normal conditions, leukocytes (white blood cells) do not attach to the endothelial
cell monolayer. Upon vascular injury or when endothelial cells are exposed to
irritative stimuli (e.g. high cholesterol levels or pro-inflammatory cytokines), they
express adhesion molecules that stimulate rolling and adhesion of leukocytes to
endothelial cells. Vascular cell adhesion molecule-1 (VCAM-1) is an example of
a molecule that is expressed by endothelial cells upon cholesterol exposure,
which enables leukocytes to bind to the endothelium at sites of plaque initiation
(Cybulsky & Gimbrone, 1991). Interleukin-8 (IL-8), intercellular adhesion

molecule (ICAM-1), E selectin and P selectin, are other chemokines and



adhesion molecules involved in this process (Businaro et al., 2012). Next
leukocytes are directed into the tunica intima at the junctions of endothelial cells
by a process called diapedesis. Monocyte chemoattractant protein-1 (MCP-1) is
a chemoattractant mediator, and is thought to mediate this process (Businaro et
al., 2012).

Simultaneous changes in endothelial cell and the basement membrane
permeability, enables the entry of low-density lipoprotein cholesterol (LDL-C)
into the arterial wall. LDL-C becomes trapped in the vessel wall and is subject to
modification, including lipolysis, oxidation, proteolysis and aggregation. These
modified particles can induce further leukocyte adhesion and contribute heavily
to inflammation. Oxidative waste from SMCs can also result in LDL-C
oxidisation, where these molecules have pro-inflammatory activity. LDL-C

modification is a significant step in early lesion formation (Lusis, 2000).

The main leukocytes that pass into the tunica intima, are monocytes
(phagocytes), lymphocytes and to a lesser extent granulocytes. Monocytes
differentiate into tissue macrophages and upregulate expression of scavenger
receptors, such as CD36 and scavenger receptor A (SRA), and engulf modified
LDL-C. These monocytes become lipid-laden macrophages, known as foam
cells, which are a feature of an early atherosclerotic lesion (Figure 1.1B).
Macrophages within the plaque secrete various pro-inflammatory cytokines and
growth factors e.g. interleukin-1p (IL-18) and tumour-necrosis factor (TNF) that
are implicated in plaque progression. Also, macrophages are able to undergo
proliferation within the intima (Libby, 2002). Other types of leukocytes, such as
lymphocytes and mast cells also build up in the plaque, but at a much lower

number compared to monocytes.

Atheroma formation also involves SMCs. Resident SMCs are found in
the tunica intima, however additional SMCs migrate from the tunica media to
the tunica intima. SMCs undergo proliferation, upon stimulation with factors
(e.g. platelet-derived growth factor) and secrete extracellular matrix components
(such as collagen, elastin and proteoglycans) in the intima, which leads to the
formation of a fibrous cap that covers the plaque (Figure 1.1C). Underneath the

cap is a population of macrophage-derived foam cells. These and SMCs can



undergo apoptosis, however the dead cells are inefficiently cleared (a process
called efferocytosis). This leads to a build-up of extracellular lipids and cellular
debris that have been released from dead cells, forming the lipid-rich ‘necrotic’

core of the plaque (Tabas, 2010).

Calcification and neovascularization are common features of an
‘advanced lesion’, as they contribute to the stability of the lesion. Intimal
calcification is a process whereby matrix scaffold is secreted by pericyte-like
cells and becomes calcified. Oxysterols (oxidised derivatives of cholesterol) and
cytokines regulate this process (Watson et al., 1994). Neovascularization is the
formation of small blood vessels, and this can occur within the tunica media,

providing a channel for the entry of inflammatory cells.

Primary lesions are also known as ‘fatty streaks’, and are not clinically
significant. Clinical manifestations are seen upon a more advanced lesion. The
plague can cause narrowing of the artery, which can lead to angina. Physical
disruption of the plaque can also occur, which exposes the pro-coagulant
proteins in the core of the plague, to coagulation components in the blood, and
can lead to the development of thrombosis (Figure 1.1D). Macrophages
produce tissue factor (a pro-coagulant factor which initiates the coagulation
cascade) that causes the lipid core to be thrombogenic. Oxidised LDL also
causes endothelial cells to produce tissue factor (Schonbeck et al., 1999). A
thrombus can interrupt blood flow locally, or can come away and obstruct distal
arteries, resulting in myocardial infarction (MI) or stroke (Watkins & Farrall,
2006). A plaque susceptible to rupture has a thin, collagen-poor fibrous cap,
with few SMCs and numerous macrophages. Plaque disruption can be
accelerated by collagenolytic enzymes that degrade collagen. In addition,
inflammatory cells can produce mediators that cause SMC apoptosis, the

principle source of collagen in the arterial wall (Libby, 2009).

In summary, atherosclerosis is a complex process that occurs over an
individual’s lifetime. It is comprised of a series of steps involving the arterial wall
and blood components, where inflammation plays a key role. Atherosclerosis
can ultimately lead to morbidity and mortality.
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Figure 1.1. An overview of the formation of an atherosclerotic lesion. (A) A normal artery. (B) The first steps of
atherosclerosis, including adhesion of monocytes to endothelial cells. (C) Progression of the plaque including the migration of
SMCs into the intima (D) Physical disruption of the plaque leads to thrombus formation (Libby et al., 2011).



1.3 Risk factors of CAD

A risk factor is a measurable variable or characteristic that associates
with an increased risk of disease. The risk factors for CAD which include
various environmental, lifestyle and genetic factors are well documented
(Figure 1.2). The age of onset and severity of CAD depend on these risk
factors, where an understanding is imperative in early identification, monitoring
and treatment of individuals with high risk, to overall reduce the CAD burden, as
small changes in lifestyle can reduce an individual's risk. For example, a CAD
patient who stops smoking is associated with a 36% reduction in risk of total
mortality (Critchley & Capewell, 2004).

In 1948, the USA Public Health Service set up the Framingham Heart
Study to study the epidemiology and risk factors for CVD (Dawber et al., 1951).
The aim of the project was to investigate the development of CVD over time, in
a large group of participants. After four years, researchers discovered high
blood pressure and high cholesterol were risk factors for the development of
CVD (Dawber et al., 1957). The Framingham Heart Study has discovered many
other risk factors since; changing the way CVD is managed in the clinic. It has
also led to the development of the Framingham Risk Score calculator, which is
a sex-specific algorithm that can be used to estimate a patient’'s 10-year risk of
CVD (Wilson et al., 1998).

The traditional risk factors for CVD are high blood pressure
(hypertension), high cholesterol, age, smoking, diabetes mellitus and positive
family history (Cleeman et al., 2001). Diabetes mellitus, obesity, a diet high in
cholesterol, smoking, hypertension and an inactive lifestyle are modifiable risk
factors. The non-modifiable risk factors are sex, advanced age and family
history of CAD. Additional risk factors and subclinical disease markers have
also been identified (Figure 1.2).
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Figure 1.2. The risk factors for cardiovascular disease. CRP; C-
reactive protein, LDL-C; low density lipoprotein cholesterol, HDL-C;
high density lipoprotein cholesterol, IMT; intimal medial thickness
(O'Donnell and Elosua, 2008).

Lifestyle/Environmental Factors

1.4 Genetic contribution of CAD

The contribution of the heteritability of CAD has been shown to be
between 40-60% (Girelli et al., 2009), supported by epidemiological and family
studies. Reports from the Framingham Heart Study demonstrated that men and
women with a family history of CAD had a 2.4-fold and 2.2-fold increased risk of
CAD, respectively (Schildkraut et al., 1989). Additional studies have shown that
the offspring of an affected parent are two-fold more likely to be at risk from
CAD (Yusuf et al., 2004; Cremer et al., 1997; Murabito et al., 2005; Chow et al.,
2011; Lloyd-Jones et al., 2004). These families with a positive family history of
CAD represent 72% of premature CAD cases and 48% of complete cases, but
only make up 14% of the total population, illustrating the significance of the
genetic predisposition for CAD (Williams et al., 2001). In addition, twin studies
have shown that an individual with an affected twin exhibited a 4-fold and 8-fold
increased susceptibility if they were dizygotic and monozygotic twins,

respectively (Marenberg et al., 1994). Also, Sorensen et al., (1988) study
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supports the strong correlation between genetics and CAD risk. A Danish
population consisting of 1000 families were investigated. The study showed that
biological parents who died before the age of 50 due to vascular disease, was
correlated with a 4.5-fold increase of the offspring dying from the same cause.
However when the adoptive parent died from a similar cause, the risk of the
offspring was not significantly increased. Furthermore, imaging-based studies
have shown that the anatomy of CAD (i.e. ectasia, coronary calcifications, left
main stem and proximal left anterior descending disease) is inherited, whilst
carotid intima-media thickness and calcium scores, two further markers of CAD,
have also shown to increase in families with a history of early CAD (Wang et al.,
2003Db; Nasir et al., 2004; Nasir et al., 2007; Fischer et al., 2005; Fischer et al.,
2007). Many of the CAD risk factors, including high cholesterol levels and
diabetes mellitus also have their own strong genetic component. Consequently,
these two conditions also lead to the development of CAD. However the genetic
risk for CAD is a fixed factor, independent of other risk factors such as obesity,
cigarette smoking, diabetes mellitus and hypertension (Roberts & Stewart,
2012). Overall there is significant evidence illustrating the strong genetic
component of CAD.

1.5 Mendelian disorders that manifest CAD

Mendelian disorders are single-gene traits that transmit in families
through an autosomal dominant, autosomal recessive or an X-linked pattern.
Mendelian disorders that clinically manifest CAD explain only a minor subset of
familial CAD, but have led to fundamental insights into the biology of the
disease. Over the past 50 years, gene mutations that cause Mendelian
disorders manifesting premature CAD have been identified. One example of a
Mendelian disorder is familial hypercholesterolemia (FH), which is an autosomal
dominant disorder that occurs in 1/500 individuals. It is due to mutations (more
than 700 have been identified) in the low density lipoprotein receptor (LDLR)
gene (Heath et al., 2000; Villéger et al., 2002). LDLR encodes the LDLR protein
which is a cell surface receptor that mediates the endocytosis of LDL particles
from the plasma. Mutations in LDLR result in abnormal or non-functional LDLR,



and are classified according to their effect on the LDLR protein function (Hobbs
et al., 1992). In addition to LDLR, mutations have been identified in
apolipoprotein B (APOB) and proprotein convertase subtilisin/kexin type 9
(PCSK9) which also cause FH. The analysis of individuals with homozygous FH
at the molecular level, has led to the identification of the pathways involved in
LDL cholesterol metabolism (Goldstein & Brown, 1973), resulting in the

development of statins (Stossel, 2008).

There are other Mendelian disorders that are as a result of rare
mutations in ATP-binding cassette A1 (ABCAL1), apolipoprotein A-1 (APOA1)
and lecithin-cholesterol acyltransferase (LCAT), which influence high-density
lipoprotein  cholesterol (HDL-C) metabolism, and are |linked to
Hypoalphalipoproteinemia (deficiency of low HDL-C in the blood; Frikke-
Schmidt et al., 2004; Cohen et al., 2004).

Tangier disease and Sitosterolemia are two rare genetic lipid disorders.
The study of these two diseases has enabled a deep understanding of sterol
transport. Tangier disease is caused by mutations in ATP-binding cassette 1
(ABC1) encoding a member of the ABC transporter family. The distinct
phenotype of this disease is near or complete absence of apolipoprotein A-I (a
component of HDL-C), and substantial deposition of cholesterol ester in
macrophages (Bodzioch et al., 1999; Brooks-Wilson et al., 1999; Rust et al.,
1999). Sitosterolemia is caused by mutations in ABCG5 and ABCG8 resulting in
abnormalities in sterol absorption and secretion, leading to increased levels of
plasma LDL-C levels (Berge et al., 2000; Lee et al., 2001). These are prominent
examples of Mendelian disorders in the CAD field, however most CAD traits

show complex inheritance.

1.6 Genetic architecture of CAD

To successfully map all of the genetic components for CAD is dependent
on the number of disease-associated genes, their allele frequencies and level of
risk, and their interaction with environmental factors (Wright & Hastie, 2001;

Reich & Lander, 2001). To complicate matters, certain CAD risk factors have

10


http://www.google.co.uk/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CCIQFjAA&url=http%3A%2F%2Femedicine.medscape.com%2Farticle%2F127943-overview&ei=wD1fVdyFJsrSUayGgpAD&usg=AFQjCNFa_Pwh93awKJahTSwVWuvNuMlDLA&bvm=bv.93990622,d.d24

their own heritable component, for example the contribution of the heritability of
Type 2 diabetes is between 40-80% (Barnett et al., 1981; Gottlieb & Root, 1968;
Harvald & Hauge, 1963; Newman et al., 1987). In addition, premature CAD
(onset before the age of 50) is rare and hence unlikely to affect reproductive
success, and therefore less likely to be under selective pressure. So CAD risk
or non-risk alleles may have evolved neutrally in the past, and are therefore
present in the population at a range of different frequencies. This notion is the
basis of the Common Disease, Common Variant hypothesis, which predicts that
for common diseases such as CAD, many genetic variations with a relatively
high frequency (>1%) across the genome each exert a small-to-modest effect to
contribute to the disease phenotype (Reich & Lander, 2001). On the other hand,
a Common Disease, Rare Variant hypothesis has been proposed. This model
argues that rare variants (<1%), with relatively high penetrance and extensive
allelic heterogeneity are the major contributors of common diseases (Wright &
Hastie, 2001; Pritchard, 2001). Candidate gene and genome-wide association
studies (GWASS) have supported both models, as they highlight the importance
of common CAD alleles (Lohmueller et al., 2003; the Wellcome Trust Case-
Control Consortium (WTCCC), 2007) and rare allelic variants e.g. variants in
ABCAL (Frikke-Schmidt et al., 2004; Cohen et al., 2004). The most probable
scenario is complex diseases arise due to common and rare variants which
contribute to the risk of CAD. The main point is no single locus or variant is
sufficient to cause the disease.

Over the years, different methods have been utilized in an attempt to
identify all the genetic components of CAD. These methods include linkage

studies, candidate gene studies and GWASs.

1.7 Studies to identify causative genes for CAD
1.7.1 Linkage analysis studies

Initially linkage analysis studies were attempted to identify CAD genes.
The method aims to identify a genetic marker (e.g. microsatellites) that co-

transmits with the disease in a family pedigree. This required the selection of
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many families with CAD or MI, including sib pairs. Genetic markers that evenly
spanned the genome were used. The aim of the study is to discover significant
linkage peaks (LOD score of greater than 3.5; p=1x10), suggesting that a
nearby gene is in linkage disequilibrium (LD) with the marker. As the position of
the genetic marker is known, it is possible to map where the disease gene
resides in the genome, and more specifically on which chromosome.

This approach has had several successes, including the identification of
variants in the ALOX5AP gene (encoding 5-lipoxygenase activation protein,
FLAP). The variants are implicated in the pathogenesis of Ml and stroke by
causing an increase in leukotriene production and subsequent increased
inflammation within the wall of the arteries (Helgadottir et al., 2004). Myocyte
enhancer factor 2A (MEF2A), was also identified by linkage analysis using a
pedigree, where 13 individuals had CAD. MEF2A is a transcription factor
expressed in the endothelium of the coronary artery (Wang et al., 2003a).

Excluding the several successes that have identified CAD-related genes,
overall linkage analysis has been ineffective. The results are impossible to
replicate for small effect, low-penetrance mutations because of low statistical
power, and the approach is limited in the search to determine all the genetic
components of CAD. In addition, genetic and phenotypic heterogeneity are
confounding variables that reduce the power of linkage studies (Ekstrom &
Dalgaard, 2003). Also, as this approach identifies the chromosomal region and
not the genes directly, excluding a few cases, it is not a direct comparison
method (Helgadottir et al., 2004; Wang et al., 2003a).

1.7.2 Candidate gene studies

Candidate gene studies are based on an approach, which studies genes
that encode proteins already known to be involved in pathological processes of
the disease. Variation in the ‘candidate gene’ is hypothesised to either alter
gene expression or affect protein function, resulting in disease (Kwon & Goate,
2000). For example, it was observed that inflammatory responses in

atherosclerosis and chronic infection overlapped, and therefore pathogens may
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prompt the formation of plagues in the arteries (Campbell & Kuo, 2004). Genes
implicated in innate immunity were classified as candidate genes for CAD. One
of the first candidate genes identified was CD14, which encodes a membrane
bound glycoprotein receptor for lipopolysaccharide. A polymorphism in the
promoter region (C260Thr) has been suggested to enhance transcriptional
activity (Ameziane et al., 2003; Arroyo-Espliguero et al., 2004a; Kiechl et al.,
2002; LeVan et al., 2001). Case-control studies have frequently investigated
this variant; however consistent results have not been found (Arroyo-Espliguero
et al., 2004b). Leukotriene A4 hydrolase (LTA4H) is another gene that also
associates with CAD, showing a modest association in Europeans, but a strong
association in African Americans (Helgadottir et al., 2006). Another study
identified polymorphisms in lymphotoxin-a (LTA) gene, which encodes a
member of the TNF family. 93,000 SNPs primarily based in genes were
analysed in a Japanese case-control study, where they discovered LTA
associated with Ml (Ozaki et al., 2002). A later study, using a larger cohort did
not replicate this finding (Clarke et al., 2006).

Candidate gene studies are also limited in their approach. Firstly, the
function of all 20,000-25,000 genes in the human genome and their relationship
with CAD remains unknown; therefore this approach is biased towards genes of
known function. Secondly, this method primarily concentrates on introns, exons
and adjacent regions of the gene. However, these regions only make up a small
part of the genome, as the remaining genome is comprised of intergenic DNA.
These intergenic regions can contain different DNA elements, such as
enhancers and long non-coding RNAs. These can affect gene expression, yet
these elements are not considered in candidate gene studies (Grant et al.,
2006). GWASSs are a recent approach that has widely been used to unravel the
heritable basis of complex diseases, as it overcomes many of the limitations

presented by linkage and candidate gene studies.

1.7.3 Genome-wide association studies

A GWAS is a ‘hypothesis-free’ approach to identify single nucleotide
polymorphisms (SNPs) associated with complex human diseases. The
feasibility of GWASs is due to the ability to measure human variation. The
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human genome contains approximately 3.1 billion base pairs, of which 0.1% (~3
million base pairs) determines our inter-individuality. The majority of studies on
human genetic variation have focussed on SNPs. SNPs are common genetic
variants, which differ in base pair (adenine (A), guanine (G), cytosine (C) or
thymidine (T)) between individuals in a population. SNPs that are linked with
each other on a specific chromosome, are known as a haplotype, and are
inherited together. The International HapMap Project is an international
collaborative project, which aimed to produce a haplotype map of the human
genome. Phase | of the HapMap Project was launched in 2002, 1.3 million
SNPs were genotyped in 270 individuals, where at least one common SNP was
genotyped every 5kb (International HapMap Consortium, 2005). For Phase 11 of
the project, an additional 2.1 million SNPs were genotyped in the same 270
individuals. This has resulted in one SNP being genotyped every 1kb, covering
roughly 25-35% of the 9-10 million common SNPs, with minor allele frequencies
(MAFs) greater than 0.05 in the human genome (International HapMap
Consortium, 2007). Phase Il of the project, genotyped 1.6 million SNPs, in 914
individuals, in addition to the 270 individuals’ genotyped in Phase | and Il to
provide further genetic variation data (International HapMap 3 Consortium,
2010).

The development and use of microarrays have also enabled the
implementation of GWASSs to study complex diseases. In 2005, a microarray
that typed for 500,000 markers was developed. Microarrays were further
improved to type up to 1 million SNPs, which were evenly spread across the
genome (one every 6000 nucleotides; LaFramboise, 2009). As the HapMap
project annotated SNPs to a genomic region, data from microarrays are able to
be mapped to a chromosomal location. In addition, the use of powerful

statistical and computational methods has enabled large-scale GWASSs.

GWASs exploit the inter-individual variation that occurs between healthy
individuals and individuals with the disease. The approach rapidly scans and
compares the frequency of SNPs, across the genome of two large groups;
healthy individuals (controls) and individuals with the disease (cases), to identify
genetic variants associated with a disease (Figure 1.3). GWASs are unbiased,
as it provides a comprehensive coverage of the genome, whilst making no prior
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assumptions of the location and function of genomic regions. If a SNP is more
common in cases than controls, the SNP is associated with an increased
disease risk (Roberts & Stewart, 2012). The effect size of the risk allele can be

measured, and is known as the odds ratio (OR).

To calculate the association of SNPs with disease requires a large
number of statistical tests, where some analyses will have a p-value less than
0.05 purely due to chance. The Bonferroni correction and false discovery rate
(FDR) are two approaches used to reduce the number of ‘false discoveries’ in
GWASSs. For example, analysing 1 million SNPs, a p-value of 0.05 would give
approximately 25,000 false positives. Using a Bonferroni correction, where the
p-value of 0.05 is divided by 1 million SNPs, provides researchers with a
corrected value of 5x10°®. The difference between the frequency of a particular
SNP in both populations has to reach or exceed a ‘genome-wide’ significance
level by at least obtaining a p-value of 5x10® (Petretto et al., 2007). However
using a Bonferroni correction also reduces the number of truly positive results
that are detected. The FDR was first described by Benjamini & Hochberg,
(1995) and is a recent approach being used. Like a Bonferroni correction it also
determines an adjusted p-value for every test; however it assesses the
proportion of false positives among all the significant results. It is a less
conservative test than the Bonferroni correction, which enables it to have
greater power to identify truly significant results. Upon analysis, if a SNP is
significantly associated with disease in the discovery population, it has to be
confirmed in an independent population (known as a replication cohort).
Researchers have utilized this approach to identify loci across the genome that

associate with a particular complex disease or trait e.g. LDL-C.
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Figure 1.3. Outline of the methodology for genome-wide association
studies. DNA from healthy individuals (controls) and individuals with the
disease (cases) are genotyped using microarrays with between 500,000 to 1
million single nucleotide polymorphisms (SNPs). GWA-specific algorithms
identify significant differences between the frequency of a particular SNP in
both populations. ‘Top hits’ are further analysed in an independent replication
population. If a SNP is more common in cases, than controls, the SNP is
associated with an increased disease risk. Measuring the effect size of the
allele is known as the odds ratio (OR). The disease loci are additionally
analysed to identify casual variants and potential biological mechanisms the
risk alleles may act through (Patel & Ye, 2011).

1.7.4 Genome-wide association studies for CAD

GWASs have been used to identify genetic variants associated with
CAD. In 2007, three research groups independently identified a region on
chromosome 9p21, that associated strongly with CAD. Samani et al., (2007)
conducted a study using 1,926 cases and 2,938 controls from the WTCCC
study. The study was replicated in the German MI family study, which consisted
of 875 cases and 1,644 control subjects. The Gene Chip Human Mapping 500K
Array Set was used to genotype all the samples. A 100 kb region at the 9p21.3
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region was strongly associated with CAD in both cohorts. The lead SNP for this
region was rs1333049 (p= 1.80 x 10™** (WTCCC) and p= 3.4 x 10® (German Ml
Family Study)) which showed an OR of 1.9 for homozygote majors for the risk

allele.

Helgadottir et al., (2007) led a GWAS that comprised of 4,587 cases of
Icelandic patients with Ml and 12,767 controls. Using the lllumina Hap300 Chip,
305,953 SNPs were genotyped for all the samples. They identified a common
genetic variant on chromosome 9p21, located in a 190 kb linkage block

associated with 1.64 increased risk of Ml in homozygotes for the risk allele.

McPherson et al., (2007) undertook a study using six independent
cohorts, including more than 23,000 participants, and genotyped 100,000
SNPs. They identified a 58 kb interval on chromosome 9p21 associated with
CAD.

These three independent studies, using different cohorts, identified the
same region on 9p21 to be associated with CAD. 25% of Caucasians are
homozygous for the risk allele, and these individuals have an increased relative
risk for CAD between 30-40% (Helgadottir et al., 2007). The risk caused by this
genomic region, estimated to be present in more than 4 x 10° individuals, was
independent of traditional risk factors and therefore represents a novel risk
(Roberts & Stewart, 2012).

The three GWASs conducted in 2007, in addition to further studies
identified other variants significantly associated with CAD detailed in Table 1.1.
Subsequently it was hypothesised that larger case-control populations were
required to detect lower frequency SNPs. Upon this basis the Coronary ARtery
Disease Genome wide Replication and Meta-analysis (CARDIOGRAM)
consortium was formed which included a sample size of more than 88,000
individuals where 13 new CAD-associated variants were identified (Schunkert et
al., 2011). Another consortium the Coronary Artery Disease (C4D) Genetics
Consortium combined with CARDIOGRAM to carry out a meta-analysis on over
240,000 individuals, which lead to the discovery of another 15 novel variants
(Deloukas et al., 2013).
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Chr. SNP

Nearest Gene(s)

Risk variants associated with LDL cholesterol

LPA
APOB
SORT1
LDLR
APOE
ABCG5-ABCGS8
PCSK9

ANKS1A

TRIB1
ZNF259-APOA5-A4-C3-Al

SH2B3
CYP17A1, CNNM2, NT5C2
GUCYA3
FURIN-FES

Risk variants associated with myocardial infarction

ABO

CDKN2A, CDKN2B

MIA3
CXCL12
WDR12

PHACTR1
MRPS6
MRAS
KIAA1462
PPAP2B
IL5
TCF21
BCAP29
ZC3HC1
LIPA
PDGF
COL4A1, COL4A2
HHIPL1
ADAMTS7
SMG6, SRR
RASD1, SMCRS, PEMT
UBE2Z, GIP, ATP5G1, SNF8
IRX1, ADAMTS16
BTN2A1
C6orf105
HCG27 AND HLA-C

6p25.3 rs3798220
2p24.1 rs515135
1p13.3 rs599839
19p13.2 rs1122608
19q13.32 rs2075650
2p21 rs6544713
1p32.3 rs11206510
Risk variants associated with HDL cholesterol
6p21.31 rs12205331
Risk variants associated with triglycerides
8qg24.13 rs10808546
11g23.3 rs964184
Risk variants associated with hypertension
12g24.12 rs3184504
10924.32 rs12413409
4931.1 rs7692387
15g26.1 rs17514846
9p34.2 rs579459
Risk variants (mechanism of unknown risk)
9p21.3 rs4977574
1941 rs17465637
10gl1.21 rs1746048
2033.1 rs6725887
6p24.1 rs12526453
21g22.11 rs9982601
3g22.3 rs2306374
10p11.23 rs2505083
1p32.2 rs17114036
5qg31.1 rs2706399
6023.2 rs12190287
7922.3 rs10953541
7q932.2 rs11556924
10923.31 rs1412444
11922.3 rs974819
13934 rs4773144
14932.2 rs2895811
15g25.1 rs3825807
17p13.3 rs216172
17pl1.2 rs12936587
17g21.32 rs46522
5p13.3 rs11748327
6p22.1 rs6929846
6p24.1 rs6929846
6p21.3 rs3869109
1921 rs4845625

IL6R
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Risk Allele
Freaq.

0.02 (C)
0.83 (G)
0.78 (A)
0.77 (G)
0.14 (G)
0.29 (G)
0.82 (T)

0.81 (C)

0.65 (A)
0.13 (G)

0.44 (T)
0.89 (G)
0.81 (G)
0.44 (A)

0.21 (C)

0.46 (G)

0.74 (C)
0.87 (C)
0.15 (C)
0.67 (C)
0.15 (T)
0.18 (C)
0.42 (C)
0.91 (A)
0.48 (A)
0.62 (C)
0.75 (C)
0.62 (C)
0.34 (T)
0.29 (T)
0.44 (G)
0.43 (C)
0.57 (A)
0.37 (C)
0.56 (G)
0.53 (T)
0.76 (T)
0.06 (T)
0.07 (A)
0.60 (C)
0.47 (T)

Odds Ratio (95%
Cl)

1.92 (1.48-2.49)
1.03

1.29 (1.18-1.40)

1.14 (1.09-1.19)

1.14 (1.09-1.19)

1.07 (1.04-1.11)

1.15 (1.10-1.21)

1.04

1.08 (1.04-1.12)
1.13 (1.10-1.16)

1.13 (1.08-1.18)
1.12 (1.08-1.16)
1.13
1.04

1.10 (1.07-1.13)

1.25 (1.18-1.31) to
(1.37 (1.26-1.48)

1.20 (1.12-1.30)
1.33 (1.20-1.48)
1.16 (1.10-1.22)
1.13 (1.09-1.17)
1.19 (1.13-1.27)
1.15 (1.11-1.19)
1.07 (1.04-1.09)
1.17 (1.13-1.22)
1.02 (1.01-1.03)
1.08 (1.06-1.10)
1.08 (1.05-1.11)
1.09 (1.07-1.12)
1.09 (1.07-1.12)
1.07 (1.04-1.09)
1.07 (1.05-1.09)
1.07 (1.05-1.10)
1.08 (1.06-1.10)
1.07 (1.05-1.09)
1.07 (1.05-1.09)
1.06 (1.04-1.08)
1.25 (1.18-1.33}
1.51 (1.28-1.77)
1.65 (1.44-1.90)
1.15
1.09

Year
Discovered

2009
2012
2007
2009
2011
2011
2009

2012

2011
2011

2009
2011
2012
2012

2011

2007

2007
2007
2009
2009
2009
2009
2010
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2012
2012




Chr4 rs1878406 EDNRA 0.15 (T) 1.09 2012
7p21.1 rs2023938 HDAC9 0.10 (G) 113 2012
2pl1.2 rs1561198 VAMP5-VAMP8 0.45 (A) 1.07 2012

Chr2 rs2252641 ZEB2-AC074093.1 0.45 (A) 1 2012

Chr5 rs273909 SLC22A4-SLC22A5 0.14 (C) 111 2012

6p21 rs10947789 KCNKS5 0.76 (T) 1.01 2012

6026 rs4252120 PLG 0.73(T) 1.07 2012

8p22 rs264 LPL 0.86 (G) 1.06 2012
13q12 rs9319428 FLT1 0.32 (A) 1.1 2012

Table 1.1. List of 50 CAD-associated genetic variants (Roberts, 2014).

An additional consortium, known as the international consortium IBC
50K, discovered three additional loci associated with CAD (The IBC 50K, 2011).
These studies demonstrate the tremendous efforts of the scientific community
to unravel the genetic basis of CAD.

There are a number of common features for CAD-associated variants.
The majority of the CAD-associated variants are very common, with an average
allele frequency of 50%, ranging from 2-91% in the population. The relative
increased risk for genetic variants have ORs ranging from 1.02 to 1.90, which
suggests that the relative increased risk for each variant is small. The majority
of variants map to non-coding DNA sequences, suggesting they exhibit a
regulatory role by influencing the regulation of DNA sequences, which
subsequently alter expression of protein. Once an individual has been
genotyped for risk variants, this process does not need to be repeated, as the

DNA sequence does not change.

1.7.4.19p21 locus

The role of 9p21 in CAD still remains unknown. 9p21 resides in an
intergenic region, where the risk alleles and the neighbouring SNPs sit in a 58
kb region of high LD. The CAD core risk region overlaps antisense non-coding
RNA in the INK4 locus (ANRIL), a non-coding RNA, also known as CDKN2B-
AS. ANRIL is 126,000 base pairs (bps) in length (Helgadottir et al., 2007) and
consist of 20 exons, which undergo alternative splicing, depending on the tissue
type (Folkersen et al., 2009). The CAD core risk region has been proposed to
influence ANRIL expression. Several studies have shown a significant

association between 9p21 polymorphisms and ANRIL expression (Folkersen et
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al., 2009; Holdt et al., 2010). Adjacent to ANRIL is cyclin-dependent kinase
inhibitor 2A (CDKN2A coding for pl16, INK4a) and cyclin-dependent kinase
inhibitor 2B (CDKN2B coding for pl15, INK4b), which are cyclin-dependent
kinase inhibitors, involved in the regulation of the cell cycle to restrain irregular
proliferation. It is thought, that through an unknown type of feedback, increased
transcription of ANRIL recruits the polycomb group (PcG) protein complexes.
They can remodel chromatin to induce gene silencing and regulate transcription
of genes. Chromobox 7 which lies in the polycomb repressive complex 1 binds
to ANRIL, which trimethylates histone H3 lysine 27 (H3K27), and causes the
silencing of CDKN2A and CDKN2B (Yap et al., 2010). Overall, it has been
proposed that 9p21 risk variants exert their effects onto ANRIL, which
depresses the actions of the cyclin-dependent kinase inhibitors, causing an
increased proliferative state of vascular SMCs (Roberts & Stewart, 2012;
Figure 1.4). Studies have shown the 9p21 risk variants are associated with
reduced expression of CDKN2A and CDKN2B (Jarinova et al., 2009; Liu et al.,
2009). However, other in vivo and in vitro studies do not support this finding, as
researchers have shown a lack of correlation between the 9p21 variants and
expression of CDKN2A and CDKN2B (Kim et al., 2012; Folkersen et al., 2009;
Hamsten & Eriksson, 2012).

A 9p21 mouse model has been created where a 70 kbp genomic region
was knocked out that corresponds to the human 58 kbp region on 9p21.
Researchers demonstrated that SMC proliferation markedly increased, and
mice went onto develop neoplasms. However mice did not go on to get
atherosclerosis, most likely due to their resistance to atherosclerosis, or the low

sequence homology between the two species (Visel et al., 2010).
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Figure 1.4. Schematic diagram of the hypothesised biological mechanism
the 9p21 risk locus acts through. The 9p21 risk variants were discovered
through genome-wide association studies (GWASS). Functional studies indicate
9p21 alters ANRIL expression by interaction with the PolyComb Receptor
Complexes to alter CDKN2A and CDKN2B expression, leading to increased
cellular proliferation of vascular SMCs. This mechanism may predispose
individuals to atherosclerosis (Patel & Ye, 2012).

A different mechanism has also been proposed. It has been suggested
that the CAD 9p21 region is responsive to inflammatory signalling and that 9p21
acts through interferon-y; a cytokine involved in inflammation. The 9p21 risk
region forms a chromatin loop which comes in close proximity to the interferon
region (less than 1 million bp from 9p21). There is a STAT1 binding site at the
9p21 region, and upon interferon-y stimulation, STAT1 binds to this site.
Harismendy et al., (2011) report that induction with interferon-y resulted in
reduced level of CDKN2B. However it has been demonstrated that the 9p21 risk
variants, do not affect the activation of CDKN2A or CDKN2B, via interferon-y
(Almontashiri et al., 2013). Also interferon type 1 and interferon-a-21 are not
affected by the 9p21 risk variants (Erridge et al., 2013). Since its discovery in
2007, the 9p21 locus has been heavily studied; however the mechanism of how
9p21 contributes to CAD is still unknown, demonstrating how difficult it is to

elucidate the mechanism of a GWAS signal.
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1.8 Disease models to investigate CAD

Large-scale genetic studies have identified many genetic loci that
contribute to CAD. However, the functional translation of these discoveries
presents many challenges. The main barrier is the cellular and pathophysiologic
effects of susceptibility alleles remain unknown, and alleles at unannotated loci
present an even harder task to elucidate their mediated effects on CAD
pathogenesis.

Firstly, functional variants that cause phenotypic changes are likely to be
tissue specific, so access to healthy cells and tissue is crucial to investigate the
underlying mechanisms. However, the use of patient-derived samples is not a
feasible approach to study CAD risk variants. To obtain primary tissue from
patients with different CVDs is limited by sample number, and it involves an
invasive procedure, often uncomfortable for the patient. In addition, to obtain
healthy control tissue would present a greater challenge. The opportunity to
obtain CAD-relevant cell types, for example endothelial cells and vascular
SMCs is limited. Tissue samples that are obtained during essential invasive
procedures, such as percutaneous vascular intervention and carotid
endarterectomy, exhibit the pathology of the end stages of the disease. Thus
these samples are less informative to help understand the earlier pathogenic
mechanisms (Shaw & Brettman, 2011). Furthermore, studying the functional
effects of risk alleles using primary tissue from patients may be masked by

other factors, such as environmental factors or other disease phenotypes.

Animal models do not fully recapitulate CAD pathogenesis (Heaps &
Parker, 2011), and complete conservation is not observed between human and
mouse. For example, the 9p21 CAD risk region in humans only shows 50%
homology with the chromosome 4 region in mice (Visel et al., 2010). Although
animal models are useful to try and understand the function of novel or known
genes that CAD risk alleles reside in. For example, two different rodent studies
created whole-body knockout mice for ADAMTS7; a locus associated with CAD.
They showed ADAMTS7 deletion protected mice from atherosclerosis and
neointima formation, concluding a pro-atherogenic role for mouse ADAMTS7
(Bauer et al., 2015; Kessler et al., 2015).
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To gain a greater understanding of the biological mechanisms CAD-risk
variants act through requires genotype-specific disease models. These models
will allow for the investigation of the effect of risk alleles in a cellular context,
where the environmental influence would be controlled for in such models. Stem
cells represent a prospective cell type to create genotype-specific disease
models, as they can differentiate into CAD-relevant cell types, and therefore
promise a new paradigm in studying the functional mechanisms of CAD-related

genetic variants.

1.9 Stem cells

Stem cells are a class of undifferentiated progenitor cells, and are
defined by two properties. The first property is the ability to self-renew, by going
through many cell cycle divisions whilst maintaining their undifferentiated state.
The second property is cell potency; cells must have the capacity to differentiate
into specialised cell types of the body. Stem cells can be totipotent, pluripotent,

multipotent or unipotent.

Totipotency is the ability of a single cell to form all the specialised cell
types in an organism, including extra-embryonic tissues (amnion, chorion, yolk
sac and allantois). Upon fertilisation in humans, an ovum and a sperm cell
combine to form a single cell called a zygote. The zygote is totipotent; it
develops into an embryo, which forms all the different specialised cells in a
human being, as well as the placenta that is required for fetal development. So
a zygote is able to give rise to an entire organism. The zygote undergoes cell
division and loses its totipotent ability at the 8-cell stage (known
developmentally as blastomeres). It is hypothesised that this is due to early
embryonic cells specialising into cells that comprise the outer layer (extra-
embryonic tissue) and cells that form the inner cell mass (foetus and the
trophectoderm; Mitalipov & Wolf, 2009).

Pluripotency is the ability of a cell to differentiate into cells from the three
different germ layers; endoderm (inner), mesoderm (middle) and ectoderm

(outer). The endoderm forms when cells migrate inwards along the archenteron
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(primitive gut that is formed during gastrulation) and form the inner layer of the
gastrula. Cells take on a flattened morphology, but become columnar and form
the lining of multiple organ systems. They can differentiate into cells including
liver, lung and pancreatic cells. The mesoderm forms at the third week during
the gastrulation phase in embryonic development. There are three derivatives of
the mesoderm; paraxial, intermediate and lateral mesoderm. The paraxial
mesoderm forms the mesenchyme of the head and gives rise to somites in
occipital and caudal segments. Somites form muscle tissue, cartilage, bone and
the subcutaneous tissue of the skin. The paraxial and lateral mesoderm are
linked by the intermediate mesoderm. This forms the gonads, kidneys and
adrenal glands (urogenital structures). Next the lateral mesoderm differentiates
into the blood vessels, blood cells and heart, and into the mesodermal
component of the limbs. These become muscle cells, connective tissue, in
addition to other cell types. Pluripotent cells form any fetal or adult cell type, yet
they are unable to give rise to a whole organism, as they lack the ability to
organise into an embryo (Mitalipov & Wolf, 2009). Examples of pluripotent cells

are embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs).

Multipotency is the ability of a cell to differentiate into limited but multiple
cell types. Once cells have differentiated, they are only able to produce cells of
one origin, and no other cell types (Pittenger et al., 1999; Dominici et al., 2006).
Multipotent stem cells are able to self-renew, but not indefinitely, as they do not
possess high levels of telomerase. An example of multipotent cells are adult

stem cells.

Unipotency is the ability of a stem cell to differentiate into only one cell
type. They are also referred to as precursor cells. Unipotent stem cells can self-
renew, as they are able to divide repeatedly. An example of a unipotent cell is a

hepatoblast that differentiates into hepatocytes.

1.10 Embryonic stem cells

Embryonic stem cells (ESCs) are pluripotent cells; they are able to

differentiate into every germ layer and somatic cell type of the body. They self-
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renew and maintain expression of certain factors required for their pluripotent
properties. ESCs are located in the inner cell mass of the embryo, from where
they can be isolated and grown in culture. ESCs are seen as the ‘gold standard’

for pluripotent stem cells.

Evans & Kaufman (1981) and Martin (1981) were the first to isolate
ESCs from mouse embryos. Subsequently in 1998, ESCs were isolated from
human embryos (Thomson et al., 1998). These findings led to a surge of
interest, resulting in the production of over a thousand hESC lines (L6ser et al.,
2010). ESCs can be derived from fresh or frozen blastocysts. There are three
main techniques to isolate ESCs; laser dissection, mechanical dissection and
immunosurgery. Laser dissection involves creating a small opening in the zona
pellucida (structure that covers the blastocyst) and isolating the cells using a
laser. Mechanical micro dissection uses fine needles to isolate ESCs from the
inner cell mass. Immunosurgery involves lysing the trophectoderm (outer layer
of the blastocyst) using an anti-human whole serum antibody with a guinea pig
complement. All the cells with the antibody attachment are lysed, leaving the
inner cell mass. If the ESCs are required for clinical purposes, then
immunosurgery is the least suitable technique, as it uses non-human proteins
and antibodies. Upon isolation of ESCs, to maintain them in culture, cells are
grown on feeder layers, which help ESCs attach and provides them with
nutrients. If ESCs are required for clinical applications, alternative systems to
maintain them in culture are being used. Extracellular matrices, such as

fibronectin and matrigel have been utilized.

