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Abstract

Abstract

Transforming growth factor-p (TGF-B) plays a crucial anti-atherogenic role. TGF-B
classically signals through the Smad pathway but is known to activate other signalling
pathways such as the mitogen-activated protein kinase (MAPK) cascades. Foam cell
formation is inhibited by TGF-p through the regulation of expression of genes
involved in macrophage cholesterol homeostasis. = However, the molecular
mechanisms underlying this regulation are yet to be fully elucidated. Studying such
mechanisms may lead to identification of novel avenues for treatment of this disease
and was therefore the main focus of these studies. TGF-P regulates the stability of
atherosclerotic plaques through the regulation of expression of genes encoding
proteins involved in the turnover of the extracellular matrix (ECM). The ADAMTS
proteases cleave proteoglycans within the ECM and have recently been hypothesised
to have roles in atherosclerosis. Cytokine regulation of these proteases and
elucidation of the molecular mechanisms behind this regulation may enhance
understanding of the roles these proteases play in atherosclerosis with a view to
identifying novel avenues for treatment of this disease and was therefore an additional
focus of these studies.

RT-qPCR and Western blot analysis demonstrated that TGF-B inhibited the
expression of key genes involved in cholesterol uptake (LPL, SR-A, SR-B1 and
CD36) and induced the expression of key genes involved in cholesterol efflux (ApoE,
ABCA-1, ABCG-1) in the THP-1 cell line and identified an optimal time point for
their regulation. Western blotting revealed that the Smad pathway was active in
macrophages through the increased levels of phospho-Smad-2 and phospho-Smad-3
in response to TGF-P treatment. Small interfering RNA (siRNA) knockdown of
Smad-2, Smad-3 and Smad-2 and -3 revealed crucial roles for the Smad pathway in
the TGF-B-regulation of LPL, SR-A, SR-B1, CD36, ApoE, ABCA-1, and ABCG-1.
Roles for the Smad pathway in the constitutive expression of SR-B1 and CD36 were
also identified. @~ Western blotting and non-radioactive kinase activity assays
demonstrated that ERK, JNK and p38 kinase levels were induced by TGF-B in
macrophages and this led to an increase in kinase activity. Individual knockdown of
ERK 1/2, c-Jun and p38 kinase expression using siRNA revealed crucial roles for c-
Jun and p38 kinase in the TGF-B-regulated expression of LPL, SR-A, SR-B1, CD36,
ABCA-1, and ABCG-1 and a role for ERK 1/2 in the expression of CD36, ABCA-1
and ABCG-1. No discernable role for p38 kinase, c-Jun or ERK 1/2 in the expression
of ApoE was identified.

Inhibition of ADAMTS-4 expression by TGF-B was observed using RT-qPCR and
Western blot analysis. Knockdown of Smad and MAPK pathway components using
siRNA revealed roles for the Smad pathway and for c-Jun and p38 kinase in this
regulation. Transient transfection of a full length ADAMTS-4 promoter construct
demonstrated that TGF-B down-regulated ADAMTS-4 promoter activity.
Transfection of promoter deletion constructs located the minimal regulatory region for
TGF-B action within the -506/-396 region of the ADAMTS-4 promoter and EMSA
analysis demonstrated increased protein binding to this region. These studies have
identified crucial roles for the Smad and MAPK pathways in the TGF-p regulation of
expression of key genes involved in macrophage cholesterol homeostasis and have
characterised the regulation of ADAMTS-4 by TGF-f.

viii
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Introduction

1.1 Heart disease and atherosclerosis

Atherosclerosis is the primary cause of coronary heart disease. Coronary heart
disease is the main cause of death in the UK and accounts for almost 94,000 deaths
per year, making up almost half of all deaths from cardiovascular disease (Allender et
al. 2010). The British Heart Foundation describes coronary heart disease as the
narrowing of the coronary arteries that supply the heart with blood and oxygen. This
process, known as atherosclerosis, is caused by a build up of fatty material (atheroma)
within the walls of the arteries. Coronary heart disease often presents with angina or

severe chest pains (British Heart Foundation 2006).

1.2 Atherosclerosis

Atherosclerosis was originally considered to be a lipid storage disease but it is now
recognised as a form of chronic inflammation (Libby et al. 2010; Libby et al. 2002).
Atherosclerosis begins as an immune response to vascular injury initiated by the
accumulation of lipoproteins and other lipid aggregates in the intima of the arterial
wall leading to the development of atherosclerotic lesions (Ross 1999). This widely
accepted model for the disease is known as the ‘response to injury’ hypothesis and

was first proposed by Russell Ross (Ross 1999).

Early lesions are known as fatty streaks and are made up of lipid-rich macrophage-
derived foam cells (Lusis et al. 2004). Intermediate lesions are characterized by
layers of foam cells, smooth muscle cells and T-lymphocytes (Ross 1999). Formation

of more complex lesions, known as early atheroma, follows migration of smooth
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muscle cells into the innermost layer of the artery, known as the intima (Hansson and
Libby 2006; Singh and Ramji 2006). More advanced lesions are surrounded by a
fibrous cap containing extracellular matrix proteins synthesized by smooth muscle
cells present within the lesion. The lipid-rich core forms from the debris of foam cells
that have undergone apoptosis (Lusis et al. 2004). Progression of atherosclerosis is

summarised in Figure 1.1 and further described in Sections 1.2.2 to 1.6.

Although plaques can become large enough to block blood flow through the artery,
the most clinically importaﬁt complication of atherosclerosis is the formation of a
blood clot (thrombus). This occurs on rupture or erosion of the plaque and it is this
that can lead to myocardial infarction (Lusis et al. 2004). If atherosclerosis affects the
arteries that supply the brain with blood and oxygen, it can cause an ischaemic stroke
(Hansson and Libby 2006).
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NORMAL ARTERY FATTY STREAK
Smooth Adventia Macrophage
Muscle Foam Cells
Cells
Endothelium
EARLY ATHEROMA STABILIZED PLAQUE
Fibrous Cap Thick Fibrous Cap

Inflammatory Cells:
macrophages and coronar’
lymphocytes arlcricsy

VULNERABLE PLAQUE

Thin Fibrous Cap Right
Large coronary
Nectrotic arteries

Core

THROMBOSIS OF A
RUPTURED PLAQUE

Thrombus

Figure 1.1 Progression of atherosclerosis. Regions of arterial damage attract
monocytes and other inflammatory cells. Accumulation of cholesterol produces foam
cells and leads to fatty streak formation. Migration of smooth muscle cells into the
intima and production of a fibrous cap characterises development of more advanced
lesions that become prone to rupture. For more details refer to text. Figure taken

from Lusis et al. 2004.
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1.2.1 Risk factors for atherosclerosis

Atherosclerosis is a multifactorial disease with both genetic and environmental risk
factors. However, many single risk factors for atherosclerosis can be managed in
conjunction with exercise and a well-balanced diet (Glass and Witztum 2001). Major
risk factors for atherosclerosis include but are not limited to, hypertension, high
cholesterol levels, obesity and diabetes (Lusis et al. 2004). Physical inactivity, age,

stress and smoking can also be risk factors for the disease (Harvey and Ramji 2005).

1.2.1.1 Genetic risk factors
Only a limited number of genetic risk factors for the disease have been identified. It
is known that mutations in genes encoding lipoprotein lipase (LPL), the low density
lipoprotein receptor (LDLR), apolipoprotein E (ApoE), the ATP-binding cassette
transporter ABCA-1, and lipoprotein(a) confer significantly increased risk for
cardiovascular disease (Doevendans et al. 2001; Puddu et al. 2005).

1.2.1.2 High cholesterol levels

Of the environmental factors, high levels of low-density lipoprotein (LDL)
cholesterol, known as ‘bad cholesterol’ is unique as the one risk factor that can drive
the development of the disease even if no other risk factors are present (Glass and
Witztum 2001). Conversely, low levels of ‘good cholesterol’ high-density lipoprotein
(HDL) cholesterol also confers a higher risk of atherosclerosis. Low levels of HDL
have been associated with obesity, smoking and physical inactivity. High LDL
cholesterol levels cause damage to the endothelium, triggering an inflammatory
response (Singh and Ramji 2006).

1.2.1.3 Obesity
Many of the risk factors for atherosclerosis and stroke can be related to lipoprotein
metabolism. While the link between obesity and an increased risk of cardiovascular
disease is clear, the mechanisms explaining this link remain poorly understood
(Stocker and Keaney 2004). Obesity is known to predispose other risk factors for
atherosclerosis, including diabetes. Studies suggest that high levels of fatty acids can

stimulate the synthesis of very low-density lipoprotein (VLDL) by hepatocytes. This
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in turn causes a reduction in HDL by exchange through the cholesterol ester transfer
protein (Libby et al. 2002). Low plasma levels of HDL-cholesterol are also linked

with smoking and lack of exercise (Doevendans et al. 2001).

1.2.1.4 Diabetes
The risk of atherosclerosis is 3-5 fold higher in diabetic patients (Stocker and Keaney
2004). Non-insulin dependent diabetes is caused by insufficient levels of insulin or
defects in insulin signalling and results in hyperglycaemia. This can cause proteins to
become modified leading to the production of advanced glycation end products.
These modified proteins can then elicit the production of pro-inflammatory cytokines.
In addition to this, the modified proteins can react with reactive oxygen species
causing damage to the arterial wall and accelerating the development of

atherosclerosis (Libby et al. 2002; Lusis et al. 2004).

1.2.1.5 Hypertension
Hypertension is a known risk factor for atherosclerosis and is defined as a diastolic
blood pressure above 90mmHg or a systolic blood pressure above 140mmHg (Stocker
and Keaney 2004). Genetic factors contributing to hypertension remain unclear,
although some linkage studies have shown a role for the angiotensin II gene in
Caucasian and African-Caribbean populations. The gene encoding the angiotensin
converting enzyme has also been linked with coronary heart disease; however, this
has no effects on blood pressure. The renin-angiotensin pathway may play a role in

mediating the effects of high blood pressure on atherosclerosis (Lusis et al. 2004).

1.2.1.6 Infections
Both intravascular and chronic extravascular infections such as gingivitis and
bronchitis may accelerate the development of atherosclerotic plaques through
stimulation of inflammatory cytokines. Bacterial infections such as Chlamydia
pneumoniae are also linked to atherosclerosis. The presence of bacteria and
subsequent release of heat shock proteins and endotoxins such as lipopolysaccharide

(LPS) stimulate the production of pro-inflammatory mediators (Libby et al. 2002).
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1.2.2 Initiation of atherosclerosis

Damage to the endothelial wall from risk factors is thought to be mediated through
oxidative stress, leading to changes in the permeability of the endothelium (Preiss and
Sattar 2007). Under physiological conditions, pro-atherogenic factors in the vascular
wall are balanced by the production of nitric oxide (NO) by endothelial cells (Preiss
and Sattar 2007). NO has anti-atherogenic actions including vasodilation and
inhibition of monocyte adhesion. However, in atherosclerosis decreased NO
production, due to the damage to the vascular endothelium, may allow pro-

inflammatory sites to develop (Preiss and Sattar 2007).

Fatty streaks, typically seen at the earliest stages of atherosclerosis, form through the
recruitment of monocytes and other inflammatory cells to sites of damage in the
arterial wall (Ross 1993). On activation by stimuli (risk factors and oxidative stress),
endothelial cells produce adhesion molecules that recruit leukocytes, of which blood
monocytes are the most numerous inflammatory cells (Libby et al. 2010). On
adherence of monocytes to the endothelium, pro-inflammatory chemokines induce
their uptake into the intima. Monocytes differentiate into macrophages which
proliferate inside the intima and release growth factors and cytokines to enhance the
inflammatory process and proteases to breakdown the extracellular matrix (ECM)
(Libby et al. 2010). Macrophages also take up modified LDL such as oxidised LDL
(oxLDL) which accumulates in atherosclerosis. This transforms them into lipid-laden
foam cells, which are characteristic of early-stage atherosclerotic lesions (Glass and

Witztum 2001).

1.2.3 Monocyte recruitment and migration

Recruitment of monocytes to lesions in the arterial wall occurs initially to remove
cytotoxic molecules from the site of inflammation (Glass and Witztum 2001). This is
regulated by cell adhesion molecules on the surface of endothelial cells (Lusis et al.
2004). Under normal conditions the endothelium does not bind white blood cells;
however, in atherosclerosis endothelial cells express adhesion molecules on their
surface that are able to bind leukocytes (Bobryshev 2006). Adhesion molecules are
often expressed in areas within the artery prone to the development of atherosclerosis.

Areas of the artery prone to the development of atherosclerosis are often branch points
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where there is disturbed flow (Bobryshev 2006). Levels of adhesion molecules may
be indicative of the severity of atherosclerosis and can be correlated with risk factors

including smoking and hypertension (Bobryshev 2006; Libby et al. 2002).

In response to pro-inflammatory cytokines, endothelial cells not only express
adhesion molecules but also increase the permeability of the endothelium (Hansson et
al. 2002). The selective permeability of the endothelium can also be affected by fluid
shear stress, disrupting its role in the regulation of inflammation (Lusis et al. 2004).
Stress to the arterial wall may also induce proteoglycan production, increasing the
inﬂamrhatory response through the binding of modified lipoproteins (Libby et al.
2002).

Adhesion of monocytes begins with a rolling interaction mediated by selectins
including L-selectin expressed on monocytes and E-selectin expressed on the
endothelial surface. P-selectin is mainly expressed on platelets but also on endothelial
cells (Bobryshev 2006). The three selectins share a conserved glycoprotein structure
and interact with highly fucosylated ligands but also with glycoprotein ligands. Both
E- and P-selectins are activated at the transcriptional level by cytokines. Nuclear
factor kappa B (NFxB) seems to be important for this induction (Preiss and Sattar
2007).

“The rolling interaction is followed by a firm attachment to the endothelium, mediated
by integrins (Li and Glass 2002). Integrins are transmembrane glycoproteins that exist
in low-affinity conformations. Signals, possibly arising from changes in cellular
activity, cause conformational changes to allow high affinity interactions with ligands.

Bl and B2 integrins on monocytes interact with ligands of the immunoglobulin
superfamily, namely the adhesion molecules intracellular adhesion molecule-1
(ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) (Preiss and Sattar 2007).

VCAM-1 is expressed by smooth muscle cells and endothelial cells and is present in
fatty streaks (Preiss and Sattar 2007). In addition, the expression of VCAM-1 is up-
regulated in response to oxXLDL (Li and Glass 2002) while VCAM-1 deficient mice
display reduced atherosclerosis (Ramji et al. 2006). Mice deficient in endothelial

selectin and platelet selectins also develop less severe atherosclerosis. Endothelial
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expression of VCAM-1 is followed by smooth muscle cell expression of this adhesion
molecule (Hansson and Libby 2006). Inflammatory cells move across the
endothelium by diapedesis after binding to adhesion molecules (Preiss and Sattar

2007).

1.2.3.1 Roles of chemokines in monocytes migration
Chemotactic factors (or chemokines) as well as adhesion molecules mediate the entry
of monocytes into the intima and can be stimulated by oxLDL (Li and Glass 2002).
Chemokines are low molecular weight proteins, typically 8-10kDa (Burke-Gaffney et
al. 2002). There are approximately 50 human chemokines (or chemotactic cytokines).
These can be divided into 3 families based on the spacing of conserved cysteine
residues (Bobryshev 2006). Chemotactic factors include monocyte chemoattractant
protein 1 (MCP-1), macrophage colony stimulating factor (M-CSF), migratory
inflammatory protein 1 (MIP-1), transforming growth factor-p (TGF-B) and tumour
necrosis factor-a (TNF-a) (Bobryshev 2006). The largest group is the CC
chemokines, of which MCP-1 is a member. Other members of this group include
MIP-1a and MIP-1B. These chemokines are often found at sites of inflammation and

attract mononuclear cells (Charo and Taubman 2004).

In response to chemoattractant signals, adherent leukocytes migrate into the intima.
Chemokines such as MCP-1 may be involved in this process (Hansson et al. 2002).
‘Chemokines are able to bind to proteoglycans in addition to binding to their cognate
receptors (over 20 of which have been identified). The ability to bind to
proteoglycans may facilitate the recruitment of monocytes by allowing the formation
of chemokine gradients across the endothelium. Some chemokines contribute to
angiogenesis and smooth muscle cell migration in atherosclerosis in addition to

promoting monocyte recruitment (Burke-Gaffney et al. 2002).

MCP-1 is the most extensively studied member of the CC chemokines due to its role
in atherosclerosis. MCP-1 and its receptor CCR2 are expressed in atherosclerotic
plaques and also independently by endothelial and smooth muscle cells (Burke-
Gaffney et al. 2002; Charo and Taubman 2004). MCP-1 is likely to play a key role in

recruiting monocytes to atherosclerotic lesions and its expression may be induced
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through interactions between monocytes and endothelial cells (Burke-Gaffney et al.
2002; Charo and Taubman 2004). Expression of MCP-1 has been shown to be
induced by oxLDL while knockout of this gene in apoE-deficient or LDL receptor
(LDLR)-deficient mice results in reduced development of atherosclerosis (Glass and
Witztum 2001). MCP-1 is able to attract leukocytes through a CCR-2 receptor
(Hansson et al. 2002) and absence of CCR2 can inhibit atherosclerosis by restricting
the entry of monocytes into the intima (Hansson and Libby 2006). MCP-1 may also
play a role in the development of thrombosis in more advanced plaques through the
activation of tissue factor. Studies using bone marrow transplantation have shown
that overexpression of MCP-1 in vessel wall macrophages results in increased foam
cell formation while mice deficient in both LDLR and MCP-1 show reduced
macrophage recruitment (Burke-Gaffney et al. 2002; Charo and Taubman 2004).

1.3 Foam cell formation-Cholesterol uptake

Once at the site of lesion formation, monocytes differentiate into macrophages (Libby
et al. 2002). M-CSF is produced by both endothelial and smooth muscle cells and can
mediate differentiation of these cells (Hansson and Libby 2006). Differentiation leads
to the up-regulation of scavenger receptor expression on the surface of macrophages.
Normally, scavenger receptors function to recognise pathogens and apoptotic cells for
‘phagocytosis by macrophages. However, in atherosclerosis macrophages are able to
take up cholesterol ester-rich lipoproteins through these receptors through receptor-
mediated endocytosis (Rader and Pure 2005). This process is unregulated. Once
internalised, lipoproteins are targeted to the lysosome where the cholesterol esters are
hydrolysed to unesterified cholesterol to be delivered to the endoplasmic reticulum to
be stored in lipid droplets following conversion back to cholesterol esters by acyl-
CoA: cholesterol acyltransferase-1 (ACAT-1). Accumulation of these droplets is
responsible for the soap bubble-like appearance of foam cells (Rader and Pure 2005).
The physiological functions of key scavenger receptors and their pathophysiological

roles in atherosclerosis are detailed in Section 1.3.3.

In addition to scavenger receptors, macrophages also express toll-like receptors (TLR)

on their cell surface to mediate phagocytosis and host defence (Rader and Pure 2005).
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These pattern-recognition receptors are expressed by macrophages in atherosclerotic
plaques and may link innate immunity and atherosclerosis. TLRs can be activated by
bacterial molecules such as LPS and also by modified lipoproteins such as minimally
modified LDL (mmLDL). TLR signalling can promote pro-inflammatory gene
expression through activation of NFkB and promote lipid accumulation through
interaction with peroxisome proliferator-activated receptors (PPARs) and liver-X-
receptors (LXRs) (Rader and Pure 2005). Macrophages therefore have critical roles
in the initiation and progression of atherosclerosis. The importance of macrophages is
demonstrated by their presence in lesions. Approximately 40% of cells present in
atherosélerotic plaques express macrophage markers (Hansson and Libby 2006). The
shoulder region of the plaque and the interface between the lipid rich core and the
fibrous cap are particularly abundant in macrophages (Hansson and Libby 2006).

Quantity of circulating LDL is a well-known risk factor for cardiovascular disease
(Glass and Witzum 2001). Mechanisms behind the entry of dietary cholesterol into
the body, including absorption from the diet, are major causes of variation in
cholesterol homeostasis. Under normal physiological conditions dietary cholesterol is
packaged into chylomicrons and put into circulation where they accept
apolipoproteins ApoC2 and ApoE from HDL to form mature chylomicrons (Daniels
et al. 2009). This activates an enzyme known as lipoprotein lipase (LPL) to catalyse
the hydrolysis of triglycerides to distribute fatty acids to tissues. As triglycerides and
NApoC2 are lost from chylomicrons, ApoE is enriched; targeting the chylomicron
remnants to the liver where lipids are hydrolysed into free fatty acids and free
cholesterol for synthesis of very low-density lipoprotein (VLDL). VLDLs are
processed in the same way as chylomicrons and mature into LDL (Daniels et al.
2009). Cholesterol-carrying lipoproteins are taken up through the LDL receptor into
the liver/other cells or tissues (Daniels et al. 2009). Cholesterol synthesis also
contributes to levels of cholesterol homeostasis. Cholesterol is synthesised in a series
of steps that convert mevalonic acid into cholesterol using enzymes to catalyse each
step. HMG-CoA (3-hydroxy-3-methylglutaryl-coenzyme A) is synthesised from
acetyl-CoA and converted to mevalonic acid by HMG-CoA reductase as the first and
rate-limiting step of cholesterol synthesis. Transcription of the HMG-CoA reductase

gene is regulated by sterol-response element binding proteins (SREBPs) in response
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to cholesterol levels in the cell providing a feedback mechanism for this pathway

(Buhaescu and Izzedine 2007).

In atherosclerosis, the accumulation of cholesterol within macrophages and
subsequent formation of foam cells can be enhanced by high levels of circulating
LDL. LDL enters the intima by diffusion through endothelial cell junctions and it is
retained through interactions between the apoB component of the lipoprotein and
matrix proteoglycans (Lusis et al. 2004). Hydrolysis of lipoproteins by LPL
contributes to the uptake of cholesterol by macrophages. The physiological function

of LPL and its role in atherosclerosis is discussed in Section 1.3.2.

1.3.1 Oxidation of LDL

Modification of accumulated LDL through oxidation is a key step in its conversion to
an atherogenic molecule (Ross 1993). Initial oxidation of LDL produces minimally
modified LDL (mmLDL) that is still recognised by its native receptor. mmLDL
stimulates the production and secretion of MCP-1 by smooth muscle cells and
endothelial cells to promote monocyte recruitment. Immunolocalisation studies with
antibodies to oxLDL demonstrate that oxLDL colocalises with macrophages in
atherosclerotic lesions (Rader and Pure 2005; Stocker and Keaney 2004). Oxidation
of LDL is promoted by oxygen free radicals from surrounding vascular cells and also
by enzymes expressed by macrophages including myleoperoxidase, inducible nitric
oxide synthase (iNOS), lipoxygenases and NADPH oxidases (Ohashi et al. 2004;
Stocker and Keaney 2004). Most LDL filters through the endothelium by transcytosis
but can be prevented by hydrodynamic resistance and thickness of the ECM
explaining why areas of high shear stress are prone to atherosclerosis development
(Newby 2000).

OxLDL is itself pro-inflammatory (Rader and Pure 2005). Oxidation of LDL
generates cytotoxic by-products that can damage the vascular wall and oxLDL itself
may also cause damage by initiating immune reactions as an autoantigen. Oxidative
modifications to apoB can also elicit an immune response so contributing to
atherogenesis (Stocker and Keaney 2004). Oxidation of LDL promotes foam cell

formation by facilitating the recruitment of monocytes into the intima and enhancing
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the rate of lipoprotein uptake, possibly through its own aggregation. The lipoprotein
is also chemotactic for macrophages, preventing them leaving the intimal layer and
further contributing to foam cell formation. It can also induce the expression of
scavenger receptors and a number of pro-inflammatory genes in macrophages. The
transcription factor peroxisome proliferator activated receptor-y (PPAR-y) may be
involved in this regulation (Stocker and Keaney 2004). The importance of oxLDL in
the initial events of atherosclerosis may explain why trials with antioxidants have
been successful when administered at the outset of atherosclerosis in animal models
but less successful in human trials where antioxidant treatment was given at later

stages in the disease (Tedgui and Mallat 2006).

1.3.2 Lipoprotein lipase

The lipase family, comprising lipoprotein lipase, hepatic lipase and endothelial lipase
are involved in the hydrolysis and regulation of lipid metabolism. LPL was the first
of the lipases to be discovered and is consequently well studied. The gene for LPL
resides on chromosome 8p22 and is 30kb in size, containing 10 exons or coding
regions encoding a protein 473 amino acids in size (Hasham and Pillarisetti 2006;
Merkel et al. 2002). LPL is synthesised mainly by the heart, adipose tissue and
skeletal muscle and is secreted and attached to the endothelium by heparin sulphate

proteoglycans (Hasham and Pillarisetti 2006; Merkel et al. 2002).

LPL hydrolyses VLDL and chylomicrons to produce free fatty acids and
monoacylglycerols to be utilised by tissues (Hasham and Pillarisetti 2006). In
addition to its catalytic action in lipid metabolism, LPL also has non-catalytic
functions, in particular the enzyme can act as a molecular bridge between cell-surface
receptors and other proteins to enhance lipoprotein uptake following hydrolysis. This
was first discovered in 1975 when it was found that the enzyme remained associated
with chylomicrons after their hydrolysis (Mead et al. 2002; Mead and Ramji 2002).
Further studies confirmed that LPL was able to associate with a range of lipoproteins
and receptors to enhance lipoprotein uptake and was also a ligand for the LDL
receptor-related protein (LRP) (Mead et al. 2002; Mead and Ramji 2002).

1.3.2.1 LPL and atherosclerosis
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The roles of LPL in lipid metabolism implicate the enzyme in atherosclerosis, where
deregulation and retention of lipids and lipoproteins in the arterial wall can initiate
inflammation and development of atherosclerotic plaques. High levels of LPL have
also been observed in hypercholesterolemia and diabetes and mRNA and protein
expression of the enzyme is also increased following damage to the arterial wall and
upon monocyte-macrophage differentiation (Hasham and Pillarisetti 2006; Mead et al.
2002; Mead and Ramji 2002). Macrophages and smooth muscle cells are primary
sources of LPL within atherosclerotic lesions (Mead and Ramji 2002; Stein and Stein

2003).

LPL was first hypothesised to be pro-atherogenic by Donald Zilversmit in 1973 who
suggested that the action of the enzyme on circulating lipoproteins (chylomicrons and
VLDL) would lead to high concentrations of cholesterol remnants that could
contribute to development of atherosclerosis through their uptake into the arterial wall
(Mead et al. 2002; Mead and Ramji 2002). This hypothesis proved correct.
Accumulation of cholesterol esters and hydrolysis of VLDL to LDL undoubtedly
contributes to atherosclerotic lesions as LDL undergoes oxidation by free radicals
within the intima allowing uptake of both chylomicron remnants and oxLDL into
macrophages through scavenger receptors, leading to enhanced foam cell formation

(Mead et al. 2002; Mead and Ramji 2002).