When ESCs are removed from the inner cell mass, the blastocyst is
destroyed. Destroying a potential human life raises ethical concerns. The key
debated ethical issue is whether the embryo has the same moral status as a
more developed human being, and if yes, then a potential human is being
destroyed (Baldwin, 2009). The moral status of an embryo is a controversial

and complicated ethical issue.
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1.11 Induced pluripotent stem cells

Due to the ethical concerns raised with the use of ESCs, the break-
through technology of iPSCs has been paramount within the stem cell field.
Shinya Yamanaka’'s lab carried out an elegant screen of 24 genes associated
with ESC pluripotency. They showed that the insertion of four transcription
factors turned murine adult and embryonic fibroblasts into iIPSCs. The four
genes were OCT4, SOX2, KLF4 and c-MYC (Takahashi & Yamanaka, 2006). A
year later they demonstrated the same principle but using human adult dermal
fibroblasts (Takahashi et al., 2007). IPSCs have a pluripotent nature, since
2007 they have been shown to differentiate into cells of all three germ layers
including mature B cells (Hanna et al., 2008), adipose cells (Ahfeldt et al., 2012)
and keratinocytes (Maherali et al., 2008). These findings demonstrate iPSCs
have great potential in becoming many different cell types, and their use in
disease modelling holds great potential. Since 2007, many research groups
have replicated the method to produce iPSCs, with the aim of improving the
efficiency. In general there are three main steps to produce iPSCs (Figure 1.5).
Firstly, the starting cell e.g. adult fibroblasts are sourced and cultured in vitro.
Secondly, the cells are made into iPSCs, by introducing factors into the cells.
Initial reports used retroviruses to introduce reprogramming factors to the cell,
however there is a risk of tumorigenesis and transgene reactivation. The
emphasis has shifted to using transgene free methods; these include viral
transduction, plasmid, minicircle and transposon transduction, recombinant
proteins, and using small molecule and miRNA methods. Next transfected cells
are placed onto feeder layers (like ESCs), and left to become iIPSCs. The cells

then undergo morphological and phenotypical characterisation (Singh, 2015).
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Figure 1.5. Schematic diagram of the generation of induced
pluripotent stem cells (iPSCs). Somatic cells are taken from a healthy or
diseased individual. Reprogramming factors are introduced into the cells to
generate iPSCs, which have the potential to differentiate into cells from all
three germ layers (adapted from Dash et al., 2015).

1.12 Adult stem cells

Adult stem cells are an undifferentiated cell type, located in tissues and
organs among differentiated cells. They are found in tissues that rapidly
turnover e.g. liver, pancreas, bone marrow, skin and skeletal muscle. Adult
stem cells are also known as somatic stem cells, which are defined as cells of
the body, and not sperm, egg or germ cells. Adult stem cells can self-renew, but
are limited due to low telomerase levels. They can also differentiate into
restricted cell lineages. Their main role is to maintain and repair damaged tissue
in which they are located. In each type of tissue, they commit to differentiate
into mature functional cells, to perform a specific function (Wagers & Weissman,
2004). ESCs are clouded by ethical issues; however adult stem cells are mainly
exempt as they are derived from adult tissues as opposed to embryos.

There are three main types of adult cells; hematopoietic stem cells,

neural stem cells and mesenchymal stem cells (MSCs). Hematopoietic stem
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cells are located in the bone marrow, and differentiate into all the different types
of blood cells (Gunsilius et al., 2001). Neural stem cells give rise to cells of the
nervous system, mainly neurons, astrocytes and oligodendrocytes (Kennea &
Mehmet, 2002). In this thesis | focussed on MSCs.

1.13 Mesenchymal stem cells

MSCs are defined as a heterogeneous population of progenitor cells,
which are also referred to as mesenchymal progenitor cells or marrow stromal
cells. MSCs have a fibroblast-like morphology, proliferate, self-renew and form
colonies in vitro. MSCs are multipotent, so can differentiate into a limited
number of lineages including adipocytes, chondrocytes and osteoblasts
(Horwitz et al., 2005).

1.13.1 Discovery of MSCs

A German pathologist named Julius Cohnheim was the first to propose
the presence of non-haematopoietic stem cells in the bone marrow 130 years
ago. His observations were suggestive of the idea that fibroblasts, which
deposited collagen fibres involved in wound repair, were located in the bone
marrow (Prockop, 1997). Following on from Cohnheims work, Friedenstein and
co-workers investigated these cells further (Friedenstein et al., 1966;
Friedenstein et al., 1968; Friedenstein et al, 1974). Bone marrow samples were
taken from the iliac crest and placed onto plastic culture dishes. Non-adherent
cells were removed after 4 hours, and adherent cells remained on the plate. In
culture, they observed a heterogeneous population of which most were spindle-
shaped. Passaging the cells several times, altered their morphology to exhibit a
homogenous fibroblast-like appearance. Cells were also clonogenic, which
Friedenstein described as colony-forming unit fibroblasts (CFU-F). In addition,
they discovered that cells differentiated into colonies that looked like small
deposits of cartilage or bone. Throughout the 1980s, other groups investigating
these cells confirmed Friedenstein’s observations (Ashton et al., 1980; Bab et

al., 1986; Castro-Malaspina et al., 1980). Friedenstein’s isolation method
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yielded cells that were able to differentiate into adipocytes, chondrocytes,
osteoblasts and myoblasts. In reference to Friedenstein et al., work Caplan
(1991) popularized the term MSCs, as they are able to differentiate into

mesenchymal-type cells.

1.13.2 Morphology of MSCs

MSCs are fibroblast-like in appearance, have a small cell body and long,
thin cell processes (Figure 1.6). They possess large, irregular shaped nuclei
and prominent round nucleoli found near the perinuclear cisternae. Chromatin is
present throughout the nucleus excluding the thin dense layer found inside the
perinuclear cisternae. The cytoplasm contains round, elongated mitochondria,
Golgi apparatus and rich, granular endoplasmic reticulum. Ribosomes are also
present in the cytoplasm, mainly around the endoplasmic reticulum (Raimondo
et al., 2006; Momin et al., 2010).

MSCs display morphological heterogeneity, as many different terms have
been used to describe their appearance, including fibroblast-like cells, small
round cells, giant fat cells, blanket cells, spindle shaped and flattened cells
(Pevsner-Fischer et al.,, 2011). In culture, the morphology of MSCs can be
greatly affected by the seeding density at which cells are plated, especially
when cells become confluent. Overall the relationship between the
morphological characteristics and cell function of MSCs is still unclear (Wong,
2011).
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Figure 1.6. Morphology of MSCs. MSCs display
long thin processes (white arrowheads), large
nuclei (black arrows) and prominent round nucleoli
(white arrows; Momin et al., 2010).

1.13.3 Isolation of MSCs

MSCs were first isolated from humans, and since then they have been
harvested from various species including dog, porcupine, mouse and rat
(Baddoo et al., 2003; Moscoso et al., 2005; Santa Maria et al., 2004; Silva et al.,
2005).

Human MSCs are normally isolated from the mononuclear layer of the
bone marrow after density gradient centrifugation (Colter et al., 2000). Cells are
typically cultured in medium containing 10% fetal bovine serum (FBS).
Replacement of culture medium removes non-adherent cells such as
hematopoietic cells, and allows adherent, fibroblast-like cells to remain. Cells go
through an initial lag phase, followed by a rapid division of cells. Bone marrow
derived-MSCs are seen as the ‘gold standard’ for MSCs. However, to extract
MSCs from the bone marrow entails a medical procedure, often painful for the
donor. So the focus has shifted to isolating MSCs from other tissues. Since their
initial isolation from the bone marrow, they have been harvested from many
other tissues including dental pulp, tendons, adipose tissue, skeletal muscle,
amniotic fluid and the umbilical cord (da Silva Meirelles et al., 2006).
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1.13.4 Isolation of MSCs from the umbilical cord

The umbilical cord is derived from the extraembryonic mesoderm, at day
13 of embryonic development. It is located in the womb, and connects the
developing foetus to the placenta. The umbilical cord is covered by the umbilical
epithelium, which is a single or multiple layer of squamous-cubic epithelial cells
(Mizoguchi et al., 2004). It consists of a vein that provides oxygenated, nutrient-
rich blood to the fetus and two arteries which carry deoxygenated, nutrient-
depleted blood away from the fetus. These vessels are surrounded by a
connective tissue known as Wharton’s jelly (WJ). The umbilical cord varies in
length between 20 and 120cm, with an average length of 50cm. It weighs
approximately 40 grams, with a mean diameter of 1.5cm (Raio et al., 1999; Di
Naro et al., 2001).

MSCs can be isolated from the umbilical cord. Umbilical cord-derived
MSCs are also referred to as perinatal stem cells as the umbilical cord is
classed as a perinatal tissue. ‘Perinatal’ describes the period around the time of
birth, however in principle refers to the time from the 20" week of gestation to
the first 28 days after birth. Perinatal stem cells biologically lie between ESCs
and adult MSCs (Pappa & Anagnou, 2009; De-Miguel et al., 2009). MSCs have
been shown to be positive for ESC cell surface markers Tra-1-60, Tra-1-81,
Oct-4, SSEA-1, SSEA-4 and alkaline phosphatase. In addition, they have been
shown to form embryoid bodies (Fong et al., 2007). Umbilical cord-derived
MSCs also express the pluripotency markers; NANOG, SOX2 and OCT4 at
decreased levels compared to ESCs (La Rocca et al., 2009; Fong et al., 2011).
This evidence supports the primitive nature of umbilical cord-derived MSCs,
thought to be the most primitive cells found in the body (Bongso et al., 2008). In
addition, MSCs from tissue that support prenatal development, may have a
higher capacity for pluripotency than somatic stem cells, substantiated by
findings that umbilical cord-derived MSCs express markers from all three germ
layers (Fong et al., 2011), and can give rise to cells from all three germ layers
(Can & Karahuseyinoglu, 2007).

There are many advantages of MSCs harvested from the umbilical cord,

in addition to their higher pluripotent capacity. Umbilical cord-derived MSCs
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exhibit higher self-renewal capacity and proliferation rates than MSCs derived
from adult tissues (Troyer & Weiss, 2008). The umbilical cord is an abundant
source of tissue as it can be up to 120cm long. In addition, the umbilical cord is
discarded as a waste product of parturition, therefore using this tissue to isolate
stem cells is a safe, non-invasive approach with little or no legal or ethical
constraints (Lee et al., 2004), whereas collection of bone marrow or adipose
tissue from a donor, is an invasive surgical procedure. MSCs derived from fetal
sources have a shorter population doubling time, and longer time to
senescence than MSCs from adult sources. This latter difference is thought to
be due to fetal MSCs having longer telomeres (Campagnoli et al., 2001; Guillot
et al., 2007). Also MSCs from the umbilical cord have a relatively higher CFU-F,
and do not lose their potency (Troyer & Weiss, 2008). Overall umbilical cord-
derived MSCs have a more primitive nature and represent a younger MSC in
comparison to MSCs from adult tissues (Troyer & Weiss, 2008; Carlin et al.,
2006; Friedman et al., 2007). The young chronological age of umbilical cord-
derived MSCs minimises environmental factors and somatic mutations. This is
particularly important when studying the effects of a single SNP or subset of
SNPs with modest effects. Therefore, umbilical cord-derived MSCs are

advantageous to study CAD-related genetic variants.

So far five compartments within the umbilical cord have shown to contain
MSCs; (1) umbilical cord blood (2) umbilical vein subendothelium (3) subamnion
(4) perivascular region and (5) intervascular region (Figure 1.7; Troyer &
Weiss, 2008). MSCs from these regions are plastic adherent, multipotent and

express characteristic cell surface markers (Karahuseyinoglu et al., 2007).
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Figure 1.7. Schematic diagram of the umbilical cord compartments
containing MSCs. Wharton’s jelly (WJ) is a unique, connective tissue in
between the vessels and the amniotic epithelium, which includes the
subamnion (zone 3), perivascular (zone 4) and intervascular (zone 5)
regions (adapted from Troyer & Weiss, 2008).

1.13.5 Isolation of MSCs from Wharton's jelly

WJ was first isolated and described by Thomas Wharton in 1656. WJ is a
gelatinous, connective tissue between the vessels and the amniotic epithelium,
and its primary role is to protect the umbilical cord vessels from any bending,
torsion or compression. The tissue consists of different isoforms of
mucopolysaccharides and proteoglycans (Sobolewski et al., 1997). McElreavey
et al., (1991) was the first to report the culture of cells from WJ. MSCs most
likely have become fixed in WJ during embryogenesis. During the third week of
embryogenesis, haematopoiesis occurs in the yolk sac and subsequently in the
aorta-gonad-mesonephros region. During embryonic day 4 and 12, a group of
primitive haematopoietic cells and MSCs, move through the umbilical cord to
the placenta (Wang et al., 2008). A second wave of migration means they
further migrate back to the primitive umbilical cord to the fetal liver, and
ultimately to the fetal bone marrow. In the bone marrow, MSCs and
haematopoietic stem cells remain here throughout life and are the precursors of
both stem cells. It has been hypothesised that when MSCs are travelling
through the umbilical cord, to the placenta during embryogenesis, the cells
become fixed in the WJ and reside in this tissue during gestation (Wang et al.,
2008).

33



MSCs derived from WJ include cells from the subamnion, intervascular
and the perivascular region (Karahuseyinoglu et al., 2007). MSCs found close
to the amniotic surface possess enhanced proliferative ability, whereas MSCs
located near the umbilical vessels are more differentiated (Karahuseyinoglu et
al., 2007; Nanaev et al., 1997). In conclusion, the rich source, as it is possible to
isolate up to 1.6x10° cells/cm? of umbilical cord (Tsagias et al., 2011), and
primitive nature of MSCs from WJ, make them an ideal source of MSCs in

which to study CAD-related genetic variants.

To isolate MSCs from WJ, investigators use either an explant method,
whereby MSCs migrate out of the WJ tissue blocks (Mitchell et al., 2003;
Conconi et al., 2006) or use collagenase containing solutions to digest WJ to
isolate MSCs. MSCs can be cultured to expand proficiently in culture, yet this
expansion is very variable, and has even been observed between two samples
from the same individual (DiGirolamo et al., 1999). The initial tissue used to
isolate MSCs is very important, as tissue with an initial abundance of MSCs,
means the cells do not have to undergo extensive multiplication, and possible
epigenetic damage (Boquest et al., 2006; Noer et al., 2007). MSCs can be
cultured in vitro, for more than 80 population doublings, showing no alterations
in morphology or signs of senescence (Mitchell et al., 2003). However MSCs at
a higher passage have a significantly longer population doubling time
(Karahuseyinoglu et al., 2007; Conconi et al., 2006; Weiss et al., 2006; Lu et al.,
2006). In addition, for MSCs at a very high passage, there is a chance that
karyotype abnormality may occur, so it may be applicable to verify a normal
karyotype. If this occurs novel cell lines may be formed, which would not be
considered as MSCs (Dominici et al., 2006). This wide variation observed
amongst laboratories, is suggestive of MSCs from the umbilical cord containing
subsets of primitive stem cells, yet this remains to be proved. Overall there are
many factors including tissue culture factors i.e. number of passages, frequency
of medium change, oxygen levels, and cell confluency that can alter the
behaviour of MSCs (Barrilleaux et al., 2006).
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1.14 Aims of this thesis

A huge challenge of the post-GWAS era is identifying the biological
mechanisms and pathways that CAD-related genetic variants act through to
contribute to disease. | sought to explore the use of MSCs as an investigative
model for CAD risk variants. MSCs can be isolated from a number of sources
including the umbilical cord. So my first aim is to, using published methods,
isolate, culture and characterise MSCs from WJ from the umbilical cord.

To investigate the use of MSCs as a model, a proof of concept study will
be carried out. Speliotes et al., (2010) functionally annotated 18 novel BMI-
associated loci and reported rs3810291 was associated with ZC3H4 gene
expression in adipose tissue. Recapitulating this association in MSC-derived

adipocytes will confirm the potential of MSC-derived cells.

Next, using published methods, | will aim to differentiate MSCs into CAD-
relevant cell types, as it is hypothesised that phenotypic changes influenced by
CAD-related genetic variants are likely to act in specific cell types. Using
published methods, MSCs will be differentiated into hepatocytes and SMCs,
and resultant cells characterised to ensure they are phenotypically authentic.

Upon successful differentiation into SMCs, another proof of concept
study will be performed. Donors that are homozygous major and homozygous
minor for the CAD-associated variant rs3825807 (15925) will be differentiated
into SMCs. Recapitulation of the effect of rs3825807 on ADAMTS7 prodomain
processing, COMP cleavage and SMC migration demonstrated by Pu et al.,
(2013) will confirm the possible use of MSCs in CAD disease modelling at the
phenotypic level.
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Chapter 2- Materials and
Methods
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All experimental steps were carried out at room temperature unless stated

otherwise. Materials are listed before each method.

2.1 Molecular Biology

2.1.1 DNA extraction

e Mammalian Genomic DNA Miniprep Kit (Sigma-Aldrich)

DNA was extracted from passage 5 (P5) MSCs using the Mammalian
Genomic DNA Miniprep Kit following the manufacturer's protocol. DNA was
extracted from up to 5x10° cells. Briefly, cell pellets were resuspended in
Resuspension Solution, followed by cell lysis by incubation with Proteinase K
(20mg/ml), and passed through the GenElute Miniprep Binding Column to allow
the DNA to bind. The column was washed twice, and the DNA eluted in 200ul
Elution Solution. The 200ul eluted sample was added again to the same binding
column and centrifuged at 8,000 rpm for 1 minute. The samples were stored at
-20°C.

2.1.2 Determining the concentration of DNA

The purity and concentration of each DNA sample was analysed using
the NanoDrop 1000 Spectrophotometer (Thermo Scientific). 1ul of sample was
loaded onto the platform, and the Nucleic Acids method on the ND-1000 V2.0.0
software was used to analyse each sample. The DNA concentration was
recorded and the purity of the sample was determined by the 260/280 and
260/230 ratio. DNA samples were stored at -20°C until further use.

2.1.3 Tagman® SNP Genotyping assay

e Tagman® SNP Genotyping assay mix; rs3810291 (Life
Technologies)
e AccuStart Genotyping ToughMix® (Quanta Biosciences)

e Optical Disposable Adhesive Seals for PCR Plates (Gene Flow)
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The Tagman® Genotyping assay was used to genotype DNA from donors
for rs3810291. To each well on a 364 well plate 1pl of DNA (10ng/ul) was
added. 5ul of master mix (600ul Genotyping ToughMix®, 395ul MilliQ water and
5ul SNP mix) was added to each well. Two no template controls (NTCs) were
added to each plate. A disposable adhesive seal was used to seal the plate, and
centrifuged at 1500 g for 1 minute. The sample underwent a 45 cycle PCR
reaction on the ViiA™ 7 Real-Time PCR System (Life Technologies) using the
ViiIA™ 7 software v1.1 (Life Technologies). An initial 10 minute denaturation
step at 95°C was carried out. The details of the 45 cycle reaction were; 92°C for
15 seconds, 54°C for 1 minute and 60°C for 1 minute. A final extension step was

run at 72°C for 10 minutes. The genotype of each donor was determined.

2.1.4 Preparation of DNA samples for whole genome genotyping

DNA samples were sent to Affymetrix for whole genome genotyping.
DNA samples had to meet certain requirements for successful genotyping; 1) a
260/280 ratio between 1.8 and 2.0, 2) a 260/230 ratio greater than 1.5 and 3) a
concentration of 50ng/ul. If DNA did not meet the 260/280 or 260/230 ratio
requirements samples were ethanol precipitated to purify the DNA. If DNA had a

concentration below 50ng/ul, samples were concentrated.

2.1.5 Ethanol precipitation

e Sodium acetate (Sigma-Aldrich; made to 2M at pH 5.2).
e Ethanol (Genta Medical)

e Elution solution (Sigma-Aldrich)

1/10™ of 2M sodium acetate was added to each sample and mixed. 2-3
volumes of 100% ethanol was added to each sample, vortexed and stored at
-20°C overnight. Samples were centrifuged at maximum speed (13,200 rpm) for
10 minutes, and the supernatant was carefully discarded. The pellets were air

dried for 15 minutes before resuspending in 50ul of Elution Solution.
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2.1.6 Sample concentration

The Jouan RC1010 Centrifugal evaporator vacuum concentrator
centrifuge (Thermo Electron Corporation) was used to concentrate DNA
samples. The caps were removed from each 2ml microtube and placed
carefully onto the rotor, so the rotor was balanced. The samples were
vacuumed for 30-45 minutes, the concentration of each DNA sample was
analysed using the NanoDrop 1000 Spectrophotometer, described in Section
2.1.2. The samples were placed back onto the rotor if further concentration was

required.

2.1.7 Agarose gel electrophoresis

e Agarose, Electrophoresis Grade (Melford Laboratories)

e 50x TAE (4849 Tris in 1 litre of dH,0, 114.2ml acetic acid, 37.29
EDTA, pH to 7.6 with concentrated HCI, and made up to 2 litres
with dH,0)

e Ethidium Bromide (0.625 mg/ml; Severn Biotech Ltd)

e 5x DNA loading buffer, Blue (Bioline)

e HyperLadder™ | (Bioline)

To verify the quality of DNA, samples were run on a 0.8% agarose gel.
0.8g of agarose was added to 100ml of 1x TAE (50x TAE diluted in dH,0).
Upon cooling ethidium bromide was added at a final concentration of 420ng/ml.
The solution was poured into a gel tray with a gel comb and allowed to set. The
comb was removed, and the tray was placed into a gel tank with 1x TAE. 1pl of
DNA, 9ul of dH,O and 2l of 5x loading dye was added into a 0.2ml PCR tube
and mixed. 10yl of Hyperladder | was added to the first well on the agarose gel.
DNA from every tenth donor was loaded onto the gel. A positive and negative
electrode was attached to either side of the tank and run at 125v until the DNA
ladder had run halfway down the agarose gel. The gel was visualised using
Gene Genius Bio-Imaging Systems (Syngene), and the Genesnap Vv6.03

(Syngene) software was used to capture images of the agarose gel.
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2.1.8 Plating of DNA into 96 well plates

DNA was diluted to 60ng/ul, and 40ul was loaded into each well on a 96-
well plate. Onto each plate, two NTCs were added; 40pl of dH,O. One well
contained a positive control, which was a DNA sample diluted to 100ng/ul and
added to every plate. The 96 well plate was sealed, a barcoded was added to

the side of the plate, and kept at -20°C until shipping.

2.1.9 Axiom Genotyping Array

The Axiom™ Genome-Wide UKB WCSG Genotyping Array (Affymetrix)
is a powerful array to analyse genome-wide variants. It also includes markers of
specific interest, for example markers involved in cardiometabolic traits. Its
comprehensive coverage includes copy number regions, pharmacogenomics
markers, expression quantitative trait loci (eQTLs) variants and rare coding
variants. There were a total of 845,487 probesets on the array, covering
825,928 SNPs.

In brief, genomic DNA was amplified across the whole genome. DNA
was subsequently fragmented, precipitated and resuspended in a hybridisation
cocktail. The samples were transferred to the Affymetrix GeneTitan® Multi-
Channel Instrument, where automated hybridisation, staining, washing and
imaging occurred.

The analysis was performed by a Statistician and Research Associate
within the Department of Cardiovascular Sciences. They used the Affymetrix®
Genotyping Console™ (GTC) version 4.2 and the Affymetrix® Power Tools
(APT) version 1.16.1 for calling, scoring and clustering genotypes for the

genotyping analysis.

2.1.10 RNA extraction
e TRIzol® Reagent (Invitrogen)
¢ RNeasy Mini Kit (Qiagen)
e Chloroform (Sigma-Aldrich)
e 70% ethanol
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¢ RNase-free DNase set (Qiagen)

¢ DNase | Amplification Grade (Sigma-Aldrich)

RNA was extracted via an adapted method using TRIzol® Reagent and
the RNeasy Mini Kit, to obtain maximum yield of RNA from a small cell number.
RNA was extracted from up to 5 x 10° cells. 0.5ml TRIzol® Reagent was added
directly onto cells in each well on a 6-well plate. For cells that had been grown
in a T25 or T75 flask, 1ml of TRIzol® Reagent was added. The cells were lysed
with repeated pipetting. The homogenised sample was incubated for 5 minutes
at room temperature. 200ul of chloroform was added; the sample was shaken
vigorously and incubated at room temperature for 3 minutes. Samples were
centrifuged at 14,000 rpm for 10 minutes at room temperature. The aqueous
phase was removed and placed into a new tube, whilst avoiding removal of any
of the interphase or organic layer. An equal volume of 70% ethanol was added
and mixed well. 700ul of sample was added to a RNeasy column (from RNeasy
Mini Kit) and centrifuged at 10,000 rpm for 20 seconds. The flow-through was
discarded and the remaining ethanol-sample was added to the RNeasy column.
The flow-through was discarded. 350ul of RWI buffer was added to the column
and centrifuged for 20 seconds, and flow-through discarded. An additional step
was incorporated using the RNase-free DNase Set to digest DNA. 10ul of
DNase | was added to 70ul of Buffer RDD, and mixed gently by inverting the
tube. The DNase | 80ul incubation mix was added to the centre of the RNeasy
spin column and incubated at room temperature for 20 minutes. 350ul of RWI
buffer was added and spun at 10,000 rpm for 20 seconds, after the flow through
was discarded. 500pul of RPE buffer was added left at room temperature for 5
minutes and centrifuged at 10,000 rpm for 2 minutes. This step was repeated.
The collection tube was replaced and an additional ‘dry spin’ step was carried
out at maximum speed. The column was transferred to an eppendorf; 25ul of
RNase free water was added and spun at 10,000 rpm for 2 minutes. The
sample was passed through the column again at 10,000 rpm for 2 minutes. A
further DNase | step was carried out to further eliminate DNA from the RNA
preparation. To a RNase free PCR tube 20ul of RNA, 2ul of 10x Reaction Buffer
and 2ul of DNase |, Amplification Grade (1 unit/uL) was added, mixed gently

and incubated for 15 minutes at room temperature. 2ul of Stop Solution was
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added and incubated at 70°C for 10 minutes. The samples were chilled on ice
before determining the concentration of RNA.

2.1.11 Determining the concentration of RNA

The purity and concentration of each RNA sample was analysed using
the NanoDrop 1000 Spectrophotometer (Thermo Scientific). 1ul of sample was
loaded onto the platform, and the Nucleic Acids method on the ND-1000 V2.0.0
software was used to analyse each sample. The RNA concentration was
recorded and the purity of the sample was determined by the 260/280 and

260/230 ratio. For long-term storage, samples were stored at -80°C.

2.1.12 cDNA synthesis

e SuperScript® Ill First-Strand Synthesis System (Invitrogen) including;
50uM Oligo (dT)z0, 10x RT buffer, 25mM MgCl,, 0.1M DTT, 10nM dNTP,
200U/ul SuperScript® Il RT

Complementary DNA (cDNA) was synthesised from RNA via a reverse
transcription reaction using the SuperScript® Ill First-Strand Synthesis System.
To optimise primers for gPCR 5ug of RNA was transcribed to cDNA in one
reaction, to provide enough template for the reactions. For all other experiments
1ug of RNA was synthesised. RNA was added to 1ul of 10mM dNTP mix, 1ul of
50uM Oligo(dT),0 and made up to a volume of 10yl with UV-treated H,O.
Samples were incubated at 65°C for 5 minutes, and placed on ice for at least
one minute. A cDNA Synthesis Mix was prepared; 2ul 10x RT buffer, 4ul 25mM
MgCl,, 2ul 0.1M DTT, 1ul SuperScript™ 1lIl RT (200U/ul) and 1ul dH20. For the
minus reverse transcriptase (-RT) control, 1yl dH,O replaced the SuperScript™
[II RT. 10pl of the cDNA Synthesis Mix was added to each sample, mixed gently
and collected by brief centrifugation. The sample was loaded onto the G-Storm
GS4 thermal cycler (G-Storm Ltd) and run on the following programme; 50°C for
50 minutes and 85°C for 5 minutes. The samples were chilled on ice and briefly
centrifuged. 1ul of RNase H was added to each tube and incubated at 37°C for
20 minutes. Samples were diluted with dH,O to the required concentration, and
stored at -20°C.
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2.1.13 Primer design for gPCR

The UCSC Genome Browser software was used to obtain the exon
sequence of the gene of interest. The Primer3 online tool was used to design

PCR primers. Primers were designed using the following guidelines;

e Primer length- 18-22 base pairs
e Melting temperature- 52-60°c

e GC content - 40-60%

e Amplicon length- 80-150bp

e Span an intron-exon boundary

Once Primer3 (http://primer3.ut.ee/) had generated potential forward and

reverse primers, they were verified using two online tools called OligoCalc

(http://www.basic.northwestern.edu/biotools/oligocalc.html) and OligoAnalyzer

(https://eu.idtdna.com/calc/analyzer). The general primer properties were

determined such as melting temperature, potential dimers, hairpins and
mismatches. The BLAT function on the UCSC Genome Browser software was
used to confirm the correct genomic region the forward and reverse primers
were expected to bind. The In Silico PCR function on the UCSC Genome
Browser software was also used. It searched a sequence database using a pair
of PCR primers, to determine the size of the PCR product and the genomic
region the primers will amplify. The primer sequences were sent to Thermo

Fisher for synthesis.

2.1.14 Optimisation of primers for gPCR

e SensiMix™ SYBR No-ROX (2x; Bioline)

e Designed primer pairs (Thermo Fisher). Prepared to 10uM stock with
dH,0.

e Quantitech Primer Assays (Qiagen)

e HyperLadder™ 100bp (Bioline)

e GelRed™ Nucleic Acid Gel Stain, 10,000X in Water (Biotium)

43


http://primer3.ut.ee/
http://www.basic.northwestern.edu/biotools/oligocalc.html
https://eu.idtdna.com/calc/analyzer

Quantitative PCR (gPCR) is a technique that quantifies the amount of
target DNA in a sample. A fluorescence reporter e.g. SYBR Green, binds to
double stranded DNA, and therefore DNA can be measured in real-time. This
detection is recorded at each cycle of the PCR process, which results in a
guantitative relationship between the quantity of PCR product accumulated and
the quantity of starting target sequence. It is during the exponential phase that
the increase in PCR product correlates directly with the starting amount of
target template. This stage is log linear, assuming the amplification is doubling
at 100% efficiency. When this parameter is measured it is known as the ‘take-
off’.

Firstly, primers were optimised for each gene. A gPCR reaction was
performed for each primer set using a starting primer concentration of 0.3uM
and 0.5uM, as detailed in Table 2.1. The samples were run on either a 2 step or
3 step gPCR programme, both of which had an initial step of 95°C for 10
minutes. The two step programme consisted of 35 cycles; denaturation (95°C
15 seconds) and a combined annealing and extension step (58°C 45 seconds).
The three step programme consisted of 35 cycles; denaturation (95°C 15

seconds), annealing (58°C 15 seconds) and extension step (72°C 30 seconds).

Reagent Vol. for 0.3uM Vol. for 0.5uM
primer primer
concentration concentration
SensiMix™ SYBR No-ROX 12.5pl 12.54l
(2x)
Forward primer (10uM) 0.75pl 1.25pl
Reverse primer (10puM) 0.75pl 1.25ul
dH,O 9ul 8ul

Table 2.1. PCR components for a 25ul qPCR reaction.

Samples were run on an agarose gel to ensure primers produced a
single product of the correct size. 15ul of PCR sample was added to 3ul of 5x
loading dye and run on a 1.5% agarose gel (described in Section 2.1.7).
However instead of ethidium bromide, GelRed was added at a dilution of
1:10,000 to the agarose. 10ul of Hyperladder™ 100bp was loaded into the first

well. A melt curve analysis was also included to verify the amplification of a
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single product. Primer sets were taken forward for standard curve analysis, if a
single product was observed on the agarose gel. If non-specific bands were
seen, further optimisation was carried out, such as primer titration or alteration

of PCR programme conditions.

For standard curve analysis, a 3-fold dilution series was used to obtain 6
different concentrations. The results were used to plot the log of the input
concentrations against the take-off value. The line of regression was calculated
to determine the linearity of the data (known as R?), an R? value greater than
0.98 indicated good linearity. The slope of the standard curve enabled the
efficiency of the reaction to be calculated, by using the formula: E=10¢Y/51P¢) A
slope of -3.32 equates to 100% doubling at each cycle. For each primer pair an
acceptable slope parameter was between -3.6 to -3.1 (equivalent to 90-110%

efficiency).

2.1.15 Quantitative PCR

For each experiment, two controls were included; a NTC and no-reverse
transcriptase control (-RT control). NTC accounted for contamination of PCR
reagents and primer dimers. The -RT control accounted for contamination of
genomic DNA or non-specific products. For experiments, each sample was run
in triplicate for accuracy. Table 2.2 details the parameters for each gene. The
QIAgility (Qiagen) is a bench-top robot and was used to set up gPCR
experiments. The QIAgility software (Qiagen) was used to set up the automated
reaction. The samples were run on the Rotor-Gene (Qiagen), which ensures
thermal uniformity as samples are placed on a circular rotor. The samples are
spun at 400 rpm during the run, safeguarding against condensation issues. Data
was analysed using the Rotor-Gene Q software (Qiagen), using ‘comparative
quantification’. Technical replicate samples were removed if they were not within
0.2 (if the reaction was set up using the QIAgility) or 0.5 (if the reaction was set
up manually) cycles of each other. The data was then normalised to the
housekeeping gene; B-actin or 36B4 (for adipocyte experiments), and the fold

change against the control sample was calculated.
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Primer Sequence Amplicon | Primer[] PCR profile
length
AFP F-GTAGCGCTGCAAACAATGAA-R 161bp 0.3uM 2 step; 35
F-CCCTCTTCAGCAAAGCAGAC-R cycles; 95°C
15s, 58°C 45s
CK19 F-TTTGAGACGGAACAGGCTCT-R 211bp 0.3uM 2 step; 30
F-AATCCACCTCCACACTGACC-R cycles; 95°C
15s, 58°C 35s
ALB F-GCAAGGCTGACGATAAGGAG-R 76bp 0.5uM 3 step; 35
F-CCTAAGGCAGCTTGACTTGC-R cycles; 95°C
15s, 58°C 15s,
72°C 30s
PCK1 F-ATCTTTGGAGGCCGTAGACC-R 78bp 0.5uM 3 step; 35
CCCCACAAAGACTCCATGTT-R cycles; 95°C
15s, 58°C 15s,
72°C 30s
ACTA2 F-CTGTTCCAGCCATCCTTCAT-R 175bp 0.3uM 3 step; 35
F-CCGTGATCTCCTTCTGCATT-R cycles; 95°C
15s, 58°C 15s,
72°C 20s
CNN1 F-ACATTTTTGAGGCCAACGAC-R 120bp 0.5uM 3 step; 35
F-ACTTCACTCCCACGTTCACC-R cycles; 95°C
15s, 58°C 15s,
72°C 30s
TAGLN Quantitech Primer Assay - - 2 step; 35
cycles; 95°C
10s, 60°C 30s
MYH11 | F-AGATGGTTCTGAGGAGGAAACG-R 85bp 0.5uM 3 step; 40
F- cycles; 95°C
AAAACTGTAGAAAGTTGCTTATTCAC 15s, 58°C 15s,
T-R 72°C 20s
SMTN F-CGAGTGAACAAAGCACCAGA-R 125bp F (0.3uM) 2 step; 40
F-ATGAGCTTCCGCTCTTCAAA-R R (0.4uM) cycles; 95°C
15s, 58°C 35s
KLF4 Quantitech Primer Assay - - 2 step; 35
cycles; 95°C
10s, 60°C 30s
ADAMT F-TGGAGACCCTGGTAGTAGCT-R 142bp 0.5uM 3 step; 35
S7 F-ATGGTGATGTGGATGGGGTT-R cycles; 95°C
15s, 58°C 15s,
72°C 20s
COMP F-AAGGGAGATCGTGCAGACAA-R 139bp 0.5uM 2 step; 35
F-GTAGCCAAAGATGAAGCCCG-R cycles; 95°C
15s, 58°C 45s
PPARYy F-ACAGATCCAGTGGTTGCAGA-R 80bp 0.5uM 3 step; 35
F-GATGCAGGCTCCACTTTGAT-R cycles; 95°C
15s, 58°C 15s,
72°C 30s
FABP4 Quantitech Primer Assay - - 2 step; 35
cycles; 95°C

10s, 60°C 30s
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ZC3H4 F-GATTTCAGCCCCAGTGAGAA-R 136bp 0.2 uM 2 step; 35
F-TCTTGCTGTCCATCTTGGAG-R cycles; 95°C
15s, 58°C 35s
TRIM66 Quantitech Primer Assay - - 2 step; 35
cycles; 95°C
10s, 60°C 30s
36B4 F-TCGACAATGGCAGCATCTAC-R 221bp 0.3uM 3 step; 35
F-GCCTTGACCTTTTCAGCAAG-R cycles; 95°C
15s, 58°C 15s,
72°C 20s
BACTIN F-GGACTTCGAGCAAGAGATGG-R 234bp 0.5uM 2 step; 30
F-AGCACTGTGTTGGCGTACAG-R cycles; 95°C
15s, 58°C 45s

Table 2.2. Details of the parameters for each gene for qPCR. Shown are the
sequence for each primer pair, the length of the amplicon, the optimised primer
concentration, and the gPCR programme for each gene.

2.2 Cell culture
2.2.1 Collection and transport of umbilical cords

e Hanks’ Balanced Salt Solution (HBSS; Invitrogen)

e 100x Antibiotic-Antimycotic Solution (Invitrogen)

Non-identifiable tissue was collected by Anthony Nolan Trust midwives
and provided under the cord blood sample transfer protocol and material
transfer agreement (Figure S1). Ethical approval for the work was covered by
the generic approval granted to Anthony Nolan Trust. Signed informed consent
was obtained from the mother, for every umbilical cord collected. The mother
was asked to complete a form regarding the medical history of the baby’s
biological family (Figure S2). Umbilical cords were obtained from natural or
caesarean deliveries. Ten-to-twenty centimetres was cut from the fetal end of
the umbilical cord, and immersed in sterile HBSS supplemented with 1%
antibiotic-antimycotic solution, and transferred to the tissue culture room. The
samples were processed within two hours from the time of birth. For each
umbilical cord sample processed; date, time of birth, time of collection and the

length of the umbilical cord processed was recorded.
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2.2.2 Isolation of MSCs

¢ Phosphate Buffered Saline (PBS; Oxoid)

e Cell culture plasticware (Greiner Bio One)

e Serological pipettes (Corning® Costar®)

e Swann Morton Sterile Scalpels (Fisher Scientific)

e Complete medium; 45% Minimum Essential Medium Eagle, Alpha
modification (aMEM; Sigma-Aldrich), 45% Ham’s F-12 (PAA), 10% Fetal
Bovine Serum (FBS; PAA), 1% Antibiotic-Antimycotic Solution and
5ng/ml Basic Fibroblast Growth Factor (bFGF; Peprotech)

The explant method was used to isolate MSCs from WJ of the umbilical
cord. The umbilical cord was washed several times with PBS to remove residual
blood, and cut into 1.5-2cm? pieces. Each piece was dissected longitudinally,
and the umbilical vessels were removed. WJ was excised from the amniotic
epithelium and diced into 4-5mm? pieces with a sterile scalpel. 4-5 tissue
fragments were placed into each well of a 6-well plate. The 6-well plates were
incubated at 37°C in a 5% CO, atmosphere for 30-60 minutes, to facilitate tissue
attachment to the plastic. Pre-warmed complete medium was added to each
well until the tissue fragments were immersed. Samples were incubated at 37°C
in a 5% CO, atmosphere for 5-7 days to allow cell migration from the explants.
After 7 days the medium was replaced twice a week. Cell migration was
monitored using a Nikon Diaphot Inverted Microscope (Nikon). When cells
reached 80-90% confluency around the tissue blocks MSCs were subcultured. |
isolated MSCs from Donors 1-20; subsequent preparations were undertaken by
two Technicians within the Department of Cardiovascular Sciences.

2.2.3 Subculture and maintenance of MSCs

e 10x Trypsin-EDTA (0.05% Trypsin, 0.02% EDTA; PAA)
e 0.4% Trypan Blue Solution (Fisher Scientific)

Upon confluency, the waste medium was discarded and the tissue
fragments and cell monolayer were washed with PBS. The adherent cells were
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detached with 1x Trypsin/EDTA (1:10 dilution of 10x Trypsin/EDTA in PBS). 1ml
of Trypsin/EDTA was added for every 25cm? for 2-5 minutes at 37°C, until cells
detached from the plastic surface. An equal volume of complete medium was
added to inactivate the trypsin. The cell suspension was transferred to a sterile
centrifuge tube. The trypsinized surface was washed with PBS, and also placed
into the centrifuge tube. Using the Nikon Diaphot Inverted Microscope an
estimate of the number of cells in each well was determined. If cells’ migrating
from only one tissue fragment was observed, the cell population was split at a
1.3 ratio. If several wells were confluent, the cells were pooled and centrifuged
at 1,500 rpm for 5 minutes. After centrifugation, the supernatant was discarded,
and the cell pellet was re-suspended in 1ml of pre-warmed medium. 10ul of cell
suspension was mixed with 10ul of 0.4% Trypan Blue solution, and pipetted
onto a haemocytometer to perform a cell count and determine cell viability. Next
cells were plated at a cell density of 5x10° cells/cm? in the appropriate culture
flask. A Nikon Diaphot Inverted Microscope was used to monitor the phenotype
and growth of the cells, and upon 80-90% confluency, the cells were passaged.

For all further passages primary MSCs were split at a 1:3 ratio.

2.2.4 Cryopreservation of MSCs

e Dimethyl Sulfoxide (DMSO; Sigma-Aldrich)
e Cryovial tubes (Sarstedt)

MSCs were trypsinized as described in Section 2.2.3. After
centrifugation the supernatant was discarded. The cell pellet was resuspended
at a density between 8-40 x 10° cells in cryoprotectant solution (50% complete
medium, 40% FBS and 10% DMSO) and transferred to cryovials. The cells
were stored overnight at -80°C, and subsequently transferred to a liquid

nitrogen tank for long term storage.
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2.2.5 Thawing and plating of MSCs

Cryovials were removed from liquid nitrogen and placed in a 37°C water
bath with constant, moderate agitation for 1-2 minutes. The contents of the
cryovial were transferred to a sterile centrifuge tube to which 10ml of pre-
warmed complete medium was slowly added. MSCs were left for 5 minutes to
acclimatize. The cells were centrifuged at 1,500 rpm for 5 minutes. The
medium was removed and cells were resuspended in 1ml complete medium.
The cell suspension was transferred to a culture flask and cultured at 37°C, 5%
CO,. Cells were subcultured when confluency was observed, as described in
Section 2.2.3.

2.2.6 Growth curve

Third passage (P3) cells were seeded, in duplicate, at a density of 6x10°
cells/cm? in 12-well plates. Every two days the cells were trypsinized and the cell
number was determined as described in Section 2.2.3. The mean number of
cells for each day was recorded. The data for MSCs from three different donors

was used to plot growth curves.

2.2.7 Population doubling time

The population doubling time (PDT) for MSCs isolated from WJ was
determined, using the following formula PDT= culture time (CT)/population
doubling number (PDN). PDN was determined by using the equation PDN= log
(N1/No) x 3.31, where No= number of cells at the start of culture time, N; =
number of cells at the end of culture time. To deduce the parameter values, P3
cells were seeded at 1 x 10* cells/cm? in T25 flasks. The cells were cultured and
checked daily until MSCs reached confluency. The cells were trypsinized and
counted as described in Section 2.2.3 to determine N;. PDT was calculated

using data obtained from MSCs from three different donors.
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2.2.8 Maintenance and culture of other cells
2.2.8.1 Human umbilical cord-derived MSCs

e Human Umbilical Cord-Derived Mesenchymal Stem Cells (minimum of 5
x 10° viable cells; ATCC)

e Complete growth medium; Mesenchymal Stem Cell Basal Medium
(ATCC), 3% Mesenchymal Stem Cell Growth Kit (ATCC), 0.5%
Gentamicin-Amphotericin B Solution (ATCC) and 0.5% Penicillin-
Streptomycin-Amphotericin B Solution (ATCC)

e Trypsin-EDTA for primary cells (0.05% Trypsin, 0.02% EDTA; ATCC)

Cryovials of human umbilical cord-derived MSCs were removed from
liquid nitrogen and thawed rapidly in a 37°C waterbath for 1-2 minutes. 1ml of
cell solution was transferred to a sterile centrifuge tube. 3ml of complete growth
medium was added. 1ml of cell solution was transferred to a T25 flask already
containing pre-warmed complete medium, to obtain a seeding density of 5x10°
cells/per cm?. The seeded culture flasks were placed in an incubator at 37°C,
5% CO, atmosphere. Cells were grown until 70-80% confluency was observed.
The cells were trypsinized and counted as described in Section 2.2.3, and

seeded at a cell density of 5x10° cells/cm?.

2.2.8.2 Human aortic smooth muscle cells

e Human Aortic Smooth Muscle Cells (HAoSMC,; Invitrogen; provided by a
Research Associate within the Department of Cardiovascular Sciences)

e Medium 231 (Invitrogen)

e Smooth Muscle Growth Supplement (SMGS; Invitrogen)

e 100x Penicillin/Streptomycin (PAA)

Cryovials of human aortic smooth muscle cells (HAoSMCs; P6-8) were
taken out of liquid nitrogen and thawed in a water bath at 37°C for 1-2 minutes.
9ml of supplemented Medium 231 with Smooth Muscle Growth Supplement
(Medium 231, 5% SMGS and 1x Penicillin/Streptomycin) was added to a T75

flask to which 1ml of cell suspension was added. The flask was swirled gently to
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ensure even coverage and placed in an incubator at 37°C, 5% CO,
atmosphere. After 24 hours, the media was replaced with fresh media.
HAoSMCs were grown until they were 70-80% confluent. Cells were trypsinized

with 1x Tryspin-EDTA and split at a 1:3 ratio.

2.2.8.3 HepG2s
e HepG2s (ATCC; provided by a PhD student within the Department of
Cardiovascular Sciences)
e Minimum Essential Medium Eagle (EMEM; Sigma-Aldrich)
e Foetal Bovine Serum (PAA)
e 100x Penicillin/Streptomycin (PAA)

A cryovial of HepG2s (P13) were removed from liquid nitrogen and
thawed in a water bath at 37°C for 1-2 minutes. 10ml of pre-warmed
supplemented EMEM (with 10% FBS and 1x Penicillin/Streptomycin) was
added to a T75 flask. 1ml of cell suspension was added to the flask and gently
swirled. Cells were incubated at 37°C, 5% CO, atmosphere. After 24 hours,
fresh media was added to remove any remaining DMSO. When cells were

confluent, they were split at a 1:10 ratio using 2x Trysin-EDTA.

2.2.8.4 HEK293
e HEK293 (Cell Lines Service; provided by a PhD student within the
Department of Cardiovascular Sciences)
e Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma-Aldrich)

HEK293 cryovials were stored in liquid nitrogen. A vial was removed and
thawed at 37°C for 1-2 minutes. 10ml of pre-warmed supplemented DMEM
(with 10% FBS and 1x Penicillin/Streptomyocin) was added to a T75 flask. The
contents of the cryovial was slowly added to the flask, and gently swirled to
ensure a homogenous suspension. HEK293s were incubated at 37°C, 5% CO,
atmosphere. After 24 hours, the culture medium was replaced with fresh
supplemented DMEM. When cells approached confluency, 2x Trypsin-EDTA
was used to split cells at a 1:10 ratio.
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2.2.8.53T3-L1s

e 3T3-L1 cells (provided by a Research Fellow within the Department of
Cardiovascular Sciences)

e 3-isobutyl-1-methylxanthine (IBMX; Sigma-Aldrich). Made a 10mg/mi
stock using ethanol.

e Dexamethasone (Sigma-Aldrich). Made a 1mg/ml stock in ethanol, and
then added 49ml of DMEM

e Insulin from bovine pancreas (Sigma-Aldrich). Made a 10mg/ml stock
using 1M acetic acid.

A cryovial of 3T3-L1 cells were removed from liquid nitrogen and thawed
at 37°C for 1-2 minutes. The cells were transferred to a 15ml centrifuge tube, to
which 15ml of DMEM (with 10% FBS and 1x Penicillin/Streptomycin) was
added. The cells were left for 5 minutes, before transferring into a T75 flask.
After 24 hours, the culture medium was replaced with fresh supplemented
DMEM. Upon confluency cells were split at a 1:5 ratio. The media was replaced

every two days.

For adipogenic differentiation of 3T3-L1s, cells were plated at 5x10* cells
per well in a 6 well plate, in 2ml of growth medium. The medium was changed
after 1, 3 and 5 days. At 7 days, cells were very confluent. 2ml of adipogenic
differentiation medium (DMEM with 0.5mM 3-isobutyl-1-methylxanthine, 2ug/ml
bovine insulin and 0.25umol/L dexamethasone) was added to each well, and left
for 3 days. The adipogenic differentiation medium was removed carefully, and
replaced with 2ml of DMEM (with 10% FBS and 1x Penicillin/Streptomycin).
Media was replaced every two days until day 6, where there was significant
differentiation of 3T3-L1 cells into adipocytes.

2.2.9 Adipogenic differentiation

e STEMPRO® Adipogenesis Differentiation Kit (Invitrogen)
e 0.5% Oil Red O; 0.5g Oil Red O (Sigma-Aldrich) in 100ml propan-2-ol
(Fisher Scientific).

e Formaldehyde Solution (Fisher Scientific)
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e Mayer’s hematoxylin (Sigma-Aldrich)

In vitro adipogenic differentiation of MSCs was induced by using the
STEMPRO® Adipogenesis Differentiation Kit (Invitrogen) following the
manufacturer’s protocol. P5 MSCs were seeded at 1x10* cells/cm? in 12-well
plates, with complete medium at 37°C in a 5% CO, atmosphere for up to four
days, until cells reached near or complete confluency. The medium was
replaced with 1ml of pre-warmed Adipogenesis Medium (1x STEMPRO®
Adipocyte Differentiation Basal Medium, 1x STEMPRO® Adipogenesis
Supplement and 1% Antibiotic-Antimycotic Solution). The medium was replaced
every three days. Negative control samples were also established; MSCs were
cultured in complete medium. After 14 days cells subjected to adipogenic
medium, were assessed for adipogenic differentiation by Oil Red O staining.

2.2.9.1 Oil Red O staining

Adipogenesis Medium and complete medium was removed from wells,
and 400pl of 4% formaldehyde was added for 30 minutes. After fixation, the
cells were washed twice with PBS. 3 parts of 0.5% Oil Red O stock was added
to 2 parts of dH,0O, left for ten minutes, and filtered through a 0.22um filter. 200l
of Oil Red O solution was added to each well and incubated for 30 minutes in
the dark. Cells were washed three times with DPBS. 400ul of Mayer's
haematoxylin was incubated with the cells for 1 minute and rinsed with PBS until
clear. 1ml of DPBS was added and the cells were visualised and photographed
using the EVOS xI core Microscope (Advanced Microscopy Group).

2.2.10 Density centrifugation of MSC-derived adipocytes

MSCs were differentiated into adipocytes as described in Section 2.2.9.
Cells were washed with PBS, and trypsinized with 1x Trypsin/EDTA, until all
cells were in suspension. 10ml of pre-warmed medium was added to the cells
and transferred to a 15ml centrifuge tube. Cells were centrifuged at 150 g for 5
minutes. The supernatant was discarded and the cell pellet was resuspended in

54



5ml PBS. The cells were centrifuged again. 100ul of supernatant was taken from
the top of the meniscus, 1cm below, 2cm below and just above the pellet.
Samples were transferred to a new well and 2ml of adipogenic differentiation
medium added. Cells were visualised after 24 hours to determine the presence

of mature adipocytes.

2.2.11 Ceiling culture separation of MSC-derived adipocytes

MSCs were differentiated into adipocytes for 14 days as described in
Section 2.2.9. Cells were washed with PBS, and trypsinized with 1x
Trypsin/EDTA, until all cells had been removed from the surface. A flask
completely filled with medium, which had a solid screw top has been
equilibrated in the incubator for 4 hours. The cell suspension was carefully
added to this flask, ensured the flask was completely full and placed back into
the incubator at 37°C, 5% CO,. Cells were left for 4 hours and 72 hours, and
visualised to determine if mature adipocytes had separated and adhered to the

top of the flask.

2.2.12 Chondrogenic differentiation

e STEMPRO® Chondrogenesis Differentiation Kit (Invitrogen)

e 10% Neutral-Buffered Formalin (0.65g disodium hydrogen phosphate,
anhydrous, 0.4g sodium dihydrogen phosphate, monohydrate. 90ml dH,O
was added and adjusted to pH 7.4. 10ml of 40% formaldehyde was
added and stored at 4°C)

e Agarose, Electrophoresis Grade (Melford Laboratories)

o Tissue-Tek® Mega-Cassette (Sakura)

e Ethanol (Genta medical)

e 1% Toluidine Blue; 1g Toluidine Blue (Sigma-Aldrich) in 100ml
dHO. Filtered before use.

e DPX mountant (VWR International Ltd)

e 22mm circle coverslips (Fisher Scientific)
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P5 MSCs were assessed for their ability to differentiate into chondrocytes
via a pellet cultural system. 5x10° cells were pelleted by centrifugation at 1,500
rom for 5 minutes. The supernatant was removed from the pellet and 0.5ml of
pre-warmed Chondrogenesis Medium (1x STEMPRO® Osteocyte/Chondrocyte
Differentiation Basal Medium, 1x STEMPRO® Chondrogenesis Supplement and
1% Antibiotic-Antimycotic Solution) was added and incubated at 37°C in a
humidified atmosphere of 5% CO,. Medium was replaced every three days,
carefully without disturbing the pellet. As a negative control, pellets were
cultured in 0.5ml of complete medium. Cell pellets were harvested after 28 days

for assessment of chondrogenic differentiation by Toluidine Blue staining.

2.2.12.1 Toluidine Blue staining

Chondrogenesis medium and complete medium was removed, and the
cell pellets were washed with PBS. 1ml of 10% Neutral-Buffered Formalin (NBF)
was added to the pellets, for fixation and left overnight. The cell pellet was
gently loosened and 1-2 ml of 2% agarose was added to each centrifuge tube
and left to set. The agarose plug was slowly removed from the centrifuge tube;
the excess agarose was removed, and the plug was placed into a Tissue-Tek®
Mega-Cassette. The cassette was placed into 100% ethanol and processed by
the Core Biotechnology Services (CBS) at The University of Leicester. The
pellet underwent a series of processes; 70% IMS- 1 hour, 99% IMS- 1 hour,
99% IMS- 1 hour, 99% IMS- 1 hour, 99% IMS- 1 hour, 99% IMS- 1 hour, 99%
IMS- 1 hour, 99% IMS- 1 hour, xylene-1% hours, xylene-1%2 hours, wax - 1 hour,
wax - 1% hours, wax - 1% hours. 4uM sections were created using the Leica
rm2125RT Microtome (Leica Microsystems). A hematoxylin and eosin (H&E)
stain was performed using an automated Leica ST 4040 Linear stainer (Leica

Microsystems) to determine the cellular morphology.

Next the slides were subjected to Toluidine Blue staining. The slides were
placed in xylene for 10 minutes and further rinsed in xylene for 10 minutes.
Slides were put into 100% ethanol for 10 minutes (twice), 90% ethanol (10
minutes) and 70% ethanol (10 minutes) and finally in dH,O. 1% Toluidine Blue
was pipetted onto each slide, and left for 2 minutes. After 2 minutes the slides
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were rinsed in dH,O. The samples were dehydrated through a graded ethanol
series (70% (30 seconds), 100% (5 minutes; twice) and finally xylene (10
minutes; twice). DPX mountant was pipetted onto coverslips, and lowered onto
the slide and left to dry for 30 minutes. Samples were visualised and
photographed using the Leica DM2500 microscope (Leica Microsystems) and
the Leica Application Suite V4.0 (Leica Microsystems).

2.2.13 Osteogenic differentiation

e STEMPRO® Osteogenesis Differentiation Kit (Invitrogen)
e 2% Alizarin Red S; 2g Alizarin Red S (Sigma-Aldrich) in 100ml dH,0.
Adjusted to pH 3 with 10% Ammonium Hydroxide. Filtered before use.

e Formaldehyde Solution (Fisher Scientific)

STEMPRO® Osteogenesis Differentiation Kit (Invitrogen) was used to
differentiate MSCs into osteoblasts following the manufacturer’s protocol. P5
cells were seeded at cell density of 5x10° cellsicm? in 12-well plates and
incubated with complete medium at 37°C in a humidified atmosphere of 5% CO,
until the cells were confluent. The medium was replaced with 1ml of pre-warmed
Osteogenesis Medium (1x STEMPRO® Osteocyte/Chondrocyte Differentiation
Basal Medium, 1x STEMPRO® Osteogenesis Supplement and 1% Antibiotic-
Antimycotic Solution). The Osteogenesis Medium was replaced every three
days. Corresponding negative control wells were also seeded with MSCs grown
in complete medium. After 28 days, MSCs that were subjected to osteogenic

medium were assessed for differentiation by Alizarin Red S staining.

2.2.13.1 Alizarin Red S staining

Osteogenesis medium and complete medium was removed from wells,
and 400yl of 4% formaldehyde was added for 30 minutes. After fixation, cells
were rinsed twice with dH,O, and 200ul of 2% Alizarin Red S (pH 3) was added

to the wells for 2-3 minutes. The wells were rinsed three times with dH,O. DH>0O
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was left in the wells, samples were visualised and photographed using the
EVOS x| Core Microscope (Advanced Microscopy Group).

2.2.14 Hepatogenic differentiation

e Collagen I Rat Protein, Tail (Invitrogen)

e Iscove’s Modified Dulbecco’s Medium (IMDM; PAA)

e Recombinant Human Fibroblast Growth Factor, Basic (bFGF; Peprotech)
e Recombinant Human Epidermal Growth Factor (EGF; Peprotech)

e |TS+ Universal Culture Supplement Premix (BD Biosciences)

¢ Recombinant Human Hepatocyte Growth Factor (HGF; Peprotech)

e Nicotinamide (Sigma-Aldrich)

e Dexamethasone (Sigma-Aldrich)

e Recombinant Human Oncostatin M (Invitrogen)

6-well plates were coated with 5pg/cm? of collagen | solution, according
to the manufacturer’'s protocol. MSCs (P5) were seeded in 6-well plates at a
density of 1.5x10* cells/cm?. For control wells, MSCs were seeded at a density
of 4x10% cellsicm? and grown in complete medium. After 24 hours, MSCs
underwent a pretreatment step. MSCs were grown in IMDM containing 10ng/ml
bFGF, 20ng/ml EGF and 1% antibiotic-antimycotic solution for two days. The
media was changed, so MSCs were cultured in IMDM supplemented with
10ng/ml bFGF, 20ng/ml HGF, 0.61g/l nicotinamide, 1% ITS, 1% FBS and 1%
antibiotic-antimycotic solution for 7 days. For the next 14 days, cells were
treated with IMDM containing 1umol/l dexamethasone, 20ng/ml oncostatin M,
1% ITS, 1% FBS and 1% antibiotic-antimycotic solution. For each differentiation
step, medium was replaced every three days. A Nikon Diaphot Inverted
Microscope was used to monitor the phenotype and growth of the cells during

the differentiation process.

2.2.15 Smooth muscle cell differentiation

e Collagen I, Coated Plate 6 Well (Invitrogen)
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e Recombinant Human Transforming Growth Factor-p1 (TGF-B1;
Peprotech)

e Smooth Muscle Cell Differentiation Medium ; 48% aMEM (Sigma-
Aldrich), 48% Ham’'s F-12 (PAA), 1% FBS (PAA), 1% Antibiotic-
Antimycotic Solution (Invitrogen) and 10ng/ml TGF-31

The literature suggests TGF-B1 is the main driver for SMC differentiation.
The literature has reported use of TGF-B1 concentrations of 1-10ng/ml (Kinner
et al., 2002; Jeon et al., 2006; Narita et al., 2008). 10ng/ml TGF-B1 was used to
induce the highest response of differentiation. Cells were seeded into pre-
coated Collagen I, 6 well plates. MSCs (P5) were seeded into each well at
4x102 cells/cm? for controls and grown in complete MSC medium. For smooth
muscle cell differentiation, MSCs were seeded at a density of 8x10° cells/cm?.
MSCs were grown to 70% confluency, which took approximately 1-2 days. The
complete MSC medium was removed, and the cells were washed once with 1x
PBS. 2ml of Smooth Muscle cell Differentiation Medium was added to each well
on a 6 well plate. The medium was replaced every 3 days. MSCs were
visualised and photographed every three days using the EVOS XL Core

Microscope (Advanced Microscopy Group).

2.2.16 Transformation of recombinant plasmid

e DH5a competent E.coli cells (Bioline)

e Difco™ Agar, granulated (BD Biosciences; 1.5g into 100ml dH,0O, and
autoclaved)

e Ampicillin Sodium Salt (Sigma-Aldrich). Prepared 100mg/ml stock in
dH-O0.

e Luria broth (Sigma-Aldrich; 2.5g into 100ml dH,0, and autoclaved)

e PeqGOLD Plasmid MiniPrep Kit Il (Peqglab)

The ADAMTS7-Ser plasmid was available within the research group. It
had previously been cloned into the pLEICS-49 vector using the Protein

Expression Laboratory (PROTEX) cloning service at the University of Leicester.
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The ADAMTS7-Ser plasmid was transformed into subcloning efficiency DH5a
competent E.coli cells. Firstly cells were thawed on ice; 40pl was transferred to
a new tube, to which 2l of plasmid was added and the tube flicked gently. The
tube was incubated on ice for 30 minutes. The cells were then heat shocked for
45 seconds at 42°C, followed by 2 minute incubation on ice. 250pl of Luria broth
(LB) was added, and incubated in a shaking incubator at 37°C at 200 rpm for 1
hour. 75l of sample was spread onto a LB-agar plate (containing 100ug/ml
ampicillin) using aseptic techniques, to allow for the growth of transformed cells.
Plates were inverted and incubated overnight at 37°C. The next day, successful
transformation was indicated by the growth of white colonies. The plates were
stored at 4°C. A pipette tip was used to pick single colonies and placed in a
universal with pre-warmed LB (containing 100ug/ml ampillicin). Universals were
placed in a shaking incubator at 37°C at 200 rpm overnight. To extract plasmid
DNA, the PeqGOLD Plasmid MiniPrep Kit 1l was used following the
manufacturer’'s instructions. The concentration of plasmid DNA was measured
using the ND-8000 Nanodrop spectrophotometer (described in Section 2.1.2)
and stored at -20°C. To create glycerol stocks for future use, 400pl of overnight
culture was mixed with 600pl of glycerol and stored at -80°C.

2.2.17 Transient transfections

e Lipofectamine® LTX Reagent with PLUS™ Reagent (Life Technologies)
e Opti-MEM® | Reduced Serum Media (Life Technologies)
e pPEGFP-C2 plasmid (Clontech)

The ADAMTS7-Ser plasmid was transfected into HEK293 cells. 1.5x10°
cells were seeded into each well of a 6 well plate, which enabled 80%
confluency after 24 hours. Lipofectamine LTX plus reagent was used according
to the manufacturer’s protocol. Briefly 1.25ug of ADAMTS7-Ser plasmid and
1.25ug of GFP plasmid (pEGFP-C2) was added to 125ul of Opti-MEM® |
Reduced Serum Media. The GFP plasmid was available within the research
group, and used to determine approximate transfection efficiency. As a control
sample, ADAMTS7-Ser plasmid was not added. 5ul of Plus™ Reagent was
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added, mixed and incubated for 7 minutes. 15ul of Lipofectamine™ LTX was
added to 125pl of Opti-MEM® | Reduced Serum Media. The diluted plasmid
DNA and diluted Lipofectamine™ LTX was combined gently and incubated for
15 minutes. 750ul of Opti-MEM® | Reduced Serum Media was added and mixed
gently. 1ml of DMEM (+10% FBS) was added to each well, followed by 1ml of
the diluted complex. After 6 hours, the media was replaced with serum-free
DMEM and incubated at 37°C, 5% CO,, for 48 hours.

2.3 Flow cytometry

2.3.1 Preparation of MSCs

e Sodium Azide (Sigma-Aldrich)
e Human MSC Analysis Kit (BD Biosciences)
e 5ml FACS tubes (BD Falcon)

P5 MSCs were used for flow cytometric analysis. Cells were detached
using 0.25x Trypsin/EDTA, centrifuged and washed with Stain Buffer (1x PBS,
1% FBS, and 0.09% Sodium Azide) and resuspended at a concentration of 5 x
10° cells/ml. Multicolour analysis was carried out using a Human MSC Analysis
Kit, to minimize the number of cells for each assay, and to create a simple
protocol for multiple sample analysis. Cells were incubated with individual or a
cocktail of antibodies in separate tubes, as indicated in Table 2.3. Single stained
controls were included for the first sample run (tubes 1-4). For all subsequent
samples only tubes 4-6 were set up. Once the antibodies had been added to the
cells, the samples were incubated in the dark for 30 minutes. The reaction was
stopped by adding 500ul of Stain Buffer, and samples were spun at 1,000 rpm
for 5 minutes. The cell pellet was resuspended in 500ul of Stain Buffer and
centrifuged again. The cells were resuspended in 500ul of Stain Buffer and
transferred to FACs tubes, and kept on ice until samples were run on the flow

cytometer.
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Tube Antibody Antibody Volume of
volume cells
1 CD90 S5ul 100yl
2 CD105 S5ul 100yl
3 CD73 5l 100ul
4 Unstained - 100yl
5 MSC Positive Isotype Control 20l 100pl
Cocktalil
PE MSC Negative Isotype Control 20yl
Cocktalil
6 MSC Positive Cocktail 20ul 100yl
PE MSC Negative Cocktail 20l

Table 2.3. Antibodies added to each tube for detection of cell surface
markers on MSCs. PE; phycoerythrin.

2.3.2 Analysis of cells on the flow cytometer

Flow cytometric analysis was carried out using the FACSAria Il from
Becton Dickinson (BD Biocsiences). The FACSDiva software Version 6.1.2 (BD
Biocsiences) was used to analyse the data. The flow cytometer has 5 lasers; UV
(355nm), Violet (405nm), Blue (488nm), Yellow/Green (561nm) and Red
(640nm), for which there are assigned filters for each laser to detect the emitted
wavelength from each fluorescent dye (Table 2.4). Logarithmic side scatter (SS)
and forward scatter (FS) was used to detect MSCs. Once established the MSC
population was gated and labelled as P1. First the isotype control cocktail
sample was run to set the APC, FITC, PerCP-Cy5.5 and PE gate at 2% positive,
to account for non-specific binding of the antibodies. The percentage of positive
cells was recorded. Each sample was run until ten thousand events were
recorded. The WinMDI software (Purdue University) was used to generate

histograms from the data.
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Antibody Fluorescent dye Laser Filter

Anti-Human CD90 APC 640nm (Red) 670nm
Anti-Human CD105 PerCP-Cy5.5 561nm (Yellow/green) | 710nm
Anti-Human CD73 FITC 488nm (Blue) 530nm
Anti-Human CD34 PE 561nm (Yellow/green) | 582nm

Anti-Human CD11b
Anti-Human CD19
Anti-Human CD45

Anti-Human HLA-DR

Table 2.4. Details of the antibodies, their attached fluorescent dye, lasers
and specific filters present in the FACSAria Il flow cytometer to detect the
emitted wavelength from each dye. APC; allophycocyanin, PerCP-Cy5.5;
Peridinin chlorophyll protein with cyanine dye, FITC; fluorescein isothiocyanate,
PE; phycoerythrin.

2.3.3 Flow cytometry for Nile red staining

¢ Nile red (Sigma-Aldrich). 1mg/ml stock solution of Nile red was made in
acetone, and kept in the dark at 4°C.

e 4% paraformaldehyde; 4g of paraformaldehyde (PFA; Sigma-Aldrich)
was added to 50ml PBS in a beaker on a hot plate, and allowed to
dissolve. The solution was cooled and filtered. The volume was made to
100ml, adjusted to pH 6.9 and frozen into working aliquots. 1% PFA was
made by diluting it in PBS.

e 5ml FACS tubes (BD Falcon)

Nile red (9-diethylamino-5H-benzo[a]phenoxazine-5-one) was used to
quantify lipid droplets within MSC-derived adipocytes. Cells were trypsinized
and centrifuged at 1,500 rpm for 5 minutes. Media was discarded and 200ul of
PBS was added, and transferred to a 96 well plate. 100ul of 1% PFA was
added to the well, and incubated for 10 minutes at 4°C. The plate was
centrifuged at 13,000 g for 1 minute and supernatant discarded. Nile red was
diluted to get a 1:2000 working dilution which was added to each well, and
incubated for 20 minutes at 4°C in the dark. 150ul of PBS was added to each
well, and centrifuged at 13,000 g for 1 minute. This step was repeated. 300l of

PBS was added, cells resuspended and transferred to FACS tubes. Samples
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were analysed using the flow cytometer (CyAn ADP, Dako Cytomation,
Beckman Coulter) and data analysed using the Summit software V4.3.02
(Beckman Coulter). First a control sample (MSCs incubated with Nile red) were
run to set the FL1 FITC gate at 2% positive, to account for non-specific binding

of Nile red. The percentage of positive cells was recorded.

2.3.4 Nile Red staining in 6 well plate
e 4'.6-Diamidino-2-Phenylindole, Dilactate (DAPI; Invitrogen).

The same experimental steps were followed as in described in Section
2.2.9 however cells were not trypsinized. After Nile Red incubation, 5mg/ml
stock of DAPI was diluted to 1:10,000 in PBS and incubated for 1 minute. The
cells were washed twice with PBS, and once in dH;O. The cells were visualised
using the Evos fl microscope (Advanced Microscopy Group) using the GFP and
DAPI filters.

2.4 Cellular assays

2.4.1 Measurement of intracellular Ca®*

e Tyrode solution (6mM KCI, 135mM NaCl, 5mM Na pyruvate, 1mM
MgCl,, 10mM Glucose, 10mM HEPES, 0.33mM NaH,PO,, 1.3mM CacCl..
The pH was adjusted to 7.4 by the addition of 1M NaOH).

e Angiotensin Il (Merck Millipore). Prepared 1mg/ml stock in dH,O.

e Carbachol (Merck Millipore). Prepared 100mg/ml stock in dH,O.

e Potassium Chloride (KCI; Sigma-Aldrich). Prepared 1M stock in dH,0.

e 13mm circular coverslips (Thermo Scientific)

e Fura-2, AM, cell permeant (Invitrogen)

e Pluronic acid (Sigma-Aldrich)

Fura-2 AM is a cell permeable, ratio-metric calcium indicator used to
measure intracellular calcium. Upon crossing the cell membrane, intracellular

non-specific esterases cleave off the esters, resulting in Fura-2 free acid, which
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is impermeable. When Ca®* binds Fura-2 it is excited at 340 nm. The unbound
form of Fura-2 is excited at 380 nm, and emits at 510nm regardless of Ca**
binding. Upon Ca?* flux into the cell, Fura-2 binds to Ca®', and causes an
increase in fluorescence at 510nm by increased excitation at 340nm. However
a decrease in fluorescence occurs due to reduced excitation at 380nm. The
ratio of the emissions is directly related to the amount of intracellular calcium.

For experiments, cells were seeded onto 13mm coverslips. A 2mM Fura-
2 solution was prepared by resuspending in DMSO containing 5% Pluronic acid.
Medium was removed from the wells, and washed with pre-warmed Tyrode
solution. To each well, 2ml of Tyrode solution was added. Fura-2 was added at
a final concentration of SuM. The plate was covered in foil and incubated for 45
minutes. During the incubation, solutions and agonists were prepared. 100nM
Angiotensin Il, 100uM carbachol and 60mM KCI was prepared in 100ml Tyrode
solution. Coverslips were placed into a diamond shaped perfusion chamber,
located on a stage of a Nikon Eclipse TE2000-E microscope. The chamber was
maintained at an approximate temperature of 37°C using the TC-344b dual auto
temperature controller. Cells were perfused using an Ismatec ms REGLO
peristaltic pump at a rate of 3ml/min with Tyrode solution until a steady state
was reached. Cells were then perfused with Tyrode solution supplemented with
Angiotensin Il, carbachol or KCI. Cells were recorded for 1 minute in Tyrode
solution, followed by four minutes with Tyrode solution containing the agonist.
The fluorescence was recorded by a Hamamatsu Camera Controller. The
Velocity software was used to analyse the data. Firstly regions of interest were
drawn around individual cells. Next the background value was subtracted.
Traces were determined for individual cells to calculate the Fura-2 340/380

ratio.

2.4.2 Cell Contraction Assay

e Calcein, AM, cell-permeant dye (Invitrogen)
e Carbachol (Merck Millipore). Prepared 100mg/ml stock in dH,0O.

e Tyrode solution; as detailed previously in Section 2.4.1.
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The cell contraction assay was carried out on MSCs, differentiated
SMCs, aoSMCs and HelLa-S3 cells described earlier. Cells were seeded at
3x10° cells/cm?. After 48 hours the assay was carried out. Firstly calcein
solution was prepared, by dissolving 50ug into 250ul of DMSO+ 5% pluronic
acid. The vial was covered with foil to protect the solution from light. Cell culture
medium was removed, and washed once with pre-warmed Tyrode solution.
0.5ml of Tyrode solution was added to each well followed by 5ul of calcein. The
plate was incubated at 37°C for 15 minutes in the dark. Cells were washed
twice and loaded onto the Nikon Eclipse Ti-E microscope platform, surrounded
by an environmental chamber at 37°C, 5% CO,.

Automated positions were set in each well, to ensure the camera took an
image of the same cells before and after treatment with carbachol. Once the
positions had been set, 100uM carbachol was added carefully to each well.
Images were obtained before the addition of carbachol, and every minute for 20
minutes after the addition of carbachol. Phase-contrast and FITC channels were
used. The Nikon JOBS software collected the data from the experiments. Image

J (http://imagej.nih.qgov/ij/) was used to calculate the cell surface area at 0O

minutes (no treatment) and 10 minutes (after carbachol treatment), which was

expressed as a percentage change in cell surface area.

2.4.3 Scratch assay

MSCs and differentiated SMCs were seeded into 6 well plates at 1x10*
cells/cm? and 4x10* cells/cm?, respectively. Upon confluency, a pipette tip was
used to make a scratch the length of the well. The angle of the tip was held at
approximately 30 degrees, in order to keep the scratch width limited. Cells were
washed twice with pre-warmed medium and loaded onto the Nikon Eclipse Ti-E
microscope platform, surrounded by an environmental chamber at 37°C, 5%
CO,. Water was added to the surrounding reservoir to prevent extreme
evaporation of the medium. Automated positions were set along the scratch at
10x magnification, and imaged for 24 and 72 hours for MSCs and differentiated
SMCs, respectively. Images of at least 3 different scratch areas were acquired

per well, every 30 minutes. The Nikon JOBS software was used to acquire the
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data. Image J was used to analyse the data. The cell covered area was
determined between 0-24 hours (0-72 hours for differentiated SMCs). The linear
phase of cell surface covered area was determined for each genotype group. In
addition, using Image J the distance between the two wound edges was
calculated at 5 different points, along the wound edge. This was calculated at 0O,
6, 9, 12 and 24 hours. To obtain the actual distance migrated by the cells, the
difference between the distance at O hours and at the hour of interest was

calculated.

2.5 Protein methods

2.5.1 Immunofluorescence staining

e 22mm circle coverslips (Fisher Scientific)

e 4% paraformaldehyde, described previously in Section 2.3.3

e 10x TBS; 69 of Tris Base and 22g of NaCl was dissolved in 250ml| dH,0O.
The pH was adjusted to 7.6 with 1M HCI

e 1x TBS; 10x TBS was diluted 1:10 with dH,O

e 0.2% saponin; 0.2g saponin (Sigma-Aldrich) in 100ml dH,O. Stored at
4°C in foil.

e Wash buffer; 0.1% Triton X-100 (Sigma-Aldrich) in 1x TBS

e Dilution/blocking buffer; 0.1% Triton X-100 and 2% bovine serum
albumin (BSA; Sigma-Aldrich) in 1x TBS

e Monoclonal Anti-Actin, a-Smooth Muscle antibody (Sigma-Aldrich)

¢ Monoclonal Anti-Calponin antibody (Sigma-Aldrich)

e Monoclonal Anti-Myosin (Smooth) antibody (Sigma-Aldrich)

e Anti-Mouse IgG (Fc specific)—-FITC antibody (Sigma-Aldrich)

e Fluoroshield Mounting Medium (Abcam)

e 4'6-Diamidino-2-Phenylindole, Dilactate (DAPI; Invitrogen). 2ml of dH,O
was added to give a 5mg/ml DAPI stock solution.

Coverslips were sterilized by treatment with 100% ethanol, air-dried and
washed with sterile 1x PBS. Coverslips were coated with Collagen | Rat Protein,

Tail and seeded with cells as described in Section 2.2.15. After 3 and 6 days,
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MSCs and differentiated SMCs were washed twice with 1x PBS. 1ml of 4%
paraformaldehyde was added to each well for 20 minutes and incubated at 4°C.
Cells were washed three times in 1ml TBS, for two minutes on a rocker. 0.2%
saponin solution was added to each well for 10 minutes on a rocker. Cells were
washed three times with wash buffer, for 5 minutes, on a rocker. The
concentration of the primary antibody required (Table 2.5), was made by
diluting the antibody in dilution buffer. 1ml of diluted antibody was added and
incubated at 37°C for 1 hour in the dark. The cells were washed three times for
five minutes on a rocker. 1ml of the diluted secondary antibody was added and
incubated at 37°C for 1 hour in the dark. Wells were washed twice. A 5mg/mi
stock of DAPI was diluted 1:10,000 in PBS and incubated for 1 minute. The
cells were washed twice with PBS, and once in ddH,O. Cells were mounted
onto a glass slide using the Fluoroshield Mounting Medium. Slides were viewed
using the Evos fl microscope using the GFP and DAPI filters.

Antibody Dilution
Monoclonal Anti-Actin, a-Smooth Muscle antibody 1:800
Monoclonal Anti-Calponin antibody 1:500
Monoclonal Anti-Myosin (Smooth) antibody 1:100
Anti-Mouse IgG (Fc specific)-FITC antibody 1:400

Table 2.5. Details of the antibody dilutions for
immunofluorescence.

2.5.2 Western blotting

e Protein extraction buffer (50mM HEPES (pH 7.4), 50mM KCI, 1mM NaF,
1mM MgCl,, 1ImM EGTA, 0.1% Triton-X-100). Stored at 4°C. 50ul of
PhosSTOP (20x; Roche) and cOmplete mini (20x; Roche) Phosphatase
Inhibitor Cocktail was added to 1ml of protein extraction buffer.

e NuPAGE® Novex® 10% Bis-Tris Protein Gels, 1.0 mm and 1.5mm, 10
well (Invitrogen)

e XCell SureLock® Mini-Cell (Invitrogen)
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e Amersham™ Full-Range Rainbow™ Molecular Weight Markers (GE
Healthcare)

e NUPAGE® LDS Sample Buffer (4X; Invitrogen)

e Protran® Nitrocellulose Membrane (GE Healthcare)

e DL-dithiothreitol (DTT; Sigma-Aldrich)

e NuPAGE® MOPS SDS Running Buffer (20X;Invitrogen)

e NuPAGE® Transfer Buffer (20X; Invitrogen)

e Methanol (Fisher Scientific)

e Blotting paper, pure cellulose (Sigma-Aldrich)

e XCell II™ Blot Module (Novex, Life Technologies)

e Phosphate Buffered Saline (PBS) tablets (Sigma-Aldrich)

e Tween®20 (Sigma-Aldrich)

e Skim Milk Powder (Sigma-Aldrich)

e Ponceau S Solution (Sigma-Aldrich)

e Rabbit polyclonal anti-ADAMTS7 (prodomain) antibody (Abcam)

e Rabbit polyclonal anti-ADAMTS7 (spacer domain) antibody (Abcam)

e Mouse monoclonal anti-FLAG M2 antibody (Sigma-Aldrich)

e Donkey ECL IgG, HRP-linked antibody (GE Healthcare)

e Sheep ECL prime IgG, HRP-linked antibody (GE Healthcare)

e Amersham™ ECL™ Prime Western Blotting Detection reagent (GE
Healthcare)

e 3K Filter Units (Amicon Ultra 0.5ml centrifugal filters; EMD Millipore)

e 10K Filter Units (Amicon Ultra 15ml centrifugal filters; EMD Millipore)

e 50mM Ammonium Bicarbonate pH 7.6 (Sigma-Aldrich)

e Pierce™ BCA Protein Assay Kit (Thermo Scientific)

e Albumin from Bovine Serum (BSA; Sigma-Aldrich)

2.5.2.1 Preparation of cell lysate

Cells were grown in serum free medium for 24 hours. A T75 flask of cells
was placed on ice and washed with ice-cold PBS. 0.5ml of ice-cold protein
extraction buffer was added to each flask. Using a cold cell scraper, adherent

cells were scraped off the dish, and transferred to a pre-cooled 1.5ml eppendorf
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tube. Samples were sonicated on ice, twice for 20 seconds. Samples were
centrifuged at 13,000 rpm for 15 minutes at 4°C. The supernatant was carefully
removed, transferred to a new tube and stored at -80°C. The remaining pellet

was discarded.

2.5.2.2 Concentration of conditioned media

Cells were grown for 24 hours in serum-free medium. Conditioned media
was removed and centrifuged at 1,500 rpm for 5 minutes at 4°C, to remove any
cell debris. All subsequent centrifugation steps were carried out at 4°C. 500pl of
50mM ammonium bicarbonate was added to the 3K Amicon Ultra 0.5ml
centrifugal filters and spun at 13,000 rpm for 10 minutes. The filtrate was
discarded. 450pl of sample was added to the column and spun at 13,000 rpm
for 20 minutes. This step was repeated until the entire sample was processed.
The filter was washed three times with ammonium bicarbonate. The filter unit
was inverted into a new collection tube, and centrifuged at 13,000 rpm for 10
minutes. The filter unit was turned the correct way, and 50ul of ammonium
bicarbonate was added, and incubated for 2 minutes. The filter unit was turned
upside down and centrifuged at 13,000 rpm for 10 minutes. The filter unit was

discarded.

Use of the 10K Amicon Ultra 15ml centrifugal filters, first required a wash
with 15ml of ammonium bicarbonate at 4,000 g for 10 minutes. The filtrate was
discarded, and conditioned media was added to the filter, and centrifuged at
4,000 g for 20 minutes. The filter was washed three times with ammonium
bicarbonate. The last wash step required centrifugation for 30 minutes. To

recover the concentrate, the sample was pipetted out of the filter unit.

2.5.2.3 Pierce™ BCA Protein Assay Kit

The Pierce™ BCA Protein Assay Kit was used to measure the amount of
protein in each sample, to ensure an equal amount of protein was loaded for

Western blotting following the manufacturer’s instructions. The absorbance was

70



measured at 562 nm on the BioTek ELx800 micro plate reader (BioTek) and the
KC Junior software (BioTek).

2.5.2.4 Western Blotting

The NUuPAGE gel system was used to resolve proteins from cell lysates
and conditioned media. To each 0.5ml tube, the components detailed in Table
2.6 were added. Samples were incubated at 95°C for 5 minutes, and

centrifuged briefly to collect the sample.

Components Volume
Sample (20ug) X
NuPAGE® LDS Sample Buffer (4x) 8.75ul
DTT (1M) 0.7 ul
dH,O To 35ul

Table 2.6. Western Blot components for a 35ul sample.

Samples were resolved on NUPAGE® Novex® 10% Bis-Tris Protein Gels.
5ul of Full-Range Amersham Rainbow Marker was loaded into the first well. The
gel was run for 55 minutes at 200v in 1x MOPS buffer. The XCell [I™ Blot
Module was used to transfer protein to a nitrocellulose membrane. 6 blotting
pads, 2 pieces of filter paper and nitrocellulose membrane were pre-soaked in
1x Transfer Buffer for at least 2 hours at 4°C. The transfer sandwich was
arranged by placing 3 blotting pads down onto the negative cathode core,
followed by filter paper, gel, nitrocellulose membrane, filter paper and 3 blotting
pads. The positive anode core was placed on top and the sandwich was placed
into the XCellSureLock® Mini-Cell. The transfer module was filled with 1x
Transfer Buffer. The outer chamber was filled with cold dH,O. Transfer was

carried out at 35v for 1 hour and 25 minutes.