‘Subsequently, Zilversmit showed that development of atherosclerotic lesions in
rabbits fed a high cholesterol diet was associated with increased activity of LPL
(Hasham and Pillarisetti 2006). Studies in mice confirmed that the association was
due to raised levels of macrophage LPL. Mice overexpressing macrophage lipase
showed accelerated atherosclerosis while mice deficient in lipases were shown to be
resistant to the (high cholesterol diet-induced) disease (Hasham and Pillarisetti 2006).
The hydrolysis of VLDL and chylomicrons by LPL produces smaller, cholesterol rich
remnants that can be taken up by macrophages. This accumulation of cholesterol
esters within macrophages is a key step in the formation of foam cells while
hydrolysis of VLDL to LDL undoubtedly contributes to atherosclerotic lesions as they
become oxidised by free radicals present in the intima of the artery. This modification
increases the uptake of LDL by macrophage scavenger receptors to enhance foam cell

development (Mead and Ramji 2002).
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Interestingly, expression of macrophage LPL is associated with atherosclerosis
development whilst plasma LPL has been demonstrated to exert anti-atherogenic
actions suggesting that the enzyme has dual roles in atherosclerosis (Stein and Stein
2003). Significant reductions in lesion area and atherosclerosis incidence have been
observed in transgenic mice and rabbits overexpressing human LPL and this is
associated with lowered levels of plasma cholesterol and triglycerides (Stein and Stein
2003). Overexpression of LPL in wild-type mice also reduces atherosclerosis and can
normalise the lipoprotein profiles of apoE” mice with atherogenic profiles.
Cholestérol-lowering drugs such as statins and fibrates have also been shown to

increase LPL expression in heart and adipose tissue (Mead and Ramji 2002).

In contrast to this, apoE” mice expressing human macrophage LPL showed
significant increases in atherosclerotic lesion size and studies using mice deficient in
macrophage LPL have demonstrated that atherogenic actions of LPL predominate
during the early stages of the disease (Mead and Ramji 2002; Stein and Stein 2003).
In addition to promoting foam cell formation through hydrolysis of VLDL and
chylomicrons, LPL is also able to increase the production of smooth muscle cells to
further disturb the endothelium and contribute to the development of the plaque. The
capacity of LPL to act as a molecular bridge to aid binding of lipoproteins to cell
surface receptors and heparan sulphate also promotes the migration of lipoproteins
into the intima to promote foam cell formation (Hasham and Pillarisetti 2006; Stein
and Stein 2003). The enzyme has been demonstrated to contribute to cholesterol ester
uptake by vascular cells by acting as a cholesterol ester transferase and this may
promote plaque formation by enhancing cholesterol uptake by vascular smooth

muscle cells (VSMCs) (Stein and Stein 2003).

1.3.3 Macrophage scavenger receptors

Scavenger receptors were first identified by Brown and Goldstein in 1979; who
described a binding site for acetylated LDL (AcLDL) on macrophages that mediates
its uptake and degradation (de Winther et al. 2000). The general function of these
receptors in clearing or ‘scavenging’ a broad range of ligands including apoptotic

cells, anionic phospholipids, f-amyloid and pathogens such as Staphylococcus aureas
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and Mycoplasma pneumoniae explains their naming as scavenger receptors (Bottalico
et al. 1991; Greaves and Gordon 2009; Moore and Freeman 2006). Scavenger
receptors are pattern recognition receptors which recognise pathogens through
conserved pathogen associated molecular patterns. This allows the innate immune
system to differentiate between ‘self and infectious ‘non-self (Kunjathoor et al.
2002; Moore and Freeman 2006). Scavenger receptors are found in organisms with
both simple and complex immune systems. This conservation supports a critical role
in the response to pathogens and in normal homeostasis (Febbraio and Silverstein
2007). Currently 8 classes of scavenger receptor have been identified as shown in

Table 1.1 (Moore and Freeman 2006; Pliilddemann and Neyen 2007).

Table 1.1 Scavenger receptor classification
Classification Scavenger Receptors
Class A SR-AI
SR-AIl
SR-AIII

MARCO (macrophage receptor with
collagenous structure)
SR with C-type lectin

Class B CD36
SR-B1
SR-BII
Lysosomal integral membrane protein II
Class C Drosophila dSR-C (no human homologue
identified)
Class D CD68
Macrosialin (mouse homologue of CD68)
Class E LOX-1 (lectin-like oxidised LDL
receptor)
Class F SREC-1 (Scavenger receptor expressed
by endothelial cells)
SREC-II
Class G SR-PSOX (SR-phosphotidylserine and
oxidised lipoproteins)
Class H FEELL1 (fasciclin, epidermal growth

factor (EGF)-like, laminin-type

EGF-like, and link domain-

containing scavenger receptor)
FEEL2
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In atherosclerosis, scavenger receptors promote atherogenesis by binding modified
LDL that is not taken up by the classical LDL receptor (Greaves and Gordon 2009).
Under normal physiological conditions LDL is taken up into cells through the LDLR
in a process regulated by negative feedback. Uptake through scavenger receptors is
unregulated. This results in foam cell formation leading to further development and
progression of atherosclerosis. Of the group of scavenger receptors shown in Table
1.1, only a few have been found to be expressed in the arterial intima and have the
ability to take up modified LDL. These include SR-A, CD36, CD68, lectin-like
oxidised LDL receptor (LOX-1) and scavenger receptor for phosphatidylserine and
oxidised lipoprotein (SR-PSOX). Of these, SR-A and CD36 have been demonstrated

to be the principal players in atherogenesis (Moore and Freeman 2006).

Mice lacking both SR-A and CD36 demonstrate that these receptors are responsible
for 75-90% of AcLDL and oxLDL uptake and degradation. Foam cell formation is
also not evident in this knockout model. Further studies using knockouts crossed onto
a hypercholesterolemic (ApoE deficient) background also show reduced formation of
atherosclerotic lesions (de Villiers and Smart 1999; Kunjathoor et al. 2002; Moore
and Freeman 2006; Pliiddemann and Neyen 2007). It is thought that SR-A and CD36
are responsible for the uptake of different forms of modified LDL. In support of this,
AcLDL and oxLDL have been shown to be trafficked to different intracellular
compartments. AcLDL uptake is thought to be primarily driven by SR-A whilst
oxLDL uptake is mediated through CD36. It is interesting to note that the
contribution of SR-A to the uptake of oxLDL is determined by the extent of
oxidation; the more oxidation, the greater the contribution of SR-A to its uptake (de
Villiers and Smart 1999; Kunjathoor et al. 2002; Moore and Freeman 2006;
Pliilddemann and Neyen 2007).

In addition to the uptake of lipoproteins, scavenger receptors may contribute to the
chronic inflammation of atherosclerosis through the promotion of pro-inflammatory
signalling and macrophage activation and may have roles in macrophage retention and
adhesion at sites of inflammation (Moore and Freeman 2006; Peiser and Gordon
2001). The role of scavenger receptors in the clearance of macrophages that have
undergone apoptosis may also contribute to the development of atherosclerotic

plaques (Moore and Freeman 2006; Peiser and Gordon 2001). The structure and
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function of three principal scavenger receptors SR-A, SR-B1 and CD36 in

atherosclerosis is outlined below.

1.3.3.15R-A
SR-A was the first scavenger receptor to be isolated and cloned in 1990. It has
subsequently been shown to be present in human atherosclerotic plaques and is
expressed in macrophages, vascular smooth muscle cells, endothelial cells and foam
cells of lesions (Moore and Freeman 2006; Peiser and Gordon 2001). The gene for
SR-A is located on chromosome 8 in humans and spans ~80kb. Three variants can be
generated by alternative splicing of the same gene, SR-AI, II and III (de Winther et al.
2000). Analysis of the protein structure of SR-A has shown that the receptor consists
of 6 domains. SR-A binds to LDL through its collagenous domain through
recognition of the apoB protein component of the lipoprotein (Greaves and Gordon

2009; Moore and Freeman 2006; Peiser and Gordon 2001).

Studies using SR-A knockout mice in atherosclerosis susceptible backgrounds, (ApoE
or LDLR deficient) showed reductions (60% and 20% respectively) in lesion size,
suggesting a pro-atherosclerotic role for SR-A (Moore and Freeman 2006). A number
of other studies using knockout mice models however have had varying results, with
some studies showing increases in lesion area in SR-A knockout models. For
example, SR-A deficient mice crossed onto an APOE3Leiden background (where
‘mice carry a variant of the ApoE gene that results in sensitivity to diet-induced
atherosclerosis and also hypercholesterolemia) showed increased lesion area
following SR-A knockout. These conflicting sets of data are likely to be due to
differences in the mouse models used. Interestingly, peritoneal macrophages from
SR-A deficient mice have reduced levels of AcLDL and oxLDL degradation (80%
and 30% respectively) but show no change in the in vivo clearance of modified LDL

(de Winther et al. 2000; Moore and Freeman 2006; Peiser and Gordon 2001).

A number of roles for SR-A in macrophages have been identified. The clearance of
apoptotic cells is an important function of macrophages in the inflammatory response
and has been demonstrated to involve SR-A. A study using a monoclonal antibody

against SR-A showed a 50% reduction in the uptake of thymocytes by macrophages in
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the presence of the antibody. Macrophages from SR-A knockout mice also show a
reduced capacity for apoptotic cell removal, however, in vivo studies with SR-A
knockouts have not shown any change in apoptotic cell removal. This may be due to
functional redundancy between scavenger receptors (de Winther et al. 2000; Moore
and Freeman 2006; Peiser and Gordon 2001; Pliddemann and Neyen 2007). SR-A
may also play a role in the retention and adhesion of macrophages at atherosclerotic
lesions. In 1993, Fraser et al isolated an antibody that inhibited adhesion of
RAW264.7 macrophages to tissue culture plastic. This antibody was subsequently
identified as directed against SR-A and other studies demonstrated that it could also
block adhesion of macrophages to various tissue sections (de Winther et al. 2000).
SR-A may also play a role in adhesion of macrophages to the extracellular matrix of
smooth muscle cells as biglycan and decorin have been identified as ligands for the
receptor (Pliddemann and Neyen 2007). In addition, SR-A can modulate cytokine
production as demonstrated by the high levels of pro-inflammatory cytokines in the
myocardium of SR-A knockout mice as compared with wildtype mice, leading to
impaired healing following myocardial infarction and lower survival rates (de
Winther et al. 2000; Greaves and Gordon 2009). In summary, roles in the adherence
of macrophages, binding and uptake of modified lipoproteins into macrophages and
modification of macrophage activation suggest SR-A has a multi-functional role in

atherosclerosis with some pro-atherogenic and some anti-atherogenic actions.

1.3.3.2 CD36
CD36 was first described as platelet glycoprotein IV in 1989 and subsequently
identified as a receptor for oxLDL in 1993. The gene for CD36 encodes a protein of
471 amino acids, 88kDa in size, and is located on chromosome 7, spanning 28kb.
CD36 is made up of a large extracellular domain (containing binding sites for fatty
acids and oxLDL) and two transmembrane domains (Febbraio and Silverstein 2007).
The receptor is expresssd by a number of cell types including
monocytes/macrophages, platelets, microvascular endothelial cells, cardiac and
skeletal muscle and adipocytes (Febbraio and Silverstein 2007; Han et al. 1997;
Moore and Freeman 2006; Nicholson et al. 2001). The receptor is able to bind to a
broad range of ligands similar to SR-A but unlike SR-A it can interact with the native
lipoproteins VLDL, LDL and HDL and also to fatty acids. Interestingly both SR-A
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and CD36 are also able to bind the B-amyloid fibrils that characterise the plaques of
Alzheimer’s disease. fB-amyloid fibrils have been detected in human atherosclerotic
plaques and the increase in lipoprotein oxidation seen in atherosclerosis has also been

observed in Alzheimer’s disease (Pliiddemann and Neyen 2007).

CD36 has been identified as the primary receptor for oxXLDL. The role of macrophage
CD36 in the uptake of oxLDL is pro-atherogenic and significantly contributes to foam
cell formation (Febbraio and Silverstein 2007; Moore and Freeman 2006). Binding
and degradation of oxLDL is increased 4-fold in CD36-transfected cells compared to
vector-transfected controls and this binding occurs in a saturable manner (Nicholson
et al. 2001). Antibodies against CD36 can inhibit binding of oxLDL by human
monocyte-derived macrophages and macrophages from patients with a genetic
polymorphism in the CD36 gene accumulate less cholesterol ester and bind ~40% less
oxLDL than macrophages from normal control patients (Nicholson 2004; Nicholson
et al. 2001). Unlike SR-A which binds to the apoprotein component of modified
LDL, CD36 binds to the lipid moiety of the lipoprotein. This is evidenced by the
observations that delipidated oxLDL will not bind to CD36 and binding of CD36 to
oxLDL can be inhibited by anionic phospholipids. The binding of CD36 to oxLDL is
mediated by oxidised phospholipids that associate with both parts of oxLDL
(Nicholson 2004; Nicholson et al. 2001).