The nitrocellulose membrane was removed from the sandwich and
rinsed with PBST (1x PBS with 0.1% Tween-20). Ponceau S solution was

added to the membrane and incubated for 5 minutes on a rocker. DH,O was
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used to remove residual Ponceau S. An image of the membrane was taken
using the ImageQuant LAS 4000 system and software. Measuring protein
stained by Ponceau S was used as a loading control. The membranes were
rinsed with PBST to remove Ponceau S solution and blocked with blocking
buffer (PBST+5% milk powder) for 1 hour on a rocker. Membranes were
incubated overnight at 4°C with the primary antibody. Details of the antibodies
are listed in Table 2.7. The following day membranes were washed 3 times in
PBST for 5 minutes, on a rocker. Next membranes were incubated with the
secondary antibody for 2 hours, followed by 3 washes. For protein detection,
membranes were incubated for 1 minute in ECL™ Western Blotting Detection
Reagents and visualised using the ImageQuant LAS 4000 system. The

ImageQuant TL software was used to quantify protein.

Antibody Dilution

Rabbit polyclonal anti-ADAMTS7 1:1000
(prodomain) antibody

Rabbit polyclonal anti-ADAMTS7 (spacer 1:1000

domain) antibody

Donkey ECL IgG, HRP-linked antibody 1:5000

Mouse monoclonal anti-FLAG M2 antibody 1:1000

Sheep ECL prime IgG, HRP-linked antibody 1:15000

Table 2.7. Details of the antibody dilutions used for Western
Blotting.

2.6 Statistical analysis

All data from experiments was analysed in Microsoft Office Excel.
GraphPad Prism 6.00 (GraphPad software Inc.) was used to generate all
graphs. Results are shown as mean * Standard Deviation (SD). SD was chosen
as it shows the variation in the individual samples. Statistical significance of the
data was assessed by a Student’s t-test when the data was normally
distributed. A one-way Analysis of Variance (ANOVA), following the appropriate
post-test was used to compare two or more groups. The Spearman’s rank
correlation coefficient was used to assess the relationship between two

variables. A p-value <0.05 was considered statistically significant.
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Chapter 3 - Isolation and
characterisation of
mesenchymal stem cells
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3.1 Introduction

CAD-related genetic variants identified in GWASs require a genotype-
specific model to study them. MSCs are a potential cell type to produce
genotype-specific disease models, as they can differentiate into CAD-relevant
cell types; they promise a new paradigm in studying the functional mechanisms
of CAD-related genetic variants. This chapter describes the establishment of a
MSC bank.

3.1.1 Mesenchymal stem cells

MSCs are a type of adult stem cell, described by Friedenstein et al., over
40 years ago. These cells have also been referred to as mesenchymal
progenitor cells or marrow stromal cells. In this thesis, the cells will be referred

to as mesenchymal stem cells.

The increased interest in MSCs over the last two decades has resulted in
many inconsistencies and ambiguities in defining their characteristics. Typically,
the bone marrow has been used as the primary source for obtaining MSCs
(Colter et al., 2000). However, MSCs can be isolated from many other tissue
sources including dental pulp, tendons, adipose tissue and the umbilical cord
(da Silva Meirelles et al., 2006). Different groups have used different isolation
and expansion methods for MSCs that have slight, yet sometimes significant
differences. To address these problems the Mesenchymal and Tissue Stem
Cell Committee of the International Society of Cellular Therapy proposed the
minimal criteria required to characterise human MSCs (Dominici et al., 2006;
Table 3.1).
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Minimal criteria to characterise MSCs

. Adherence to plastic under standard culture conditions
. Phenotype: Positive (= 95%+) Negative (= 2%+)

CD105 CD45
CcD73 CD34
CD90 CD14 or CD11b
CD79a or CD19
HLA-DR

s In vitro differentiation; adipocytes, chondrocytes and
osteoblasts

Table 3.1. Summary of the minimal criteria to characterise
MSCs (Dominici et al., 2006).

3.1.1.1 Plastic adherence

Firstly, MSCs must be able to adhere to plastic under standard culture
conditions. MSC subsets from common and rare sources, have all exhibited this
property (Colter et al., 2000; Zhang et al., 2004). It is possible to maintain and
potentially expand MSCs in culture without adherence (Baksh et al., 2003).
However these methods need an extremely specific culture environment. If
these cells were kept under more standardized conditions, they would be
required to exhibit plastic adherence to be classed as a MSC population
(Dominici et al., 2006).

3.1.1.2 Cell surface markers

The second criteria cells should meet, is the expression of certain cell
surface markers. To date no specific markers have been found to be expressed
exclusively by MSCs, so a group of cell surface markers are used to
characterise MSCs. More than 95% of the population should be positive for the
expression of CD73 (known as ecto 5 nucleotidase), CD105 (known as
endoglin) and CD90 (known as Thy-1). In addition, the MSC population should
be negative (less than 2% of the population) for expression of CD45, CD34,
CD14 or CD11b, CD79a or CD19 and HLA-DR. These markers are tested to

ensure the MSC population does not include other cells likely to be present in
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the population. CD45 and CD34 are haematopoietic markers; the latter is a
marker of primitive haematopoietic progenitor cells and endothelial cells. CD14
and CD11b are found on macrophages and monocytes, and these cells are
likely to be included during MSC isolation, primarily from bone marrow isolates.
Also B cells may attach to MSCs, therefore B cells markers; CD79a and CD19
are used. For macrophages, monocytes and B cells only one cell surface
marker is required. Finally MSCs should be negative for HLA-DR expression,
except under stimulation by certain cytokines, such as IFNy. These markers
represent the minimal requirement and alone do not stringently characterise
MSCs, so additional markers can be used (Dominici et al., 2006). Additional
positive markers are CD166, ICAM-1, CD29, CD44, CD71, Stro-1, CD106 and
extra negative markers include markers for the co-stimulatory molecules CD40,
CD86 or CD80 and the adhesion molecules; CD31, CD56 or CD18
(Haynesworth et al., 1992; Sordi et al., 2005; Le Blanc et al., 2003; Pittenger et
al.,, 1999). CD146 is another additional marker, and has been suggested to
correlate with MSC differentiation potential (Russell et al., 2010). Different
laboratories utilize different sets of antibodies; therefore it is difficult to directly
compare results from different groups. A comparison of reports from different
studies showed that there is not a subset or a single marker that can define
MSCs (Zipori, 2009).

It is possible to observe variable expression of the cell surface markers
on MSCs due to the disparity in tissue source, species, isolation and culture
methods (Javazon et al., 2004; Baddoo et al., 2003). For example, CD34 is a
negative marker for MSCs, but some studies have shown variable expression of
this marker on murine MSCs. Of importance to note are the external influences
that may impact the expression of cell surface markers, such as factors

released by neighbouring cells during early passages (Zvaifler et al., 2000).

3.1.1.3 Trilineage differentiation

The last and most unique characteristic of MSCs is their trilineage
differentiation ability towards mesodermal lineages. These cells must
differentiate into adipocytes (fat cells), chondrocytes (cartilage cells) and
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osteoblasts (bone cells) in vitro (Dominici et al., 2006; Friedenstein et al., 1974;
Figure 3.1).

In order to differentiate MSCs into adipocytes, cells are treated with
indomethacin, insulin, dexamethasone and isobutyl methyl xanthine. Adipocyte
cells produce lipid vacuoles within the cell, and express peroxisome proliferator-
activated receptor gamma (PPARYy), lipoprotein lipase and adipocyte protein 2
(aP2; Pittenger et al., 1999). Lipid vacuoles stain positive for Oil Red O staining,

demonstrating successful differentiation.

To induce differentiation of MSCs into chondrocytes, cells are cultured at
high densities, to form a pellet or micromass culture. Cells are incubated in
medium containing transforming growth factor-f (TGF-B), dexamethasone,
proline, pyruvate, ascorbate-2-phosphate and glutamax (Mackay et al., 1998).
Glycosaminoglycans and collagen type Il are produced in chondrocytes, a
characteristic feature of articular cartilage; therefore Toluidine Blue staining
against these molecules is confirmation of successful chondrogenic
differentiation (Pittenger et al., 1999).

The third lineage MSCs must differentiate into are osteoblasts. The cells
undergo treatment with ascorbic acid, dexamethansone and glycerophosphate.
Upon treatment, MSC-derived osteoblasts aggregate or form nodules, and
express increased amounts of alkaline phosphatase (Pittenger et al., 1999).

Alizarin red is used to stain the bone nodules to confirm their presence.
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Figure 3.1. Schematic diagram of the trilineage differentiation of
MSCs into adipocytes, chondrocytes and osteoblasts upon
treatment with specialised differentiation mediums. To confirm
adipocyte differentiation cells are positive for Oil Red O staining.
Toluidine blue staining is confirmation of successful differentiation to
chondrocytes. Alizarin Red staining is used to stain the bone nodules to
confirm their presence within osteoblast cells.
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3.1.2 Aims and objectives

The first aim of this project was to isolate and characterise MSCs from
donated umbilical cord samples to establish an MSC bank. The morphology and
phenotype of the cells were investigated to ensure they were MSCs, for use in

subsequent experiments.
The objectives were:

¢ |solate and culture MSCs from umbilical cords
e Characterise MSCs;
» Determine MSC morphology and adherence to plastic
» Expression of certain cell surface markers (positive for CD105,
CD73 and CD90 and negative for CD45, CD34, CD11b, CD19
and HLA-DR)
» Assess in vitro differentiation of MSCs into three common
lineages; adipocytes, chondrocytes and osteoblasts.
e Genotype DNA from MSCs using the Axiom™ Genome-Wide UKB
WCSG Genotyping Array, to determine the genotypes for CAD-

associated SNPs
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3.2 Results
3.2.1 Isolation, culture and morphology of MSCs

An explant method was used to isolate MSCs from 120 human umbilical
cord samples, which varied in length between seven and twenty centimetres.
WJ tissue was extracted from the umbilical cord for each donor, diced into
explant fragments and plated into 6-well plates. Plastic adherent MSCs were
observed migrating from the explant fragments over a period of time (Figure
3.2). The time taken for migration of MSCs from the tissue explants was
variable. The earliest migration of MSCs from donor tissue was seen after 7
days, the longest migration was observed at 6 weeks. Upon confluency of
MSCs around tissue fragments (Figure 3.2F), the cells were subcultured. MSCs
were successfully isolated from 114 samples, yielding a 95% success rate for
the explant method.

Freshly isolated cells displayed a fibroblast-like appearance
characteristic of MSCs (Figure 3.3). Red blood cells (often a contaminant in
MSC culture) were absent, upon observation of MSCs in primary culture. This is
due to the plastic adherent property of MSCs, as frequent media changes
removed non-adherent cells, whereas MSCs remained attached. After
subculturing and seeding cells at a density of 5x10° cells/per cm? MSCs
reached confluency after 5-7 days. Cells were maintained in culture and MSCs

from each donor were banked at different passages (P1-P5).
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Figure 3.2. Representative images of the migration of MSCs from Wharton’s
jelly (WJ) of human umbilical cord using the explant method. (A) First
appearance of the migration of MSCs from the tissue explant fragments at day 7.
(B) The continuous migration of MSCs from the explant fragments. (C) At day 11
the cells reached confluency around the tissue fragments. Magnification x10.

Figure 3.3. Morphology of MSCs
isolated from Wharton's jelly (WJ) of
the umbilical cord. Freshly isolated
MSCs (passage O0O; PO) exhibited a
fibroblast-like appearance and adhered
to tissue culture plastic. Magnification
x20.

Human umbilical cord-derived MSCs were purchased from ATCC and
were used as a positive control. MSCs that | isolated from different donors
exhibited a similar morphology to the positive control (Figure 3.4). Both cell
populations exhibited fibroblast-like cells, with thin cell processes protruding
from the small cell body, creating a spindle-like appearance. Large irregular

81



shaped nuclei were observed within the body of each cell. The shared
morphology of the MSCs isolated from WJ and the human umbilical cord-
derived MSCs purchased from ATCC, suggested the successful isolation of
MSCs from human umbilical cords.

Figure 3.4. Comparison of the morphology of MSCs isolated from
Wharton’s jelly (WJ) and human umbilical cord-derived MSCs
purchased from ATCC. (A) Third passage (P3) MSCs isolated from WJ
at 30% confluency. (B) P3 human umbilical cord-derived MSCs purchased
from ATCC at 40% confluency. Both MSC populations exhibited a
fibroblast-like morphology. Magnification x20.

3.2.2 Morphological heterogeneity

In primary culture, morphological heterogeneity of MSCs was observed.
The main cell phenotype exhibited was the typical fibroblast-like appearance
(Figure 3.5A). In addition to a fibroblast-like morphology, approximately 5% of
cells were flat with a large cytoplasmic area and had the appearance of
intracellular stress fibres. In addition, the morphology of MSCs was affected by
cell density, as cells in a confluent culture appeared more slender with a
narrower cell body (Figure 3.5B).
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Figure 3.5. Morphological heterogeneity of MSCs. (A) Cell
phenotypes observed were; (1) Fibroblast-like, slender cells. (2) Wide,
flat cytoplasmic cells with the appearance of stress fibres. (B) MSCs that
reached 100% confluency were more slender in their appearance, with a
narrower cytoplasm. Magnification x20.

3.2.3 Population doubling time

The population doubling time (PDT) is the time taken for a given cell
population to double in number. P3 cells taken from three different donors were
seeded at a density of 1x10* cells’lem® and counted when MSCs reached
confluency. PDT was measured by using the equation PDT= culture time
(CT)/population doubling number (PDN). PDN was determined by using the
equation PDN= log (N1/Ng) x 3.31, where No= number of cells at the start of
culture time, N; = number of cells at the end of culture time. The mean PDT for
MSCs was 37.29 + 2.91.

3.2.4 Growth curve

A growth curve was plotted for MSCs from three different donors to
analyse their growth kinetics (Figure 3.6). Cells were seeded at 6x10°
cellsicm?, and every two days the cell number was determined by cell counting
using Trypan Blue. MSCs had a lag (adaptation) phase of 0-2 days. During the
next 10 days MSCs rapidly proliferated (log phase). At day 12 MSCs reached a
plateau phase, where cellular contact inhibition occurred and cells stopped
multiplying.
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Figure 3.6. Growth curve of MSCs. MSCs from Donor 6, 9 and 14

were seeded at a density of 6x103 cells/cm2 and cell number determined
every 2 days. MSCs possessed a lag (adaptation phase), log and
plateau phase.

3.2.5 Characterisation of MSCs

The Mesenchymal and Tissue Stem Cell Committee of the International
Society of Cellular Therapy (2006) proposed the minimal criteria for defining
MSCs; (1) adherence to plastic under standard culture conditions (2) expression
of certain cell surface markers (positive (295%+) for CD105, CD73 and CD90
and negative (<2%+) for CD45, CD34, CD14 or CD11b, CD79a or CD19 and
HLA-DR (3) In vitro differentiation into three common lineages; adipocytes,

chondrocytes and osteoblasts.

3.2.5.1 Cell surface marker expression

First the cell surface marker expression was analysed by flow cytometry.
A Human MSC Analysis Kit was used to create a simple protocol for multicolour
analysis and to minimise the number of cells required for each assay. Human
umbilical cord-derived MSCs were purchased from ATCC, and had already
been tested to be positive for CD29, CD44, CD73, CD90, CD105, and CD166
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and negative for CD14, CD31, CD34, and CD45. These cells were used as a
positive control to set up a protocol on the flow cytometer. Firstly, the MSC
population was identified by measuring two parameters; forward scatter (FS)
and side scatter (SS). FS is a measure of cell size and SS is a measure of cell
granularity. Measurement of these two parameters enabled the MSC population
to be gated, and were subsequently defined as ‘P1’ (Figure 3.7). Cells within
this region were used for subsequent cell surface marker analysis. Events
representing cell debris appeared towards the origin of the graph, whereas cell

aggregates exhibited both high FS and SS values.
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Figure 3.7. Representative contour plot
of the MSC population. Cells were
identified by their forward scatter (FS; Y
axis) and side scatter (SS; X axis) and
defined as ‘P1’. The P1 population was used
to measure cell surface marker expression.

To establish the protocol, single stained controls were set up as
compensation controls (Table 2.3), to account for overlap in emission between
different fluorescent dyes that were detected by different band pass filters. The

software was able to apply the relevant compensation to each dataset.

For every sample that was analysed using the flow cytometer, two
controls were included; these were (1) unstained cells and (2) cells incubated
with isotype controls. Unstained cells accounted for any auto fluorescence
emitted from the cells. Isotype controls measured the non-specific binding
signal emitted by the primary antibodies. MSCs were incubated with an
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antibody cocktail for; CD90, CD105, CD73, CD34, CD11b, CD19, CD45 and
HLA-DR and analysed on the flow cytometer. Representative histograms show
when MSCs were incubated with the isotype antibody cocktail (red histogram)
low non-specific background for CD73 (Figure 3.8A) and CD90 (Figure 3.8B)
was observed. However MSCs displayed a slightly higher signal for CD105
(Figure 3.8C), suggesting greater non-specific binding of the antibody. Upon
incubation of MSCs with the antibody cocktail, 100%, 100% and 99.8% of the
cell population on their surface displayed CD73 (Figure 3.8A), CD90 (Figure
3.8B), and CD105 (Figure 3.8C), respectively. The five negative markers
(CD34, CD11b, CD19, CD45 and HLA-DR) were attached to the same PE
fluorescent dye; therefore they were measured in the same channel. Only 0.2%

of the MSC population displayed the negative markers (Figure 3.8D).
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Figure 3.8. Human umbilical cord-derived MSCs purchased from
ATCC analysed using flow cytometry for the expression of cell
surface markers. Data shown is representative of 10,000 events and
was analysed using WinMDI software. Isotype control cocktail (red
histograms) show low non-specific background signal for each antibody.
MSCs were positive for (A) CD73 (B) CD90 and (C) CD105. Cells were
negative for (D) CD45, CD34, CD11b, CD19 and HLA-DR.
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Next P5 MSCs derived from WJ, from six different donors were
characterized by flow cytometry. Cells were positive for three markers; CD105,
CD90 and CD73. CD45, CD34, CD11b, CD19 and HLA-DR were not detected
on the cell surface of MSCs (Table 3.2). These results demonstrate the explant
method and culture methods used, yielded a MSC population that expressed a
characteristic surface profile.

CD105 CD90 CD73 Negative markers (CD34, CD45,

CD11b, CD19, HLA-DR)

Mean 998 998 996 0.2
SD 016 0.14 0.28 0.10

Table 3.2. MSCs isolated from WJ analysed using flow cytometry for
the expression of cell surface markers. MSCs were positive for CD73,
CD90 and CD105. Cells were negative for CD45, CD34, CD11b, CD19 and
HLA-DR (n=6).

3.2.5.2 Trilineage differentiation

To investigate the trilineage differentiation potential of MSCs, specific
differentiation mediums were used to differentiate MSCs into adipocytes,

chondrocytes and osteoblasts.

3.2.5.2.1 Adipogenic differentiation

P5 MSCs were cultured in adipogenic differentiation medium for 14 days,
to induce differentiation of MSCs towards the adipogenesis pathway. Negative
control samples were MSCs cultured in complete medium. After 14 days, MSCs
cultured in adipogenic differentiation medium had differentiated into adipocytes.
MSC morphology had altered from a fibroblast-like morphology to a wide
triangular shaped appearance (Figure 3.9B). The adipocytic phenotype was
confirmed by the appearance of intracytoplasmic lipid droplets, stained with Oil
Red O. In the undifferentiated control samples, MSCs did not exhibit lipid
droplets (Figure 3.9A).
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Figure 3.9. Representative images of adipogenic differentiation of
MSCs (n=5). (A) In control samples (undifferentiated MSCs); lipid droplets
were not detected. (B) MSCs cultured in adipogenic differentiation medium
for 14 days. Intracellular lipid-rich vacuoles were present, demonstrated by
Oil Red O staining. Cells were counterstained with Mayer’'s hematoxylin.
Magnification x40.

3.2.5.2.2 Chondrogenic differentiation

P5 MSCs were cultured with chondrogenic differentiation medium using
a pellet cultural system, to induce MSC differentiation towards the
chondrogenesis pathway. As a negative control MSCs were maintained in
complete medium. After 24 hours, treatment with chondrogenic medium
resulted in an increase in cell pellet size. After 28 days the micromass pellet
was harvested, and 4uM sections were obtained. Sections were stained with
Toluidine Blue, which is a dye that stains glycosaminoglycans found in cartilage
tissue. MSCs subjected to the complete medium did not form a clear pellet and
stained blue for Toluidine Blue (Figure 3.10A). MSCs treated to the
chondrogenic differentiation medium had differentiated into chondrocytes. Cells
formed a pellet, and deposited extracellular matrix which stained purple after
Toluidine blue staining. Within the pellet chondrocytic lacunae were observed.
Surrounding the pellet were MSCs that had not differentiated (stained blue;
Figure 3.10A).
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Figure 3.10. Representative images of the chondrogenic differentiation
of MSCs (n=3). (A) In control samples MSCs did not form a pellet and stained
blue (B) MSCs cultured in chondrogenic medium for 28 days formed a pellet
and stained purple for cartilaginous extracellular matrix, demonstrated by
Toluidine blue. Magnification x20.

3.2.5.2.3 Osteogenic differentiation

MSCs at P5 were treated with osteogenic differentiation medium for 28
days, to induce differentiation of MSCs into osteoblasts. In parallel, MSCs were
grown in complete medium, as a negative control. MSCs grown in osteogenic
differentiation medium differentiated into osteoblast-like cells. Alizarin Red S is
a dye that binds to calcium salts. Calcium deposition was seen after staining
with Alizarin Red S (Figure 3.11B). In the control samples (undifferentiated
MSCs) calcium phosphate was absent (Figure 3.11A).
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Figure 3.11. Representative images of osteogenic differentiation of
MSCs (n=5). (A) Control sample (undifferentiated MSCs) did not stain
positive for calcium. (B) MSCs were cultured in osteogenic differentiation
medium for 28 days. Mineralised bone nodules were formed, demonstrated
by positive Alizarin Red S staining. Magnification x20.

3.2.6 Genotyping of MSC bank

The objective was to genotype the entire MSC bank (114 donors), to
determine the genotypes of each donor for CAD-associated SNPs. Genomic
DNA was extracted from MSCs from 114 donors and run on a 0.8% agarose gel
to verify the quality of the DNA (Figure 3.12). DNA was diluted, plated and sent
to Affymetrix for genotyping. The Axiom™ Genome-Wide UKB WCSG
Genotyping Array was used, which consisted of 845,487 probesets that covered
825, 928 SNPs. For some SNPs on the array there was more than one probe to
interrogate a particular SNP. In this instance SNP quality control (QC) metrics
were used to sort the best probe for each SNP. Of the 825,928 SNPs 97.5%
passed the SNP QC metrics. Therefore data was analysed for 805,128 SNPs.

Of the 114 DNA samples sent, 2 failed the array, so 98.2% of the
samples were successfully genotyped. The quality of each individual sample
was determined using Dish QC (DQC). DQC is the recommended QC metric for
the array; it measures how well the distribution of the signal values is separated
from the background values. A value of O indicates no separation, whereas a
value of 1 indicates perfect separation, the threshold is 0.82 for each sample.

Samples had a DQC value = 0.82 and a call rate of 297%, therefore samples
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were passed. Hardy-Weinberg equilibrium (HWE) was calculated for each CAD-
associated variant. All variants, met the 0.05 threshold (rs1561198 was

borderline significant), therefore the population was in HWE.

Figure 3.12. Analysis of MSC DNA, visualised by gel
electrophoresis on 0.8% agarose gel. Lane 1:
HyperLadder™ 1kb, lane 2-11: MSC DNA of acceptable
quality.

50 known loci associated with CAD were annotated for the samples
(Table 3.3). Two loci; rs7692387 (GUCY1A3) and rs4252120 (PLG) were not
on the platform and therefore were not analysed. Cluster plots were created
using the Affymetrix® Genotyping Console™ (GTC) version 4.2 and the
Affymetrix® Power Tools (APT) version 1.16.1. This was to ensure the samples
had good cluster resolution, and to determine any ambiguous samples
(Appendix S1).

The minor allele frequencies (MAFs) were calculated for the MSC
population. The MAFs were also noted for a CEU population reported by the
Single Nucleotide Polymorphism Database (dbSNP;
www.ncbi.nlm.nih.gov/SNP/). The MAF of many variants in the MSC population

differed greatly to that reported for the CEU population from dbSNP. For
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example, in the MSC population rs599839 had a MAF of 0.22, but in the dbSNP
CEU population, a MAF of 0.33 was reported, which resulted in an 11%
difference. It is important to note, that the umbilical cords were donated from
individuals of unknown ethnicity. The highest allele frequency was 50%
(rs2252641; ZEB2-AC074093.1) and the lowest allele frequency was 1%
(rs3798220; SLC22A3-LPAL2-LPA). The MSC bank provided coverage (n=3)
for 37 CAD-associated SNPs. Genotyping of the MSC bank provides a useful
resource, as it will enable the selection of genotype-specific donors, to generate
homozygous major and homozygous minor groups to investigate CAD-
associated SNPs.
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Genotype MAF
Chr. Nearest gene(s) SNP HWE p-value
Homozygote major Heterozygote Homozygote minor MSCs CEU
1 PCSK9 rs11206510 80 (TT) 31 (TC) 1(CC) 0.15 0.16 0.28
1 PPAP2B rs17114036 87 (AA) 22 (AG) 1 (GG) 0.11 0.11 0.76
1 SORT1 rs599839 67 (AA) 41 (AG) 4 (GG) 0.22 0.33 0.45
1 IL6R rs4845625 42 (CC) 48 (CT) 22 (TT) 0.41 0.46 0.22
1 MIA3 rs17465637 59 (CC) 41 (CA) 12 (AA) 0.29 0.27 0.24
2 APOB rs515135 81 (GG) 28 (GT) 3(TT) 0.15 0.23 0.76
2 ABCG5-ABCGS8 rs6544713 57 (CC) 47 (CT) 8 (TT) 0.28 0.26 0.69
2 VAMP5-VAMP8-GGCX rs1561198 38 (GG) 45 (GT) 28 (TT) 0.45 0.49 0.05
2 ZEB2-AC074093.1 rs2252641 26 (TT) 60 (TC) 26 (CC) 0.5 0.46 0.45
2 WDR12 rs6725887 87 (TT) 24 (TC) 1(CC) 0.12 0.14 0.64
3 MRAS rs9818870 85 (CC) 26 (CT) 1(TT) 0.13 0.16 0.52
4 EDNRA rs1878406 77 (CC) 30 (CT) 5(TT) 0.18 0.14 0.36
5 SLC22A4-SLC22A5 rs273909 86 (AA) 26 (AG) 0 (GG) 0.12 0.12 0.16
6 PHACTR1 rs9369640 41 (AA) 52 (AC) 19 (CC) 0.4 0.42 0.72
6 PHACTR1 rs12526453 47 (CC) 50 (CG) 15 (GG) 0.36 0.39 0.77
6 ANKS1A rs17609940 68 (GG) 41 (GC) 3(CC) 0.21 0.21 0.27
6 KCNK5 rs10947789 65 (TT) 44 (TC) 3(CC) 0.22 0.22 0.16
6 TCF21 rs12190287 47 (CC) 50 (CG) 15 (GG) 0.36 0.42 0.77
6 SLC22A3 rs2048327 56 (TT) 43 (TC) 13 (CC) 0.31 0.33 0.29
6 SLC22A3-LPAL2-LPA rs3798220 110 (TT) 2 (TC) 0(CC) 0.01 0.01 0.92
7 HDAC9 rs2023938 94 (TT) 17 (TC) 1(CC) 0.08 0.13 0.81
7 BCAP29 rs10953541 61 (CC) 45 (CT) 6 (TT) 0.25 0.25 0.53
7 ZC3HC1 rs11556924 55 (CC) 44 (CT) 13 (TT) 0.31 0.43 0.36
8 LPL rs264 86 (GG) 23 (GA) 3 (AA) 0.13 0.13 0.35
8 TRIB1 rs2954029 35 (AA) 48 (AT) 28 (TT) 0.47 0.38 0.17
9 CDKN2BAS1 rs3217992 42 (CC) 58 (CT) 12 (TT) 0.37 0.37 0.22
9 CDKN2BAS1 rs1333049 29 (GG) 65 (GC) 18 (CC) 0.45 0.49 0.07
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9 ABO rs579459 66 (TT) 44 (TC) 2 (CC) 0.21 0.2 0.08
10 KIAA1462 rs2505083 42 (TT) 53 (TC) 17 (CC) 0.39 0.43 0.97
10 CXCL12 rs2047009 32 (TT) 48 (TG) 30 (GG) 0.49 0.45 0.18
10 CXCL12 rs501120 77 (TT) 32 (TC) 3(CC) 0.17 0.13 0.88
10 LIPA rs11203042 35 (CC) 57 (CT) 20 (TT) 0.43 0.49 0.7
10 LIPA rs1412444 52 (CC) 45 (CT) 15 (TT) 0.33 0.37 0.3
10 [CYP17A1, CNNM2,NT5C2 rs12413409 96 (GG) 16 (GA) 0 (AA) 0.07 0.08 0.42
11 PDGFD rs974819 57 (CC) 47 (CT) 4(TT) 0.25 0.22 0.13
11 [ZNF259, APOA5-A4-C3-Al  rs964184 77 (CC) 33 (CG) 2 (GG) 0.17 0.12 0.47
12 SH2B3 rs3184504 35 (CC) 55 (CT) 22 (TT) 0.44 0.45 0.96
13 FLT1 rs9319428 50 (GG) 51 (GA) 11 (AA) 0.33 0.27 0.7
13 COL4A1-COL4A2 rs4773144 28 (AA) 61 (AG) 23 (GG) 0.48 0.42 0.33
13 COL4A1-COL4A2 rs9515203 63 (TT) 37 (TC) 11 (CC) 0.27 0.27 0.12
14 HHIPL1 rs2895811 41 (TT) 51 (TC) 20 (CC) 0.41 0.42 0.55
15 ADAMTS7 rs3825807 31 (AA) 51 (AG) 29 (GG) 0.49 0.39 0.39
15 FURIN-FES rs17514846 30 (AA) 59 (AC) 23(CC) 0.47 0.44 0.54
17 SMG6 rs216172 50 (GG) 49 (GC) 13 (CC) 0.33 0.33 0.85
17 RAIL-PEMT-RASD1 rs12936587 38 (AA) 56 (AG) 18 (GG) 0.41 0.47 0.73
17 UBE2Z rs46522 29 (TT) 64 (TC) 19 (CC) 0.46 0.49 0.11
19 LDLR rs1122608 77 (GG) 29 (GT) 6 (TT) 0.18 0.26 0.16
19 ApOE-ApoC1 rs2075650 81 (AA) 30 (AG) 1(GG) 0.14 0.16 0.32
19 ApOE-ApoC1 rs445925 90 (GG) 21 (GA) 1 (AA) 0.1 0.11 0.85
21 Gene desert (KCNE?2) rs9982601 84 (CC) 26 (CT) 2 (TT) 0.13 0.21 0.99

Table 3.3. Summary of the genotypes for 50 CAD-associated SNPs in the MSC bank (114 donors). Shown are the
calculated minor allele frequencies (MAFs) for the MSC bank and the MAFs for a CEU population from the single nucleotide
database (dbSNP). All SNPs were in Hardy-Weinberg equilibrium. Chr; chromosome, MAF; minor allele frequency, CEU; Utah
residents with western and northern Europe ancestry, HWE; Hardy-Weinberg equilibrium.
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3.3 Discussion

In this project | explored the use of MSCs as a prospective cell type to
study CAD-related genetic variants. MSCs are multipotent; and have been
reported to differentiate into CAD-relevant cells, and therefore have the
potential to be utilized to investigate the functional mechanisms CAD-related

variants act through in specific cell types.

The first aim of this project set out to reproduce a method to isolate
MSCs from WJ from the umbilical cord and investigate their characteristic
features. The explant method, has been used by many research groups, and
was employed to isolate MSCs, based on the ability of the cells to migrate out of
WJ tissue onto the plastic surface. MSCs were successfully isolated from 114
out of 120 umbilical cords collected. This represented 95% harvesting
efficiency, demonstrating the explant method is sufficient to harvest MSCs. The
cells were very similar in appearance to human umbilical cord-derived MSCs
purchased from ATCC. Both populations exhibited a fibroblast-like appearance,
as thin cell processes were observed protruding from the small cell body. MSCs
also displayed morphological heterogeneity, as some cells appeared as wide,
flat cytoplasmic cells. This observed morphological heterogeneity is consistent
within the literature (Pevsner-Fischer et al., 2011; Haasters et al., 2009;
Karahuseyinoglu et al., 2007). The relationship between morphology and

cellular function is still unclear.

Upon successful isolation of MSCs from WJ, additional characteristic
features of MSCs were investigated. To determine the proliferation rate of
MSCs, the PDT was calculated. The mean PDT of P3 MSCs was 37 hours. Kim
et al., (2011) reported a PDT of 21 hours for P3 MSCs isolated from WJ. The
difference in PDTs may be due to the density at which the MSCs were seeded. |
seeded MSCs at a cell density of 1x10* cells/cm?, whereas Kim et al., (2011)
seeded cells at 5x10° cells/cm?. It has previously been shown MSCs seeded at
a higher density have a lower proliferation rate, in comparison to MSCs seeded
at a lower density (Both et al., 2007), thereby accounting for the difference in
PDTs. Furthermore, the PDT for MSCs isolated from WJ was lower than the
PDT reported for bone marrow-derived MSCs (Lu et al., 2006), which indicates
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MSCs from WJ proliferate faster than bone marrow-derived MSCs. Growth
curve analysis showed MSCs grew in a characteristic pattern which included
three phases; lag phase, the time taken for cells to recover from subculturing,
log phase, where the cell number increased exponentially, and plateau phase,
where cells became confluent and stopped proliferating. This characteristic
pattern has also been observed by other investigators (Wei et al., 2008; Qiao et
al., 2008).

The morphology alone does not confirm the successful isolation of MSCs
and therefore additional criteria must be met. In 2006 The Mesenchymal and
Tissue Stem Cell Committee of the International Society of Cellular Therapy
proposed the minimum criteria the cell population must meet, in order to classify
them as MSCs. Firstly, MSCs must be adherent to plastic. Secondly, MSCs
must display and be positive (295%+) for CD105, CD73 and CD90 and negative
(£2%+) for CD45, CD34, CD14 or CD11b, CD79a or CD19 and HLA-DR
(Dominici et al.,, 2006). Cell surface marker expression of MSCs from six
different donors was analysed and quantified using the flow cytometer. MSCs
were more than 95% positive for CD105, CD73 and CD90 and less than 2%
positive for CD45, CD34, CD11b, CD19 and HLA-DR. The negative markers
represent cells MSCs are likely to be contaminated with haematopoietic cells;
macrophages, monocytes and B cells. The lack of expression of the negative
markers demonstrated the explant method yielded a pure population of MSCs
that expressed a characteristic surface profile. The same methodology of
isolation was applied to all umbilical cord samples to harvest MSCs, therefore
cell surface marker expression was analysed on six different donors, as a

quality control across the samples.

The third criterion MSCs must meet is the potential to differentiate into
three lineages; adipocytes, chondrocytes and osteoblasts (Dominici et al.,
2006). After 14 days, MSCs treated with adipogenic differentiation medium
exhibited intra-cytoplasmic lipid droplets, which stained positive with Oil Red O
staining. Next MSCs were cultured for 28 days with chondrogenic differentiation
medium using a pellet cultural system to induce chondrogenic differentiation.
Toluidine Blue staining of the harvested sections was successful, as Toluidine
blue stained glycosaminoglycans, which are found in cartilage tissue.
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Undifferentiated MSCs did not form a pellet, except MSCs from Donor 9, and
did not stain purple suggestive of the lack of the deposition of extracellular
matrix. Lastly, MSCs were treated with osteogenic differentiation medium to
induce differentiation into osteoblasts. After 28 days, cells deposited calcium
which was positively stained by Alizarin Red S staining. Overall these results
are demonstrative of the multipotent potential of MSCs, to differentiate into
three common lineages.

Of importance to note is that the trilineage differentiation of MSCs was
heterogeneous. This was seen within MSCs from the same donor and between
MSCs from different donors. During adipogenic differentiation, all the cells from
one donor did not display the same number and size of lipid vesicles. In the
same well, some cells displayed a more mature morphology (larger lipid
droplets), whereas other cells displayed no lipid droplets. This heterogeneity
appeared in patches in the well. It was also apparent that, MSCs from different
donors which were seeded at the same time, and at the same density,
displayed different levels of adipogenic differentiation. Certain donors showed a
greater quantity of lipid stained cells in comparison to cells from other donors.
Also certain individuals showed a greater number of mature adipocytes, as
larger lipid droplets were displayed.

For chondrogenic differentiation the heterogeny was less apparent, as
the differentiation success was observed at the pellet and not at the cellular
level. Yet, it was still seen that within the chondrogenic pellet from certain
donors, a more intense staining of extracellular matrix was observed, and a
lower proportion of undifferentiated MSCs around the pellet was seen.

Osteogenic differentiation of MSCs was also heterogeneous.
Differentiated cells from certain donors displayed a more intense staining of
calcium deposition in certain areas within the well. As observed with adipogenic
differentiation, cells from particular donors displayed a greater degree of
calcium deposition than cells from other donors.

My results demonstrate the heterogeneous nature of MSCs.
Researchers have investigated MSC heterogeneity at the clonal level. They
observed when single MSCs derived from a mother colony were selected and

differentiated into osteoblasts, there was variability in this differentiation
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between different colonies, as some had differentiated but some had not
(DiGirolamo et al., 1999).

There are many plausible reasons for the heterogeneity in MSC
differentiation. The heterogeneity observed in MSCs from the same donor, may
be due to more multipotent MSCs within the population, differentiating more
quickly upon treatment with the induction medium, and releasing certain
cytokines influencing neighbouring cells to differentiate. The differences in the
multipotent potential of MSCs within a population may be as a result of
extensive ex vivo culturing, as long term culture associates with changes in
gene expression and DNA methylation (Wagner et al., 2008; Bork et al., 2010;
lzadpanah et al., 2008), altering the phenotype of cells. An alternative
explanation is the observed heterogeneity may simply reflect the diverse
repertoire of MSC subpopulations that exist in vivo. To support this notion,
heterogeneity of osteogenic differentiation is seen under in vivo conditions
(Kuznetsov et al., 1997).

A hierarchical model of MSC heterogeneity has been proposed. A study
was carried out, 185 cultures of bone marrow-derived MSCs were analysed.
Analysis of the colonies showed chondrogenic-adipogenic or osteogenic-
adipogenic differentiation did not occur, in addition to adipogenic or
chondrogenic differentiation (Muraglia et al., 2000), suggesting a hierarchical
structure of MSC differentiation. They propose a model where adipogenic
differentiation is lost first from the cells, followed by a loss of chondrogenic
differentiation ability, leaving MSCs with the sole ability for osteogenic
differentiation. However it is possible that osteogenic differentiation is favoured
by in vitro culturing and expansion conditions. A study showed bone marrow-
derived MSC clones with osteogenic-adipogenic and adipogenic-chondrogenic
differentiation abilities were not observed, suggesting culture conditions favour
osteogenesis (Banfi et al.,, 2000). Analogous to the hierarchical model, a
random hierarchical model has been suggested. A study reported that MSC
clones have tripotent differentiation ability and all combinations of bi- and mono-
potent clones were observed. The investigators report that all mono- and bi-
potent MSCs were possible. Tripotent cells lose differentiation ability leading to
bi-potent cells and subsequently monopotent cells (Russell et al., 2010). It is

important to note, these studies were conducted on bone marrow-derived

98



MSCs, and MSCs from other regions within the body may follow an alternative
model of heterogeneity.

An explanation for the variability observed between MSCs from different
donors, may be due to events that occur before the birth of the baby. It has
been shown that low birth weight and a shorter pregnancy resulted in a higher
degree of osteogenic differentiation of MSCs (Penolazzi et al., 2009). Therefore
differences in the length of pregnancy and birth weight between donors may
result in differences in MSC differentiation potential in vitro.

In summary the characterisation of MSCs demonstrated their immuno-
phenotype was homogenous, but the ability to differentiate into three common
lineages was not homogenous. True MSCs are tripotent, however only some
plastic-adherent MSCs were multipotent, suggesting WJ-derived MSCs were a

heterogeneous population of cells with diverse lineage commitment.

The final objective was to genotype DNA from MSCs, to determine the
genotypes for CAD-associated SNPs. MSCs were subcultured up to P5 from
each donor, cryopreserved and transferred to liquid nitrogen for long-term
storage, to form a MSC bank. The intention of the bank was to deposit MSCs
from different donors (114 in total), for whom the genotypes for various CAD-
related genetic variants were known. To this end, DNA was extracted from each
donor, plated and sent to Affymetrix for genotyping. Of the 114 DNA samples, 2
failed the array, so 112 samples were successfully genotyped and information
extracted for the 50 CAD-associated SNPs. The MAFs for SNPs were
determined in the MSC population, so individuals homozygous major,
heterozygous and homozygous minor for each variant was known. For some
variants, the MAF in the MSC bank differed more than 5% when compared to a
CEU population detailed on dbSNP. It is important to note, that the umbilical
cords were donated from individuals of unknown ethnicity. Samples were
collected from the Leicester Royal Infirmary Hospital. Leicester is an ethnically
diverse city, therefore is highly likely that the 114 samples consisted of
individuals from different ethnicities, and is not a 100% Caucasian population.
This may explain the differences observed in MAFs of the MSC bank and the
CEU population on dbSNP. For example, rs12190287 (minor allele; G) had a
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MAF of 0.36 in the MSC bank. It had a MAF in the CEU dbSNP population of
0.42. But in a sub-saharan African (YRI) population on dbSNP the minor allele
was less common in the population (MAF=0.04). Therefore if donors present in
the MSC bank were of sub-saharan African origin, the MAFs calculated for the
MSC population would be skewed. The notion that the MSC bank was not
comprised of a 100% Caucasian population, may translate into functional

differences when studying genetic associations that differ by ethnicity e.g. 9p21.

3.3.1 Conclusion

In conclusion, MSCs were successfully isolated and expanded from WJ
from 114 umbilical cords. MSCs met the International Society of Cellular
Therapy criteria; cells adhered to plastic, expressed the characteristic cell
surface profile and differentiated into three common lineages. DNA from 112
donors underwent successful genotyping for 50 CAD-associated variants.
Future work for investigating a specific CAD variant will include the selection of
MSCs from the MSC bank based on their genotype for that specific variant.
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Chapter 4- Analysis of a
variant associated with

body mass index
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4.1 Introduction

Obesity is a term that describes an individual with abnormal or excessive
fat accumulation. It is a very common problem, affecting approximately 1 in 4
adults, and 1 in 5 children (aged 10-11) in the UK. Since 1980, obesity has
more than doubled worldwide. In 2014, there were more than 1.9 billion
overweight adults, of which 600 million were obese. In most countries being
overweight and obese Kkills a greater number of people than being underweight
(World Health Organisation, 2015). It has a negative effect on an individual's
health, resulting in increased health problems or reduced life expectancy.
Obesity is a major risk factor, for many diseases, including cardiovascular
disease, type 2 diabetes mellitus, hypertension, stroke, metabolic syndrome
and certain forms of cancer (Must et al., 1999). Therefore factors that affect the

development of obesity may also predispose to these diseases.

Many lifestyle changes have made obesity an epidemic problem, such as
inactive lifestyle, unhealthy diet, eating habits, medical problems and social and
economic issues. In addition to lifestyle factors, obesity has a genetic basis,
where the contribution of the heritability is between 40-70% (Maes et al., 1997,
Zaitlen et al., 2013).

Body mass index (BMI) is a measure of being overweight and obese. It is
defined by the weight (kg) of a person divided by the square of the body height
(m?), and is expressed in units of kg/m?. The World Health Organisation define
that a BMI equal to or greater than 25kg/m? is overweight, and a BMI equal to or
greater than 30kg/m? is classed as obese. BMI can also predict the risk of other

health complications.

The identification of the genetic determinants for BMI will lead to a
greater understanding of the biology underpinning obesity. GWASs have been
conducted to determine genetic determinants of BMI. The first study was
conducted in 2007, where SNPs at the fat mass and obesity associated (FTO)
gene were strongly associated with BMI (Frayling et al., 2007). Following this
study, four more GWASs were published over the next three years identifying
an additional 9 loci that reached genome wide significance (p<5x10®); KCTD15,
ETV5, MTCH2, SH2B1, NEGR1, BDNF, GNPDA2, TMEM18 and MC4R (Loos
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et al., 2008; Willer et al., 2008; Thorleifsson et al., 2009; Scuteri et al., 2007).
The majority of these genes are present or act in the central nervous system,
suggesting its involvement in the predisposition to obesity (Willer et al., 2008).

These ten loci only accounted for a small fraction of the variation in BMI.
In attempt to identify additional variants associated with BMI, the Genetic
Investigation of Anthropometric Traits (GIANT) consortium carried out a meta-
analysis using 46 different studies in Stage 1 which included 123,865
individuals. Stage 2 examined 125,931 additional individuals from another 34
studies. 14 previously identified susceptibility loci were confirmed and 18 novel
loci were identified. The allele frequencies ranged from 4-87% (Speliotes et al.,
2010).

Additional studies have discovered another 34 loci that associated with
BMI at the p<5x1078 significance level (Wen et al., 2012; Okada et al., 2012;
Heard-Costa et al., 2009). The most recent study was conducted in up to
339,224 individuals from 125 different studies, the largest GWAS to date. 97
BMI-associated loci were identified, of which 56 were novel genomic regions
(Locke et al., 2015). The investigation of BMI-associated loci will highlight new
pathways, and expand our understanding of the biological processes involved in

obesity.

In this chapter, | focussed on a BMI-associated variant identified in a
GWAS. Speliotes et al.,, (2010) identified rs3810291 to be significantly
(p=1.64x10"*?) associated with BMI. They annotated this variant to the
TMEM160 locus, however the SNP sits in the 3'UTR of zinc finger CCCH-type
containing 4 (ZC3H4) gene. The A allele is the BMI increasing allele and has a
frequency of 67% in the population. To identify potential candidate genes, each
BMI-associated loci was functionally annotated for quantitative trait loci (eQTL)
in the brain, blood, liver, lymphocyte and adipose tissue (Speliotes et al., 2010;
Emilsson et al., 2008). It was demonstrated rs3810291 was the most significant
SNP associated with the ZC3H4 gene transcript in adipose tissue (n=701;
p=9x107).

There are a number of ways SNPs that sit within non-coding regions of

the genome may affect gene expression. For example, if a SNP sits in the 3’
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UTR of a gene, it is susceptible to micro RNA (miRNA) regulation. A miRNA is a
small non-coding RNA that can post-transcriptionally regulate mRNAs at the 3’
UTR. So the introduction of a SNP in the 3' UTR may affect binding of a miRNA
and cause differential gene expression between genotype groups. It is probable
that rs3810291 affects expression, by altering the binding of a miRNA, to alter
ZC3H4 expression.

4.1.1 ZC3H4

ZC3H4 encodes a member of a family of CCCH zinc finger domain-
containing proteins. ZC3H4 contains 1 to 2 proline-rich domains, which may
mediate protein-protein interactions (Liang et al., 2008). Overall, it is a poorly
characterised protein. High ZC3H4 expression levels have been seen in high
energy expense tissues such as the muscle, brown adipose tissue, aorta and
heart, indicating this gene may be involved in fatty acid metabolism (Liang et al.,
2008).

The mouse homolog of ZC3H4 is BWQ1 on chromosome 7. BWQ1 has
been identified as a body weight QTL in mice (Suto et al., 1998). Suto and
Sekikawa (2004) further characterised this locus and showed it was significantly
associated with body weight gain in the KK mouse (polygenic model for
noninsulin-dependent diabetes mellitus with moderate obesity). It is plausible
that ZC3H4 is the functional gene at this region.
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4.1.2 Aims and objectives

The aim of this chapter was to, as a proof of principle, differentiate
genotype-specific MSCs for rs3810291 into adipocytes, to recapitulate the
effects of rs3810291 on ZC3H4 expression.

The objectives were:

e Measure the heterogeneity of adipogenic differentiation of MSCs
e Separate differentiated adipocytes from MSCs

e Investigate the effect of rs3810291 on ZC3H4 gene expression in MSCs
and MSC-derived adipocytes

e Analyse other reported eQTLs in MSCs and MSC-derived adipocytes
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4.2 Results
4.2.1 Heterogeneity of adipogenic differentiation

In Chapter 3 it was observed that the adipogenic differentiation of MSCs
was heterogeneous, both within and between donors. So, the first objective was
to investigate this heterogeneity further, as it was hypothesised that variability in
the level of differentiation between donors may mask the effects of the BMI-
associated variant under investigation. | studied MSCs from ten different
donors, which had been selected on the basis of their genotype for a BMI-
associated variant (5 subjects in each genotype group (discussed later in this

section)).

Upon treatment with the STEMPRO® Adipogenesis Differentiation Kit
MSCs stopped proliferating. During the 14 day treatment their morphology
altered from a fibroblast-like appearance to a more rounded morphology, with
the presence of intracellular lipid droplets. Oil Red O, a dye frequently used to
detect neutral lipids and lipid droplets was used to stain intracellular lipids in
differentiated adipocytes. The phenotype of the cells varied greatly between
cultures from different donors (Figure 4.1). Some cultures displayed cells with a
rounder appearance (Donor 60), while others exhibited an elongated
appearance (such as Donor 37). In addition, cells from some donors (e.g. Donor
60) were present with numerous small intracellular droplets. Whereas other cell
cultures (e.g. Donor 39), showed fewer cells positive for lipid, but cells that had
stained contained larger lipid droplets. As observed in Chapter 3, all the cells
from one donor did not display the same number and size of lipid vesicles.
Some cells displayed larger lipid droplets, whereas other cells displayed no lipid
droplets. The appearance of a mature adipocyte is defined by the presence of a
single unilocular lipid droplet. This phenotype was not observed in any of the
cultures from the ten different donors. This finding suggests that even though
MSCs were able to differentiate into adipocytes, this transition did not result in
vast numbers of mature adipocytes. Overall, these results suggest the
differentiation of MSCs into adipocytes is a variable process within and between

cells from different donors.
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Figure 4.1. Representative images of adipogenic differentiation of MSCs
from 10 different donors. Heterogeneity was seen within and between donors.
Intracellular lipid droplets were demonstrated by Oil Red O staining.
Magnification x40.
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Oil Red O stained intracellular lipid droplets efficiently, but it did not
provide quantitative information on the level of lipid and cellular heterogeneity in
each cell population. Nile red (9-diethylamino-5H- benzo[alpha]phenoxazine-5-
one; Greenspan et al., 1985) is a lipophilic stain which fluoresces brightly when
it intercalates with lipid droplets, and is used to locate and quantitate lipids
within a cell. Fluorescent microscopy showed Nile red stained lipid droplets

within differentiated adipocytes, which were absent in MSCs (Figure 4.2).

MSCs Differentiated adipocytes

Figure 4.2. Representative images of Nile red staining of MSCs and
differentiated adipocytes. Nile red enabled the visualisation of lipid droplets
within the cell. DAPI was used to counterstain the nucleus (n=3). Bars show
200uM.

Next Nile red staining was used in conjunction with flow cytometry, to
provide quantitative information about the cell population. MSCs from Donor 55,
56 and 65 were subjected to adipogenic differentiation medium, and on day 14
cells were run on the flow cytometer (Figure 4.3). First a control sample (MSCs
incubated with Nile red) were ran to set the FL1 FITC gate at 2% positive, to
account for non-specific binding of Nile red. Subsequently, differentiated
adipocytes from Donor 55, 56 and 65 were ran on the flow cytometer, and were
35.9, 40.4 and 47.6% positive for Nile red, respectively. This finding suggested
a heterogeneous cell population was present after adipogenic differentiation of
MSCs. Side scatter (SS) is a measure of cell granularity and has been used as

a parameter to quantify adipogenic differentiation, as adipocytes contain fat, it
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makes them more granular (Schaedlich et al., 2010). There was no difference in

SS between MSCs and differentiated adipocytes (Figure 4.5).
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Figure 4.3. Flow cytometry of MSCs treated to
adipogenic differentiation medium. MSCs from Donor
55, 56, 65 were cultured with adipogenic differentiation
medium. On day 14, cells were stained with Nile red and
run on the flow cytometer. Data shown is representative
of 10,000 events and was analysed using the Summit V
4.3 software. MSCs are indicated by the red histogram.
Differentiated adipocytes (black histogram) from Donor
55, 56 and 65, were 35.9%, 40.4% and 47.6% positive
for Nile red, respectively.
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Figure 4.4. Side scatter analysis of MSCs
and differentiated adipocytes. Side scatter
(SS) is measure of cell granularity. There was
no increase in SS after adipogenic
differentiation of MSCs (n=3).

4.2.2 Separation of differentiated adipocytes from MSCs

As the adipogenic differentiation of MSCs from different donors was
variable, a method was sought to separate differentiated adipocytes from
MSCs. Unfortunately adipocytes do not have a single unique cell surface
marker, so a magnetic bead separation technique could not be used. In
addition, | did not have access to a flow cytometer with cell sorting capabilities,

so cells that were positive for Nile red could not be separated by fluorescence.

Density centrifugation was an alternative approach taken to separate
adipocytes from a heterogeneous population containing MSCs. This method
involved centrifuging cells, taking volumes from different levels of the
supernatant and plating into new plates. As adipocytes have a buoyant property,
they will be located at the top of the supernatant. However, after 24 hours, fat

cells were not seen in any of the wells.
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Next a ceiling culture technique was applied to try and separate
adipocytes from MSCs. Firstly, 3T3-L1 cells, which are a well characterised
adipocyte cell model were differentiated. They exhibited a higher number of
cells with larger intracellular lipid droplets (Figure 4.5), indicating the population
was more buoyant than MSC-derived adipocytes. 3T3-L1 differentiated
adipocytes were trypsinized, the flask completely filled with medium, and
incubated, to allow for lipid filled adipocytes to float and adhere to the top of the
flask, and the undifferentiated 3T3-L1 cells to sink and adhere to the bottom of
the flask. Many attempts were made with this method. At 4 and 72 hours, only a
few differentiated adipocytes had attached to the top of the flask (Figure 4.6).
This method was repeated with MSC-derived adipocytes, however the

separation of adipocytes was not observed.

Figure 4.5. Representative image of the differentiation of 3T3-L1 into
adipocytes, upon induction with adipogenic differentiation medium. (A)
In 3T3-L1 cells lipid droplets were not detected. (B) 3T3-L1 cells cultured in
adipogenic differentiation medium displayed intracellular lipid droplets when
stained with Oil Red O (n=3; Magnification x40).
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Figure 4.6. Attempt at ceiling culture separation of differentiated
adipocytes. 3T3-L1 cells were differentiated into adipocytes, and
subjected to a ceiling culture separation method to separate mature
adipocytes. Images were obtained 4 and 72 hours after cell
detachment. Magnification x40.

In summary, these results suggest that the differentiation of MSCs into
adipocytes yielded partially differentiated cells which were heterogeneous in
their morphology and lipid content. As the separation of adipocytes from non-
differentiated cells was not possible, | accounted for this variation by measuring
adipogenesis markers.

4.2.3 Gene expression of adipogenic markers

To measure the efficiency of differentiation, | analysed the expression of
genes associated with adipogenesis. Peroxisome proliferator activated receptor
(PPARYy) increases upon adipogenesis (Nolte et al., 1998; Janderova et al.,
2003; Neubauer et al., 2004; Sekiya et al., 2004). Upon ligand stimulation,
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PPARy forms a heterodimer with retinoid-X receptor which binds DNA and
activates transcription (Nolte et al., 1998). Fatty acid binding protein 4 (FABP4)
is a late marker of adipogenesis. FABP4 acts in adipocytes to metabolise and

transport fatty acids, amongst other roles (Furuhashi & Hotamisligil, 2008).

Quantitative PCR techniques were performed to quantify the levels of
PPARy and FABP4 gene expression in MSCs and MSC-derived adipocytes.
First gPCR products were run on an agarose gel to ensure single amplicons,
which also showed a noticeable increase of PPARy and FABP4 upon
adipogenic differentiation of MSCs (Figure 4.7). Next, MSCs from ten different
donors were treated to adipogenic differentiation medium, and on day 14 RNA
was extracted, cDNA synthesised and gPCR was performed. This experiment
was conducted on three separate occasions on MSCs from the same ten
donors to determine the reproducibility of adipogenic differentiation. Preliminary
gPCR experiments used (-actin as a normalisation control, however it was
demonstrated that adipocytes showed a significant reduction in B-actin
expression in comparison to MSCs (data not shown). 36B4 (also known as
ribosomal protein large PO (RPLPQ)) was alternatively used as a housekeeping

gene, as its expression remained relatively constant across all the samples.

MSC Adipocytes
PPARy

FABP4
36B4

Figure 4.7. Representative agarose gel
electrophoresis of qPCR products of
adipocyte-specific genes in MSCs and
differentiated adipocytes. Products were
visualised by gel electrophoresis on 1.5%
agarose gel. Lane 1, MSCs, Lane 2;
differentiated adipocytes. 36B4 was used as the
housekeeping gene. Adipocytes show an
increase in expression of PPARy and FABP4.
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Experiment 1 showed PPARy expression varied greatly between
adipocytes from different donors, as it ranged from 6.3 to 48- fold increase
compared to MSCs (Figure 4.8). In Experiment 2, PPARy expression varied
from 4 to 19.7- fold. In Experiment 3, fold changes relative to MSCs ranged

from 1.9 to 14.2 for PPARYy expression.

& e FExperiment 1
> . R Experiment 2
5 404 A Expenment 3
53 N
o @
52 | .
S+~ 20 "
: . ;
A
= A a ® 4 B A & A :
u'_! T T * T T T T T T T
& S A DN H D
@‘:’ FFFSE TP E S
Donor

Figure 4.8. Measurement of an adipogenic marker, peroxisome
proliferator activated receptor (PPARYy) in differentiated adipocytes.
MSCs from ten different donors on three separate occasions (Experiment
1, Experiment 2 and Experiment 3) were differentiated into adipocytes,
following a 14 day treatment with adipogenic differentiation medium. Gene
expression of PPARy was measured. Samples were normalised to 36B4.

In addition analysis of PPARy expression in cells, from the same donor,
on three separate occasions showed inter-assay variation. For example, cells
from Donor 2 in Experiment 1, Experiment 2 and Experiment 3 showed a 26.2,
8.4 and 5.9- fold change in PPARy expression, respectively. To determine
whether there was a relationship in the increase in PPARYy expression between
different experiments a scatter graph was plotted. PPARy gene expression for
adipocytes from ten different donors in three separate experiments did not
correlate (Figure 4.9). These results demonstrated the large variability in

adipogenic differentiation of MSCs from the same donor. Experiments 2 and 3
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were conducted 4 months after Experiment 1 was carried out, and may explain

why the findings from Experiment 1 did not correlate with Experiment 2 and 3.
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Figure 4.9. Spearman’s Correlation of PPARy expression between
Experiment 1, 2 and 3. No correlation was observed between
Experiment 1 and 2, and between Experiment 1 and 3. Poor correlation
was observed between Experiment 2 and 3.

Next FABP4 (a

late marker

of adipogenesis) was

investigated.

Expression of FABP4 also varied greatly in cells from the ten different donors,

the change in expression varying between 1 and 55- fold in Experiment 1, O to
5.6- fold in Experiment 2 and O to 8 fold in Experiment 3 (Figure 4.10). The

inter-assay variation observed upon PPARy measurement was also seen with

FABP4. For example, cells from Donor 2 showed a 36, 5.6 and 4.8 -fold change
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in FABP4 expression relative to MSCs in Experiment 1, Experiment 2 and
Experiment 3, respectively. These results suggest large variability in the

adipogenic differentiation of MSCs derived from the same donor.
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Figure 4.10. Measurement of the late adipogenic marker, fatty acid
binding protein 4 (FABP4) in differentiated adipocytes. MSCs from ten
different donors on three separate occasions (Experiment 1, Experiment 2
and Experiment 3) were differentiated into adipocytes, following a 14 day
treatment with adipogenic differentiation medium. Gene expression of the
adipogenic marker; FABP4 was measured. Samples were normalised to
36B4.

To investigate whether there was a relationship between PPARy and
FABP4 expression in Experiment 1, 2 and 3 in the ten different donors, a scatter
graph was plotted. PPARy and FABP4 gene expression correlated in
Experiment 1 (r=0.76, p=0.01), but not in Experiment 2 (r=0.25, p=0.5) and
Experiment 3 (r=0.44, p=0.2; Figure 4.11). These results suggest that PPARy
(early marker) and FABP4 (late marker) do not correlate in their expression
after a 14 day adipogenic differentiation treatment. Earlier histological results
demonstrated that the majority of the adipocyte population were not terminally
differentiated, which is supported by the finding that some donors (e.g. Donor
24 and 60) did not show an increase in FABP4 expression, therefore this

marker would not be suitable to assess the level of adipogenic differentiation in
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our samples. However PPARy expression was consistently up-regulated in

MSC-derived adipocytes across all ten donors in all three experiments.

In summary, results from this section show it was possible to measure
the level of adipogenesis of MSCs, but to obtain a pure population of mature
adipocytes using density centrifugation or ceiling culture was not successful. |
therefore decided for future experiments to use PPARy gene expression to

account and normalise for the variation in differentiation in MSC-derived

adipocytes.
Experiment 1 Experiment 2
60 - =0.76 6 1 =025
. .
40 4 4 4 L :
3 ¢ a
m [ia]
rd &
20 4 . . 2+ .
- .
® L
U.—L. T T 1 u q T T T 1
0 20 40 60 0 2 4 6 8 10
PPARy PPARy

Experiment3

104 r=0.44

PPARy

Figure 4.11. Evaluation of the correlation between the gene
expression of two adipogenesis markers. Spearman’s Correlation
values were determined for PPARy and FABP4 gene expression in
Experiment 1 (r=0.76, p=0.01), Experiment 2 (r=0.25, p=0.5) and
Experiment 3 (r=0.44, p=0.2) overall showed poor correlation.
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4.2.4 Analysis of rs3810291 on ZC3H4 gene expression

In order to test the MSC bank as a research tool for the study of complex
traits | performed a proof of principle study. | investigated if MSC-derived
adipocytes could replicate an eQTL finding reported in a previous study. | chose
to focus on a variant identified by Speliotes et al., (2010) which was significantly
(p=1.64x10"*?) associated with BMI. This locus (rs3810291) was further
annotated in a gene expression database for adipose tissue (Emilsson et al.,
2008), where they analysed transcripts from 701 individuals. rs3810291 was
identified as the most significant SNP for the ZC3H4 gene transcript in adipose
tissue (p=9x10°).

First, the MSC bank was genotyped for rs3810291. At this stage, whole
genome genotyping on DNA from the MSC bank had not been undertaken. A
Tagman® SNP Genotyping assay was used to genotype the MSC bank for
rs3810291. DNA underwent a 45 cycle PCR reaction and allelic discrimination
was determined by quantifying the fluorescence emitted from the VIC and FAM
allele specific reporter probes using the ViiA 7™ software v1.1 (Figure 4.12).
The genotyping results are summarised in Table 4.1, the genotypes of 3
samples could not be determined. The minor allele frequency (MAF) of the MSC
population was 0.31, which is in line with a CEU population reported on dbSNP.
The observed genotype distribution in 111 samples agreed with Hardy-
Weinburg equilibrium (x?=0.58, p=0.45). Successful genotyping of the cohort
enabled the next experimental step, investigating the expression of ZC3H4 in

differentiated adipocytes.

[ cenotpe | ___wAF____|

Homozygote Heterozygotes = Homozygote Local HapMap
major allele minor allele cohort CEU
rs3810291 51 (AA) 51 (AG) 9 (GG) 0.31 0.32

Table 4.1. Summary of the genotype of 111 donors for rs3810291. The
number of homozygote majors, heterozygotes and homozygote minors are
displayed. The minor allele frequency (MAF) was calculated for the MSC
population. Also displayed is the MAF for a population of Utah residents with
western and northern Europe ancestry (CEU) from the Single Nucleotide
Polymorphism database (dbSNP).
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Figure 4.12. Allelic discrimination plot for rs3810291. The
FAM reporter probe (allele G) is shown on the Y axis and the
VIC reporter probe (allele A) is shown on the X axis. The blue
and red dots are homozygotes, the green dots are heterozygote
individuals. No template controls (NTCs; black dots) clustered
toward the origin of the graph. Black crosses (x) are samples
that did not cluster.

Quantitative PCR was used to measure ZC3H4 expression in MSCs and
differentiated adipocytes in 10 individuals who were selected based on their
genotype for rs3810291 (5 of each genotype group). The expression of ZC3H4
in differentiated adipocytes was normalised against PPARy expression, to
account for the variation in adipogenic differentiation between donors. There
was no significant difference in ZC3H4 expression between homozygote majors
(AA) and homozygote minors (GG) in MSCs or differentiated adipocytes
(Figure 4.13). However a trend (41% difference in gene expression) between
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genotypes was seen in differentiated adipocytes, donors with the GG genotype
showed reduced expression of ZC3H4 (but the standard error was large). When
ZC3H4 expression was not corrected for PPARy levels, the same trend was
observed, however the GG genotype showed a smaller decrease of 23% when
compared to the AA genotype. In MSCs a trend of a 7% difference in gene
expression was observed between genotype groups.
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Figure 4.13. ZC3H4 expression in homozygote majors (AA) and
homozygote minors (GG) for rs3810291. No effect of rs3810291 on gene
expression in (A) MSCs (B) differentiated adipocytes. Samples were
normalised to 36B4. Expression of ZC3H4 in differentiated adipocytes were
further normalised to PPARy to account for variation in adipogenic
differentiation. Data was analysed using a Student's t-test (n=5 each

genotype group).

A power calculation was conducted on the gene expression data from the
10 donors to determine if the study was adequately powered. The mean and
Standard Deviation (SD) was used to calculate the power of the current study,
which was 20.03%. A subsequent calculation showed, in order to provide the
study with 80% power, 32 donors were required in each genotype group to
validate the difference in ZC3H4 expression seen between homozygote majors
and homozygote minors for rs3810291. Table 4.1 shows that there were 51
donors who were homozygous major, but only 9 donors who were homozygous

minor, therefore this study could not be extended.
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4.2.5 Analysis of rs4929949 and rs10840106 on TRIM66 gene expression

In addition to rs3810291, Speliotes et al., (2010) identified 8 other BMI-
associated SNPs that affected expression of 17 nearby genes in adipose tissue.
Speliotes et al., also noted the most significant SNP (peak SNP) associated with
the gene transcript in adipose tissue. | looked at a number of these SNPs to
establish if they were present on the Axiom™ Genome-Wide UKB WCSG
Genotyping Array, to determine which variants could be investigated in
differentiated adipocytes from the MSC bank. rs4929949, rs10840106 and
rs713586 were taken forward, as genotype information was available for these
variants. rs4929949 (BMl-associated SNP; p=0.002) and rs10840106 (peak
SNP; p=1.1x10"") were significantly associated with TRIM66, rs713586 (BMI-
associated SNP; p=3.5x10) was associated with POMC expression even after
conditional analyses were performed. The expression of TRIM66 and POMC
was investigated in MSCs and differentiated adipocytes. TRIM66 was
expressed in MSCs and adipocytes (Figure 4.14). POMC was detected at very
low levels in both cell types (even after 45 cycles); therefore rs713586 was not

taken forward for analysis.

MSC Adipocytes
POMC

TRIM66

36B4

Figure 4.14. Representative agarose gel
electrophoresis of gPCR products for POMC and
TRIM66 in MSCs and differentiated adipocytes.
Products were visualised by gel electrophoresis on a
1.5% agarose gel. Lane 1 shows MSCs, Lane 2
shows differentiated adipocytes. Both cells types did
not express POMC but did express TRIM66. 36B4
was used as the housekeeping gene.
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MSCs were selected and differentiated based on their genotype for
rs4929949 and rs10840106, and TRIM66 gene expression was analysed by
gPCR. Expression of TRIM66 was normalised to PPARy as described before.
Rs4929949 (BMl-associated SNP) did not have an effect on TRIM66
expression in MSCs and differentiated adipocytes. rs10840106 (peak SNP)
significantly associated with TRIM66 expression in MSCs (p=0.0002) and
differentiated adipocytes (p=0.0002), where homozygote minors (TT) showed a
significant increase in expression compared to homozygote majors (CC; Figure
4.15).
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Figure 4.15. TRIM66 expression in homozygote (CC) and homozygote
minors (TT) for rs4929949 and rs10840106. No effect of rs4929949 on gene
expression in (A) MSCs (B) differentiated adipocytes. Homozygote minors
(TT) for rs10840106 showed a significantly increased level of TRIM66 gene
expression in (C) MSCs and (D) differentiated adipocytes. Samples were
normalised to 36B4. Expression of TRIM66 in differentiated adipocytes were

further

normalised to PPARy to account for variation

in adipogenic

differentiation. Data was analysed using a Student’s t-test (n=4 and n=5 each
genotype group for rs4929949 and rs10840106, respectively).
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4.3 Discussion

Speliotes et al., (2010) carried out a GWAS to identify additional variants
associated with BMI. 18 novel loci were identified, for which they annotated in a
gene expression database for adipose tissue to identify eQTLs (Emilsson et al.,
2008). For this chapter, advantage was taken of this finding, as MSCs were
able to differentiate into adipocytes. So the aim was, as a proof of principle, to
use MSC-derived adipocytes to recapitulate the eQTL effect of one of the loci

reported in adipocytes.

The ability of MSCs to differentiate into adipocytes was initially
characterised in Chapter 3, where differences between donors in the adipogenic
differentiation ability were seen. In this chapter the adipogenic differentiation of
MSCs was studied in more detail, and attempts were made to quantify the
differentiation efficiency. It was hypothesised that the effect of a variant in a
small sample size could be quite subtle, and may be masked by variable factors
such as the differentiation efficiency. In Chapter 3 and in this chapter, Oil Red O
staining was used to visualise the lipid content in MSC-derived adipocytes, as
this is the most common staining method used. The absorbance of Oil Red O in
a sample can be measured; however this only provides an overall level of the

amount of dye in a sample (Platt & EI-Sohemy, 2009).

Nile Red is a dye that intercalates with lipid and fluoresces. It was used
in combination with flow cytometry, to enable the quantification of lipid within the
population. MSC-derived adipocytes were analysed using the flow cytometer,
where variation in the percentage of lipid stained cells was seen, ranging from
35.9-47.6%. SS can be analysed using the flow cytometer, it is a measure of a
cells’ granularity. Adipocytes are more granular than MSCs, as they contain fat
(Schaedlich et al., 2010). Overall no difference was seen in SS between MSCs
and adipocytes. This may be due to the loss of more buoyant adipocytes during

the centrifugation steps before samples were ran on the flow cytometer.

As adipogenic differentiation of MSCs was variable, the next objective
was to obtain a pure population of differentiated adipocytes. Unfortunately | did
not have access to a flow cytometer with cell sorting capabilities, so cells that
were positive for Nile Red could not be separated, to try and obtain a pure
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population. Also magnetic bead separation techniques could not be used, as at
the time of the experiments there was not a unique cell surface marker for
adipocytes. Since Ussar et al., (2014) identified the amino acid transporter
(ASC-1) as a specific cell surface protein for human white adipocytes. Using
antibodies against this cell surface marker, in conjunction with magnetic beads
would provide a unique approach for identifying and separating adipocytes from
a population. Alternatively, magnetic beads (MicroBeads from Miltenyi Biotec)
are available for MSCs (isolation of CD105 positive cells) which are used to
isolate MSCs from bone marrow aspirates. Using this technique to remove
MSCs from the differentiated adipogenic population would be inaccurate, as the
population is heterogeneous, and most likely consists of a population with a
mixture of phenotypes. There may have been cells that produced lipid droplets
but still partially expressed MSC cell surface markers. It remains to be
addressed at what stage cells lose expression of MSC cell surface markers

upon differentiation.

MSC-derived adipocytes could not be separated from MSCs by density
centrifugation or ceiling techniques. Both techniques which utilize the buoyancy
of adipocytes have often been applied to isolate adipocytes from adipose tissue
(Zhang et al., 2000; Ebke et al., 2014; Toda et al., 2009). This finding suggested
that MSC-derived adipocytes did not take on a mature phenotype, due to the
absence of a significant population of buoyant cells; a property of mature
adipocytes. Previous findings have shown MSCs derived from the umbilical
cord display a reduced ability to differentiate into adipocytes (Karahuseyinoglu
et al., 2007; Bieback et al., 2004; Kern et al., 2006), which may explain why

differentiation did not induce mature adipocytes.

There are many approaches which may be utilised to obtain “better”
adipocytes to use to study CAD-related genetic variants. In my experiments, |
used passage 5 MSCs; however MSCs from a lower passage may have been
more suitable to use. It has been shown as passage number increases, the
differentiation potential decreases (Kretlow et al., 2008). Secondly, MSCs may
have benefited from a longer exposure with the adipogenic differentiation
medium, to induce a more mature adipocyte population. Thirdly, over-

expression of key drivers of adipogenic differentiation may increase the maturity
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and efficiency of differentiation. Inducible expression of PPARG2 in iPSC-
derived mesenchymal progenitor cells produced white adipocytes at high
efficiencies (85-90%; Ahfeldt et al., 2012). Fourthly, using adipose-derived
MSCs may be a more superior cell source to use. Adipose-derived MSCs have
been shown to have a greater ability to differentiate into adipocytes, when
compared to MSCs isolated from bone marrow, periosteum and skeletal muscle
(Sakaguchi et al., 2005). A limitation of our study is the lack of a positive control;
human pre-adipocytes, which can be differentiated into adipocytes, could have

been used as a comparison against MSC-derived adipocytes.

Many groups have used MSCs for the study of adipogenesis. These
human cell-based models have provided a great insight into the mechanisms of
adipogenesis; however they are limited by proliferative potential, reduced
differentiation potential with passaging, and inconsistent differentiation potential
(Pacini, 2014). The latter is what was observed in our experiments. The MSC
population exhibited donor-to-donor and intra-population differentiation
heterogeneity, which has also been observed by other groups (Phinney et al.,
1999; Phinney, 2012; Russell et al., 2010).

It was demonstrated that adipogenic differentiation of MSCs was
variable, and adipocytes could not be separated. So a measure to account for
the variability of the adipogenesis of MSCs was sought. PPARy and FABP4, are
early and late markers of adipocytes, respectively. The increase of PPARy and
FABP4 have previously been shown to mirror the adipogenic development of
MSCs (Janderova et al., 2003; Neubauer et al., 2004; Sekiya et al., 2004; Qian
et al., 2010). Results demonstrated that upon a 14 day treatment with
adipogenic differentiation medium PPARy and FABP4 expression increased.
But for FABP4 this was not seen in cells across all ten donors. This finding
further suggested that the differentiated adipocytes were not mature, or only a
small number of adipocytes in the cell population were mature, but not enough
to be reflected in the global gene expression. RNA was isolated at one time
point (day 14), which may not have been the most suitable time point to analyse
FABP4, which is one of the best adipogenic markers (Sekiya et al., 2004). A
longer differentiation period (21-28 days) may have been required to induce a

mature phenotype. As PPARy is an early marker and was consistently
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upregulated across all ten donors, this marker was used in subsequent

experiments.

The level of PPARYy expression of cells from ten different donors did not
correlate between Experiment 1, Experiment 2 and Experiment 3. For
Experiment 1, overall the fold-change in PPARy expression was higher than for
Experiment 2 and 3. MSCs from the same donor and different donors gave
different outcomes under identical differentiation conditions, as the same
passage of MSCs and seeding density was used. It suggested that adipogenic
differentiation was not reproducible. Intrinsic factors (such as the epigenetic
state of individual lines) may lead to bias of MSCs from different donors. It has
been shown that CpG methylation profiles within and between donors are not
uniform (Noer et al., 2007). It is hypothesised that an uneven methylation profile
stems at CpG sites as a result of age, health-related factors and environmental
factors (Yatabe et al., 2001; Hoffman & Carpenter, 2005). An environmental
factor may be the culture conditions MSC are grown and differentiated in. The
non-reproducibility of adipogenic differentiation is a novel finding for this thesis,
and is an important step in the broader picture of using MSC-derived adipocytes
in disease modelling. It highlights the barriers that are needed to be overcome

to develop a better cellular model to investigate complex traits/diseases.

As a proof of principle, a BMI-associated variant (rs3810291) was
investigated to try and recapitulate its effects on ZC3H4 expression that were
reported by Speliotes et al., (2010). There was no significant effect of the
rs3810291 genotype on expression in MSCs and MSC-derived adipocytes.
However a trend was observed, homozygote minors (GG) showed reduced
ZC3H4 expression compared to homozygote majors (AA). Where a larger
difference (43%) was seen in differentiated adipocytes, compared to MSCs
(7%). rs3810291 sits in the 3' UTR of ZC3H4, and the minor G allele has been
predicted to create a binding site for the mir-502-3p. Mir-502-3p is a microRNA
(miRNA), which is a small non-coding RNA that can post-transcriptionally
regulate mMRNAs at the 3'UTR. Mir-502-3p and ZC3H4 are both expressed in
adipocytes (Estep et al.,, 2010). It is hypothesised that rs3810291 affects
expression, by the binding of mir-502-3p to the minor G allele, to reduce ZC3H4

expression. It is important to add that Speliotes et al., (2010) annotated loci for
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eQTLs in a gene expression database with a large sample size (701 individuals;
Emilsson et al., 2008; Zhong et al., 2010), which may have been difficult to
replicate in a much smaller sample size (10 individuals). So my study may have
benefited from a larger sample size, also indicated by the power calculation that
was performed. It showed 32 donors were required in each genotype group for

rs3810291 to validate the difference seen in ZC3H4 expression.

Caution must be taken in assuming that the ZC3H4 eQTL is the
intermediate phenotype between rs3810291 and BMI. As the eQTL with ZC3H4
was relatively weak (p=9x10"°) compared to the association between rs3810291
and BMI (p=1.64x10"?),

Two other variants that were significant known eQTLs in adipose tissue
were investigated. Speliotes et al., (2010) showed rs4929949 (BMl-associated
SNP) had a significant effect on TRIM66 gene expression, even after
conditional analyses on the most significant SNP (peak SNP) for the gene
transcript (p=0.002). rs4929949 did not significantly affect TRIM66 gene
expression in our cohort. This is mostly likely due to the reduced effect of
rs4929949 on TRIM66 expression, after conditioning on the peak SNP. The
most significant SNP for TRIM66 (peak SNP; rs10840106, p=1.1x10"* after
conditioning on the BMI SNP), showed an increased expression in homozygote
minors (TT), compared to homozygote majors (CC) in MSCs and differentiated
adipocytes. There was a greater difference in expression between homozygote
majors and homozygote minors in adipocytes (2.4-fold) than MSCs (1.6-fold),
suggesting the effect of the variant was larger in adipocytes. The direction of the
effect was not reported by Speliotes et al., (2010), and a literature search did
not reveal any further information. So it was not possible to confirm if the
direction of the effect for rs10840106 that | observed was concurrent with the
literature. It is of importance to note, that rs10840106 was a significant eQTL for
TRIM66 expression in other tissues apart from adipose. These included blood,
omental fat and liver tissue. This suggests that this eQTL is probably not cell-
type specific and may explain why | saw a significant genotype effect in MSCs.
TRIMG66 is located on chromosome 11p15.4, and its protein has been poorly

characterised. It may function as a transcription repressor, which is thought to

128



be by recruiting deacetylase activity to mediate its repressive effects
(Khetchoumian et al., 2004).

When investigating eQTLs, it is important to understand as much about
the genetic architecture that affects the gene under investigation. For example,
if the variance in gene expression is completely explained by one variant, then
recapitulating the effect is an easier challenge. If the variance in gene
expression is explained by multiple genetic variants, then recapitulating an
effect is a difficult process. A signal will be harder to deduce because of the
variable genetic background of different donors, which will produce noise in the
experiment. It is likely that the variation in TRIM66 gene expression is
predominantly explained by rs10840106, which is why a significant difference

was seen in a small sample size.

4.3.1 Conclusion

This chapter sought to test the feasibility of using a MSC approach to
investigate functional variants identified from GWASs. The aim was to
recapitulate the effects of a reported SNP (rs3810291), on ZC3H4 gene
expression in differentiated adipocytes. As the differentiation was variable and
not reproducible between and within donors, the separation of differentiated
adipocytes was conducted. However, ceiling culture and density centrifugation
techniques were not successful and did not enable adipocytes to be separated.
So a measure to account for the variability of the adipogenesis of MSCs was
sought. PPARy gene expression was used to account for the differences in

adipogenic differentiation between donors.

Two additional variants that were reported to affect the expression of
nearby genes were investigated. Of the two variants, | was only able to repeat
the effects of rs10840106 on TRIM66 gene expression in MSCs and
differentiated adipocytes. This result shows that MSCs and their differentiated
counterparts demonstrated a reported association of a genotype effect on gene

expression.
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Chapter 5- Hepatogenic and
smooth muscle cell
differentiation of MSCs
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5.1 Introduction

Large-scale genetic studies have identified many variants associated
with CAD. Functional variants that cause phenotypic changes are likely to be
tissue specific. For example, it has been hypothesised that some of the risk
variants exert their functional effects within the liver (e.g. rs12740374 at 1p13).
It has also been proposed that other variants e.g. 9p21 risk variants exert their
effects in SMCs. In order to use MSCs to model and study CAD would require
their differentiation into functional hepatocytes and SMCs. This chapter

describes the differentiation of MSCs into hepatocytes and SMCs.

5.1.1 Hepatocytes

The liver is the largest internal organ in the human body. Hepatocytes
are the predominant cell type in the liver, as they make up approximately 80%
of the total mass (Goyak et al., 2010). The main function of hepatocytes is to
metabolise lipoproteins and glucose, and synthesise and detoxify proteins.
Hepatocytes are polygonal in shape, and contain a large quantity of organelles
that are involved in metabolic and secretory functions. For example,
hepatocytes contain smooth and rough endoplasmic reticulum abundantly, in

order to synthesise large amounts of protein and lipids for export.

MSCs can be differentiated into hepatocytes in vitro. Within the literature
there are two general approaches taken by researchers to induce hepatogenic
differentiation. The first approach is to expose MSCs to a continuous cocktail of
growth factors (Aurich et al., 2006; Kang et al., 2006; Stock et al., 2010). The
second approach is a sequential exposure of different growth factors. The latter
approach has been reported as a more efficient method, as the treatment
mirrors the secretion pattern of growth factors during liver embryogenesis in
vivo (Duncan, 2000; Kinoshita & Miyajima, 2002; Zaret, 2002).

During the early stage of hepatogenic differentiation using the sequential
exposure approach, hepatocyte growth factor (HGF), epidermal growth factor
(EGF) and nicotinamide are used. HGF and EGF stimulate hepatocyte functions

such as albumin and urea production (He et al., 2003). Also HGF and EGF are
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involved in the long term maintenance of human hepatocytes in their
differentiated form (Runge et al., 2000). Nicotinamide is involved in the
proliferation of rat hepatocytes and appearance of small hepatocyte colonies in
vitro (Mitaka et al., 1999). It has also been shown to enhance the maturation of
fetal liver cells in vitro (Sakai et al., 2002). In the maturation stage of
hepatogenic differentiation oncostatin M (OSM) and dexamethasone are used.
OSM belongs to the IL6 family of cytokines, and aids the progression of
hepatocytes to maturity (Schmidt et al., 1995). Dexamethasone induces hepatic
nuclear factor 4 (HNF-4) and CCAAT/enhancer-binding protein alpha (C/EBP-a)
expression. These are transcription factors vital for hepatocyte differentiation
(Michalopoulos et al.,, 2003). Insulin-Transferrin-Selenium (ITS) is commonly
used throughout the differentiation steps. During the induction step, it maintains

the survival of the cells as a monolayer.

5.1.1.1 Markers of hepatogenic differentiation

Upon hepatogenic differentiation, hepatogenic specific genes are
switched on and upregulated indicating the function and state of maturation.
Detailed below are the hepatogenic markers used in this thesis.