Knockout mice models have helped define the role of CD36 as a receptor for oxLDL.
CD36 deficient mice show significantly less atherosclerosis than wildtype and show
no foam cell formation in response to oxLDL. Mice deficient in macrophage CD36
also appear to be protected against lesion development (Febbraio and Silverstein
2007; Silverstein 2009). CD36™ApoE”" double knockout mice have 70% less lesions
and also show reductions in lesion size. Re-introduction of CD36 into these mice
results in lesion formation due to foam cell formation (Febbraio and Silverstein 2007;
Nicholson 2004; Nicholson et al. 2001). In addition to this, CD36" ApoE” mice and
CD36"LDLR” mice also present with significantly less macrophages in lesions.
Treatment of ApoE knockout mice with a CD36 ligand (EP 80317) also showed
decreased atherosclerosis. Macrophages isolated from these mice showed reduced
uptake of modified LDL and up-regulation of expression of genes implicated in
cholesterol efflux including ABCA1 and LXRa (Febbraio and Silverstein 2007).
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Inactivation of CD36 in LDLR deficient mice fed a high cholesterol diet also show
reductions in atherosclerotic lesion size. Interestingly, these mice also show higher
levels of inflammation and oxidant stress and pro-inflammatory cytokine expression
suggesting that in addition to hypercholesterolemia, a pro-inflammatory state also

contributes to CD36-mediated atherogenesis (Kennedy et al. 2009).

Expression of CD36 can be up-regulated by oxLDL. This was first demonstrated by
studies using the murine J774.2 macrophage cell line that showed that CD36 mRNA
and protein expression could be up-regulated by lipoproteins, with the largest
induction observed in response to oxLDL exposure. Treatment of cells with
actinomycin D (an inhibitor of transcription) had no effects on mRNA decay
suggesting that this effect was regulated at the transcriptional level (Nicholson 2004;
Nicholson et al. 2001). The expression of CD36 in macrophages is regulated by
oxLDL in a feed-forward loop where oxLDL increases CD36 expression which in
turn stimulates the uptake of oxLDL resulting in foam cell formation (Nicholson et al.
2001). This loop is mediated through the transcription factor PPARy. Studies have
demonstrated that cells transfected with a PPARy-response element attached to a
reporter gene were able to increase reporter gene expression on exposure to oxLDL
(Nicholson et al. 2001). On oxidation of LDL, oxidised fatty acids such as 9-
hydroxyoctadecadienoic acid (HODE) and 12-HODE are formed. These are oxidised
metabolites of linoleic acid and are ligands for PPARy. PPARY regulates the
expression of a range of target genes involved in lipid metabolism and adipogenesis
including CD36, by heterodimerising with the retinoid X receptor (RXR) (Nicholson
et al. 2001; Silverstein 2009).

Interestingly studies using PPARy agonists in ApoE” or LDLR”" mice showed that
despite increased CD36 expression, atherosclerosis development was inhibited
(Nicholson 2004). Treatment of human macrophages with PPARY agonists also does
not result in increased foam cell formation. This may be due to the negative effects of
PPARY ligands/agonists on macrophage activation or through the effects of PPARYy
ligands on cholesterol efflux (Nicholson 2004). Cholesterol uptake is countered by
the induction in expression of genes involved in cholesterol efflux, such as the ATP-
binding cassette transporter ABCA-1, through a liver X receptor (LXR) dependent
pathway. PPARY ligands are able to induce the expression of ABCA-1 by increasing
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the expression of the oxysterol activated receptor LXRa, resulting in enhanced

cholesterol efflux (Nicholson 2004).

The original identification of CD36 as a platelet receptor for thrombospondin-1 (TSP-
1) still has relevance to cardiovascular biology. The interaction between CD36 and
TSP-1 is likely to contribute to the role of the receptor in atherosclerosis and CD36 is
abundantly expressed on platelets. The ability of oxLDL, but not LDL, to bind to
platelets may play a role in atherosclerotic plaque thrombosis (Silverstein 2009).
Exposure to oxLDL renders platelets more susceptible to platelet agonists such as
collagen and thrombin and results in platelet activation and hence plaque
development. Binding of oxLDL to platelets is CD36-dependent and can be blocked
by an antibody to the receptor. Platelets from CD36-deficient mice also show no
binding of oxLDL (Silverstein 2009). The interaction of CD36 with TSP-1 may also
contribute to apoptotic cell phagocytosis, angiogenesis and the retention of
macrophages at sites of vascular injury. Binding of TSP-1 by CD36 inhibits
angiogenesis and causes endothelial cell apoptosis. Initial interaction of TSP-1 with
CD36 is of low affinity but results in the release of phosphatases which de-
phosphorylate CD36 to allow high affinity binding with TSP-1 (Draud and Lorenz
2001; Febbraio and Silverstein 2007; Pliddemann and Neyen 2007).

Absence of CD36 has been shown to have effects on fatty acid uptake by a number of
tissues including the heart (Febbraio and Silverstein 2007). Under normal
physiological conditions the heart uses fatty acids as a source of energy. During
myocardial infarction however, the heart uses glucose as an energy source.
Interestingly, this is also the case in the absence of CD36 (Febbraio and Silverstein
2007). CD36-deficient mice show higher glucose uptake and oxidation and reduced
storage, and glucose has been shown to enhance CD36 expression in the J774 cell
line. Insulin is also able to up-regulate CD36 suggesting a role for the receptor in
insulin resistance/diabetes (Febbraio and Silverstein 2007). CD36-deficient mice do
not show diabetes but are resistant to hepatic insulin while macrophages from diabetic
ApoE™ mice demonstrate increased uptake and accumulation of oxLDL cholesterol
(Febbraio and Silverstein 2007).

1.3.3.3 SR-B1
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SR-B1 (also known as CLA-1) was discovered in a study of scavenger receptor
activity in CHO cells. The gene for SR-B1 is located on chromosome 12 in humans
and encodes a 509 amino acid protein that contains two membrane spanning domains
linked by a large extracellular region containing multiple sites for N-glycosylation.
SR-B1 is expressed as an 82kDa protein with a similar structure to and sharing ~30%
sequence homology with CD36. SR-B1 is expressed in the liver, steroidogenic tissues
(such as the adrenal glands), tissue macrophages, monocyte-derived macrophages and
a number of other cell types (de Villiers and Smart 1999; Gillotte-Taylor et al. 2001;
Moore and Freeman 2006; Peiser and Gordon 2001).

In addition to being classed as a scavenger receptor SR-B1 is a HDL receptor
(Gillotte-Taylor et al. 2001). HDL levels are inversely correlated with atherosclerosis
risk and HDL is recognised to have a protective role in the disease through its roles in
reverse cholesterol transport, endothelial cell signalling and protection against
oxidative damage. Reverse cholesterol transport involves the efflux of unesterified
(‘free’) cholesterol from tissues (such as macrophages) to the liver for excretion or
recycling (see Section 1.4 for more detail). The major physiological role of SR-B1 is
as a HDL receptor that mediates this binding and movement of cholesterol between
HDL and cells. The exact mechanisms by which SR-B1 mediates uptake of lipids
from lipoproteins and efflux of cholesterol from cells to lipoproteins are unclear (de
Villiers and Smart 1999; Gillotte-Taylor et al. 2001; Moore and Freeman 2006). SR-
B1 binds to HDL with high affinity through its protein component, apolipoproteins
ApoE, ApoA-I and ApoC-I-ApoCIII of which ApoA-I is the most abundant. The
amphipathic a-helices of ApoA-I, which are also present in the other HDL
apolipoproteins, have been shown to be the recognition motif for SR-B1 binding
(Moore and Freeman 2006; Pliiddemann and Neyen 2007). Studies using purified
SR-B1 have demonstrated that the receptor can mediate binding of HDL and lipid
uptake essentially by itself with no requirement for other proteins (Trigatti et al.
2003). Deletion of SR-B1 in mice models results in increased levels of HDL and
reduced cholesterol secretion by the liver leading to hypercholesterolemia, whilst
overexpression of SR-Bl correlates with decreases in HDL levels (Moore and
Freeman 2006).
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SR-B1 mRNA has been found to be expressed in atherosclerotic plaques in both
murine models and in humans. Expression is up-regulated following differentiation in
macrophage cultures and is also expressed at significant levels in THP-1 macrophages
(de Villiers and Smart 1999; Gillotte-Taylor et al. 2001; Moore and Freeman 2006;
Zhang et al. 2003). SR-BI1 is expressed by foam cells of atherosclerotic lesions and is
likely to influence development of lesions through its roles in lipoprotein uptake and
efflux. Macrophage SR-B1 appears to promote fatty streak formation but reduce the
development of advanced plaques suggesting that SR-B1 may act in a pro- or anti-

atherosclerotic way depending on context (Moore and Freeman 2006).

Studies in gene-targeted mice have demonstrated an anti-atherogenic role for both
hepatic and macrophage SR-B1. This is thought to be mainly due to its role in uptake
and secretion of HDL cholesterol and in reverse cholesterol transport (Trigatti et al.
2003). SR-B1 knockout mice develop significantly more atherosclerosis at the aortic
sinus than wildtype mice and show impaired secretion of biliary cholesterol and
accumulation of abnormally large HDL particles (Moore and Freeman 2006; Trigatti
et al. 2004; Zhang et al. 2003). Other studies using SR-B1 knockout mice have
observed a 2-fold increase in plasma cholesterol, reduced lipid storage in
steroidogenic tissues and increased ratios of unesterified/esterified cholesterol in HDL
in the absence of SR-B1. This is consistent with a role for the receptor in the removal

of unesterified cholesterol from HDL (Trigatti et al. 2004).

Double knockout (SR-B17", ApoE”") mice die prematurely due to development of
hypercholesterolemia, accelerated coronary atherosclerosis and myocardial infarction.
Deletion of SR-B1 in the LDLR” mouse model also results in a 6-fold increase in
atherosclerotic lesion development. Hepatic overexpression of SR-B1 in the LDLR”
mouse model suppresses atherosclerosis (Moore and Freeman 2006; Trigatti et al.
2004; Zhang et al. 2003). Taken together, these data suggests that hepatic SR-B1 has
a protective (anti-atherogenic) role in atherosclerosis through its involvement in
reverse cholesterol transport. Knockout of macrophage SR-B1 in an apoE knockout
mouse model results in a 2-fold increase in lesion area compared to single apoE
knockouts but show no changes in lipid or lipoprotein profiles (Zhang et al. 2003).

This suggests that macrophage SR-B1 also plays a protective role in atherosclerosis.
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A role for SR-B1 in atherosclerosis may be due to actions other than the role of the
receptor in HDL cholesterol transport. Roles for SR-B1 in the clearance of LDL and
ApoB-containing lipoproteins have been suggested by studies in transgenic mice
(Trigatti et al. 2004). SR-B1 overexpression results in reduced LDL and VLDL
cholesterol while attenuation of SR-B1 expression in LDLR” mice results in
increased levels of LDL and ApoB (Trigatti et al. 2004). Cell culture studies have
suggested a role for the receptor in preventing oxidative damage. Overexpression of
SR-B1 increases uptake of a-tocopherol (a form of vitamin E) from HDL suggesting
that the receptor may be important for uptake of this and protection against oxidative
damage. A role in mediating HDL-dependent synthesis of nitric oxide in vascular
endothelial cells has also been suggested as an anti-atherogenic action of SR-B1

(Trigatti et al. 2003; Zhang et al. 2003).

Alternative roles for SR-B1 may be of particular relevance in macrophages. Some of
these actions may contribute to atherosclerosis development and progression. Much
of the focus on SR-B1 research has been on its role as a HDL receptor, however SR-
B1 deficiency does not lead to increases in ABCA-1 expression and AcLDL-loaded
macrophages show no change in cholesterol efflux to HDL in the absence of SR-B1.
This suggests that a role for macrophage SR-B1 in atherosclerosis does not involve
cholesterol efflux (Trigatti et al. 2003; Zhang et al. 2003). Interestingly, SR-B1
deficiency can induce the expression of a number of genes involved in the adhesion
and migration of monocytes in the arterial wall, suggesting there may be an enhanced

inflammatory response in the absence of SR-B1 (Zhang et al. 2003).

SR-B1 is likely to have important roles as a true scavenger receptor, especially in
macrophages. Similar to CD36, SR-B1 has a broad specificity for ligands including
modified forms of LDL (acetylated and oxidised), native LDL, VLDL and HDL
lipoproteins and anionic phospholipids (Gillotte-Taylor et al. 2001). Its similar
structure to CD36, a principal player in cholesterol uptake in macrophages is
suggestive of a similar role. SR-B1 has been demonstrated to be involved in the
clearance of apoptotic cells and is able to bind oxLDL with high affinity (Gillotte-
Taylor et al. 2001). Studies have shown that oxLDL associates with SR-B1
transfected Chinese hamster ovary (CHO) cells with a higher affinity than HDL. This

binding could be competed out by oxidised LDL and to a lesser extent by oxidised
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lipoproteins (Gillotte-Taylor et al. 2001). It has been suggested that SR-B1 has
multiple binding sites and that both the oxidised lipid moieties and the protein
moieties of oxLDL are important for its recognition by SR-B1. The oxLDL is
internalised and degraded through an endocytic pathway and the ratio of binding to
degradation was similar to that seen with SR-A (Gillotte-Taylor et al. 2001). Despite
this finding, the exact contribution of SR-B1 to foam cell formation in macrophages

remains unclear.