AFP and CK19 are early markers of hepatogenic differentiation. The AFP
gene encodes alpha fetoprotein, which is a 70 kDa glycoprotein produced by
the liver and the yolk sac, during fetal development (Jiang et al., 1997). CK19
encodes cyto-keratin 19, a 40kDa protein. It is one of the first proteins detected

in primitive hepatic progenitor cells (Nishikawa et al., 2005).

ALB and PCK1 are markers of mature hepatocytes. ALB encodes
albumin, a 65 kDa serum protein. It is almost exclusively made by liver cells and
secreted into the bloodstream. PCK1 encodes
Phosphoenolpyruvatecarboxykinase 1, a 69 kDa cytosolic enzymatic protein. It
is highly expressed in the liver and is involved in glucogenogenesis, a process
whereby glucose is produced (Tontonoz et al., 1995). There are other genes

that can be used as hepatogenic markers such as CK18 and CYP3A4.

132



5.1.1.2 Functionality of differentiated hepatocytes

Hepatocytes carry out several important functions. Functional
assessment can indicate the degree of hepatogenic differentiation, and the
quality of the differentiated cells. One of the functions of hepatocytes is to
synthesise glucose and store it as glycogen (Bechmann et al., 2012). They can
also synthesise urea and coagulation factors, and proteins involved in the
inflammatory response (De Bartolo et al., 2006; Pless et al., 2006; Chen et al.,
1998). Hepatocytes take up bilirubin, and are also involved in the transport of
lipids and cholesterol (Runge et al., 2000; Liu et al., 1999). Hepatocytes detoxify
ammonia, SO ammonium secretion is another functional marker (Takagi et al.,
2000). To be able to induce CYP-dependent monooxygenases involved in drug
metabolism is a key functional parameter for adult hepatocytes (Rogiers &
Vercruysse, 1993). Measuring any of these processes is vital for indicating the

functionally of differentiated hepatocytes.

5.1.2 Smooth muscle cells

SMCs are another cell type of interest to study CAD-related genetic
variants in. SMCs are the cellular components found in the walls within
numerous tissues around the body, such as the gastrointestinal tract and
respiratory tract. SMCs are also found in blood vessels (termed vascular
SMCs). SMCs give the vessel wall structure; they surround the endothelial cell
layer and regulate the diameter of the vessel through contraction and dilation to
maintain blood pressure. SMCs are also involved in other functions such as
vascular remodelling during exercise, pregnancy or vascular injury (Owens et
al., 2004). SMCs are different from skeletal and cardiac muscle cells, as they
differ in contractile protein expression, for example alpha-smooth muscle actin
(aSMA; Owens, 1995).

SMCs occur in two states; contractile and synthetic, and exhibit plasticity
as they have the ability to switch between the two states. Contractile and
synthetic SMCs exhibit different features e.g. morphology, expression of

specific genes, migration and proliferation potential. These features are
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dependent on local cues and conditions, for example, cell origin, cell to cell and
cell to matrix interactions, and mechanical forces (Owens, 1998). The switch
from contractile to synthetic phenotype, involves re-entering the cell cycle and
releasing ECM proteins (Owens, 1995; Mahoney & Schwartz, 2005). This
switch is involved in the development of vascular diseases such as
hypertension and atherosclerosis (Yoshida & Owens, 2005; Beamish et al.,
2010).

MSCs are able to differentiate into SMCs. There is evidence that
supports the role of MSCs in SMC differentiation in vivo. It has been
demonstrated that a MSC population are destined to commit to a SMC lineage,
which suggests that putative mesenchymal smooth muscle cell progenitors may
exist (Kashiwakura et al., 2003). In embryonic development, during
angiogenesis, MSCs are recruited to newly formed tubes. Cells differentiate into
synthetic SMCs characterised by high proliferation and migration rates and
production of ECM proteins (Jain, 2003; Gaengel et al., 2009; Carmeliet, 2003).
After birth SMCs take on a contractile phenotype, to play an important role in
vessel stabilisation (Dempsey et al., 1994).

The literature suggests transforming growth factor beta 1 (TGF-$1) is the
key growth factor to induce SMC differentiation, via the Notch signalling
pathway (Kurpinski et al., 2010). TGF-B17 mice die from vascular defects at
E10.5-E11.5 (Dickson et al.,, 1995). Different groups have taken different
approaches using TGF-B1 to induce stem cells into SMCs. A combination of
TGF-B1 and heparin has been used on MSC intermediates derived from iPSCs
(Bajpai et al., 2012). Alternatively TGF-B1 alone has been used (Gong &
Niklason, 2008), or TGF-B1 and ascorbic acid (Narita et al., 2008).

Platelet derived growth factor BB (PDGF-BB) is another growth factor
that has been studied for its involvement in SMC differentiation. However its
effects on SMC differentiation are inconsistent within the literature. Some
groups demonstrate PDGF-BB induces differentiation of MSCs into SMCs (Jain,
2003). Whereas other research groups have shown that PDGF-BB mediates
the switch from a contractile to synthetic phenotype, as it decreases SMC
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markers expression and increases migration and proliferation of SMCs (Sérby &
dstman, 1996; Uchida et al., 1996).

5.1.2.1 Markers of SMC differentiation

A necessary step when studying cellular differentiation is to determine
the upregulation of gene-sets that contribute to the functions of the
differentiated cell and the state of maturation. Many different gene markers
have been used in studying SMC differentiation. Detailed below are the markers

used in this thesis.

Alpha smooth muscle actin (aSMA) is an early marker of SMCs, and is
the first known protein expressed during embryonic development (Frid et al.,
1992; Hungerford et al., 1996). It is encoded by the ACTA2 gene and its protein
is 42 kDa. It is the most abundant protein, as it makes up 40% of total protein in
SMCs (Fatigati & Murphy, 1984). It is a less specific marker, as it has been
found to be transiently expressed in immature skeletal and cardiac myocytes
(Ruzicka & Schwartz, 1988; Sawtell & Lessard, 1989). It is also expressed in
tumours, and by endothelial cells and myofibroblasts upon treatment with TGF-
B1 (Arciniegas et al., 1992; Marotti et al., 1993). Other markers need to be

considered, as aSMA expression is not conclusive by itself.

Smooth muscle protein 22-alpha (SM22a) is 22 kDa and is a less
characterised protein. It is encoded by the TAGLN gene. It is expressed
specifically in visceral and vascular SMCs. It is expressed abundantly, and its
protein structure is related to calponin (Lawson et al., 1997; Shapland et al.,
1993). It induces the development of actin networks. SM22a has three different
isoforms of which the alpha isoform is the most abundantly expressed (Owens,
1995; Faggin et al., 1999).

Calponin expression is a mid-marker and more specific, as it is almost
exclusive to SMCs (Owens, 1995). It is encoded by the CNN1 gene and its
protein is 28-34 kDa. Calponin has been proposed to be a regulator of

contraction because it interacts with F-actin and tropomyosin, in a calcium
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independent manner. It also interacts with calmodulin but in a calcium
dependent manner. Calponin has many isoforms, including H-calponin (high

molecular weight) and L- calponin (low molecular weight).

Smooth muscle myosin heavy chain (SM-MHC) is a marker for a mature
contractile phenotype. It is encoded by the MYH11 gene. It is exclusive to
SMCs, as it has never been identified in non-SMCs in vivo. During
embryogenesis, SM-MHC is the only specific marker (Miano et al., 1994).
Myosin is ~500 kDa and contains two 200 kDa heavy chains and four 15-26
kDa light chains. It consists of two regions; a head and a tail. Myosin uses the
tail region to aggregate with filaments and bind with actin. It uses the head
region to bind to ATP. For contraction to occur, energy is released from ATP in
the form of ADP and phosphate, so myosin can bind to actin, to induce

contraction.

Smoothelin is a 59 kDa SMC marker. Smoothelin is also a marker of
contractile mature SMCs and is encoded by the SMTN gene (van der Loop et
al., 1996). There are two major isoforms of smoothelin; Smoothelin A (59 kDa)
expressed in visceral SMCs and smoothelin B (110 kDa) expressed in vascular
SMCs (Kramer et al., 1999). Knowledge about smoothelin function is limited. To
date the literature suggests it is involved in the contractile apparatus (van Eys et
al., 2007).

5.1.2.2 Smooth muscle cell contraction

The main function of SMCs is to contract, which is initiated by the binding
of various agonists to cell surface receptors to activate the contraction
mechanism. The receptors are coupled to a heterotrimeric G protein, which
increases phospholipase C activity. Phospholipase C produces two secondary
messengers; inositol triphosphate (IP3) and diacylglycerol (DG). IP3; binds to
receptors on the sarcoplasmic reticulum, which causes a release of Ca?*. DG
and Ca* stimulates protein kinase C (PKC), which results in the
phosphorylation of target proteins. Ca®" can also enter the cell via receptor-

operated Ca®" channels. Ca®" binds to calmodulin, which together activates
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Myosin light-chain (MLC) kinase to phosphorylate the 20 kDa myosin light
chain. The myosin light chain interacts with actin and causes cross-bridge

cycling to occur, causing the cells to shorten, resulting in cellular contraction

(Webb, 2003).
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Figure 5.1. Schematic diagram of the details of contraction (adapted
from Webb, 2003). DG; Diacylglycerol, IP3; inositol triphosphate, PKC;
protein kinase C, MLC; myosin light-chain.
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5.1.3 Aims and objectives

The third aim of this project was to differentiate MSCs into CAD-relevant
cell types; hepatocytes and SMCs. The investigation of their morphology and
phenotype, upon differentiation was required to determine if MSCs had

differentiated.
The objectives were:

e Assess differentiation of MSCs into hepatocytes
» Determine differentiated hepatocyte morphology
» Characterise differentiated hepatocytes
e Assess differentiation of MSCs into SMCs
» Determine differentiated SMC morphology
» Characterise differentiated SMCs
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5.2 Results

5.2.1 Hepatogenic differentiation of MSCs

5.2.1.1 Morphology

Within the literature there are two general approaches taken by
researchers to induce hepatogenic differentiation; 1) continuous exposure to
growth factors or 2) a sequential exposure to different growth factors. The latter
approach has been suggested as a more efficient method for differentiation, as
the growth factor exposure mirrors the secretion pattern during liver
embryogenesis in vivo. Therefore MSCs were exposed to a sequential
exposure of different cytokines. Figure 5.2 is a schematic diagram of the 23 day
method for hepatogenic differentiation. MSCs were seeded at 1.5x10* cells/cm?,
to produce a confluent layer of cells after 24 hours. It has been shown that
confluency of MSCs is important for the efficiency of the differentiation, to
enable cell-to-cell contact for intracellular communication to occur (Lee et al.,
2004). The pre-treatment step was serum free, to hinder cell proliferation, prior
to induction of differentiation. During the differentiation, half of the wells were
treated to a cytokine cocktail mixture without the addition of FBS (referred to as
HD+0% FBS). The other half were treated to a cocktail mixture and 1% FBS
(referred to as HD+1% FBS). Hepatogenic differentiation took 23 days, which
was a prolonged time for cells to be in culture, without subculturing. This is the

reason 1% FBS was added, to ensure cells stayed alive.

At day 0, MSCs were 100% confluent and exhibited a spindle-like
morphology (Figure 5.3A and Figure 5.4A). At day 5, MSCs had been treated
to the differentiation medium, where cells displayed a slightly flatter morphology
(Figure 5.3B and Figure 5.4B). At day 8, cells started to take on a slightly more
rounded morphology. During the maturation step (Figure 5.3D, E and Figure
5.4D, E), cells appeared more cuboidal, for cells treated with HD+0% FBS.
Cells treated to HD+1% FBS had not altered their morphology drastically from
their flatter morphology. By day 23, cells began to look like hepatocytes (Figure
5.3F and Figure 5.4F). They had a cuboidal appearance, and contained

139



cytoplasmic granules. Approximately 90% of the population took on this
appearance. Cells treated with the HD+1% FBS were more confluent by day 23,
yet they still displayed a polygonal shape (Figure 5.4F). Overall, MSCs
exposed to the 23 day hepatogenic differentiation treatment, altered in

morphology from a spindle-like appearance to a cuboidal-like appearance.

Collagen |
coated plate

Differentiation Maturation

Pretreatment

. + 20ng/ml HGF + 20ng/ml
. + 20ng/ml EGF + 10ng/ml bFGF oncostatin M
Hepatocyles
8 + 10ng/ml bFGF +0.61g/L + 1pumol/L Hepatosyice
nicotinamide dexamethasone

+1%ITS +1%ITS

MSCs seeded
at 1.5x104
cells/cm? 2days 7 days 14 days

Figure 5.2. Schematic diagram of the method used for the hepatogenic
differentiation of MSCs.

140



Figure 5.3. Representative images of the morphology of MSCs treated
to hepatogenic differentiation medium with 0% FBS (HD+0% FBS). (A)
Day 0; MSCs exhibited a fibroblast-like morphology (B) Day 5; cells
displayed a flattened morphology (C) Day 8; cells altered to a polygonal
appearance (D, E) Day 12 and 18; differentiated cells further took on a
cuboidal appearance (F) Day 23; hepatocyte-like cells retained the polygonal
shape, and also contained cytoplasmic granules (black arrow; n=3).
Magnification x20.
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Figure 5.4. Representative images of the morphology of MSCs treated
to hepatogenic differentiation medium with 1% FBS (HD+1% FBS). (A)
Day 0; MSCs exhibited a fibroblast-like morphology (B, C) Day 5 and 8; cells
displayed a flattened morphology (D) Day 12; cells still displayed a
rectangular shape (E) Day 18; some cells took on a cuboidal appearance
containing cytoplasmic granules (black arrow). (F) Day 23; cells became very
confluent (n=3). Magnification x20.
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5.2.1.2 Gene expression of hepatogenic markers

To investigate if the change in morphology during hepatogenic
differentiation was associated with the increase in expression of hepatogenic
gene markers qPCR was conducted. The expression of two early and late
hepatogenic markers was analysed. Total RNA was extracted at day 23 and
cDNA synthesised. Undifferentiated MSCs were used as a control for the
differentiation, and HepG2s were used as a positive control. Experiments were
carried out on MSCs isolated from Donor 6, 9 and 14, as these were cells that
displayed a characteristic cell surface marker expression and differentiated into
the three common lineages; adipocytes, chondrocytes and osteoblasts
(described in Chapter 3).

MSCs were analysed individually for hepatogenic differentiation
treatment (HD+0% FBS or HD+1% FBS). MSCs from Donor 6 showed a ~2 fold
increase in AFP, but the expression was not at the same level as HepG2s
(3314-fold; Figure 5.5A). MSCs from Donor 6 did not show an increase in
expression for CK19, ALB and PCK1 (Figure 5.5D, G, and J). Overall MSCs
from Donor 9 did not show a large increase in gene expression for AFP (1.6-
fold), CK19 (0.37-fold), ALB (1.4-fold) and PCK1 (1.5-fold; Figure 5.5B, E, H
and K). However MSCs from Donor 14, showed an increase in expression of all
four genes. For AFP, cells showed an 8.1-fold increase with the HD+1% FBS
treatment (Figure 5.5C). However, gene expression was not at the same level
as HepG2s (5,165-fold). For CK19, the HD+0% FBS caused a decrease in
expression, but the HD+1% FBS caused a 3.3-fold increase in CK19
expression, which was equivalent to the expression of HepG2s (3.1-fold; Figure
5.5F). HD+1% FBS medium caused a 7.1-fold increase in ALB expression;
however HepG2s showed an 11,736-fold increase (Figure 5.51). PCKL1 is a late
marker of hepatocytes, and was also investigated. Exposure to HD+0% FBS
and HD+1% FBS, saw a 12.4-fold and 10.4-fold increase, respectively. HepG2s
showed a 31.4-fold change in PCK1 expression compared to MSCs (Figure
5.5L).

In summary, | investigated to see if the expression of hepatogenic

marker genes increased upon exposure to hepatogenic differentiation medium.
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The expression of MSCs from three different donors was analysed, only cells
from one donor showed a clear increase in expression of the four genes upon
HD+1% FBS treatment. Yet, they did not express the markers as highly as the
positive control, HepG2s.
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Figure 5.5. Gene expression of hepatogenic markers upon treatment
of MSCs from Donor 6, 9 and 14 with hepatogenic differentiation
medium. Gene expression of (A-C) AFP (D-F) CK19, (G-I) ALB, and (J-L)
PCK1 after the 23 day treatment, demonstrated by gPCR. Untreated MSCs
and HepG2s were used as controls. Samples were normalised to S-actin.
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5.2.2 Smooth muscle cell differentiation of MSCs

Next, the differentiation of MSCs into SMCs was attempted. The
literature suggested TGF-B1 is the key growth factor to induce SMC
differentiation (Kurpinski et al., 2010). Reduced serum has also been suggested
to aid SMC differentiation (Wanjare et al., 2012).

As a preliminary experiment MSCs were seeded at 8x10° cells/cm? onto
collagen | coated 6 well plates, and grown until 70% confluency. Collagen Type
| has been shown to promote contractile SMCs (Thyberg & Hultgardh-Nilsson,
1994). Cells were treated to SMC differentiation medium which contained
10ng/ml TGF-B1 and 1% FBS for 12 days. Quantitative PCR was used to
measure the expression of ACTA2, CNN1 and SMTN; an early, mid and late
marker, respectively. After twelve days an increase in gene expression was
seen for ACTA2 (11.1-fold; Figure 5.6A), CNN1 (4-fold; Figure 5.6B) and
SMTN (1.8-fold; Figure 5.6C). As an increase in gene expression was observed
for SMC markers, a detailed 20 day time course was carried out, to study the
gene expression over a longer period of time. Also to determine if a higher level

of expression for the mature marker, SMTN could be induced.
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Figure 5.6. Preliminary experiment: Upregulation of smooth
muscle cell markers upon treatment of MSCs with 10ng/ml TGF-
Bl and 1% FBS. Increase in gene expression of (A) ACTA2 (o-
smooth muscle actin), (B) CNN1 (calponin) and (C) SMTN
(smoothelin) during the 12 day treatment, demonstrated by qPCR.
Samples were normalised to B-actin (n=1).

5.2.2.1 Morphology

As previously stated, MSCs were treated to SMC differentiation medium
(containing 10ng/ml TGF-B1 and 1% FBS). The morphology of the cells was
documented during the 20 day time course. MSCs at day O exhibited a
fibroblast-like morphology. Upon treatment to the SMC differentiation medium,
the morphology of MSCs altered to that of a more spread-out and myoblast-like
morphology. In cells, intracellular fibres were apparent after day 6 (Figure

5.7B), which remained until day 20 (Figure 5.7D). Cells also became confluent
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over this time period. Differentiated cells were split at 1:2 ratio, to observe the
morphology more clearly (Figure 5.8A and B). Differentiated cell had a larger
cell surface area than MSCs. More than 90% of the cells had taken on this
morphology. Subculturing the cells also showed that differentiated SMCs

appeared to proliferate slowly.

Figure 5.7. Morphology of MSCs differentiated into SMCs. (A) Day O0;
MSCs exhibited a fibroblast-like morphology (B-D) Day 6-20; differentiated
cells displayed intracellular stress fibres (indicated by black arrow).
Magnification x20.

148



Figure 5.8. Morphology of MSCs differentiated into SMCs after 1:2
split. (A) MSCs displaying fibroblast-like morphology (B) differentiated
SMCs, more spread out morphology with appearance of stress fibres.
Magnification x20.

5.2.2.2 Gene expression of SMC markers

To quantify the effects of TGF-f1 on MSCs, and the induction of SMC
differentiation, gqPCR was used to measure the expression of SMC markers.
TAGLN and MYH11 were also analysed, in addition to ACTA2, CNN1 and
SMTN which were used in the preliminary experiment. MSCs were used as a
control. After a 3 day treatment with SMC differentiation medium, gPCR showed
an increase in expression of ACTA2 (18.8-fold; Figure 5.9A), TAGLN2 (4.1-
fold; Figure 5.9B) and CNN1 (7.2-fold; Figure 5.9C). ACTA2, TAGLN and
CNN1 are early and mid-markers of SMCs and their upregulation remained
constant from day 3-20. Aortic SMCs (a0SMCs) were used as a positive control.
Differentiated SMCs showed similar levels of expression as aoSMCs for
TAGLN2. However, for ACTA2 and CNN1 differentiated SMCs showed higher
levels than aoSMCs. Aortic SMCs were used at P5 and above. Next the gene
expression of two SMC late markers; SMTN and MYH11 were investigated.
MSCs treated to SMC differentiation medium did not show an increase in
expression of SMTN or MYH11 (Figure 5.10A and B). The expression of
Kruppel-like factor 4 (KLF4), which is a good indicator of stem cell-like capacity,

was also investigated. After day 3, cells showed a 3.7-fold decrease of KLF4
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gene expression. After day 6, cells showed a 6.5-fold decrease, which remained
constant until day 20 (Figure 5.11).

Bajpai et al., (2012) showed that when iPSCs were differentiated to
SMCs through MSC intermediates, using different SMC medium compositions,
TGF-B1 (10ng/ml) and heparin (30ug/ml) induced the highest expression of the
late marker MYH11. Therefore heparin was added to the SMC differentiation
medium to see if the expression of one of the late markers (SMTN) could be
induced. ACTA2 and CNNL1 increased in expression at day 3, showing a 2.2-
fold and 2-fold increase, respectively (Figure 5.12A and B). However at day 6,
CNN1 decreased in expression to 1.4-fold. SMTN did not increase in
expression over the 20 day time period (Figure 5.12C). KLF4 did not show a
clear decrease in expression (Figure 5.13D). Treatment with additional heparin
to the SMC differentiation medium did not enhance the differentiation, or induce

expression of mature SMC markers.
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Figure 5.9. Upregulation of smooth muscle cell markers upon
treatment of MSCs with 10ng/ml TGF-B1 and 1% FBS. Increase in
gene expression of (A) ACTA2 (a-smooth muscle actin), (B) TAGLN
(transgelin) and (C) CNN1 (calponin) during the 20 day treatment,
demonstrated by gPCR. Untreated MSCs and aoSMCs were used as
controls. Samples were normalised to B-actin. Data is shown as
mean + Standard Deviation (SD; n=3). Data was analysed using a
Student’s t-test (*p<0.05 vs control cells).
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Figure 5.10. No upregulation of late smooth muscle cell markers
upon treatment of MSCs with 10ng/ml TGF-B1 and 1% FBS. (A)
SMTN (Smoothelin) and (B) MYH11 (myosin, heavy chain 11, smooth
muscle) during the 20 day treatment, demonstrated by gPCR.
Samples were normalised to B-actin. Untreated MSCs and aoSMCs
were used as controls. Data is shown as mean = Standard Deviation
(SD; n=3).
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Figure 5.11. Downregulation of the Kruppel-like factor 4 (KLF4)
transcription factor. A decrease in KLF4 expression during the 20
day SMC differentiation treatment with 10ng/ml TGF-f1 and 1%
FBS. Samples were normalised to B-actin. Untreated MSCs were
used as a positive control. Data is shown as mean * Standard
Deviation (SD; n=3). Data was analysed using a Student’s t-test
(*p<0.05 vs control cells).
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Figure 5.12. Gene expression of vascular smooth muscle cell
markers upon treatment of MSCs with SMC differentiation
medium + 30ug/ml heparin. Gene expression of (A) ACTA2 (B)
CNN1 (C) SMTN and (D) KLF4 during the 20 day treatment,
demonstrated by gPCR. Untreated MSCs and aoSMCs were used
as controls. Samples were normalised to B-actin. Data is shown as
mean * Standard Deviation (SD; n=3).
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5.2.2.3 Protein expression of SMC markers

It is important to confirm changes in gene expression at the protein level.
The protein expression was analysed by immunofluorescence. Gene
expression analysis of SMC markers showed that treatment with SMC
differentiation medium for 3 days was significant to induce SMC differentiation.
Therefore immunofluorescence of a-SMA and calponin was carried out at day 3
and 6.

MSCs displayed hardly any expression of a-SMA and calponin. Upon
treatment with SMC differentiation medium, cells stained positively for both
proteins (Figure 5.13 and 5.14). Protein expression for a-SMA and calponin
was higher at day 6 than day 3, where > 90% of the cells were positive for
expression. So all subsequent experiments conducted on differentiated SMCs
were done so after a SMC differentiation treatment for 6 days. A negative

control was included, where incubation of the primary antibody was omitted.

The analysis of SM-MHC expression was attempted. However a suitable
positive control cell was not found to use to optimise the antibody for

experiments.
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Figure 5.13. Representative images of immunofluorescence analysis
of a-SMA upon treatment of MSCs with 10ng/ml TGF-B1 and 1% FBS.
Alpha smooth muscle actin (a-SMA) was expressed in differentiated SMCs
after day 3 and 6 of SMC differentiation treatment. Untreated MSCs were
used as a negative control. A negative control was included, incubation
with the primary antibody was omitted (n=3). Magnification x20.
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Figure 5.14. Representative images of immunofluorescence analysis
of calponin upon treatment of MSCs with 10ng/ml TGF-B1 and 1%
FBS. Calponin was expressed in differentiated SMCs after day 3 and day
6 of SMC differentiation treatment. Untreated MSCs were used as a

control. A negative control was included, incubation with the primary
antibody was omitted (n=3). Magnification x20.
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5.2.2.4 Calcium imaging

Next, the functionality of differentiated SMCs was investigated. The main
function of a contractile SMC is to contract. Calcium transients within a cell are

an indication of cell contraction, therefore it was sought to investigate this.

Aortic SMCs were used as a positive control to set up the experiment,
and to investigate the response to various known agonists and depolarisation
agents that induce intracellular calcium signalling. Cells were incubated with
Fura-2, a high affinity, intracellular calcium indicator (Figure 5.15), and loaded
onto a microscope stage into a diamond shaped perfusion chamber, and
perfused with Tyrode solution until a steady state was reached. For each
recording, aoSMCs were first perfused with Tyrode solution for 1 minute, and
then Tyrode solution with the addition of Angiotensin Il, Carbachol, or KCI.
Angiotensin Il induced a single Ca®" transient approximately after 60 seconds
(Figure 5.16A). Carbachol also produced a single Ca®" transient after 30
seconds of perfusion with the agonist (Figure 5.16B). KCI failed to induce any
transients (Figure 5.16C). Overall aoSMCs produced clear Ca®" transients
upon exposure to different agonists.

MSCs and differentiated SMCs were investigated to determine if they
were able to produce Ca®" transients under the same experimental conditions.
Upon Angiotensin Il exposure, cells from Donor 6, 9 and Donor 14 showed an
effect. MSCs and differentiated SMCs from each donor showed a single Ca?*
transient approximately 90 seconds after exposure (Figure 5.17A, 5.18A and
5.19A). Cells from Donor 9 showed a prolonged de-polarisation upon exposure
to carbachol (Figure 5.18B). Donor 6 and 14 showed a response to carbachol
that was very similar to its response to Angiotensin Il (Figure 5.17B and
5.19B). KCl was able to induce a response in cells from Donor 9 and Donor 14
(Figure 5.18C and 5.19C) and MSCs from Donor 6 (Figure 5.17C).

Overall, differentiated SMCs were able to produce clear Ca?" transients
upon exposure to Angiotensin Il, Carbachol and KCl. MSCs were also able to
produce calcium transients when exposed to these agonists and depolarising

agent.
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Figure 5.15. Aortic SMCs loaded with Ca?*'
indicator dye Fura-2. Magnification 10x.
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Figure 5.16. Representative traces of the effects of Ang II,
Carbachol and KClI on aoSMCs. AoSMCs were perfused for 60
seconds with Tyrode solution, followed by perfusion with the agonist.
AoSMCs produced Ca2+ transients in response to (A) Ang Il (B)
Carbachol. Aortic SMCs did not show a response to (C) KCI (n=10).
Ang; Angiotensin.
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Figure 5.17. Representative traces of the effects of Ang I,
Carbachol and KCI on MSCs and differentiated SMCs from Donor
6. Cells were perfused for 60 seconds with Tyrodes solution, followed

by perfusion with the agonist. Cells produced Ca2+ transients in
response to (A) Ang Il (B) carbachol. MSCs produced a response to
(C) KClI, however differentiated SMCs did not (n=10). Ang; Angiotensin.
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Figure 5.18. Representative traces of the effects of Ang I, Carbachol
and KCIl on MSCs and differentiated SMCs from Donor 9. Cells were
perfused for 60 seconds with Tyrode solution, followed by perfusion with

the agonist. MSCs and differentiated SMCs produced Ca2+ transients in
response to (A) Ang Il (B) Carbachol (C) KCI (n=10). Ang; Angiotensin.
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Figure 5.19. Representative traces of the effects of Ang II,
Carbachol and KCI on MSCs and differentiated SMCs from Donor
14. Cells were perfused for 60 seconds with Tyrode solution, followed

by perfusion with the agonist. Cells produced Ca2+ transients in
response to (A) Ang Il (B) Carbachol (C) KCI (n=10). Ang;
Angiotensin.
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5.2.2.5 Cell contraction

The production of calcium transients is a prerequisite for cellular
contraction. As MSCs and differentiated SMCs were able to give rise to calcium
transients, it was investigated to determine if the cells could contract. Aortic
SMCs were used as a positive control, and first tested to see if carbachol
caused a change in cell surface area, which is a measure of contraction. Aortic
SMCs were loaded with calcein AM to determine the cytoplasmic region. Cells
were placed onto a Nikon microscope stage with an environmental chamber.
Half of the wells seeded with aoSMCs were not treated to an agonist; the
remaining wells were treated to 100uM carbachol. Images were obtained before
and after treatment. Figure 5.20A and B illustrates aoSMCs treated to
carbachol showed a response. Image J was used to determine the change in
cell surface area. Aortic SMCs showed approximately a 5-10% change in cell
surface area upon carbachol treatment (Figure 5.21); suggesting carbachol
was able to induce cellular contraction. Upon this finding carbachol was used to
investigate whether MSCs and differentiated SMCs could contract.

For contraction, HelLa-S3 cells were used as a negative control.
Carbachol did not cause HelLa-S3 cells to contract, concluded by no change in
cell surface area (Figure 5.22). MSCs derived from three different donors were
studied, which showed variable responses to carbachol. MSCs from Donor 9
showed no response to carbachol. However, MSCs from Donor 6 and Donor 14
showed a contractile response, as there was a 25% and 10% decrease in cell
surface area, respectively. The response was widely variable, as the change in
cell surface area for MSCs varied from 0.25% to 49%. Differentiated SMCs from
Donor 6, Donor 9 and Donor 14 showed no change in cell surface area,

suggesting the cells did not contract (Figure 5.22 and 5.20C, D).

Overall the results suggest that MSCs were able to differentiate into
immature SMCs. Differentiated SMCs morphologically looked like SMCs.
Quantitative PCR results suggest MSCs differentiated into immature SMCs, as
they expressed early and mid-markers (ACTA2, TAGLN and CNN1), but not
late markers (MYH11 and SMTN). The finding that KLF4 decreased in

expression upon SMC differentiation treatment, suggests MSCs moved away
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from a stem cell-like state and towards a defined lineage. Cells displayed
certain functional abilities, such as the production of Ca** transients. However,
differentiated cells were unable to contract; a characteristic feature of mature

SMCs.

Figure 5.20. Representative images of the
contractile response of aoSMCs and
differentiated SMCs. (A) aoSMCs before
and (B) aoSMCs after 10 minute 100uM
carbachol treatment. White arrow shows
contracted region. (C) Differentiated SMCs
before and (D) after 10 minute carbachol
treatment. Differentiated cells did not contract.
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Figure 5.21. Contractile response of aoSMCs in response to
carbachol treatment. Aortic SMCs displayed a contractile ability upon
100uM carbachol treatment. There was an approximate 10% change of
cell surface area after 10 minutes (n=25). Data was analysed using
Student’s t-test, using untreated aoSMCs as the control (*p<0.05 vs

control cells).
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Figure 5.22. Contractile response of HelLa cells, MSCs,
differentiated SMCs and aoSMCs in response to carbachol
treatment. Cells were treated to 100uM carbachol and data analysed
after 10 minutes (n=20). HeLa and aoSMCs were negative and positive
controls, respectively.
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5.3 Discussion

To explore the use of MSCs for disease modelling of CAD risk variants
required determination of the ability of MSCs, to become CAD-relevant cell
types. For a long time, adult stem cells have been thought to have a
differentiation potential restricted to their germ layer or tissue of origin.
However, recent studies have shown that adult stem cells have a greater
potential for differentiation than previously thought. MSCs can differentiate into
endodermal-derived cells, such as hepatocytes. This feature makes MSCs an
attractive model to use to study CAD-related variants, as many of the risk
variants may exert their functional effects within the liver. On this basis, the first
objective was to differentiate MSCs into hepatocytes.

The current literature suggested a sequential approach (where cells are
exposed sequentially to growth factors and cytokines), was an efficient method
as it mirrors liver embryogenesis in vivo (Duncan, 2000; Kinoshita & Miyajima,
2002; Zaret, 2002). A method made available by Cyagen Bioscience for their
OriCell™ Human Mesenchymal Stem Cell Hepatogenic Differentiation Medium
was used. The method did not state the concentrations for each growth factor,
so the concentrations reported by Campard et al., (2008) were used, where
they differentiated WJ-derived MSCs.

MSCs treated to hepatogenic differentiation medium, after 23 days more
than 90% of MSCs had altered in morphology from a fibroblast to a hepatocyte-
like appearance. Differentiated cells had become cuboidal, with cytoplasmic
granules present. These morphological changes were coincident with existing
reports detailing hepatogenic differentiation of MSCs (Lee et al., 2004; Schwartz
et al., 2002). Next, it was investigated to see if differentiated cells increased
expression of hepatogenic markers to complement the change in the
morphology observed. Overall, across MSCs from three different donors
investigated, there was no change in gene expression after 23 days. However,
upon analysis of individual donors, Donor 14 did show an increase for all four
hepatogenic genes investigated, albeit not at the same level as HepG2s
(positive control). These results demonstrate that the effect of the hepatogenic

differentiation medium was variable between donors. As a consistent
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upregulation of hepatogenic markers was not observed, it was very unlikely the
cells were functional, therefore cells were not investigated further using
functional assays.

One of the initial aims of this thesis was to use MSC-derived hepatocytes
to conduct a proof of principle study using one of the most characterised CAD
loci. The 1pl13 locus associates with CAD (Samani et al., 2007), where the
functional variant rs12740374 at this genomic region is responsible for
differential expression of SORT1, specifically in the liver (Musunuru et al.,
2010). It has been shown that the risk variant causes a decrease in SORT1
MRNA which leads to increased risk of CAD (Musunuru et al., 2010). On this
basis, MSCs from genotyped donors for the functional variant rs12740374
(1p13), were going to be differentiated into hepatocytes, to confirm the
differential expression of SORT1 mMRNA between different genotypes.
Recapitulation of the differential expression in MSC-derived hepatocytes would
have demonstrated the ability of MSC-derived cells to model CAD. However as
| did not successfully differentiate MSC into hepatocytes, this proof of principle

study could not be carried out.

There are many possible reasons why MSCs did not successfully
differentiate into hepatocytes. One reason may be because P5 MSCs were
used. Stock et al., (2010) found that the potential of MSCs to differentiate into
hepatocytes reduced as the cells were passaged, therefore a lower passage
may have been required. Yet other researchers have shown no difference in
differentiation potential between P5-13 (Lee et al., 2004; Kosmacheva et al.,
2011). Donor age has also been shown to affect differentiation potential
(Choudhery et al., 2014; D'lppolito et al., 1999). Neonatal tissue was used;

therefore age was not a contributing factor for the lack of differentiation.

The finding that MSCs from Donor 14 showed an increase in gene
expression of hepatogenic markers, but Donors 6 and 9 did not, may be due to
subtle differences in initial isolation and expansion, even though they all shared
the characteristic features of MSCs such as cell surface marker expression and
trilineage differentiation. These initial differences may contribute to variations in
differentiation potential. For example, the diameter of the umbilical cord varied
between donors. When dissecting WJ from thinner umbilical cords, tissue may

168



have been obtained from regions closer to the umbilical vein subendothelium, in
order to obtain a sufficient quantity of tissue. The umbilical vein subendothelium
is a different compartment within the umbilical cord to obtain MSCs. This may
have caused heterogeneity, as the degree of trilineage differentiation of MSCs
from the vein is more variable, than cells from WJ (Mennan et al., 2013).
Variation between donors may also be due to the cell microenvironment, which
is a difficult factor to fully control. Growth factors and cytokines added to the
medium, serum, cell-cell and cell-matrix interactions together play an important

role in the specifics of differentiation.

Another reason why MSCs did not differentiate into hepatocytes is the
cells may have needed to be cultured in hepatogenic differentiation medium for
a longer period of time. Lee et al., (2004) demonstrated it took 6 weeks for

differentiated cells to exhibit complete functionality.

There are many differences in differentiation protocols and the initial cell
population used. MSCs can be extracted from various tissues, but the main
focus for differentiation into hepatocytes has been on bone marrow-derived
MSCs (Aurich et al., 2007; Stock et al., 2010; Ayatollahi et al., 2011; Lee et al.,
2004). There are reports of successful hepatogenic differentiation using MSCs
from the umbilical cord (Kang et al., 2006; Hong et al., 2005; Campard et al.,
2008). The protocols detailed in these studies, across the two different sources,
have variations in initial cell seeding density, the level of confluency at which to
start hepatogenic differentiation, and length of hepatogenic differentiation. In
summary, there are many differences in initial cell populations and
differentiation protocols; therefore it remains very difficult to decide which
protocol is most suitable and efficient.

Our second objective for this chapter was to differentiate MSCs into
SMCs. SMCs reside in the vessel wall, and are involved in the disease
pathology of atherosclerosis (described in Chapter 1). Many CAD-related
genetic loci are thought to be functional in SMCs (e.g. 9p21, 15025).

TGF-B1 is a cytokine and a member of the TGF-B superfamily, which
regulate a wide range of cellular processes such as differentiation, proliferation
and migration (Massagué et al., 2000; Blobe et al., 2000). The literature
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suggests TGF-B1 is the main driver for SMC differentiation where
concentrations between 1-10ng/ml have been used (Narita et al., 2008; Kinner
et al., 2002; Jeon et al., 2006). 10ng/ml TGF-B1 was used to induce the highest
response of differentiation. In the preliminary experiment, gene expression
increased for three SMC markers; ACTA2, CNN1 and SMTN after a 12 day
treatment with SMC differentiation medium. The experiment was extended to 21
days and included the analysis of TAGLN2 and MYH11. An increase in gene
expression was observed for early and mid-markers of SMCs. But an increase
of two late markers was not detected. Quantitative PCR results suggested
MSCs may have become immature SMCs. To further support this data, a down-
regulation was seen for a stem cell marker, KLF4, suggesting cells had moved
away from a stem cell state towards a defined lineage.

Aortic SMCs were used as a positive control for the gPCR experiments.
Differentiated SMCs showed SMC marker expression at a greater level than
aoSMCs. It has been shown aoSMCs in culture lose expression of SMC-
specific markers, as they are passaged (Dorai et al., 2000). This may be the
reason why aoSMCs were not expressing SMC genes as highly as the
differentiated SMCs.

At the protein level, MSCs barely expressed a-SMA and calponin, an
early and-mid marker, respectively. However, differentiated SMCs did express
both proteins, more than 90% of the cell population were positive for
expression. The up regulation of a-SMA and calponin, two contractile proteins
suggested cells had contractile properties. The analysis of the late SMC protein
marker; SM-MHC was attempted, however a positive control cell was not found,
as aoSMCs were negative for expression, therefore SM-MHC analysis was not

conclusive.

The primary function of SMCs is to contract. A prerequisite for
contraction is the production of Ca®* transients in the cell. Two different agonists
were tested; angiotensin II, carbachol and the depolarisation agent; KCI.
Angiotensin |l signalling occurs through membrane bound heterotrimeric G-
protein coupled receptor (GPCR; Wynne et al.,, 2009). Carbachol is a
muscarinic agonist, which also acts through GPCRs (Billington & Penn, 2002).

Both agonists exert their effects on Ca®" through the same mechanism to
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induce contraction (described in Section 5.1.2.2). KCl does not use GPCR
activation to increase cystolic Ca®". Instead it activates voltage-gated Ca®*
channels that cause membrane depolarisation, leading to an influx of Ca*
(Bolton et al., 1999).

It was found that differentiated SMCs had the ability to produce Ca®'
transients upon exposure to carbachol, angiotensin 1l and KCI. MSCs were also
able to produce Ca?' transients, suggesting MSCs expressed GPCRs and
voltage-operated Ca®* channels. Time-lapse microscopy was subsequently
used to determine the contractile response, by measuring the change in cell
surface area upon exposure to carbachol. Aortic SMCs were able to contract.
MSCs showed a variable response to carbachol, which may be because MSCs
are highly motile. It may have been necessary to measure the change in cell
surface area of MSCs in the absence of carbachol, or use cytochalasin D which
is an inhibitor of cellular contraction, to determine if the change in cell surface
area observed was a result of cell movement as opposed to cell contraction.
Lastly differentiated SMCs did not show a change in surface area, and therefore

did not contract, further suggesting that they were immature SMCs.

Overall, the results suggest it was possible to differentiate MSCs into
SMCs, albeit immature. An upregulation of early and mid-markers, but not late
markers of SMCs was demonstrated. Other researchers’ attempts to
differentiate MSCs towards the SMC lineage, report upon stimulation, the
upregulation of early and mid-markers, but not late markers of SMCs (Gong &
Niklason, 2008; Narita et al., 2008). These findings together suggest that MSCs
may not have the ability to become fully mature SMCs. An alternative
explanation is that an additional signal(s) may be required to push cells to
maturity (discussed in Section 5.3.1). Differentiated SMCs produced Ca?*
transients; suggesting cells obtained GPCRs and voltage-operated Ca?*
channels. However, the complete contraction mechanism was not initiated, as

cells did not contract.

The multipotency of MSCs may be the explanation for the lack of
differentiation to a mature SMC. MSCs are able to differentiate into multiple, but
limited cell types (Can & Karahuseyinoglu, 2007; Pevsner-Fischer et al., 2011).
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Whereas iPSCs and ESCs are pluripotent and can differentiate into any cell of
the embryo proper, possessing a higher differentiation potential. It has been
reported, that as MSCs are passaged, their differentiation potential is reduced.
For these experiments P5 MSCs were used, which may be the reason why a
mature population was not obtained. Chapter 3 and 4 describe the
differentiation of MSCs into adipocytes, where similar results were observed, as
the majority of MSCs differentiated into adipocytes did not take on a fully mature

phenotype.