1.4 Foam cell formation-Cholesterol efflux

Foam cell formation in atherosclerosis can be prevented by the process of cholesterol
efflux or RCT from macrophages. Reverse cholesterol transport is the process of
moving cholesterol from macrophages and other cells to the liver or to other tissues
(Daniels et al. 2009; Tall 2008). RCT can be grouped into three stages; firstly,
cholesterol moves out of tissues, it is then transported in the plasma to the liver and it
can then be excreted into the bile (Daniels et al. 2009; Tall 2008). The efficiency of
RCT is determined by levels of HDL which stimulates the process (Ohashi et al.
2005).

HDL, like other lipoproteins is a spherical particle made up of a core of cholesterol
and triglyceride surrounded by a monolayer of phospholipids punctuated by
apolipoproteins; predominantly ApoA-I but also ApoC-I, ApoC-II, ApoC-III and
ApoE (Daniels et al. 2009; Tabat and Rye 2009). Recycling of ApoA-I is important
for HDL metabolism. Production of ApoA-I by the liver and its interaction with
phospholipids and unesterified cholesterol forms discoidal HDL particles (Ohashi et
al. 2005; Tall 2008). Discoidal HDL triggers cholesterol efflux from macrophages
and other cells. Cholesterol from these cells is absorbed by the discoidal HDL and
esterified by lecithin:cholesterol acyltransferase (LCAT) (Ohashi et al. 2005; Tall
2008). Accumulation of cholesterol esters inside HDL transforms them into larger,
spherical HDL particles, normally observed in the plasma. This process requires the
phospholipid transfer protein (PTP) (Tabat and Rye 2009). HDL enriched with
triglyceride are processed by hepatic lipase while HDL enriched with cholesterol

esters is processed by the cholesterol ester transport protein (CETP) which exchanges
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cholesterol esters for triglycerides from other lipoproteins (VLDL and chylomicrons).
Remnants are then taken up into the liver through the LDL receptor or through
proteoglycans. Cholesterol in the liver can be utilised for a number of purposes or can
be excreted into the bile via ABCG5 and ABCGS transporters (Daniels et al. 2009;
Ohashi et al. 2005; Tall 2008).

Key molecules involved in reverse cholesterol transport from macrophages include
ABCA-1, ABCG-1 and ApoE. These proteins and their roles in atherosclerosis are
discussed in detail in Sections 1.4.1 and 1.4.2 Whilst ABCA-1 promotes efflux of
cholesterol to lipid-poor apoA-I and HDL formation in the liver, ABCG-1 promotes
cholesterol efflux to HDL particles where it is esterified by LCAT without influencing
overall levels of HDL (Tall 2008). Both ABCA-1 and ABCG-1 are targets of LXR, a
transcription factor activated in response to accumulation of oxysterols in cells,
suggesting a feedback mechanism for RCT. The exact mechanism of RCT and the
relationships between key factors involved in RCT is currently unclear (Ohashi et al.

2005; Tall 2008).

In addition to its role in RCT, HDL has been demonstrated to have anti-inflammatory,
anti-thrombotic and anti-apoptotic effects that are likely to contribute to its anti-
atherogenic nature. A number of studies have demonstrated that HDL inhibits
monocyte recruitment into the intima by inhibiting the pro-inflammatory cytokine-
induced expression of adhesion molecules by endothelial cells and the expression of
MCP-1 (Tabat and Rye 2009; Tall 2008). Oxidation of LDL and oxLDL-induced
macrophage apoptosis is also inhibited by HDL. This action may be mediated
through an inhibition of ROS production and restoration of vascular endothelial
function by increasing endothelial NOS to increase NO availability, so inhibiting
VSMC proliferation and monocyte adhesion to the endothelium (Tabat and Rye 2009;
Tall 2008).

1.4.1 Apolipoprotein E

ApoE was first described in the 1970s by Shore and Shore. On its discovery it was
found to be a component of VLDL, however, it has now been recognised as a

component of a range of lipoproteins including chylomicrons and HDL (Greenow et
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al. 2005; Horejsi and Ceska 2000). ApoE is a glycoprotein of 299 amino acids. It
contains two domains linked by a protease sensitive loop and has recognition sites for
the LDLR and the LRP. Binding sites in the N terminal region have been identified
for heparin sulphate proteoglycans (HSPGs) and SR-B1 while the C terminal region
of the protein is important for binding to lipids and has an o helical structure
conserved throughout lipid binding apolipoproteins (Greenow et al. 2005; Mahley and
Rall 2000).

The ApoE gene is located on chromosome 19 and encodes a 34kDa protein.
Regulation of gene expression is complex with tissue specific regulation observed.
The expression of the protein can be enhanced by factors including TGF-B, TNF-a
and also by the differentiation of monocytes into macrophages. The cytokines IL-1
and IFN-y both down-regulate ApoE expression (Greenow et al. 2005; Harvey and
Ramyji 2005; Kockx et al. 2008). Three common isoforms of apoE, derived from a
single gene locus, exist and are known as apoE2, apoE3 and apoE4. The three allele
products differ by a single amino acid substitution. The products of three alleles
produce six phenotypes overall and the most common of these is the apoE3/3
phenotype. The isoforms show specificity in binding ability to both lipids and
receptors. ApoE2 binds with only very low affinity to the LDL receptor while ApoE3
and ApoE4 bind with higher affinity. ApoE4 has high affinity for VLDL, a
lipoprotein rich in triglyceride, while ApoE2 and ApoE3 preferentially bind to
phospholipid rich HDL (Greenow et al. 2005; Horejsi and Ceska 2000; Mahley and
Rall 2000). ApoE4 is linked with increased risk of cardiovascular disease (Kockx et
al. 2008).

The main site of ApoE synthesis is the liver, however it is also synthesised by
extrahepatic tissues including brain, lung, kidney and muscles (Greenow et al. 2005;
Mahley and Rall 2000). In the vasculature apoE is secreted by smooth muscle cells
and by macrophages. ApoE can undergo repeated cycles of secretion from and
internalisation into macrophages, hepatocytes and a number of other cell types and
this recycling is promoted by apoAl and HDL. Currently the importance of this
recycling is unclear (Kockx et al. 2008).
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ApoE derived from extra-hepatic sources makes up 20-40% of total plasma protein.
The protein has roles in the hepatic uptake of lipoproteins and therefore also in
cholesterol homeostasis, and is involved in the regulation of immune and
inflammatory responses. The uptake and degradation of lipoproteins is regulated by
ApoE through binding to the LDLR (Greenow et al. 2005; Mahley and Rall 2000).
ApoE is a potent ligand for this receptor. The HSPG/LRP pathway functions in the
liver to metabolise remnants of lipoproteins including chylomicrons. ApoE also
stimulates RCT and the production of VLDL and triglycerides. Lipids are directed by
delivery to either the liver (via VLDL) or the small intestine (via chylomicron

remnants) (Greenow et al. 2005; Mahley and Rall 2000).

1.4.1.1 ApoE and atherosclerosis
Deficiency of apoE leads to the development of atherosclerosis and
hypercholesterolemia and apoE-deficient mice are often used as a model for the
disease. The protein is not expressed in normal vessel walls but is synthesised at high
levels by macrophages present within atherosclerotic plaques. Reduced expression of
the protein in atherosclerosis is associated with a pro-atherogenic lipoprotein profile
whilst re-expression of apoE has been demonstrated to reduce the extent of

atherosclerosis (Mahley and Rall 2000; Puddu et al. 2005).

The major anti-atherogenic property of apoE is the stimulation of cholesterol efflux
from foam cells. It has been demonstrated that apoE can act as an acceptor of both
cholesterol and phospholipids released from macrophages via ABCA-1 and is able to
interact with ABCA-1, at least in vitro (Greenow et al. 2005).

ApoE can also exert anti-atherogenic actions that are independent of effects on
cholesterol metabolism. For example, macrophage apoE can inhibit the expression of
key proteins through binding to the apoE receptor 2 and causing the activation of
nitric oxide synthase (NOS). Oxidation of LDL, proliferation of T-lymphocytes and
smooth muscle cells, aggregation of platelets and production of the adhesion molecule
VCAM-1 by endothelial cells are all inhibited by apoE and contribute to the anti-
atherogenic nature of the protein (Greenow et al. 2005; Harvey and Ramji 2005).
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1.4.2 ABCA-1 and ABCG-1
ABCA-1 and ABCG-1 are part of the ABC superfamily (Attie 2007). ABC

transporters use ATP to facilitate the movement of lipids and metabolites across
membranes and there are 49 human ABC transporters grouped into seven classes, A-
G. Members of the ABC family are transmembranous transporters and have one of
two structures. Whole transporters have a two domain structure that is joined by
covalent bonds while half transporters are composed of single units that form homo-
or hetero-dimers to become ‘active (Oram and Heinecke 2005; Oram and Vaughan

2006).

1.4.2.1 ABCA-1

Of the ABC transporters, ABCA-1 is the best characterised and studied. The ABCA-
1 gene has been mapped to chromosome 9931 and encodes a whole transporter, 2216
amino acids in size (Cavelier et al. 2006). The protein is widely expressed with high
mRNA levels in liver, small intestine and lung and has a broad substrate specificity
(Oram and Heinecke 2005; Oram and Vaughan 2006). ABCA-1 is composed of 2
nucleotide binding folds exposed to the cytoplasm and 2 a helical transmembrane
domains. Walker A and Walker B motifs present within the nucleotide binding folds
are characteristic of ABC proteins (Attie 2007).

The primary role of ABCA-1 is the transport of cholesterol and phospholipids from
cells to apolipoproteins in the bloodstream. This efflux of free cholesterol and
phospholipids to lipid-poor apolipoproteins via ABCA-1 is the initial step in the
formation of HDL (Wang and Tall 2003). In the intestine, cholesterol is moved out of
epithelial cells into the bloodstream via ABCA-1 and this leads to over one third of
HDL production (Attie 2007). ABCA-1 knockout mice present with HDL deficiency
and reduced cholesterol efflux. Selective knockout of hepatic ABCA-1 also

demonstrates a key role for the transporter in HDL production (Cavelier et al. 2006).

The central role of ABCA-1 in cholesterol efflux involves interaction with ApoAl,
the protein component of HDL. It is thought that ApoAl binds to ABCA-1 directly
and the complex formed is essential for efflux of cholesterol. Cross linking studies

have demonstrated that ABCA-1 associates with ApoAl (Attie 2007; Fitzgerald et al.
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2010; Wang and Tall 2003). However, it has also been suggested that the ApoAl
may not interact directly with ABCA-1 but that ApoAl may dock at the plasma
membrane following a local redistribution of lipids within the membrane, induced by
the expression of ABCA-1. The formation of this complex stimulates lipid transfer
from ABCA-1 to ApoAl although how these two events are related remains to be
clarified (Attie 2007; Fitzgerald et al. 2010; Wang and Tall 2003).

ABCA-1 targets specific regions of the membrane that are cholesterol-rich or
sensitive to cholesterol accumulation, for secretion of lipids (Oram and Heinecke
2005). This may work through the targeting of excess cholesterol in transport vesicles
to regions of the membrane where ABCA-1 is present or through the endocytosis of
vesicles containing ABCA-1 and apolipoproteins to lipid rich deposits. It has been
shown that ABCA-1 moves between endosomes and the plasma membrane and this

may be involved in its regulation (Oram and Heinecke 2005).

The expression of the transporter is highly regulated and has a rapid turnover rate.
This is likely to be due to the need to balance the beneficial cholesterol efflux and
prevention of cytotoxicity effects, with the detrimental effects of altered membrane
structure in the absence of cholesterol loading, seen on overexpression of ABCA-1
(Oram and Heinecke 2005; Wang and Tall 2003).

Levels of the transporter are increased in response to both ApoAl and ApoE (Wang
and Tall 2003). Studies in human THP-1 macrophages have demonstrated that
endogenous synthesis of cholesterol up-regulates gene expression of ABCA-1 and
other LXR-regulated genes involved in cholesterol efflux including ApoE and
ABCGI1 (Beyea et al. 2007). LXR is itself activated by cholesterol metabolites and is
involved in ‘sensing’ cholesterol levels so activates ABCA-1 in cholesterol-loaded
cells. Accumulation of modified lipoproteins and cholesterol in macrophages during
atherosclerosis will therefore induce the expression of ABCA-1 in these cells (Oram
and Vaughan 2006; Wang and Tall 2003).

OxLDL has also been demonstrated to up-regulate the expression of ABCA-1 at
transcriptional and protein levels in vitro (Tang et al. 2004). Levels of ABCA-1 can

be down-regulated by a decrease in LXR/RXR activation in response to cholesterol
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efflux (Wang and Tall 2003). Interestingly, statins have also been shown to down-
regulate the expression of ABCA-1 in human and mouse macrophage cell lines (Sone

et al. 2004).

1.4.2.2 ABCG1

The human ABCG-1 gene has been mapped to chromosome 21q22.3. Unlike ABCA-
1, ABCG-1 is a half-transporter. The protein is widely expressed but present at high
levels in macrophage-rich tissues, macrophages, endothelial cells and lymphocytes
(Ni et al. 2007). The mRNA expression of ABCG-1 is increased on transformation of
macrophages into foam cells using acetylated or oxidised LDL and also on incubation
of macrophages with cholesterol derivatives. Similar to ABCA-1, expression of
ABCG-1 can be up-regulated by LXR, RXR, PPARYy and reduced by statins and
cholesterol depletion (Ni et al. 2007).

The first evidence of ABCG1 activity was observed by Schmitz and colleagues in
2000 when they showed that the expression of ABCG1 was up-regulated by
cholesterol in human macrophages. Studies using siRNA against ABCG-1 or
overexpression of the protein have demonstrated that ABCG-1 stimulates cholesterol
efflux to HDL but not to apoA-I (Fitzgerald et al. 2010; Ni et al. 2007). Further
studies have indicated that ABCG-1 mediates cholesterol efflux to major HDL
fractions to improve HDL efficiency. In addition to this, ABCG-1 also increases
cholesterol levels in plasma membranes and this may control the availability of
cholesterol to lipoprotein acceptors. These acceptors may in turn induce ABCG-1-

mediated cholesterol efflux based on their phospholipid content (Ni et al. 2007).

1.4.2.3 ABCA-1, ABCG-1 and atherosclerosis
ABCA-1 is an anti-atherogenic protein. Deficiency of macrophage ABCA-1 in mice
leads to accelerated atherosclerosis with excess accumulation of cholesterol
independent of HDL levels, while overexpression reduces atherosclerosis (Cavelier et
al. 2006; Oram and Vaughan 2006). ABCG-1 null mice exhibit increased
accumulation of cholesterol and triglycerides in hepatocytes and macrophages when

fed a high fat diet and overexpression of human ABCG-1 reduced accumulation in
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these tissues. However, loss of ABCG-1 has not been linked with accelerated

atherosclerosis (Cavelier et al. 2006; Fitzgerald et al. 2010; Ni et al. 2007).

The preventative role of ABCA-1 in atherosclerosis is also demonstrated by the
association between ABCA-1 mutations and premature atherosclerosis observed in
diseases including Tangier disecase and Familial hypoalphalipoproteinemia (Attie
2007). For example, mutations in ABCA-1 in Tangier disease prevent cells moving
cholesterol and phospholipids.onto ApoAl and this transfer is the rate-limiting step of
HDL biogenesis. Tangier patients have very low levels of circulating HDL but no
changes in LDL cholesterol levels and are prone to foam cell formation and
atherosclerosis due to accumulation of cholesterol esters in the liver, intestine and in
macrophages (Attie 2007; Fitzgerald et al. 2010; Oram and Vaughan 2006; Wang and
Tall 2003).

The function of ABCA-1 and ABCG-1 as removers of excess cholesterol from
macrophages is responsible for their anti-atherogenic properties. In addition to
negative feedback control of cholesterol synthesis, cholesterol levels can be regulated
by a heterodimers of LXR and RXR transcription factors. Macrophages express high
levels of ABCA-1 and ABCG-1 in response to the transcription factors, LXR, RXR
and PPAR which can activate the ABC transporters (Attic 2007; Ni et al. 2007). The
most likely ligand for this is 27-hydroxycholesterol which correlates with cellular
cholesterol levels and may therefore provide a positive feedforward mechanism for

ABCA-1-mediated cholesterol efflux (Beyea et al. 2007; Cavelier et al. 2006).

1.5 Development of lesions and plaque formation

Fatty streaks can be present in young individuals and rarely cause symptoms with
most disappearing with time (Hansson and Libby 2006). Although fatty streaks are
not always clinically significant, in the presence of risk factors for atherosclerosis
such as hypertension or hyperlipidemia, they can develop into more advanced lesions.
The migration of smooth muscle cells from the medial layer of the artery into the
intima accompanies the progression of atherosclerotic lesions from fatty streaks to

more complex plaques. Once inside, smooth muscle cells proliferate and take up
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modified lipoproteins enhancing foam cell formation and further contributing to the
necrotic core of the lesion. Smooth muscle cells also synthesise ECM proteins that
form the fibrous cap often seen with in complex lesions (Glass and Witztum 2001; Li
and Glass 2002).

1.5.1 The ECM

The ECM is composed of three different elements; elastins form elastic fibres to
accommodate changes in blood flow; collagens provide tensile strength to the
vascular.wall; and proteoglycans interact with vascular cells and ECM components
such as hyaluronan to form complexes that regulate permeability and structure
(Raines 2000). Degradation and remodelling of the ECM by activated proteases is
essential for processes such as growth and development but also has a role in a
number of pathological processes. In atherosclerosis, degradation of the ECM that
normally surrounds VSMCs results in the migration of VSMCs from the arterial
media to the intima to form intermediate fibrofatty lesions composed of dense layers
of VSMCs, macrophages and T-lymphocytes around a necrotic core. These lesions
develop into plaques (or atheroma) which are characterised by the formation of a
fibrous cap comprised of collagen, proteoglycans and fibrous elements (Libby et al.

2010).

1.5.2 Proteases and the atherosclerotic plaque

In atherosclerosis, macrophages (and monocytes) are known to secrete proteolytic
enzymes at all stages of atherosclerosis to influence the development and/or stability
of the plaque (Worley et al. 2003). Differentiation of monocytes to macrophages is
accompanied by an increase in the expression of matrix-degrading proteinases
(Whatling et al. 2004; Worley et al. 2003). In the later stages of atherosclerosis, high
levels of proteases and correspondingly high levels of matrix degrading activity are
seen in the vulnerable shoulder region of atherosclerotic plaques and macrophage-
produced proteases have been demonstrated to induce the breakdown of collagen in
the fibrous cap (Galis et al. 1995; Raines 2000).
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Two important groups of ECM proteases are the matrix metalloproteinases (MMPs)
and the ADAMTSs. MMPs are zinc-dependent endopeptidases that play a major role
in ECM remodelling in a number of physiological and pathophysiological processes
such as angiogenesis, wound healing, inflammation, arthritis and atherosclerosis. The
MMP family is made up of 28 members divided into 4 classes based on their enzyme
action. They are the interstitial collagenases, stromelysins, gelatinases and the
membrane-type metalloproteinases. They are regulated by their endogenous
inhibitors, the tissue inhibitors of metalloproteinases (TIMPs). ADAMTS proteases
are secreted enzymes that are able to cleave proteoglycans such as aggrecan and
versican. The structure and function of the ADAMTS proteases and their roles in

atherosclerosis are described in detail in Chapter 6 of this thesis.

1.5.2.1 MMPs and atherosclerosis
Changes in the degradation of extracellular matrix by MMPs have been associated
with a number of pathological conditions including rheumatoid arthritis and
atherosclerosis (Galis and Khatri 2002; Galis et al. 1994; Malemud 2006; Wight
2005). This shift in the balance of synthesis and degradation is often driven by
inflammation, injury and oxidative stress (Galis and Khatri 2002). Both MMPs and
their endogenous inhibitors, the TIMPs are found in the heart and of the MMPs,
MMP-2 is constitutively expressed in the heart and is found within human arteries
(Chow et al. 2007). Matrix-degrading proteases are also constitutively expressed by

foam cells of atherosclerotic plaques (Galis et al. 1995).

Investigation of normal and diseased human arteries showed that MMP-2 is
constitutively expressed in both, however in normal arteries MMP-2 is associated
with its endogenous inhibitor TIMP-2 and is inactive (Galis and Khatri 2002; Galis et
al. 1994). MMP-1 and MMP-3 are also expressed by vascular smooth muscle cells
and their expression can be induced by the pro-inflammatory cytokines TNF-o. and
IL-1 (Galis et al. 1994). MMP-9 expression can be induced by pro-inflammatory
cytokines due to the presence of an activator protein-1 (AP-1) binding site and a
nuclear factor-kB (NFxB) binding site in the promoter, and is associated with

leukocytes and macrophages (Chow et al. 2007). Mice deficient in MMP-9 show
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decreased intimal hyperplasia. This model supports a role for metalloproteinases in

the promotion of VSMC migration and proliferation (Jonsson-Rylander et al. 2005).

Secretion of cytokines by activated macrophages results in the up-regulation of MMPs
(Galis and Khatri 2002). Accumulation of lipids as seen in atherosclerosis can cause
an increase in MMP expression while changes in oxidative stress associated with
foam cell accumulation can also increase activation of latent MMPs in vascular cells
(Galis and Khatri 2002). Increases in MMP production/activity have been associated
with migration of smooth muscle cells and with the recruitment of inflammatory cells

via interaction with adhesion molecules such as VCAM-1 (Galis and Khatri 2002).

1.5.3 T cells and plaque development

Inflammation and immune response continue to contribute to atherosclerosis
development during plaque formation. T cells can be stimulated by the same
adhesion molecules and chemokines as macrophages and can make up approximately
10-20% of advanced plaques (Hansson et al. 2002). CD4+ T cells are observed in
human atherosclerosis and deletion of CD4+ and CD8+ T cells can reduce fatty streak
formation in C57BL/6 mice. CD8+ T cells may contribute to disease progression by
contributing to apoptosis within lesions however; CD4+ T cells are likely to play a
larger role in development of the disease (Ohashi et al. 2004). Once activated, T cells
can produce pro-inflammatory cytokines including the CD40 ligand, ligation of which
promotes production of MMPs and the procoagulant tissue factor (TF) which initiates

the coagulation cascade (Libby et al. 2010).

T cells present in atherosclerotic plaques are characterised according to the cytokines
they secrete. Thl cells are responsible for cell-mediated immunity, can activate
macrophages and secrete pro-inflammatory cytokines including interferon-y (IFN-y).
Th2 cells are involved in the production of antibodies by B cells and reduce
macrophage activity through the secretion of anti-inflammatory cytokines such as IL-
10 and TGF-B (Ohashi et al. 2004). Thl type cytokines make up the highest
proportion of cytokines in both mouse and human atherosclerotic plaques. These
include IFN-y, TNF-a and IL-12, -15 and -18. Studies have demonstrated a

pathogenic role for Thl cytokines in atherosclerosis. Hypercholesterolemic mice
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deficient in any of these cytokines show reduced atherosclerosis (Hansson and Libby
2006; Tedgui and Mallat 2006). Th2 cytokines, such as IL-10 and TGF-p, inhibit the
action of Thl cytokines. The anti-inflammatory cytokines, IL-10 and TGF-B are
atheroprotective. For example, mice overexpressing IL-10 under the control of the
IL-2 promoter have reduced production of the pro-atherogenic cytokine, IFN-y
(Hansson and Libby 2006; Tedgui and Mallat 2006). Despite this, many studies
suggest that balance of Th1/Th2 responses is not straightforward. IL-10 is not
specific to Th2 cells and has been shown to inhibit the Th2 response while deficiency
of the Th2 cytokine IL-4 has also been linked to reduced formation of atherosclerosis
(Tedgui and Mallat 2006).

In addition to T helper cells, regulatory T (Treg) cells exist in two types. Natural Treg
cells are characterised by expression of CD4, CD25 and the transcription factor
FOXP3 and regulate immune responses to self-antigens to prevent autoimmunity
(Taleb et al., 2010; Nilsson et al., 2009). Induced Treg cells are generated by the anti-
inflammatory cytokines TGF-f or IL-10 during an immune response. Cells generated
in response to TGF-f (Th3 cells) or IL-10 (Trl cells) mediate suppressor function
through production of these two cytokines (Taleb et al.,, 2010). Both natural and
induced Treg cells are therefore atheroprotective (Taleb et al., 2010; Nilsson et al.,
2009). Roles for autoimmune responses in atherosclerosis were first suggested by the
discovery of activated T cells and MHC class II antigens in atherosclerotic plaques
(Nilsson et al., 2009). Deletion of T cells or their receptors is associated with
enhanced progression of the disease and this is associated with depleted levels of Treg
cells and enhanced inflammation (Nilsson et al., 2009). Low levels of Treg cells are
observed in ApoE” mice and in human arterial lesions compared to normal arterial
tissue (Nilsson et al., 2009). Co-culture of murine macrophages with Treg cells can
reduce lipid accumulation (and therefore foam cell formation) through cell-cell
contact and production of TGF-p and IL-10 associated with reduced expression of
scavenger receptors CD36 and SR-A (Lin et al., 2010).

A recently identified T cell lineage is Th17 cells which have physiological roles in
defence against bacterial and fungal infections (Taleb et al., 2010). Differentiation in
vitro is mediated by TGF-B and IL-6. Roles for Th17 cells in autoimmune disease
including rheumatoid arthritis have also been identified (Taleb et al., 2010). Their
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role in atherosclerosis is currently unclear although a number of studies have
suggested a pro-inflammatory role for IL-17 (Taleb et al., 2010). The cytokine can
activate NFkB which is associated with the induction of pro-inflammatory factors
including TNFa and IL-1. Cells expressing both IL-17 and IFNy are present in
atherosclerosis patients and enhance inflammation however; induction of IL-17 in the

presence of TGF-P and IL-6 can have anti-inflammatory effects (Taleb et al., 2010).

1.6 Plaque rupture and Thrombosis

The composition and vulnerability of the atherosclerotic plaque determines
development of thrombosis and subsequent acute coronary events. Plaques that are
vulnerable to rupture have high numbers of inflammatory cells and a thin fibrous cap
(Glass and Witztum 2001; Lusis et al. 2004). The fibrous cap is maintained through a
balance of collagen and matrix production and degradation mediated by cytokines
produced by inflammatory cells. In addition to thinning of the fibrous cap through
breakdown of the ECM, other factors that may contribute to plaque stability include
apoptosis which is promoted by the balance of cytokines and pro- and anti-apoptotic
proteins within the arterial wall. Angiogenesis and calcification of lesions may also

have effects on plaque stability (Glass and Witztum 2001; Lusis et al. 2004).