To use differentiated SMCs to model CAD requires high efficiency and
good quality cells after the differentiation process. The experiments carried out
produced differentiated SMCs that expressed early and mid-markers at variable
levels during gPCR. Yet protein analysis, suggested MSCs differentiated with a
more equal efficiency, as approximately 80-90% of cells expressed a-SMA and
calponin in cells from three different donors. Morphologically cells looked
healthy, and still had the capacity to proliferate, albeit slowly. These findings
illustrate MSCs may be a valid cell type to use to study CAD, if mature
differentiated SMCs could be obtained.

5.3.1 Future work

Hepatocytes are of endodermal origin whereas MSCs are derived mainly
from the mesodermal lineage, and may require the modulation of MSC fate to
effectively differentiate MSCs into hepatocytes. Ball et al., (2014) have
demonstrated by perturbing PDGF receptors or fibronectin, caused MSCs to
revert towards a more multipotent state. This method could be applied to take
MSCs back to a mesenchymoangioblast-like state, and then differentiate cells

into hepatocytes, using a sequential differentiation.

Researchers have also taken other approaches than using the sequential
differentiation method to commit MSCs to a hepatogenic lineage. Stock et al.,
(2010) used a single step procedure, but initiated differentiation using a
demethylation step with 5’- azacytidine. DNA demethylation is a major

determinant during embryonic development and somatic cell reprogramming
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(Wu & Zhang, 2010). So exposure to a demethylating agent should allow for a
more efficient conversion to a differentiated cell type. Prasajak &
Leeanansaksiri (2013) took a different approach to induce hepatogenic
differentiation, by using a hypoxic environment, in addition to a two-step
treatment. The hypoxic conditions resemble the normal microenvironment in
vivo. They reported more than 80% of MSCs successfully differentiated into

functional hepatocytes.

MSCs and SMCs are both of mesodermal origins, perhaps explaining
why it was possible to differentiate MSCs into immature SMCs, as MSCs were
more readily able to differentiate into cells of the same origin. Future work, for
SMC differentiation should focus on producing mature contractile SMCs. This
may include using additional growth factors in the differentiation medium such
as PDGF-BB. The literature still remains controversial about the effects of
PDGF-BB on SMC differentiation. However, some groups have shown it
induces cells into SMCs, along with TGF-B1 (Jain, 2003). Evidence suggests
stringent conditions may be required for use of PDGF-BB. Dandre & Owens
(2004) showed PDGF-BB repressed SMC-markers in sub-confluent but not
post-confluent culture. This suggests cell-cell or cell-matrix interaction affects
the actions of PDGF-BB, and that high density MSC cultures should be initiated
before treatment with PDGF-BB. Other avenues to achieve mature contractile
MSCs are to grow cells in alternative extracellular matrices e.g. matrigel, use
electrophysiological or mechanical stimulation, or the use of different culture
medium (Bonnet et al., 2008; Kobayashi et al., 2004). The differentiation of

MSCs into mature SMCs may be obtainable by combining these conditions.

To demonstrate the functionality of differentiated cells, the changes in
intracellular Ca®* by activating receptor-induced ion channels and voltage-
operated Ca®" channels was assessed. However, this analysis should be
extended to obtain a more detailed understanding of the cells biophysical
properties. Using patch-clamping techniques (Polder et al., 2005), with selective
pharmacological agents to block particular channels will enable the identification

of specific calcium and potassium channels found on cells.
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The recreation of SMCs from stem cells is complex, and is not
completely understood. Previous groups have demonstrated significant
variability of contractile marker expression upon differentiation (Lee et al., 2010;
Xie et al., 2008). Further work is required on how to simulate the creation of
functional SMCs in vitro efficiently and reproducibly. Ideally, development of a
standardized differentiation protocol, created on a completely defined medium,
is what is required for this field. The use of iPSCs as a starting cell type to
generate SMCs has been investigated, where Cheung et al., (2012) reported
the generation of SMCs using a chemically defined method. They were able to
produce origin-specific SMCs, which is advantageous when studying the impact
of embryological origins on vascular disease. Other approaches have included
using other intermediate populations, such as cardiac progenitor cells, to obtain
vascular SMCs (Menendez et al.,, 2011; Menendez et al., 2013). Vascular
SMCs have also been generated by using MSCs derived from iPSCs. But unlike
Cheung et al., (2012), who used PDGF and TGF-31 to induce differentiation,
Bajpai et al., (2012) used a combination of TGF-B1 and heparin. Like MSCs,
there are a number of different protocols for differentiating iPSCs into vascular
SMCs.

This chapter describes the differentiation of MSCs into CAD-relevant
cells. There is another cell type that would be of interest to differentiate MSCs
into. Endothelial cells are involved in the process of atherosclerosis. CAD-
related genetic variants that are only functional in endothelial cells may exist;
therefore this cell type would be of importance to study. Oswald et al., (2004)
were the first to establish an in vitro protocol, using low-serum with vascular
endothelial growth factor (VEGF) conditions, to obtain endothelial cells from
bone marrow-derived MSCs. The cells showed characteristics of mature
endothelium cells, including the presence of Weibel-Palade bodies, and
expression of von Willebrand factor (VWVF), vascular cell adhesion molecule 1
(VCAM-1), vascular endothelial (VE)-cadherin and VEGF receptors 1 and 2.
Additionally, functional analysis of endothelial cells was determined by
measuring acetylated LDL incorporation, and the formation of capillary-like
structures. The differentiation of MSCs into endothelial cells may be attainable
by applying this protocol used by Oswald et al., (2004).
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5.3.2 Conclusion

I was unsuccessful in differentiating MSCs into hepatocytes using a
sequential treatment method. Cells morphologically resembled hepatocytes, but
did not increase gene expression of any of the hepatogenic markers, therefore

the cells were not investigated further using functional assays.

Next MSCs were pushed towards a SMC lineage. An increase in
expression of early and mid-markers was induced, at the gene and protein
level. Unfortunately expression of late markers was not seen. Differentiated
SMCs produced calcium transients upon agonist exposure but did not contract,
suggesting cells did not have the complete contractile machinery. The most
likely reason is due to the limited potency of MSCs. Further work is required to

produce mature SMCs in vitro.
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Chapter 6- Functional
studies on the 15925 CAD-
assoclated locus
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6.1 Introduction

Three different GWASs independently reported the A Disintegrin and
Metalloproteinase with Thrombospondin Motifs 7 (ADAMTS7) locus on
chromosome 15925 to be associated with CAD.

One of the studies was conducted by the CARDIoOGRAM consortium.
Due to the limited power of previous studies to identify loci with modest effects,
a larger transatlantic study was performed using individuals from 14 different
GWASSs, comprising of 22,233 cases and 64,762 controls (Schunkert et al.,
2011). All samples were of European ethnicity. A successive replication study
was carried out by genotyping a further 60,738 individuals for the top
associations, which reached a significance level of p<5x10°. The meta-analysis
confirmed 10 previously reported genetic loci, and identified 13 new loci that
were significantly associated with CAD. The non-synonymous variant
rs3825807 within ADAMTS7 was one of the novel loci significantly associated
with CAD (p=1.7x107"?).

Next Reilly et al.,, (2011) investigated the distinct genetic factors that
contributed either to coronary atherosclerosis or directly with Ml in individuals
with existing coronary atherosclerosis. Two separate GWASs were performed.
Firstly, 12,393 individuals with CAD (cases), and 7,383 individuals without CAD
(controls) were genotyped to identify loci that predispose to CAD. To identify
loci that contribute to MI, 5,783 individuals with CAD and MI and 3,644
individuals with CAD but not MI were compared. The rs1994016 variant at the
ADAMTS?7 locus was significantly (p=4.98x10%) associated with CAD, but not
MI. This finding suggested that ADAMTS7 may be involved in the early stages
of atherosclerosis, and not thrombosis, which leads to MIl. Rs1994016 and
rs3825807 (identified by Schunkert et al., 2011) are in high LD (r?=0.9) and are
likely to reflect the same signal.

Lastly, the C4D Genetics Consortium, (2011) carried out a combined
analysis on two European and two South Asian cohorts to identify additional
CAD-associated loci. The combined analysis included 15,420 individuals with
CAD and 15,062 controls of European and South Asian ancestry. The
replication meta-analysis in 10 independent studies included 21,408 cases and
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19,185 controls. 5 novel loci were associated with CAD. The variant rs4380028
at the ADAMTS7 locus was one of the novel loci significantly associated with
CAD (p=3.71x10).

6.1.1 ADAMTS7

ADAMTSY encodes a member of the ADAMTS protein family which are
secretory zinc metalloproteases. Since the discovery of ADAMTSL1 in 1997
(Kuno et al., 1997) the family has expanded to 19 members, which have been
shown to play roles in important processes such as organ development,

connective tissue organisation, coagulation, inflammation and angiogenesis.

The human ADAMTSY transcript is 52.3 kb and contains 24 protein-
coding exons (Somerville et al., 2004). The encoded protein is 1686 amino
acids in length, and has a predicted molecular weight of 181 kDa. The ADAMTS
family of proteins share a similar protein structure, and a characteristic feature
is the presence of one or more thrombospondin type 1 repeats (TSRs; Kuno et
al.,, 1997). In additon ADAMTS7 has a signal peptide, prodomain,
metalloproteinase domain, disintegrin-like domain, cysteine-rich domain, spacer
domain, mucin domain and a protease and lacunin (PLAC) domain (Figure
6.1).

Furin cleavage
sites

a
! S
I rs3825807 - R
- ‘ 1
Prodomain Disintegrin-like Spacer domain Mucin domain PLAC domain
domain
Signal peptide Metalloproteinase Cysteine-rich
domain domain

Figure 6.1. Schematic diagram of ADAMTS7 protein. Human ADAMTS7
is 1686 amino acids in length, and has a predicted molecular weight of 181
kDa. The variant rs3825807 locates to the prodomain.
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ADAMTSY7 undergoes significant post-translational modifications, which
include potential conserved glycosaminoglycans (GAG) attachment sites within
the mucin domain at the'®®SGSG site (Brinkmann et al., 1997). The mucin
domain has also been predicted to be subject to O-glycosylation (when a sugar
molecule is attached to serine or threonine residues; Somerville et al., 2004).
ADAMTSY also has 10 N-linked glycosylation sites, whereby glycan attaches to
nitrogen on asparagine or arginine side chains. Due to these various post-
translational modifications, ADAMTS7 is larger than the predicted molecular
weight based on the amino acid sequence. Researchers have shown full-length
ADAMTSY is ~250 kDa (Somerville et al., 2004; Pu et al., 2013).

As with many of the other ADAMTS proteins, the prodomain of
ADAMTSY is processed by proteolytic cleavage to activate it. Furin is a
ubiquitously expressed calcium-dependent serine protease (Molloy et al., 1992).
It is heavily involved in the prodomain cleavage of different proteins moving
through the secretory pathway (Zhou et al., 1999). Furin cleaves ADAMTSY
within the prodomain (where the CAD-associated SNP lies) at furin recognition
sites, to produce proteolytically active ADAMTS7. There are three furin
recognition sites conserved between mouse and human; RVLR*®, RVLRKR®
and RQQR??®, suggesting similar mechanisms of activation. There are
additional furin recognition sites found in humans; RGRELR%, RRER*®
RRPR?* and RLRR**. It is suggested that ADAMTS7 prodomain processing is
initiated in the Golgi apparatus and is completed at the cell surface. Upon
cleavage of the prodomain on the most C-terminal furin recognition site, mature
human ADAMTS7 protease is approximately 157.9 kDa (Somerville et al.,

2004).

In vitro experiments with recombinant ADAMTS7 have been conducted
to determine its cellular localisation. ADAMTS7 associates with the cell
membrane or extracellular matrix. Washing cells with high salt concentrations
(e.g. 0.5M NaCl for 30 minutes), released more ADAMTS7 into the media,
which supports the idea that ADAMTSY7 localises to the cell surface (Somerville
et al., 2004). To further support this, other members of the ADAMTS family;
ADAMTS4 and ADAMTS9 have been shown to localise at the cell surface
(Somerville et al., 2003; Kashiwagi et al., 2004). Surface biotinylation
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experiments show ADAMTSY is transiently localised with the outer leaflet of the
plasma membrane, and this interaction is thought to be mediated via the
ancillary domain (Somerville et al., 2004). Recent findings show ADAMTS7 co-
localises at the cell membrane with cytoskeletal filaments, and markers of
podosomes, which are actin-rich structures located on the outer surface of the

membrane (Bauer et al., 2015).

ADAMTSY is expressed broadly in different tissues but at low levels.
Initial mouse experiments showed ADAMTS7 (~5.5 kb) was expressed in the
heart, brain, placenta, lung, liver, skeletal muscle, kidney and pancreas
(Hurskainen et al., 1999). In humans, it has been detected (also as a 5.5 kb
transcript) in the liver, kidney, pancreas, skeletal muscles and heart (Liu et al.,
2006). More interestingly, immunohistochemical staining showed ADAMTSY is

expressed in the coronary artery (Wang et al., 2009).

The progression of atherosclerosis is governed by pro- and anti-
inflammatory cytokines that can affect ADAMTS7 expression. Also vascular
injury, can initiate various stimuli that regulate ADAMTS7 expression in SMCs.
IL-18, PDGF-BB and TNF-a are pro-inflammatory cytokines and induce
expression of ADAMTS7 (Wang et al., 2009). Hydrogen peroxide (H.O.) is a
reactive oxygen species, and also increases ADAMTSY7 levels. TGF-B is an
anti-inflammatory cytokine that decreases expression of ADAMTS7. MiR-29a/b
is a microRNA (miRNA; a short non-coding RNA) involved in the degradation of
MRNA and inhibition of protein translation. MiR-29a/b has a target site in the
3'UTR of ADAMTS7, and represses mRNA and protein expression (Du et al.,
2012). Overall, it is suggested that ADAMTS7 levels are responsive to different

inflammatory stimuli under pathological conditions.

Cartilage oligomeric matrix protein (COMP, also known as
thrombospondin-5, TSP5), has been shown to interact with ADAMTS7. COMP
is a 520 kDa pentameric glycoprotein, and is the fifth member of the
thrombospondin gene family (Newton et al., 1994). It is an extracellular matrix
protein and is expressed in vertebral discs, cartilaginous joints and blood
vessels. COMP was identified as the first ADAMTS7 substrate via a yeast-two
hybrid system. The TSRs at the C-terminal end of ADAMTS7 are required to
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interact with the EGF-like domains of COMP (Liu et al.,, 2006). In the
osteoblastic cell line MG-63, and native articular cartilage, rat ADAMTS7 co-
immunoprecipitated with COMP. Experimenters carried out in vitro digestion
assays, and discovered that recombinant ADAMTS7 in conditioned media can
cleave COMP into three fragments; 100, 75 and 51 kDa upon analysis on a
polyacrylamide gel (Liu et al., 2006). The digestion of COMP has been

implicated in diseases such as atherosclerosis.

6.1.2 Role of ADAMTSY in the pathogenesis of CAD

Vascular SMCs are a plastic cell type, with the ability to revert between a
contractile and synthetic phenotype. Under physiological conditions, vascular
SMCs are located in the tunica media of blood vessels, where they express a
repertoire of contractile proteins and have a low proliferation and migration rate.
However, during pathological conditions such as atherosclerosis or upon
various environmental cues, they can switch to a synthetic/dedifferentiated
phenotype with high proliferation/migration abilities and reduced expression of
contractile proteins (Wang et al., 2009; Owens et al., 2004). Phenotypic
switching of vascular SMCs is a key step during the development of
atherosclerosis.

Before the discovery of the association of ADAMTS7 with CAD from
GWASSs, the role of ADAMTSY in the vasculature had been explored. COMP is
expressed in vascular SMCs (Riessen et al., 2001), and it inhibits vascular SMC
migration, by interacting with a;B; integrin (Wang et al., 2010), so COMP is
important in maintaining a vascular SMC contractile phenotype. A rat balloon
injury model, showed vascular injury resulted in vascular SMC migration and
intima hyperplasia. This occurred by ADAMTS7 degrading COMP in injured
vessels (Wang et al., 2009). ADAMTS7 experimental over-expression
enhanced vascular SMC migration, whereas small interfering RNA (SiRNA)
knockdown reduced migration in vitro. In summary the experimental evidence
suggests ADAMTS7 mediates vascular SMC migration by cleaving COMP to
remove its inhibitory effect on vascular SMCs.
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Pu et al., (2013) investigated the association between the ADAMTS7
locus (rs3825807) and CAD. They observed in the Bruneck Study Cohort the
GG genotype had a protective effect for carotid atherosclerosis and that
ADAMTS7 was present in human coronary plaques. Pu et al., (2013) described
a possible mechanism for the casual variant (Figure 6.2). rs3825807 (A to G)
causes a non-synonymous change, resulting in a Ser-to-Pro substitution in the
prodomain of ADAMTSY. Vascular SMCs from individuals with the risk AA
genotype had increased migratory ability, more cleaved COMP fragment in the
conditioned media and more cleaved ADAMTS7 prodomain, than the GG
genotype. Overall, the functional studies showed that the Ser-to-Pro substitution
affected vascular SMC migration, COMP degradation and ADAMTS7 protein
maturation, providing a biological mechanism for the association between
rs3825807 and CAD.

ADAMTS7
AA (risk) L GG (non-risk)
1 ADAMTS7 cleavage  SUPSHtUtioN = ApaAnTS7 cleavage
1 Active ADAMTS7 | Active ADAMTS7
o0
CoMP o o : )¢
@ ¢
T COMP cleavage | COMP cleavage

= 1 vascular SMC migration

~,

Neointima/plaque formation

Figure 6.2. Proposed mechanism of rs3825807 on vascular
SMC migration.
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Recent in vivo validation has shown an association between ADAMTS7
and atherosclerosis. ADAMTS7 knockout onto hyperlipidemic mouse models
(LdIr”™ and ApoE™) showed upon femoral wire injury, a decrease in neointimal
formation, reduced lesion formation in aortas and aortic roots, and a decrease
in vascular SMC migration upon TNF-a treatment (Bauer et al., 2015).

A different in vivo rodent study of an ADAMTS7 knockout mouse,
showed after wire-injury of the carotid artery, reduced neointima formation and
increased re-endothelialization occurred. Endothelial cell proliferation and
migration were also greatly reduced in vitro and in vivo, via a COMP-
independent mechanism. TSP1 was identified as a novel ADAMTS7 substrate,
it was demonstrated that ADAMTS7 can bind to and degrade TSP1 in
endothelial cells. This study suggested that ADAMTS7-mediated TSP1
cleavage may play a key role in re-endothelialization upon vascular injury
(Kessler et al., 2015). Overall these studies highlight the clear involvement of

ADAMTSTY in the pathology of atherosclerosis.
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6.1.3 Aims and objectives

The final aim of this thesis was to, as a second proof of principle,
differentiate MSCs with different genotypes for the functional SNP (rs3825807)
into SMCs to recapitulate the effects of rs3825807 shown by Pu et al., (2013)
on ADAMTS7 cleavage and SMC migration in vitro. This will enable the
demonstration of the application of MSCs as a research tool for the
investigation of CAD-associated variants.

The objectives were:

e Investigate ADAMTS7 expression in MSCs and differentiated SMCs
e Determine the effect of rs3825807 on ADAMTS7 gene expression
¢ Analyse the effect of rs3825807 on ADAMTS7 prodomain cleavage and

cell migration by using Western blotting and scratch assays, respectively
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6.2 Results
6.2.1 ADAMTSY expression in MSCs and differentiated SMCs

The first objective of this chapter was to analyse ADAMTS7 expression
in MSCs and differentiated SMCs. To differentiate MSCs into SMCs, the SMC
differentiation medium included 10ng/ml TGF-B1, which has been reported to
inhibit ADAMTS7 expression. Wang et al., (2009) observed in primary human
SMCs, treatment with 5ng/ml TGF-1 resulted in a 50% decrease in ADAMTS7
expression. Thus the effect of the SMC differentiation medium on ADAMTS7
expression was investigated. MSCs were treated for 6 days with SMC
differentiation medium using the protocol described in Chapter 2 (Section
2.2.15). An additional experimental step was included, where after the sixth day
of the differentiation protocol; cells were re-seeded and were either treated for
another 7 days with SMC differentiation medium without TGF-B1 (SMCDM-
TGF-B1) or SMC differentiation medium with TGF-1 (SMCDM+TGF-1).

Total RNA was extracted from cells at day 6 and day 13 and cDNA
synthesised. Undifferentiated MSCs were used as a control for gPCR
experiments. MSCs and differentiated SMCs expressed ADAMTS7, where
differentiated SMCs showed a 2.4-fold increase compared to MSCs. A
subsequent SMCDM-TGF-f1 or SMCDM+TGF-B1 treatment maintained
ADAMTSY expression (Figure 6.3B). ACTA2 expression was also analysed to
ensure cells had moved towards a SMC lineage. Upon removal of TGF-B1, a 5-
fold increase was observed in ACTA2 expression, suggesting that the
differentiation of MSCs into SMCs might have improved (Figure 6.3A).
However, these cells still did not show an upregulation of the late SMC marker;
MYH11 (data not shown). The expression of COMP in MSCs and differentiated
SMCs was also investigated. MSCs did not express COMP, but COMP
expression was detected in differentiated SMCs. As MSCs did not express
COMP, the samples were not within linear range of the gPCR assay. For this
reason, gPCR products were ran on a 1.5% agarose gel (Figure 6.3C).
Withdrawal of TGF-B1, after the 6 day SMC differentiation period, drastically
reduced COMP expression, while inclusion of TGF-B1 in the SMC differentiation
medium, maintained COMP expression levels.
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Figure 6.3. Upregulation of ACTA2, ADAMTS7 and COMP.
Increase in gene expression of (A) ACTA2, (B) ADAMTS7 and (C)
COMP after a 6 day treatment with smooth muscle cell
differentiation medium (SMCDM). Cells were subcultured and
grown and for a further 7 days in SMCDM without TGF-B1
(SMCDM-TGF-B1) and with TGF-B1 (SMCDM+TGF-31). COMP
products were visualised on a 1.5% agarose gel. For gPCR, MSCs
were used as a control. Samples were normalised to B-actin. Data
is shown as mean * Standard Deviation (SD; n=3). Data was
analysed using a One-Way ANOVA with Dunnett post-test (*p<0.05
compared to MSCs).

6.2.2 Analysis of rs3825807 and ADAMTS7 expression in MSCs and
differentiated SMCs

Firstly genotyping data from the results of the Axiom™ Genome-Wide
UKB WCSG Genotyping Array for the MSC bank (n=112) was retrieved for
rs3825807 (summary in Chapter 3; Table 3.3). A cluster plot was produced to
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ensure the SNP had the expected cluster pattern and to highlight any

anomalous samples (Figure 6.4).
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Figure 6.4. SNP cluster plot for rs3825807 in the MSC
bank (n=112). Clustering is carried out in two dimensions.
The X axis (log ratio) defines the contrast of the cluster,
whereas the Y axis defines the strength of the signals
from each sample. Red triangles (4) are individuals with
the GG genotype, purple squares (=) are GA genotype,
and green circles (e) are individuals with the AA genotype.
Grey spades (4) indicate no calls. Samples were clustered
under the posterior model using the Affymetrix®
Genotyping Console™ (GTC) version 4.2 and the
Affymetrix® Power Tools (APT) version 1.16.1.

Next, MSCs from 10 donors that were selected based on their genotype
for rs3825807 (5 homozygote majors and 5 homozygote minors) were
differentiated into SMCs. Firstly ACTA2 expression was analysed to verify
differentiation towards a SMC lineage. The increase in ACTA2 expression was
fairly consistent between cells from different donors (between 7-10 fold increase
compared to MSCs). Cells from Donor 29 and 40, showed a higher level of

expression, 34-fold and 15-fold, respectively (Figure 6.5).
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Figure 6.5. Upregulation of ACTA2 in differentiated SMCs from 10
different donors. Quantitative PCR analysis after a 6 day treatment with SMC
differentiation medium. There was consistency in the increase in ACTA2 gene
expression except in cells from Donor 29 and 40. MSCs were used as a
control. Samples were normalised to B-actin.

Next the analysis of rs3825807 on ADAMTS7 gene expression was

conducted on MSCs and differentiated SMCs. In both cell types there was no

association between rs3825807 and ADAMTS7 expression (Figure 6.6).
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Figure 6.6. ADAMTS7 expression in homozygote majors (AA) and
homozygote minors (GG) for rs3825807. No effect of rs3825807 on
ADAMTS? expression in (A) MSCs (B) differentiated SMCs. Samples
were normalised to B-actin. Data was analysed using a Student’s t-test.
N=5 each genotype group.

188



6.2.3 ADAMTSY protein expression in MSCs and differentiated SMCs

Pu et al., (2013) propose that the Ser-to-Pro substitution caused by
rs3825807 in the ADAMTS7 prodomain, may affect the accessibility for furin to
cleave at the prodomain, as they reported an effect of rs3825807 on ADAMTS7
cleavage. To recapitulate this effect, different ADAMTS7 antibodies were used
to recognise different regions of the protein. Figure 6.7 is a schematic diagram
illustrating ADAMTS7 protein structure, the location of rs3825807 and the
specificity of the different antibodies. Ab45044 is a rabbit polyclonal antibody
and detects full-length ADAMTS7, partially processed ADAMTS7 and the
prodomain. It binds after the second furin cleavage site (RVLRKR®) between
positions 80-140. So with this antibody it was possible to singly detect the
prodomain fragment to investigate ADAMTS7 prodomain processing. Ab28557

is a rabbit polyclonal antibody that binds at the spacer domain.

Eurin cleavage
sites

ah28557 Anti-FLAG

ab45044 )
Prodoriair Disintegrin-ike Spacer domain Mucin domain PLAC domain

domain

Signal peptide Metalloproteinase Cysteine-rich
domain domain

Figure 6.7. Schematic diagram of ADAMTSY7 protein and antibody
specificity sites. Human ADAMTS7 is 1686 amino acids in length, and
has a predicted molecular weight of 181 kDa. The anti-ADAMTS7
antibody (ab45044) bound the prodomain, after the second furin cleavage

site (RVLRKRGO) between positions 80-140. The other anti-ADAMTS7
antibody (ab28557) bound in the spacer domain. The anti-FLAG antibody
bound to the C-terminal FLAG tag. The variant rs3825807 was located in
the prodomain.

Western blotting was conducted to determine the expression of
ADAMTS7. ADAMTS7 and many ADAMTS7 fragments were detected in MSC
cell lysates. Full-length ADAMTS7 was detected at ~250 kDa, a size also
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reported by other researchers (Somerville et al., 2004; Pu et al., 2013; Figure
6.8). It was much larger than its predicted size of 182 kDa, most likely due to
the fact that ADAMTS7 undergoes heavy post-translational modifications
(Somerville et al., 2004).

HEK293 cells were transiently transfected with full length ADAMTS7
containing serine at position 214 (ADAMTS7-Ser) to verify the ADAMTS7
expression pattern seen in MSCs. A mock transfection was also performed as a
control. Anti-FLAG M2 a monoclonal antibody, detected the C-terminal FLAG
tag, so was able to detect transfected recombinant ADAMTS7 (Figure 6.7).
Overexpression of ADAMTS7-Ser showed similar results as endogenous
ADAMTS7 in MSCs (Figure 6.9).
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Figure 6.8. Representative Western blot of full length
ADAMTS7 and fragments in cell lysate. MSCs were
grown in serum-free medium for 24 hours. 20ug of protein
was loaded onto a NUPAGE® Novex® 10% Bis-Tris Gel.
Anti-ADAMTS7 prodomain antibody (ab45044) was used
at 1:1000 dilution.
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Figure 6.9. Western blot of HEK293 cells transfected
with  ADAMTS7-Ser plasmid. HEK293 cells were
transfected with full length ADAMTS7 protein containing
serine at position 214 and a FLAG tag at the C-terminal at
position 1686. Cell lysates were collected and 20ug of
protein was loaded onto a NUPAGE® Novex® 10% Bis-Tris
Gel. Anti-FLAG antibody, anti-ADAMTS7 prodomain
antibody and anti-ADAMTS7 spacer domain antibody were
used.

191



6.2.4 Analysis of rs3825807 on ADAMTSY protein expression and
processing

To re-iterate Pu et al.,, (2013) reported rs3825807 affects ADAMTSY
processing, whereby vascular SMCs of the GG genotype had a reduced
amount of cleaved ADAMTS7 prodomain in conditioned media, compared to the

AA genotype.

Firstly to determine whether rs3825807 affected ADAMTS7 protein
expression in MSCs and differentiated SMCs within the cell, cell lysates were
collected and 20pg of protein resolved on a NUPAGE® Novex® 10% Bis-Tris
Gel. There was no apparent difference in full length ADAMTS7 or fragments in

individuals of the GG genotype compared to the AA genotype (Figure 6.10).

A B
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MSCs Differentiated SMC

Figure 6.10. Western blot of ADAMTS7 and fragments in MSCs
and differentiated SMC lysates. (A) MSCs and (B) differentiated
SMCs were grown in serum-free medium for 24 hours, and 20ug of
protein was loaded onto a NUPAGE® Novex® 10% Bis-Tris Gel. Anti-
ADAMTSY prodomain antibody was used. There was no effect of
rs3825807 on full length ADAMTS7 in MSCs and differentiated
SMCs (n=3 of each genotype).
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Next to investigate whether rs3825807 affected ADAMTS7 prodomain
cleavage, cells were treated to serum-free media for 24 hours, and media was
collected and concentrated using the 10K Amicon Ultra 15ml centrifugal unit to
provide a sufficient amount of protein for the detection of ADAMTS7. In
preliminary Western blot experiments, ADAMTS7 prodomain was not observed
when the media was concentrated at a later date than the day of collection, or
when the samples had been frozen. A possible explanation is as ADAMTS7 is a
secretory protein; its prodomain is most likely degraded quickly after cleavage.
So conditioned media was collected, concentrated and resolved by Western
blot on the same day.

A preliminary analysis of conditioned media from MSCs of the AA and
AG genotype suggested more prodomain was present from individuals with the
AA genotype (Figure 6.11A). Next, conditioned media from MSCs from three
different donors of the AA and GG genotype were investigated. Protein
quantification was performed, and the ADAMTS7 prodomain band intensity was
normalised to Ponceau S staining, to account for unequal loading. Upon
quantification, a genotype effect on the amount of prodomain in MSC
conditioned media was not seen (p=0.9; Figure 6.11B). A closer analysis of the
Western blot revealed a number of prodomain fragments of similar size, most
likely reflecting furin cleavage at the different furin recognition sites within the

prodomain.

Next, conditioned media was collected from differentiated SMCs, from
three donors of the AA genotype and three donors of the GG genotype.
Western blot was repeated under the same conditions as the previous
experiment. Upon quantification of the ADAMTS7 prodomain, a trend was
observed where individuals of the GG genotype had a higher ADAMTS7 band
intensity than the AA genotype, however this was not significant (p=0.1; Figure
6.11C).
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Figure 6.11. Detection and quantification of cleaved ADAMTSY
prodomain in MSCs and differentiated SMC conditioned media.
Conditioned media was concentrated, and 20ug of protein was loaded onto
a NUPAGE® Novex® 10% Bis-Tris gel. (A) Detection of ADAMTS?
prodomain in MSC conditioned media of the GA and AA genotype (n=1 of
each genotype). No effect of rs3825807 on ADAMTS7 prodomain cleavage
in conditioned media from (B) MSCs and (C) differentiated SMCs. Data
shown by column graph is the ADAMTS7 prodomain band intensity
normalised to Ponceau S staining. Data is shown as mean * Standard
Deviation (SD; n=3 of each genotype).
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6.2.5 Analysis of rs3825807 and cell migration

Although an effect of rs3825807 on ADAMTS7 prodomain processing
was not seen in conditioned media from MSCs and differentiated SMCs, further
analysis of this variant was carried out. As it has been reported by Pu et al.,
(2013) that the SNP also significantly affected vascular SMC migration. So |
went on to test if | could replicate this finding.

To investigate whether the ADAMTS7 genotype had an effect on cell
migration, scratch assays were performed on cells either with the GG or AA
genotype for rs3825807. MSCs were seeded into 6 well plates at 1x10*
cells/cm?. Upon confluency, a pipette tip was used to make a scratch the length
of the well. Cell migration was measured in two different ways (Figure 6.12).
The first analysis was the measurement of the cell-covered area over 24 hours,
which generated a migration curve. The linear phase of migration was the
important feature of the curve, as this determined the speed of the wound
closure (slope). The second analysis was the measurement of the distance the
cells had migrated after 6 and 9 hours after the wound was created. The
distance measured was an average of 5 different points along the wound for
each image (Figure 6.12C).

Figure 6.12. Representative images of a scratch assay on MSCs
analysed by Image J software. (A) Wound created by a P20 pipette tip.
(B) Image J detected the cell-covered area (black) of the image. (C) Image J
was used to calculate the distance (um) between the two sides of the
scratch at 5 different points along the scratch. Magnification x10.
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The effect of rs3825807 on migration may be small, so reliability of the
method was necessary. To test this, the quantification of cell migration via a
scratch assay was conducted on MSCs from the same donor (Donor 9) on two
different days (Figure 6.13). There was no significant difference (p=0.18) in the
speed of the wound closure between different days. There was also no
difference in the distance cells had migrated after 6 (p=0.7) and 9 hours (p=0.8),

suggesting the method was fairly reproducible.
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Figure 6.13. Reproducibility of the scratch assay. A scratch assay
was conducted on MSCs from Donor 9 on different days, one week
apart, to determine the reproducibility of the experiment. Cellular
migration was quantified by the percentage of cell-covered area and the
distance cells migrated (um). (A) Characteristic migration curve of a
scratch assay, MSCs had a short lag phase, as the linear phase was
entered rapidly and reached saturation after 20 hours (B) the rate MSCs
migrated was determined by the linear phase, after a baseline correction
was performed using the 0 hour data point. The migration distance of
MSCs at (C) 6 hours and (D) 9 hours was reproducible between different
experiments.
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Next, the scratch assay was carried out on MSCs from 8 different
donors; 4 donors with the AA genotype and 4 donors with the GG genotype.
There was a non significant difference (p=0.4) between the two genotypes for
rs3825807, however it was observed that MSCs with the AA genotype migrated
faster than the GG genotype (Figure 6.14A, B). To determine if the effect of
rs3825807 could be recapitulated in SMCs, MSCs were differentiated into
SMCs, and a scratch assay performed. It was observed upon differentiation the
rate of migration dropped markedly. Analysis of the migration between
differentiated SMCs with different rs3825807 genotypes, showed that there was
no significant difference (p=0.6) between the AA and GG genotype (Figure
6.14C).

A power calculation was carried out to determine if the migration study
was adequately powered. The data from 8 donors was used, based on the
difference between genotype groups observed at 7 hours for MSCs, and 36
hours for differentiated SMCs, as this is where the difference was the greatest
(Figure 14A, C). The mean and SD were used to calculate the sample size.
Currently the cell migration study had 16.2% and 10.6% power using data from
MSCs and differentiated SMCs, respectively. Calculations showed in order to
validate the difference seen between genotype groups, MSCs and differentiated
SMCs, required 26 and 48 samples in each genotype group, respectively, which
would provide the study with 80% power. Genotyping data showed that there
were 31 donors with the AA genotype, and 29 donors with the GG genotype for
rs3825807. So, additional MSC donors could have been analysed in each
genotype group, however due to time constraints | was not able to extend this

study.
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Figure 6.14. A scratch assay was carried out on MSCs and

differentiated SMCs with

the AA or

GG genotype for

rs3825807. For MSCs (A) the cell surface covered area between
2-7 hours and (B) the migration distance at 6 and 9 hours. For
differentiated SMCs (C) the area covered by cells between 16-36
hours and (D) the migrated distance at 12 and 24 hours. Data is
shown as mean + Standard Deviation (SD; n=4 each genotype

group).
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6.3 Discussion

Three independent GWASs have identified ADAMTS7 to be associated
with CAD. Since this discovery, researchers have aimed to understand the
association of ADAMTS7 and CAD. Mouse ADAMTS7 knock out models have
shown mouse ADAMTS7 has a pro-atherogenic role (Bauer et al.,, 2015;
Kessler et al., 2015). Recent studies assessing the effect of the CAD-
associated variant, have demonstrated that rs3825807 (Ser-to-Pro substitution)
affects ADAMTS7 prodomain cleavage, COMP cleavage and vascular SMC
migration in vitro (Pu et al., 2013). The aim of this chapter was to use the
ADAMTSTY locus, as a proof of principle, to determine the use of MSCs to study
CAD-related loci.

In order to recapitulate the effects of rs3825807, the expression of
genes, in the proposed mechanism were investigated in MSCs and
differentiated SMCs. MSCs expressed ADAMTS7, and upon differentiation into
SMCs, expression significantly increased (2.4-fold). This result is not consistent
with existing findings. The SMC differentiation medium contained TGF-$1,
which has been shown to cause a down-regulation of ADAMTS7 in cultured
vascular SMCs (Wang et al., 2009). The discrepancy may be due to the time
point, at which ADAMTS7 expression was measured. Wang et al., (2009), in
addition to analysing ADAMTS7 mRNA levels, looked at ADAMTS7 protein
expression in the carotid arteries of a rat balloon injury model, and saw an initial
decrease of ADAMTS7 after 24 hours, before increasing at 4-7 days. Wang et
al., (2009) study on ADAMTS7 mRNA levels in cultured vascular SMCs, do not
state the time point of analysis, and may have analysed ADAMTS7 expression
at 24 hours, where protein expression does decrease as demonstrated in the
experiment on ADAMTSY7 in the carotid arteries. Our study looked at gene
expression after a 6 day treatment with TGF-B1. The primary reason to
investigate ADAMTS7 was to check the gene was still expressed upon SMC
differentiation, so further analysis of the ADAMTS7 gene and protein could be

undertaken in differentiated SMCs.

ADAMTS7 enables vascular SMC migration, by degrading the ECM
protein COMP (Pu et al., 2013; Wang et al., 2009). So, COMP expression was
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investigated. Interestingly MSCs did not express COMP, but upon SMC
differentiation, COMP was highly expressed. COMP is expressed by vascular
SMCs (Riessen et al.,, 2001) and interacts with a;p; integrin to keep vascular
SMCs in a contractile state (Wang et al., 2010). Knockdown of COMP by
siRNAs resulted in the loss of a contractile phenotype (Wang et al., 2010). The
upregulation of COMP in differentiated SMCs, further supports our findings from
Chapter 5, that upon SMC differentiation, cells had taken on a contractile SMC

phenotype, albeit immature.

A later experiment for this chapter was to investigate the effect of
rs3825807 on cell migration, which involved re-seeding differentiated SMCs for
a scratch assay, after the 6 day SMC differentiation step. After this step, |
wanted to establish if cells were still SMC-like, still expressed ADAMTS7, and to
investigate the effect of withdrawing TGF-B1 from the SMC differentiation
medium. After cells were subjected to the 6 day SMC differentiation treatment,
they were seeded at 4x10* cells/cm? into new wells, and treated for another 7
days with SMC differentiation medium without TGF-B1 or SMC differentiation
medium with TGF-B1. An increase in ACTA2 was observed, which may have
been due to the change in culture conditions, as cells went from a very
confluent to a less dense environment. The effect of TGF-B1 is dependent on
the cellular environment. TGF-B1 is a pleiotropic factor, it binds and activates
type | and Il receptors to signal through SMAD- dependent and independent
pathways (Shi & Massagué, 2003). The activation of these pathways depends
on cell type, cell density and culture conditions (Hneino et al., 2009; Orlandi et
al., 1994).

As ADAMTS7 was expressed in MSCs and differentiated SMCs the
effect of rs3825807 on ADAMTS7 gene expression was investigated. There
was no difference in ADAMTS7 expression between cells with the AA and GG
genotype, which is consistent with Pu et al., (2013), who also saw no
association of rs3825807 on ADAMTS7 expression in vascular SMCs. Apart
from rs3825807, two further SNPs; rs1994016 and rs4380028 were identified as
lead SNPs in the other two GWASs (Reilly et al., 2011; C4D Genetics
Consortium, 2011). Rs1994016 is in strong LD (r*>0.8) with rs3825807, it
locates to intron 8 of ADAMTS7. Rs4380028 sits in an intergenic region 7.6kb
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upstream of ADAMTS7 and is in r? of 0.5 with rs3825807, which is suggestive
that there may be more than one signal at the ADAMTSY locus. Figure S2 is a
graphical representation of the LD at 15g21. The first haploblock includes
rs3825807 and rs1994016, the second haploblock includes rs4380028. This
evidence combined with the low to moderate linkage with rs3825807 and
rs1994016, suggests that rs4380028 may represent an independent signal at

this locus, and may be worth investigating independently.

Rs3825807, rs1994016 and rs4380028 have been analysed in a large
eQTL dataset; the Multiple Tissue Human Expression Resource (MuTHER)
study (n=850). In lymphoblastoid cell lines, a significant association was seen
with ADAMTS7 expression, where the CAD risk allele associated with higher
ADAMTS7 expression (Grundberg et al., 2012). But it still remains to be
investigated, if eQTLs exist for ADAMTS7 in relevant human cells and vascular

tissue, such as aortic SMCs or coronary lesions.

An additional SNP at the ADAMTS7 locus has been identified to be
significantly associated with CAD. The C4D Genetics Consortium (2012)
conducted a larger study comprising of 63,746 CAD cases and 130,681
controls. The study confirmed the CAD-associated ADAMTS7 locus, however
rs7173743 (r*= 0.4 with rs3825807) was identified as the lead SNP. Rs7173743

is also located 38kb upstream of ADAMTS7 in an intergenic region.