As the size of the atherosclerotic lesion increases, it initially expands outwards
resulting in remodelling of the arterial wall. When the lesion becomes large enough,
it extends inwards leading to narrowing of the artery and angina (Li and Glass 2002).
Arterial thrombosis arising from disruption to the plaque can lead to myocardial

infarction or stroke (Libby et al. 2002). This is the culmination of atherosclerosis.

1.7 Cytokines and atherosclerosis

In the context of disease or pathophysiology, cytokines are often grouped according to
their pro-or anti-inflammatory actions. High levels of pro-inflammatory cytokines are
observed in atherosclerotic lesions (Harvey and Ramji 2005). Pro-inflammatory

cytokines include TNF-a, IFN-y, IL-1 and IL-12 amongst others. Anti-inflammatory
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cytokines include IL-10, IL-4 and TGF-B. Macrophages are the main source of
cytokines in the atherosclerotic lesion alongside other vascular cells and platelets
(Dinarello 2000; Tedgui and Mallat 2006). Cytokines mediate the development of the
atherosclerotic lesion at all stages of the disease and have central roles in endothelial
permeability, expression of adhesion molecules and scavenger receptors, migration of

smooth muscle cells and induction of apoptosis (Tedgui and Mallat 2006).

1.7.1 Pro-inflammatory cytokines

Pro-inﬂammatory cytokines are expressed at high levels in the initial stages of
atherosclerosis and can promote the expression of growth factors including vascular
endothelial growth factor (VEGF), involved in plaque progression and stability, and
platelet-derived growth factor (PDGF), involved in the proliferation and migration of
smooth muscle cells (Tedgui and Mallat 2006). The most studied pro-inflammatory
cytokine is IFN-y which is a type II interferon. The main sites of IFN-y synthesis are
natural killer cells and T-lymphocytes (Thl cells) but it is also synthesised by
monocytes/macrophages. IFN-y is important in the recruitment of immune cells to
lesions in atherosclerosis. Expression of chemokines including MCP-1 and MIP-1 is
induced by this cytokine (Harvey and Ramji 2005). Expression of adhesion
molecules important for monocyte recruitment such as VCAM-1 is also increased by
IFN-y (Harvey and Ramji 2005). The cytokine can promote differentiation of
monocytes into macrophages and can contribute to cholesterol accumulation by
inhibiting the expression of key genes involved in cholesterol efflux (Harvey and
Ramji 2005). Roles for IFN-y in apoptosis of vascular smooth muscle cells and in

plaque destabilisation have also been reported (Harvey and Ramji 2005).

1.7.2 Anti-inflammatory cytokines

Anti-inflammatory cytokines serve to limit inflammatory responses often through
their ability to suppress the expression of pro-inflammatory cytokines. They also
have effects on macrophage and T cell function. Major anti-inflammatory cytokines
include IL-4, IL-10 and TGF-$ (Dinarello 2000; Opal and DePalo 2000). TGF-B is
the most studied anti-inflammatory cytokine. Knockout of TGF-B1 in mice results in

uncontrolled inflammatory reactions, supporting its role as an anti-inflammatory
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cytokine (Mallat et al. 2001). The cytokine has key roles in the regulation of cell
proliferation and differentiation and can inhibit proliferation of B cells and T cells.
Similar to IL-10, TGF-B can inhibit the production of pro-inflammatory cytokines
TNF-a and IFN-y by monocytes/ macrophages but these effects are less potent than
those observed with IL-10 (Opal and DePalo 2000). TGF-B is discussed in detail in

Section 1.9.

The balance between pro- and anti-inflammatory cytokines is important in the
development and progression of atherosclerosis. For example, IFN-y is known to
inhibit the expression of apoE and ABCA-1, two proteins involved in reverse
cholesterol transport whilst the anti-inflammatory cytokine TGF-f up-regulates their
expression (Tedgui and Mallat 2006). Synthesis and degradation of ECM is important
in the vulnerability of atherosclerotic plaques to rupture. This is likely to be mediated
by the balance between pro- and anti-inflammatory cytokines. TGF-B and IL-10
inhibit the expression of MMPs which break down the ECM. TGF-f also induces
synthesis of collagen to promote a stable plaque structure. In contrast, [FN- y inhibits
collagen synthesis while other pro-inflammatory cytokines, IL-1 and TNF-a induce
the expression of MMPs (Dinarello 2000; Opal and DePalo 2000; Tedgui and Mallat
2006).

1.8 TGF-B

The TGF-B superfamily comprises 3 TGF-$ isoforms, 4 activin B chains, the protein
Nodal, 10 bone morphogenetic proteins and 11 growth and differentiation factors
(Schmierer and Hill 2007). The three isoforms of TGF-p share between 64 and 82%
homology in their amino acid sequence but are coded for by separate genes and have
distinct patterns of expression. Whilst all three isoforms are expressed in the vascular
wall, TGF-P1 is expressed at sites of inflammation and injury and is therefore most
studied in relation to atherosclerosis (Ashcroft 1999). In the vasculature, the cytokine
is expressed by endothelial cells, smooth muscle cells and macrophages and TGF-B

mRNA is constitutively expressed by monocytes (Ashcroft 1999; Bobik 2006).
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1.8.1 TGF-B synthesis

TGF-B is synthesised as a 24kDa dimeric precursor which is cleaved to become
active. The cytokine is initially rendered inactive through association with the latency
associated peptide (LAP), a 75kDa protein (Goumans et al. 2009). This complex is
known as the small latent complex (SLC). The signal peptide is cleaved from the
pre-pro-TGF-B on movement from the site of synthesis to the rough endoplasmic
reticulum (RER) (ten Dijke and Arthur 2007). TGF-B has a cysteine knot motif in the
mature protein formed by six conserved cysteine residues linked by three disulphide
bonds, a structure conserved throughout the TGF-B superfamily (Schmierer and Hill
2007; Singh and Ramji 2006). Two monomers, 12-15kDa in size, of TGF-p dimerise
through disulphide bridges and then undergo cleavage by furin-like proprotein
convertases inside the cell. This cleavage produces the C-terminal mature TGF-B
peptide and an N-terminal LAP, which remain attached through non-covalent bonds
(Singh and Ramyji 2006; ten Dijke and Arthur 2007).

The SLC can then covalently bond with a latent TGF-P binding protein (LTBP) to
form the large latent complex (LLC) which can then be secreted. Four LTBPs have
been identified and contain domains rich in cysteine residues and epidermal-growth
factor-like repeats that allow interaction with components of the ECM (Singh and
Ramji 2006; ten Dijke and Arthur 2007). The C-terminal of the LTBP interacts with
microfibrils, possibly to stabilise TGF-B. Following secretion, the N-terminal of the
LTBP interacts with components of the ECM, possibly to allow TGF-§ to be targeted
to specific sites and to regulate its activity. For TGF-P to become active and
subsequently bind to TGF-f receptors to initiate signalling, the LLC must be released
from interaction with microfibrils and ECM components. The exact mechanism that
regulates this is unclear. The binding of Thrombospondin-1 to the LAP has been
suggested to have a role in this by disrupting the bonds between TGF-B and the LAP.
Binding of integrins to the LAP or the action of proteases on the LTBP may also have
a role in this regulation (Singh and Ramji 2006; ten Dijke and Arthur 2007).

1.8.2 TGF-B receptors

TGF-B signals through its endogenous receptors also known as activin receptor-like

kinases (ALKSs). There are five type I receptors (TGFBRI) and seven type II receptors
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(TGFBRII) in mammals (Goumans et al. 2009). TGF-p binds to a receptor complex
made up of type I and type II receptors. The exact structure of the receptor complex
is not known but is thought to be a heterotetramer consisting of two type I and two
type II receptors. In the absence of TGF-p, the receptors exist as homodimers but
studies using mutated receptors have suggested that at least two type I receptors are
required in the signalling complex (ten Dijke and Hill 2004). The two receptor types
are similar in structure and are the only known transmembranous, serine-threonine
kinases. The receptors contain a small cysteine-rich extracellular domain, a single
membrane spanning region and an intracellular kinase domain (ten Dijke and Arthur
2007). The kinase domain of the type II receptor is constitutively active and requires
autophosphorylation of Ser213 and Ser409 for full kinase activity (Goumans et al.
2009). The receptor can also autophosphorylate specific tyrosine residues (259, 336
and 424) which may regulate its activity (Wrighton et al. 2009). Type I receptors act
downstream of type II receptors and are phosphorylated by the type II receptors on
specific serine and threonine residues within an intracellular region known as the GS
domain as it is rich in glycine and serine residues (Bobik 2006; Goumans et al. 2009).
This phosphorylation results in a conformational change which makes the 145 loop of
the type I receptor accessible for binding of Smad proteins (Runyan et al. 2006). Two
types of type I receptor exist- activin-like kinase-5 (ALKS) and ALK and these can

often have opposing roles (see Section 1.9.3).

Proteins that interact with TGF-B receptors can positively or negatively regulate TGF-
B signalling. The TGF-f receptor interacting protein (TRIP-1) binds to and becomes
phosphorylated by the type II TGF-B receptor to inhibit TGF-p signalling (Wrighton
et al. 2009). The TGF-B-related protein (TRAP-1) negatively regulates TGF-f
receptor activation by binding to inactive type I receptors before being released upon
receptor activation. Similar to this, the immunophilin FKBP12 binds to the type I
receptor within the GS domain and is released on activation of type II TGF-B
receptors. Disruption of FKBP12 and receptor interaction results in activation of
receptors in the absence of ligand suggesting that the protein may safeguard against
this (Runyan et al. 2006; Wrighton et al. 2009). In addition to receptor binding
proteins, ligand binding proteins such as the type III TGF-B receptors endoglin and
betaglycan can also regulate access to TGF-B receptors. These are abundant,

transmembrane proteins that bind TGF-B with low affinity to facilitate signalling.
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Endoglin only interacts with TGF-B when it is complexed with the TGF-B receptor
but binds the BMPs directly. Betaglycan will interact with TGF-B before it is
presented to the TGF-p receptor complex (Goumans et al. 2009; ten Dijke and Arthur
2007).

1.8.3 Endocytosis of TGF-B receptors

Like the majority of cell surface receptors, activated TGF-f} receptors are internalized
through clathrin-dependent endocytosis. Clathrin-coated vesicles contain a number of
positive regulators of TGF-P signalling including the Smad anchor for receptor
activation (SARA) (Schmierer and Hill 2007; ten Dijke and Hill 2004).
Internalisation receptors, gathered around clathrin coated pits on the cytoplasmic side
of the plasma membrane, recognise a di-leucine-like internalization signal (Ile218,
[le219, Leu220) found within the TGF-P receptors and conserved amongst most cell
surface receptors (Chen 2009). The pits undergo invagination and pinch off from the
membrane to move to the early endosomes where the clathrin coat is shed and
vesicles fuse with the endosome to release the TGF-B receptors. Receptors are

recycled back to the surface in the absence of the ligand (Chen 2009).

Following TGF-B signalling, TGF-f and its receptors can be internalized through
clathrin-independent endocytosis. Cholesterol and sphingolipid enriched lipid rafts
are found in the plasma membrane and associate with calveolin which is able to
interact with type I TGF-P receptors to disrupt their interaction with Smads (Chen
2009). Endocytosis through lipid rafts attenuates TGF-f signalling as the lipid rafts
contain Smad-7, Smurfs 1 and 2 and E3 ubiquitin ligases to promote receptor
degradation as explained in more detail in Section 1.11.4 (Lonn et al. 2009). The

factors that determine how TGF-P receptors are internalised remains unclear.

1.8.4 Roles of TGF-B

TGF-B has roles in numerous cellular processes including inflammation, fibrosis,

wound healing and cell growth which are discussed briefly below.

1.8.4.1 The role of TGF-f in immune and inflammatory responses
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The cytokine is recognised as a crucial negative regulator of the immune response and
can control the threshold of activation for immune responses. The inhibitory role of
TGF-B in the immune response was first recognised in the 1990s when mice deficient
in the cytokine were found to display uncontrolled and widespread inflammation
(Tedgui and Mallat 2006). Blockage of TGF-P signalling in T-lymphocytes using a
dominant-negative form of the TGF-P type II receptor also results in inflammation
spread across many organs (Li et al. 2006; Lutgens and Daemen 2001; Tedgui and
Mallat 2006). Expression of MHC class II molecules by macrophages is down-
regulated by the cytokine (Liret al. 2006). Inhibition of the co-stimulatory molecule
CD40 by the cytokine is likely to impair the antigen presenting function of
macrophages (Li et al. 2006). This would contribute to regulation of the immune
response and may reduce secondary stimulation at sites of infection (Li et al. 2006).
TGF-B can also inhibit the in vitro expression of LPS-induced inflammatory
mediators including TNF-a, MMP-12 and the chemokines MIP-la and MIP-2.
Down-regulation of nitric oxide expression and inhibition of nitric oxide synthase by
the cytokine has important implications for resolving inflammation and preventing

immunopathology (Li et al. 2006).

TGF-B also plays important roles in other cell types including B lymphocytes, T cells
and platelets. The cytokine affects the survival and inhibits proliferation of both T
cells and B lymphocytes and also has regulatory roles in activated leukocytes (Singh
and Ramji 2006; Grainger 2007). The cytokine inhibits the development of CD4 and
CD8 T cells into mature T cells and can inhibit the proliferation of T cells via a
number of pathways including inhibition of interleukin-2 or the c-myc transcription
factor (Li et al. 2006; Singh and Ramji 2006). The cytokine also inhibits the
differentiation of T cells to inhibit the acquisition of Th cell functions and also
inhibits T cell activation of cytotoxic T cells and induces activation of regulatory T
cells which function to suppress immune responses (Li et al. 2006). The extensive
roles of TGF-P in immune and inflammatory mechanisms is beyond the scope of this

thesis but is excellently reviewed by Li et al, 2006.