To recapitulate the functional effects of the Ser-to-Pro (A to G)
substitution in the ADAMTS7 prodomain shown by Pu et al., (2013), Western
blot was carried out. Upon activation, the ADAMTS7 prodomain is cleaved off,
so by measuring the amount of prodomain indicates the level of mature
ADAMTS7. An ADAMTS7 antibody (ab45044) was used that specifically bound
at the prodomain. An ADAMTS7 overexpression study verified the ADAMTS7
expression pattern seen in MSCs. Alternatively a blocking peptide experiment
could have been performed or the band of interest sliced from the gel and
prepared for mass spectrometry analysis. These experiments would have
confirmed the specificity of the ADAMTS7 antibody.

Western blot analysis showed genotype had no effect on the amount of
cleaved ADAMTS7 prodomain in MSC conditioned media. However in
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conditioned media from differentiated SMCs, cells with the GG genotype overall
had more cleaved ADAMTS7 prodomain present than cells with the AA
genotype. But upon quantification, there was a non significant difference in the
ADAMTSY prodomain band intensity between the two genotypes. Western blot
showed one of the donors with the AA genotype displayed more ADAMTS7
prodomain than the other two donors with the AA genotype (Figure 6.11C).
This difference observed within AA genotype, maybe be due to rare variants
within ADAMTS?7, that also affect ADAMTS7 prodomain processing, that have

not yet been discovered.

Cell migration is a key process for normal development and maintenance
of an organism. It is also important in disease processes such as
atherosclerosis. Upon vascular injury, SMCs and monocytes migrate into the
intima space within the vessel, which results in atherosclerotic and restenotic
lesion formation (Schwartz, 1997). Pu et al., (2013) show rs3825807 affects cell
migration of vascular SMCs in vitro, so | aimed to recapitulate this finding.
Scratch assays were performed which reveal properties of a cells migratory
behaviour. Data from the scratch assay was analysed in two different ways.
Measuring the area covered by cells over time, than measuring the distance
cells migrated is a more accurate analysis, as it is not affected by individual
migrating cells. However, both forms of analysis were carried out. It was
observed, MSCs of the AA genotype migrated faster than cells of the GG
genotype, but in differentiated SMCs, the observation was reversed. However,

there was a non significant effect of the rs3825807 genotype on cell migration.

A power calculation was carried out, to determine if the study was
adequately powered. For MSCs, 26 individuals would have been required for
80% power, to reject the null hypothesis (there is no relationship between
genotypes). For differentiated SMCs, 48 individuals would have been required
for 80% power. So the cell migration study may have benefited from a larger
sample number, as a smaller difference needs a larger sample group to validate
it.

An explanation for why a difference in cell migration was not observed

between the two genotype groups in MSCs is because MSCs do not express
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COMP. The mechanism for ADAMTS7-mediated migration occurs when mature
ADAMTSY degrades COMP. So the effect of rs3825807 on cell migration would
not have been seen, as there was no COMP for differential amounts of
ADAMTSY to act on and degrade.

A potential reason why the complete recapitulation of the effect of
rs3825807 was not seen in differentiated SMCs is maybe due to the finding that
differentiated SMCs were of an immature phenotype. Pu et al.,, (2013)
demonstrated the significant effects of rs3825807 in primary vascular SMCs.
Our immature differentiated SMCs may have been of a different phenotype to
vascular SMCs used by Pu et al., (2013). If so, the repertoire of proteins and
characteristics of the cells may have been different, and may have altered the
functional effect of the variant. As an extra component may have been present
in the vascular SMCs used by Pu et al., (2013) that contributed to the genotype-

specific effect, which was not present in differentiated SMCs.

Alternatively, rs3825807 may exert its effects on ADAMTS7 in another
manner. Furin is present in virtually all cells (Thomas, 2002; Denault and Leduc,
1996), and is most likely the preferred pro-ADAMTS7 convertase (Somerville et
al.,, 2004). However, as | did not see differential ADAMTS7 processing
according to genotype in MSCs and differentiated SMCs, the variant may
influence ADAMTSY7 in a furin-independent manner. The majority of ADAMTS
prodomains have consensus sites for the attachment of N-linked
oligosaccharides (Koo et al., 2006), where ADAMTS7 has a single N-
glycosylation site in the prodomain (Somerville et al., 2004). Glycosylation is
very important for a wide range of biological processes, ranging from
recognition of a protein to controlling the conformation of a protein. Thus
rs3825807 may affect the glycosylation of the ADAMTS7 prodomain, resulting
in differences in post-translational processes, which may warrant further

investigation.

It is important to note that if the effect of the variant is specific to vascular
SMCs, then the efficiency of SMC differentiation may have added an additional
layer of variation into the assay, and may have masked the effects of

rs3825807. Immunofluorescence analysis of differentiated SMCs demonstrated
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approximately >90% of cells were positive for expression of a-SMA and
calponin in cells from three different donors (Chapter 5, Section 5.2.2.3).
However this is not a quantitative method. The SMC differentiation of MSCs
across ten donors, showed some variability in ACTA2 gene expression,
however protein expression of SMC markers was not quantified in these cells
from the ten different donors. Future work should look to quantify the level of
ACTA2 and CNN1 markers by flow cytometry to determine the efficiency and
reproducibility of the SMC differentiation protocol.

6.3.1 Future work

Scratch assays have many disadvantages for measuring cell migration.
Creating a ‘scratch’ causes damage to cells, removal of the ECM components
and can result in the leakage of intracellular contents, which may obscure the
interpretation of the data. The wound size and shape is also very variable. This
variation may mask any effects of the variant, and complicate data analysis.
Alternative methods may be required to measure and quantify migration more
accurately. The Boyden Chamber assay is a useful tool to study cell migration
and invasion. Cells are placed into an upper compartment, which migrate
through a microporous membrane into a lower compartment, which contains a
chemoattractant. The cells are incubated for a period of time, and the
membrane fixed and stained. The number of cells that have migrated through
the membrane is determined. This method may provide an alternative approach

to studying the effect of rs3825807 on migration.

It is likely the true disease-related effects of the variants are only seen
under disease-specific conditions. During the progression of an atherosclerotic
lesion, SMCs migrate from the tunica media into the tunica intima, which is
regulated by pro-inflammatory cytokines such as TNF-a and PDGF-BB. This
environment may need to be recreated, to capture the true effects of the variant.
To support this idea, Bauer et al., (2015) showed that a 24 hour TNF-a
treatment on ADAMTS7 "VSMCs compared to WT cells, showed a reduction in
migration, while untreated cells showed no difference in migration. This
supports the notion that the effect of ADAMTS7 on vascular SMC phenotype is
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revealed under inflammatory stress conditions. If a cytokine treatment was to be
incorporated into the experimental design, it would require further
characterisation of differentiated SMCs, and the determination of the effect on
ADAMTS7 expression.

Abnormal re-endothelialization is inversely correlated with neointimal
formation during post-injury restenosis and atherosclerosis. Kessler et al.,
(2015) demonstrated that ADAMTS7 inhibits endothelial recovery upon injury,
as it inhibits endothelial cell proliferation and migration, in addition to its role in
vascular SMC migration. Therefore it may be important to study rs3825807 in
endothelial cells, to determine if it has an effect on endothelial proliferation and

migration.

6.3.2 Conclusion

As a proof of concept study, | aimed to recapitulate the effect of
rs3825807 on ADAMTS7 prodomain processing and vascular SMC migration,
to test the use of MSCs in modelling CAD-related variants. In MSCs and
differentiated SMCs, a genotype effect of rs3825807 on ADAMTS7 prodomain
processing or cell migration was not seen. A power calculation showed larger n
numbers were required for the investigation of rs3825807 on cell migration.
These results suggest that MSCs as an in vitro model to investigate CAD-

related variants may not be practical.
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Chapter 7- Discussion
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Since 2007, many GWASs have been conducted to identify genetic
variants that are associated with CAD. These studies have resulted in 50 risk
loci, more than half of which are very common; being found in over 50% of the
population. 35 of these variants are not associated with intermediate risk
factors, or sit in or near genes with a known cardiovascular function, which
suggest they act through novel biological pathways. It is important to clearly
understand how changes induced by genetic variants at the DNA level, affect
susceptibility genes, which can alter molecular phenotypes and subsequently
result in changes in the disease trait. The race is now on to establish the
mechanistic pathways that these variants act through, in order to eventually

target them for therapeutic purposes.

Atherosclerosis, the underlying pathological process of CAD, involves
many different cell types’ e.g. endothelial cells, monocytes, vascular SMCs that
are implicated in the disease pathology (discussed in Chapter 1.2; Libby et al.,
2011). It is hypothesised that the risk variants act in one, or more than one of
these cell types to exert their effects and contribute to disease. An in vitro model
system is required which enables in vitro studies to investigate the function of
CAD-associated variants in different cell types, and aid in understanding the
disease pathogenesis. As primary tissue-specific cells from different individuals
are difficult to obtain and are not available in large quantities, developing a
genotype-specific model using stem cells that have the ability to differentiate

into CAD-relevant cell types, is a possible solution.

There are three types of stem cells; ESCs, iPSCs and adult stem cells.
ESCs are pluripotent, and can give rise to almost any cell type in the human
body. ESCs are derived from the inner cell mass of a blastocyst, which is an
early-stage preimplantation embryo that is destroyed upon ESC isolation. Thus
the use of ESCs is clouded by ethical issues. For this reason, using ESCs to
create a cell bank is undesirable, problematic, in addition to requiring complex
culture conditions to maintain ESCs. IPSCs represent an alternative stem cell to
use to create genotype-specific disease models. Four transcription factors
(Oct4, Sox2, KlIf4 and c-Myc) are able to create pluripotent stem cells from
somatic cells (Takahashi et al., 2007). However the generation of iPSCs is a

long, labour intensive process (takes > 1 month) with low efficiency, for example
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less than 1% of transfected fibroblasts become IPSCs (Yamanaka, 2012),
however non-viral reprogramming methods have achieved efficiencies of up to
4.4% (Warren et al., 2010). Also the resultant cells require careful attention
during culturing. To produce over 100 different iPSC lines and investigate
casual variants within the course of this PhD was not practicable. However
initiatives to create and bank vast numbers of iPSCs have been instigated. The
UK has launched the Human Induced Pluripotent Stem Cell Initiative (HIPSCI)
which aims to produce iPSCs from more than 500 healthy individuals and 500
individuals with genetic disease. A second initiative is a €55.6 million project
known as StemBANCC. They intend to generate 1,500 iPSC lines from 500
patients. The aim of both projects is to use iPSCs to study the effects of genetic
variation on cellular phenotypes, in addition to standardise protocols for iPSC
differentiation into specific cell types (Moran, 2013). These banks will provide a

great resource for disease modelling in the future.

For this thesis, we decided to approach the challenge of functionally
investigating CAD-associated variants by creating a MSC bank, as they also
have the ability to differentiate into CAD-relevant cell types. MSCs are easily
isolated from a number of different regions within the body, and are
straightforward to maintain in culture. The umbilical cord was chosen as the
source of isolation over other tissues for a number of reasons. Firstly, MSCs
derived from the umbilical cord are biologically younger than MSCs from other
sources e.g. bone marrow-derived MSCs. Also MSCs derived from the umbilical
cord from different donors are biologically the same age, whereas bone marrow
donors are often from all age groups, where it has been shown that an increase
in donor age associates with a decline in proliferation and differentiation of
MSCs (Zaim et al.,, 2012; D'lppolito et al., 1999). Secondly, umbilical cord-
derived MSCs have a primitive nature, as they biologically lie between ESCs
and adult stem cells (Pappa & Anagnou, 2009; De-Miguel et al., 2009), and
have been reported to have a higher capacity of pluripotency than adult stem
cells, demonstrated by findings that umbilical cord-derived MSCs can give rise
to cells from all three germ layers (Can & Karahuseyinoglu, 2007). Thirdly, the
umbilical cord is classed as medical waste, therefore is an easily available and

obtainable tissue, enabling the production of a MSC bank quickly.

208



To create the MSC bank, MSCs were successfully derived from 114
umbilical cord samples using the explant method. Cells were characterised
according to the criteria proposed by the ISCT (Dominici et al., 2006) to confirm
they were MSCs. Next whole-genome genotyping was performed using the
Axiom™ Genome-Wide UKB WCSG Genotyping Array, to determine the
genotypes of the MSC bank for complex trait-associated variants to enable
future studies into complex diseases, as the use of the MSC bank is not just
limited to studying CAD-associated variants. For the MSC bank, the genotype
for 50 CAD-associated SNPs were determined. 37 CAD variants could be
studied in our MSC bank, as there were at least 3 donors that were
homozygous for the major and minor allele. For homozygote vs heterozygote

studies, 49 CAD-associated SNPs would be able to be analysed.

In order to test the MSC bank as a research tool for the study of complex
traits/diseases | performed two proof of principle studies. As | showed MSCs
differentiated into adipocytes, | investigated if MSC-derived adipocytes could
replicate eQTL findings reported in a previous study. Speliotes et al., (2010)
conducted a GWAS and identified 18 genetic loci that associated with BMI, and
reported the functional annotation of these loci. Several loci had cis-eQTLSs in
adipose tissue. | chose to focus on one of these BMI-associated loci, which
centred on rs3810291, and mapped to chromosome 19913 residing in the 3’
UTR of the ZC3H4 gene. Speliotes et al.,, (2010) reported rs3810291
significantly associated with expression of the ZC3H4 gene in adipose tissue. In
addition, the mouse homolog of ZC3H4 is a known body weight QTL in mice
(Suto et al., 1998; Suto & Sekikawa 2004); suggesting ZC3H4 is the functional
gene at this locus. | chose to look at a second locus centred on rs10840106 that
maps to an intergenic region on chromosome 11p15. Speliotes et al., (2010)
reported rs10840106 was the peak SNP (the most significant SNP associated
with the gene transcript) that associated with TRIM66 gene expression which
was also located on chromosome 11pl15. It was not reported as a BMI-
associated variant, however | still chose to investigate rs10840106, as it had a
huge effect (p=1.1x10""") on TRIM66 expression. The expression of both genes
was investigated in MSCs and MSC-derived adipocytes. Firstly there was no
significant effect of the rs3810291 genotype on ZC3H4 expression in MSCs and
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MSC-derived adipocytes. However a trend was observed in the reported
direction, homozygote minors (GG) showed reduced ZC3H4 expression
compared to homozygote majors (AA). The most likely explanation for not
recapitulating the effect of rs3810291 on ZC3H4 expression is due to the
variability of the adipogenic differentiation, which added variation into the assay,
in addition to the small sample size used. Secondly, a significant genotype
effect was revealed for rs10840106 on TRIM66 gene expression in MSCs and
differentiated adipocytes. Homozygote minors showed an increase in TRIM66
expression, in comparison to homozygote majors. However, the direction of the
effect was not reported, and this information was not available elsewhere.
Speliotes et al., (2010) reported rs108401016 was an eQTL for TRIM66 in
blood, omental fat and liver, in addition to adipose tissue, which suggests it was
not a tissue-specific effect, and hence may explain why a significant association
for this variant was observed in MSCs.

Next in order to study CAD-associated variants, | first investigated the
ability of our MSC bank to differentiate into CAD-relevant cell types. Numerous
reports demonstrate the ability of MSCs to differentiate into hepatocytes and
SMCs (Aurich et al., 2006; Kang et al., 2006; Stock et al., 2010; Duncan, 2000;
Kinoshita & Miyajima, 2002; Zaret, 2002; Kurpinski et al., 2010; Gong &
Niklason, 2008; Jain, 2003).

One of the original aims of this project was to obtain MSC-derived
hepatocytes to conduct a proof of principle study using one of the most
characterised CAD loci (1p13). Musunuru et al., (2010) demonstrated the CAD-
associated variant rs12740374 was responsible for the differential expression of
SORT1, specifically in the liver. So, my aim was going to be to differentiate
MSCs from genotyped donors into hepatocytes, to recapitulate the effect of
rs12740374 on SORT1 expression, to overall demonstrate the feasibility of
using MSC-derived cells to model CAD. In an attempt to obtain hepatocytes,
MSCs were exposed sequentially to growth factors and cytokines (detailed in
Chapter 5, Figure 5.2). After the 23 day hepatogenic differentiation protocol,
MSCs altered in morphology to a hepatocyte-like appearance, but did not show
an up-regulation of hepatogenic markers, therefore these cells were not taken
further for functional characterisation. As | was not able to successfully
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differentiate MSC into hepatocytes, the SORTL1 proof of principle study could
not be carried out. So | focused on a different CAD-associated variant in MSC-

derived SMCs as an alternative proof of concept study.

Thus experiments were conducted to obtain SMCs. MSCs were
differentiated towards a SMC lineage by a 6 day treatment with 10ng/ml TGF-31
and 1% FBS. Differentiated cells expressed early and mid-SMC markers,
produced calcium transients upon exposure to agonists, but did not contract,

overall suggesting cells had taken on an immature SMC phenotype.

Next | went on to investigate whether MSC-derived SMCs are a suitable
model to study CAD-associated loci, by attempting to replicate the effects of
rs3825807 observed in vascular SMCs as a second proof of concept study. This
variant is located in the prodomain of the protease ADAMTSY. It has been
hypothesised that the Ser-to-Pro substitution caused by rs3825807 may reduce
access of proprotein convertases such as furin, to cleave ADAMTS7 at the
prodomain to produce mature ADAMTS7 in vascular SMCs. Subsequently it
was shown that rs3825807 affects ADAMTS7 prodomain cleavage, vascular
SMC migration and COMP cleavage (Pu et al., 2013), and this is what | sought
to replicate. Unfortunately the effect of rs3825807 on ADAMTS7 processing and
cell migration was not recapitulated in differentiated SMCs. Pu et al., (2013)
reported a significant effect of the rs3825807 genotype on ADAMTS7
processing and vascular SMC migration, using a small sample size (n=5 each
genotype group). A power calculation based on the migration data (n=4 each
genotype group) | obtained suggested a much larger sample size was required
to see a significant effect between genotype groups. The effect of rs3825807 on
COMP cleavage was not investigated, as | was not able to recapitulate the
primary genotype effect of rs3825807 on ADAMTS7 cleavage, which acts on

COMP to cause differential vascular SMC migration between genotype groups.

It is of importance to note that the effect of disease-associated SNPs
may only be seen under disease-related conditions. SMCs are a plastic cell
type as they can switch between a contractile or synthetic phenotype (Owens et
al., 2004). Under normal physiological conditions SMCs have a low replication

and migration rate, upon vascular disease, such as hypertension and
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atherosclerosis; they dedifferentiate into cells with a high migration and
proliferation rate (Yoshida & Owens, 2005; Beamish et al., 2010). The migration
of SMCs from the tunica media to the intima media occurs in intimal thickening
during atherosclerosis, which is regulated by pro-inflammatory cytokines such
as TNF-a and PDGF-BB, both of which up-regulate ADAMTS7 (Wang et al.,
2009), suggesting the induction of ADAMTS7 may be required to exert its
maximal effects on cell migration. Support for this notion comes from a study by
Bauer et al., (2015) who showed that ADAMTS7 knock-out vascular SMCs
showed reduced migration compared to WT cells, but only under inflammatory
stress conditions (24 hour treatment with TNF-a). So it would be of interest, to
treat genotype-specific differentiated SMCs with TNF-a before measuring cell
migration between genotype groups. In addition, my results suggested the
differentiated SMCs | obtained were more of a contractile phenotype. So it may
be necessary to look at ADAMTS7 in SMCs of a more synthetic/dedifferentiated
phenotype, where the effect of the CAD-associated variant might be more
apparent. Previous reports suggest that ADAMTS7 modulates the vascular
SMC phenotype and vascular SMC response upon inflammation during
atherosclerosis (Wang et al., 2009, Bauer et al., 2015). Overall it is evident that
ADAMTSY has a role to play in the pathology of atherosclerosis, and further
investigation may pave the way for the development of novel therapeutics to
target ADAMTSY.

Despite the huge amount of genetic data from continuous GWASSs, there
are many barriers to try and define the functional contributions of genetic
variants in complex diseases. This thesis highlights the key challenges of using
a stem cell model to investigate complex disease-associated variants. The
primary research on MSCs has been focussed on their use in regenerative
therapy, demonstrated by the numerous clinical trials (as there are over 400)
involving MSCs. However, | am not aware of any disease models created using
MSCs and to my knowledge, this project is the first attempt to use MSCs as a
model to study genetic variants associated with complex disease. Results from
this thesis suggest that to detect genotype driven effects using a stem cell
based approach, either the phenotypic effect needs to be large or additional

consistency needs to be applied to the differentiation protocols, as it creates an
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additional level of variation in the experimental assay. For small phenotypic
effects my findings show that larger sample sizes are required, which may not
always be possible depending on the genetic variant under analysis. While the
use of MSCs in disease modelling may represent a potentially useful approach,

there are many considerations that need to be taken into account.

The starting population of MSCs are heterogeneous exhibiting donor-to-
donor differences, which will have subsequent implications in downstream
experiments. MSCs were isolated from the umbilical cord using an explant
method, which may have induced heterogeneity into the population. Different
guantities of cells initially migrated out of the tissue blocks from each donor,
making it difficult to calculate the exact age of the MSCs. The passage number
gives an approximate idea of the number of cellular divisions a population has
gone through; however this is not a true measure of cell age. As a result, MSCs
from different donors would consist of a population of cells that have gone
through a different number of cell divisions. To further contribute to the
heterogeneity, when MSCs migrated out of the explant fragments, DNA
methylation and global gene expression changes would have occurred, in order
for cells to adapt to the new environment (Wagner et al., 2008; Bork et al.,
2010; lIzadpanah et al., 2008). Also, cellular differentiation may have arisen as
MSCs moved from their in vivo environment, which would have resulted in a
population with variable levels of mature cells (Wagner et al., 2010). In vitro
culture can also subject MSCs to stress conditions (such as high oxygen
concentrations), which can lead to the accumulation of mutations, resulting in

heterogeneity (Wagner et al., 2010) in MSCs from different donors.

| previously showed that MSCs from different donors showed variable
levels of adipogenic differentiation at the genetic and phenotypic level. MSCs
are a naturally heterogeneous population (D’lppolito et al., 1999; Kretlow et al.,
2008), as described previously (Chapter 3, Section 3.3), and most likely
consists of a population of cells with different abilities to differentiate. In
addition, it has been shown that the perinatal environment can affect the MSC
differentiation potential in vitro. For example, evidence suggests it is during the
perinatal stage that MSCs commit to become pre-adipocytes. A study
comparing MSCs from normal and diabetic mothers showed that cells from
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diabetic mothers, showed an increase in adipogenic differentiation
(Pierdomenico et al., 2011). Another reason for the heterogeneity of MSC
differentiation across donors may be due to sequence variation in receptors for

cytokines that are involved in the differentiation process (Kajiwara et al., 2012).

There are many reports of the differentiation of MSCs into numerous cell
lineages, yet very few detail the efficiency of the differentiation, suggesting a
low capability or reproducibility of MSCs to differentiate. In general, the
differentiation protocols for MSCs are not well-developed, as there is great
variability in the approaches reported by different research groups. For
example, researchers show inconsistent results for SMC differentiation with
PDGF-BB, as some groups demonstrate PDGF-BB induces differentiation of
MSCs into SMCs (Jain, 2003). Whereas other researchers have shown it is
more involved in the switch of SMCs from a contractile to synthetic phenotype
(Sorby & dstman, 1996; Uchida et al., 1996). The majority of the studies on the
molecular regulation of MSC differentiation have been undertaken in vitro
studies; as their in vivo environment is poorly understood. So the results
observed under in vitro differentiation protocols maybe as a result of cell culture.
In addition, an in vitro environment is unlikely to supply all the extrinsic factors
found in vivo. For example adipogenesis in vivo does not occur in a two-
dimensional monolayer as carried out in vitro, so in vitro cultures maybe lacking
the induction of specific cellular signalling pathways and the complex

architecture required during in vivo differentiation (Turner et al., 2014).

MSCs can be isolated from many different sources across the body, and
may exhibit different responses to the same differentiation stimuli. As a protocol
optimised on bone marrow-derived MSCs may not be reproducible on WJ-
derived MSCs. Comparative analyses on the differentiation of MSCs isolated
from different tissues have been conducted. Kern et al., (2006) showed that
under the same experimental conditions umbilical cord blood-derived MSCs did
not differentiate into adipocytes, whereas bone marrow and adipose tissue-
derived MSCs successfully differentiated. In addition, a comparison of MSCs
from the bone marrow-, synovium-, periosteum-, adipose tissue-, and skeletal
muscle-derived MSCs, showed they did not all exhibit the same potential for
trilineage differentiation. For example, MSCs from the bone marrow, synovium,
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and periosteum had a higher capacity for chondrogenesis (Sakaguchi et al.,
2005). Differences have also been seen between MSCs derived from different
compartments within the umbilical cord. Ishige et al., (2009) report that when
compared for osteogenic potential, WJ-derived MSCs inefficiently differentiated
compared to umbilical cord artery-, and vein-derived MSCs. However, their
findings do not coincide with ours, as | showed WJ-derived MSCs successfully

differentiated into osteoblasts.

The variation in the differentiation of MSCs from different donors is a
major limitation and needs to be addressed. The variation makes it very hard to
conclude results obtained from a disease model, as it does not quantitatively
characterise differentiation methods or the resultant cultures. Our own
observations showed upon adipogenic differentiation of MSCs from ten different
donors, variability was seen at the genetic (NRNA expression) and cellular level
(lipid droplet composition). Looking at the effects of a genetic variant in these
populations, may be obscured by the variation in differentiation efficiency,
especially if the gene under investigation is expressed in the differentiated cell
type but not in MSCs, as the effect of the gene will be diluted by the
heterogeneous population. Overall, better methods to quantitatively measure
and purify (using methods such as fluorescence activated cell sorting (FACS) or
magnetic bead isolation using cell-specific markers) resultant cells after the

differentiation process is what is required for the stem-cell field.

The major research efforts in the stem cell field focus on iPSCs to derive
required cell types. Unlike MSCs, reports on iPSC differentiation demonstrate
efficiencies of cell lineage-specific differentiation. For example, Cheung et al.,
(2012) and Rashid et al., (2010) reported more than 80% of iPSCs efficiently
differentiated into mature vascular SMCs and hepatocytes, respectively, so
IPSCs may represent a better cell type to use. However, as seen with MSCs,
differentiated iIPSCs do not always fully resemble adult counterparts. For
example, iPSC-derived cardiomyocytes resemble fetal cardiomyocytes based
on sarcomeric morphology and ion channel structure. Also they do not form
organised intracellular T-tubules, implicated in action potential propagation and
calcium flux (Novak et al., 2012; Gherghiceanu et al.,, 2011; Hoekstra et al.,
2012).
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IPSCs have been used to study diseases in vitro, where they have been
used to model Mendelian disorders successfully. IPSCs generated from dermal
fibroblasts from patients with FH have been successfully differentiated into
hepatocytes, and were found to recapitulate key pathological features of FH, a
deficiency in LDL receptor-mediated cholesterol uptake, and increased lipid and
glycogen accumulation (Rashid et al., 2010). There are numerous studies using
IPSCs to model Mendelian diseases (Sterneckert et al., 2014), however to my
knowledge there are no reports on iIPSCs being used to study the effects of
disease-associated genetic variants. This further highlights the difficulties that
face scientists in the post-GWAS era in developing an appropriate disease

model to aid in understanding genetic variants that associate with disease.

To use the MSC bank may be feasible to study common CAD variants
e.g. SNPs at ADAMTSY. However, for rare variants e.g. HDAC9 there would not
be enough individuals (n=3) in each genotype group for a comparative study.
Also if the effect of a genetic variant is subtle or the noise caused by the genetic
background masks the effects of the variant, large numbers would be required
for each genotype group to observe a significant effect, which may not be
possible for other typed SNPs (e.g. EDNRA, where there is a maximum of 5
donors in each genotype group). The variation between donors, the variation in
differentiation, on top of the variation in genetic background makes investigating

individual risk loci very difficult.

To overcome these problems, genome editing would be a powerful
technique to apply to investigate these loci, and could be applied to loci studied
in this thesis. Genome editing techniques enable the generation of an isogenic
cell line pair that differs only at the genome position of interest, which allows the
background variation to be controlled for. It is a relatively novel method, but has
great potential as a technology to study functional variants and genes. The use
of genome editing technologies combined with stem cells (such as iPSCs), as
the starting cell type is a superior study design. Using genome editing methods
to create the change of interest (e.g. SNP) in the iIPSC genome, and then
simultaneously differentiate them into CAD-relevant cell types (vascular SMCs,
endothelial cells, monocytes) would allow the analysis of the CAD-associated
variants in different cell types, in an isogenic system. For example, rs3825807
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within ADAMTS7Y could be studied in vascular SMCs differentiated from iPSCs.

This approach will certainly be used more rapidly in the field of CAD genetics.

As mentioned previously, CAD is a leading cause of morbidity and
mortality worldwide. In addition, in 2011 the cost of CAD to the NHS was around
£6.7 billion (British Heart Foundation, 2012), and overall costs the UK economy
approximately £30 billion a year (Scarborough et al., 2010). The identification of
part of the genetic component of CAD (as genetic variants identified so far
explain less than 10.6% of the known heritability for CAD (Deloukas et al.,
2013)), will aid in understanding novel pathways for CAD, and provide an
opportunity to potentially aid in therapeutic intervention, in turn reducing the
medical, social and economic burden caused by CAD.

From the outset of this project, the aim was to develop an in vitro disease
model to study CAD-associated genetic variants. If we can identify the proteins
that genetic variants act on, then we can gain a better understanding of the
biological mechanisms contributing to the pathogenesis of CAD. For example,
the identification of the CAD-associated locus at 1pl13 led to the work by
Musunuru et al., (2010), who demonstrated that SORT1 is a novel CAD gene,
where a single variant (rs12740374) results in a change of LDL-C levels, and
therefore a change in the risk of CAD. At the moment the identification of CAD
risk loci have a minute impact on the clinical management of CAD.
Epidemiological studies are required to determine whether genetic variants can
predict disease in an individual, and if they are better to predict disease, than
conventional algorithms already in use e.g. Framingham Risk Score calculator.
To identify the causative genes and the respective molecular targets to develop
novel therapies will be the challenge for the next few decades, which will

hopefully one day be used against the fight to prevent and treat CAD.

7.1 Conclusion

Since the first wave of GWASSs in 2007, numerous genetic loci have been
discovered that associate with CAD. In this project | set out to explore the use of

MSCs as a model to study CAD variants. | focussed on carrying out two
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different proof-of-concept studies, using variants where the functional effect had
previously been reported, not specific to CAD. Firstly previous reports showed
rs3810291 associated with BMI, and acted as an eQTL for ZC3H4 in adipose
tissue. | sought to recapitulate the latter finding using MSC-derived adipocytes,
but did not see a significant genotype effect. Additional analysis at a second
locus (rs10840106), which had been reported to associate with TRIM66
expression, did replicate in MSCs and MSC-derived adipocytes. Secondly |
aimed to recapitulate the effects of the ADAMTS7 locus, focusing on rs3825807
which affects ADAMTS7 prodomain cleavage and vascular SMC migration.
Unfortunately, | was not able to repeat the effect of rs3825807 in differentiated
SMCs.

Overall findings from the TRIM66 locus suggest that MSCs may be
robust enough to detect the effects of variants on genetic effects such as mRNA
levels. However the findings on the ADAMTS7 locus suggest that
understanding the effect of variants on cellular phenotypes is a much more
complicated process. There are many technical challenges, such as ill-defined
differentiation protocols, that remain to be overcome in order to successfully use
MSCs to model disease. However as the differentiation protocols are improved,

the practicality of using MSCs as a model will increase.
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Anthony Nolan F-F48

Cell Therapy Centre CORD BLOOD SAMPLE TRANSFER AGREEMENT
ANTHONY NOLAN CORD BLOOD BANK MATERIAL
TRANSFER AGREEMENT

RECIPIENT: Dr D Lodwick
RESEARCHER: Sukhvir Dhillon
- PINAME: Dr D Lodwick
- -INSTITUTION: University of Leicester
- DEPARTMENT: Cardiovascular Sciences
- ADDRESS AND CONTACT DETAILS:
- Robert Kilpatrick Clinical Sciences Building
- Leicester Royal Infirmary
- Leicester, LE2 7LX

DATE: 7/9/2012

PROJECT: (attach a brief description of the Research Project)

- TITLE: A mesenchymal stem cell-based approach for investigating
cardiovascular disease-related genetic vanants.

- LOCAL RESEARCH ETHICAL COMMITTEE CODE:

- SPONSOR:

- GENERAL AIM: To use cells differentiated from mesenchymal stem cells
(isolated from umbilical cord tissue) to model the effects of previously
identified genetic variants on cardiovascular disease-related phenotypes.

-  MUTUAL BENEFITS EXPECTED:

A greater understanding of how genetic variants contribute to the risk of
cardiovascular disease and the potential identification of new therapeutic targets

- SAMPLES REQUIRED, NUMBER AND FREQUENCY:
Umbilical cord tissue. The number will depend on the genotypes of cords obtained.

Ultimately, it might be desirable to harvest cells from up to 40 cords to cover multiple
loci. It is estimated that frequency would be approximately one a week.
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Anthony Nolan F-F48
Cell Therapy Centre CORD BLOOD SAMPLE TRANSFER AGREEMENT

TERMS aND CONDITIONS
The Recipient agrees to the following Terms and Conditions:

1. Cord Blood Units will be requested using the Cord Blood Ordering Form and will
be used for the Research Project and for no other purpose,;

2. Unless permitted by Anthony Nolan, the REC approval and the provisions of the
Human Tissue Act 2004 (the “Act”) the Material may not be stored;

3. The Material must not be transferred to any other person;

4. Any intellectual property arising from use of the Material shall be owned by the
Recipient. Anthony Nolan shall be informed of any results obtained as a result of
use of the Material grants Anthony Nolan a world wide royalty free non-exclusive
licence for academic purposes to any rights resulting from use of the Material;

5. Anthony Nolan cannot warrant that the Material is free of extraneous agents, or
biologically active contaminants which may have been present in donor samples
and for which there are currently no effective screening tests The Material is
provided “as is” and Anthony Nolan expressly disclaims all warranties, express or
implied, including and without limitation warranties of satisfactory quality fitness
for a particular purpose and non-infringement in respect of the Material,

6. Anthony Nolan is under no obligation to supply a particular Cord Blood Unit of
Cord Blood Sample on a particular date and the Material is supplied at the
discretion of Anthony Nolan.

7. The Recipient must inform Anthony Nolan of any further cell lines developed
through use of the Material and must deposit them back with the ANCTC,;

8. The Material must not be used for reproductive cloning (which is illegal in the
UK);

9. No genetic test that result in the diagnosis of a particular disease to an individual
donor must be carried out;

10. Any left over material is to be retumed to the ANCTC or disposed of as per HTA
Code of practice 5: Disposal of Human Tissue
http://www hta.gov.uk/legislationpoliciesandcode sofpractice/codesofpractice/code

5disposal.cfm

11. The Recipient will acknowledge Anthony Nolan in publications and a copy of
each publication must be lodged with Anthony Nolan;

12. Anthony Nolan has the right to seek independent audit of the research carried out
using the accessed product to ensure compliance with appropriate regulations
and permission.

13. The Recipient warrants that they will report on the progress of the Research
Project at the reguest of Anthony Nolan including presentation of any data
available, and also copies of scientific abstracls, poster presentations, peer
reviewed publications etc_ produced as a result of using the Material.
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Anthony Nolan F-F48
Cell Therapy Centre CORD BLOOD SAMPLE TRANSFER AGREEMENT

14_The Recipient shall collect and transport the Material under the direction of the
ANCT Manager and the Matenal shall be responsibility of the Recipient from the
time of collection.

15. This Material Transfer Agreement shall be valid for one year following the date of
signature by Anthony Nolan.

16. Invoices shall be issued by Anthony Nolan following each Material collection
which shall be paid by the Recipient within 30 days to the payment address
notified on the invoice.

17. The Recipient is responsible for any claims or liabilities which arise from the use

of the Material.
SIGNED SIGNED
For and on behalf of For and on behalf of
Anthony Nolan Recipient
L2
o A L—L—/K
DulyA ....... sed S|gnatory sl DuryA ....... sedsxgnatory s
NAME Dr Susana G Gomez NAME Dr David Lodwick
POSITION Cord Blood Bank POSITION Lecturer
Lab Manager
DATE 26/09/2012 DATE 7/9/12
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Figure S1. The Anthony Nolan Cord Blood Bank Material Transfer
Agreement.
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HOSPITAL NUMBER: EDoB: o F-F1-2 Consent Form 2

INSTRUCTIONS: PLEASE PUT A TICK IN APPLICABLE BOXES
AND ANSWER TO THE BEST OF YOUR KNOWLEDGE Yes No

1 Is this a surrogate pregnancy (e.g. you are carrylgtg[:hlid to be ralsed by another couple)? [ |

2 Have you or the baby's biological father ever been infected by HIV, Hepatitis B or C, HTLV?

3 Have you ever had malaria?

(Instructions for collector: If answer to 1, 2 or 3 is ‘Yes’ or if there is documentary evidence of these arrangements
or infections, please halt process and DO NOT continue consenting and DO NOT collect)

4 Have you ever received hormones derived from the human pituitary gland (such as growth hormones, follicle
stimulating hormone, Luteinising hormone, Thyroid stimulating hormone) or been a recipient of grafts
(transplanted tissue) of cornea, sclera (both parts of the eye) or dura mater (part of brain / spinal cord)?

If *Yes’; please give details:

§ Have you ever undergone infertility treatment with hCG (also known as human chorionic gonadotropin/
gonadotrophin)?

Have you ever undergone brain (neuro) surgery?

Have you ever been diagnosed with Creutzfeldt-Jakob disease, or variant CreuEfe_ldt'-J;kbb_ diée%s; 3
(also known as C.JD, vCJD, human mad cow disease or human scrapie)?

8 Ha\;é_you ever received a transplant with tissue or organE including those fror_n-non-human (e.g. pig heart
valve) origin?

9 Have ;ou' ;v_er Bee; g'iiv;n money for sex?

10 Have you ever Inieciéd yourself with recreational or body bulidrng drug—s?

N Has }ih;t;nt;;oﬁ ﬁavei hédﬁ.r.ex‘ w;nth within the last 12 m;:nfh's_[nle_étéd thérﬁsel@es';viith recreational or
body building drugs?

13 Have you had sex with a man who has ever had sex with another man?

14 Have you had sex with anyone, no matter what their race, who has been sexually active in the parts
of the world where HIV/Aids Is common?

15 Have you had sex with anyone, in the previous 12 months who m;; be HTLV positive, or may be a hepatitis
B/C carrier?

16 Have you had Chicken po; sh-il;glesk. or toxoplasmosis durln}: 'ﬁg-r;a_r{cy?

17 In the previous 12 months, have y—ou received a 'live’ vaccine e.g. Rubella or Yellow Fever?
If “Yes’; please name/give target disease of vaccine?

18 Have you had any acupuncture, tattoos or-body p-i;Eihg within the last 4 months?
If “Yes’ for acupuncture; Where was this performed and what was the name of the person performing
the acupuncture?

19 Have you received a blood transfusion or blood derived product since 19807

20 Do you have a history of disease of unknown origin, or that could not be diagnosed?

21 Do you or th?baby‘s bioiogicaﬁather have a history of rapid progressive dementia or degenerative
neurological disease (e.g. Parkinson’s or Alzheimer’s disease), including those of unknown origin?

22 Have you travelled abroad in the previous 12 months? If “Yes’; which country?

23 Were you born in or have you ever, at any time of your life lived in Africa, Central America, Asia, or the
Middle East for a period longer than 6 months? If “Yes®; which country?

24 Do you, your sexual partner or your parents originate from: the Caribbean, Japan, South America, or Africa?
If *Yes'; which country?

'COMMENTS

Woman'’s name and signature:

Dedicated cord collector’s name and slgnature:

Date: Date sent to the ANCTC:

paqe_v_z
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HOSPITAL NUMBER: EDoB: F-F1-2 Consent Form

25. In the table below, please check the boxes

You BIOLOGICAL YOUR OR BABY'S BABRY'S BARY'S
that apply to you and biclogical ralativas FATHER THE FATHER'S MATERNAL PATERMAL BIOLOGICAL
ti.e. ralatives by bleod): BIOLOGICAL | GRANDPARENTS | GRANDPARENTS BROTHER

BROTHLCRS OR SISTER
OR SISTERS
Have you or vour family members ever suffered il 1] i1 Yer No  Dont Tas Mo Bon't Yes Mo Dond Wik Mo Dont iu Mo Dont
from a malignant disease (Cancer) a.g. Hodgkin's Ko A it O~ e | o N
lymphoma, thyroid cancer, Leukaemia ete ? LJ lJ D U lJ U LJ |_| U l_l U [_I U l_] [_] U D [_]
If 'Yes' pidase vwiito the disease balow
Have you, or your f.m"y aver suffared from a bload b Mo D't Vs i [E5aY s Mo Don't Yed Mo Donl s Mo  Dont Yies LT (= T
disorders e.g. Glucose-&-phosphate dehydrogenasa - o o s icigd i o i
deficiency (GGPD), Spherocytosis, thalassaemia, l._.] D [_] l__] D U [_] D U [J D D D l_] D D D D
thrembacytopenia, sickle cell disease, Chranic
granulomatous disease, Hypoglobinulinemia?
if ‘Yas* pisase write the oisease balow
Have you, or vour family ever suffered from an Y He Somt Yeu, Mo port . e penl e B Ven ha p e A
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Figure S2. The hospital consent form completed by the baby’s mother.
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Figure S3. SNP cluster plots for 50 CAD-associated SNPs for the MSC bank
(n=112). Clustering was carried out in two dimensions. The X axis (log ratio) defines
the contrast of the cluster, whereas the Y axis defines the strength of the signals from
each sample. Grey spades ( 4) indicate no calls. Samples were clustered under the
posterior model using the Affymetrix® Genotyping Console™ (GTC) version 4.2 and
the Affymetrix® Power Tools (APT) version 1.16.1.
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Figure S4. The linkage disequilibrium (LD) across ADAMTSY7. Haploview 4.2 was used to
generate the LD map, where genotype files were downloaded directly from the HapMap website
(http://www.hapmap.orq). A reference track displays the chromosomal position and the SNPs.
SNPs of interest; rs3825807, rs1994016 and rs4380028 are highlighted by a red rectangle. The
strength of the r? value for LD, is signified by the extent of black. The D’ values are displayed in
each diamond.
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