1.8.4.2 TGF- and fibrosis
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Overexpression of TGF-B under an organ specific promoter results in high levels of
fibrosis in the target organ (Ghosh et al. 2005). TGF-f is the one of the most potent
fibrogenic cytokines and excessive signalling via Smad-3 is thought to promote
fibrogenesis (Ghosh et al. 2005). TGF-B promotes fibrosis through regulation of key
components of the ECM. The cytokine can increase the synthesis of ECM proteins
such as collagens, proteoglycans and fibronectin in a wide range of cell types (Ruiz-
Ortega et al. 2007). The stimulation of TIMP expression and inhibition of collagenase
production also contributes to the potent effects of TGF-B on matrix accumulation and
fibrosis (Ruiz-Ortega et al. 2007). The pro-fibrotic effects of the cytokine have linked
it with pulmonary fibrosis. This disease is characterised by impaired lung function
and respiratory failure, caused by chronic scar formation and deposition of

extracellular matrix (Ghosh et al. 2005).

1.8.4.3 Role of TGF-f in wound healing
The actions of the cytokine on endothelial cells are important for its role in wound
healing. The cytokine inhibits migration and cell cycle progression of endothelial
cells (Kim et al. 2005). It is also an inducer of apoptosis (Kim et al. 2005). At low
concentrations the cytokine is associated with the invasion of endothelial cells. This
may be critical in the migration of cells associated with wound healing. Higher
concentrations of the cytokine cause an inhibitory effect on endothelial cells and may
facilitate movement of vascular smooth muscle cells to sites of injury (Kim et al.

2005).

1.8.4.4 TGF-p and cellular growth and proliferation
TGF-B is a central mediator of growth inhibition in a range of cell types. Downstream
targets of TGF-B signalling at the transcriptional level include the cyclin-dependent
kinase inhibitor, p21“™", which prevents progression through the cell cycle (Kim et al.
2005). The cytokine can induce anti-proliferative responses during the cell cycle
through down-regulation of c-myc or cdk responses. Overexpression of c-Myc can
cause cells to become resistant to growth suppression mediated by the cytokine (Kim
et al. 2005; Massagué et al. 2000). The TGF-B signalling pathway is now recognized
to have effects as a tumour suppressor pathway. Inactivation of type I or type II

receptors underlies a wide range of pathologies including carcinogenesis (Kim et al.
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2005). In human colon and gastric cancers mutation of TGF-B type II receptors
results in cells becoming resistant to TGF-B-mediated growth inhibition (Kim et al.
2005; Massagué et al. 2000). However, these cancers often have high levels of TGF-
B secretion which may contribute to pathogenesis through local immuno-suppression
of immune responses or through induction of new blood vessel growth (angiogenesis).
The cytokine potently induces angiogenesis by increasing expression of VEGF and
up-regulation of MMP-2 and MMP-9 expression resulting in an increase in
degradation of extracellular matrix to promote endothelial cell invasion and migration

(Kim et al. 2005; Massagué etal. 2000).

1.9 TGF-$ and atherosclerosis

1.9.1 Links between TGF-B and atherosclerosis

Evidence for the role of TGF-P in vascular biology was first proposed after studies in
the balloon injured rat carotid artery, a model for neointima formation (Singh and
Ramji 2006). Studies showed that levels of the cytokine were increased after the
procedure and that overexpression or inhibition of the cytokine not only had effects on
neointima formation but also on smooth muscle cell proliferation and extracellular
matrix deposition (Singh and Ramji 2006). TGF- is highly expressed in vascular
cells of early stage fatty lesions and in more advanced atheroma and has been shown
to have effects on all cell types present within lesions (Bobik 2006). Expression of
the cytokine is higher in asymptomatic plaques (at both the mRNA and protein levels)
and the cytokine accumulates in the shoulder regions of the plaque, in particular
within macrophages and smooth muscle cells (Mallat et al. 2001; Singh and Ramji
2006).

Expression of TGF-B type I and type II receptors is higher in fatty streaks and
decreases in more advanced lesions (Ramji et al. 2006; Singh and Ramji 2006).
Expression profiles of TGF-B in lesions have revealed that lesional cells express type
I TGF- receptor at high levels whereas in the normal vessel wall, type II TGF-$
receptors dominate (Grainger 2004; Lutgens and Daemon 2001). In vitro, type |
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expressing VSMCs show increased production of extracellular matrix in response to
the cytokine while typell expressing VSMCs show no change in ECM production
(Grainger 2004; Ghosh et al. 2005). It is therefore possible that excess levels of TGF-
B maintain high levels of type II receptors allowing the vessel wall to retain normal
differentiation and produce very little ECM. Changes in the expression of TGF-f can
alter the ratio of type I and type II receptors. Inhibition of TGF-P in response to
external factors switches the expression of receptors from type II to type I. This is
accompanied by the increased proliferation, differentiation and migration of VSMCs
into the intima, promoting lesion formation (Grainger 2004; Singh and Ramji 2006).
Increases in endoglin and decorin accessory receptor have been associated with the
disease but as these can act as positive or negative regulators of TGF-P signalling
through either sequestering TGF- into inactive pools or by facilitating formation of
the active receptor complex it is difficult to interpret the meaning of these

observations (Grainger 2007).

As detailed in Table 1.2, in vivo and in vitro studies have demonstrated the
importance of TGF-B1 in regulation of vascular cell proliferation, plaque stability,
differentiation and roles in immune and inflammatory mechanisms, with many studies
pointing to a protective role for the cytokine in atherosclerosis (Kim et al. 2005). In
the early 1990s it was proposed that TGF-f helped to maintain the normal structure of
the arterial wall thereby protecting against the development of atherosclerosis. This

was termed the protective cytokine hypothesis (Grainger 2004).

Studies in human and animal models support a primarily anti-atherogenic role for
TGF-B. Serum levels of the cytokine correlate inversely with the development of
atherosclerosis, with low serum levels seen in more advanced cases of the disease
(Grainger 2004). Low levels of the cytokine are also linked to advanced
atherosclerosis in angina patients (Kim et al. 2005). Regions of the aorta prone to
development of lesions (sites with low shear stress) display low levels of TGF-B
expression and levels of the cytokine are reduced in leukocytes following myocardial
infarction (Grainger 2007; Redondo et al. 2007). High levels of active TGF-B1 have
also been observed in patients with hypertension who have renal failure, end organ
damage or obesity (Ghosh et al. 2005). The cytokine is thought to increase blood

pressure by increasing peripheral resistance in the vascular wall through changes in
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the levels of vaso-active mediators such as nitric oxide and endothelin-1 (a
vasoconstrictor) (Ghosh et al. 2005; Lutgens and Daemon 2001). An arginine
polymorphism in the TGF-B1 gene which causes increased production of the cytokine
is associated with higher systolic blood pressure while other polymorphisms within
the TGF-B1 gene have also been associated with cardiovascular disease (Ghosh et al.
2005; Kim et al. 2005). In contrast to these studies, the expression of TGF- has also
been demonstrated to be induced in vitro by shear stress and oxidised cholesterol and
increased TGF-B expression is observed in clinical samples suggesting that the actions
of TGF-P may be dependent on its bioavailability (Redondo et al. 2007). In support of
this, human advanced atherosclerosis patients show increased levels of latent TGF-$
and reduced levels of active TGF-B (Grainger 2007). Factors that may trigger
suppression of TGF-B expression in the vessel wall remain poorly understood. One
factor that is thought to contribute is the lipoprotein particle, Lp(a). Lp(a) is made up
of two apolipoproteins, apo(a) and apoB, covalently bound to each other. Lp(a) can
inhibit TGF-B activation in vitro and in vivo. Apo(a) has also been found to
accumulate in regions where TGF-B activation is already suppressed forming a

positive feedback loop at these sites (Grainger 2004).

TGF-B"" mice fed a high cholesterol diet show higher levels of lipid retention and
endothelial activation than controls and overexpression of TGF-B reduces
atherosclerosis development (Grainger 2007). Targeted deletions of type I and II
TGF-B receptors have demonstrated that loss of TGF-$ signalling leads to abnormal
vessel wall integrity and vascular structure; Embryos lacking these components die
during gestation due to impaired vascular development (Goumans et al. 2009). Mice
deficient in Smad-1, -2 or -4 present with pre-angiogenesis lethality and mice lacking
Smad-3 die of impaired immunity (Goumans et al. 2009). Disruption of TGF-§
signalling, using dominant negative forms of the receptor or neutralising antibodies to
the cytokine, results in accelerated lesion formation, vascular inflammation and a
tendency towards unstable plaques (Grainger 2007). Studies linking TGF-$ with

atherosclerosis are detailed in Table 1.2
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Table 1.2 Studies on TGF-p and atherosclerosis

Aspect of atherosclerosis

Atherosclerosis risk

Adhesion of monocytes to
vascular endothelium

Monocyte migration

Cell type or in vivo model
Atherosclerosis patients

Porcine peripheral blood
mononuclear cells

Human coronary artery
endothelial cells
THP-1 monocytes and human

blood monocytes

Differentiated U937 cells and
human blood monocytes

Mouse RAW.264 macrophages

Key findings
Serum levels of TGF-p are reduced in
patients with advanced atherosclerosis.

Increased serum levels of TGF-P in
atherosclerosis patients

TGF-p decreases adhesiveness of'the
endothelium for monocytes.

TGF-P expression is decreased in response
to oxLDL and this reduces expression of
adhesion molecules.

TGF-p induced gene product (betaig-
h3/TGFBIp integrin) is a chemoattractant
for monocytes

TGF-P inhibits the expression ofthe

CD 11b leukocyte integrin and its activator
Rapl and their activation by chemokines
reducing the migration of monocytes
across a layer of endothelial cells.

Short-term exposure to TGF-p increases
macrophage migration whilst long-term
exposure inhibits macrophage migration.
This change is mediated through inhibition
of RhoA expression and through increases
in expression of chemokines such as MIP-
1 and MCP-1.

Reference(s)
Grainger et al. 1995

Blann et al. 1996

Cai et al. 1991

Chen et al. 2001

Kim and Kim 2008

Basoni et al. 2005

Kim et al. 2006
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Foam cell formation-
Cholesterol uptake

Vascular cells and ApoE™ mice

Vascular cells and ApoE " mice

Cholesterol reduces the responsiveness of
TGF-B in all vascular cells by increasing
the accumulation of receptors in lipid rafts
or caveolae and increasing degradation of
TGF-B. :

Cholesterol reduces binding of TGF-B to
its receptors to reduce TGF-8
responsiveness

Chen et al. 2007

Chen et al. 2008

Foam cell formation-
Cholesterol efflux

Human plasma

J774 murine macrophages

TGF-P associates with and has higher
levels of expression and bioactivity in
high-density lipoproteins.

TGF-p inhibits macrophage uptake of
oxLDL to prevent accumulation of
cholesterol esters and triglycerides. TGF-
B also enhances cholesterol efflux through
ABCA-1 and ABCG-1.

Tesseur et al. 2009

Argmann et al. 2001

Immune responses

ApoE” mice

LDLR” mice

ApoE”" mice

Disrupted TGF-f signalling in T cells
leads to accelerated atherosclerosis and
increased activation of T cells.

Blockade of TGF- signalling in T cells
results in lesions that are smaller in size
and have high levels of infiltrating T cells
and MHC class II expression.

Elevated expression of TGF-B inhibits T
cell responses and macrophage activation.

Robertson et al. 2003

Gojova et al. 2003

Zhou et al. 2009

Migration and proliferation of
vascular smooth muscle cells

Rats with carotid balloon injury
and vascular smooth muscle cells

Elevated expression of Smad-3 results in
stimulation of VSMC proliferation by

Tsai et al. 2009

49



CHAP I EK I Introduction

PAC-1 smoofh muscle cells

Mouse VSMCs

Human arterial vascular smooth
muscle cells

Cultured rabbit aortic smooth
muscle cells

TGF-.

TGF-p induces the expression of SMC
differentiation marker genes and this

requires activation of p38 kinase and the
RhoA-PKN pathway.

TGF- causes growth inhibition and
inhibits proliferation of VSMCs and this
requires activation of the p38 kinase
pathway.

TGF-B stimulates the production of
proteoglycans by VSMCs.

TGF-B inhibits proliferation of SMCs
during the GO/G1 stage of the cell cycle.

Deaton et al. 2005

Seay et al. 2005

Chen et al. 1987

Morisaki et al. 1991
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Plaque stability ApoE™ mice Overexpression of TGF-f reduces Frutkin et al. 2009
expression of pro-inflammatory cytokines
and MMPs and limits plaque growth to
increase plaque stability.
ApoE™ mice Inhibition of TGF-f results in accelerated | Mallat et al. 2001

Human carotid atherosclerotic
plaques

Human atherosclerotic plaques

ApoE" mice

Human coronary artery
atherosclerotic plaques

atherosclerosis development and plaques
with reduced collagen content and higher
inflammatory content which are
characteristically unstable.

TGF-B signalling is active in ‘
atherosclerotic plaques. Higher levels of
endoglin and early growth factor-1
correlate with increased smooth muscle
cell and collagen expression associated
with a stable plaque phenotype.

Levels of TGF-p are higher in
asymptomatic plaques and is associated
with a increase in collagen content.

Inhibition of TGF-P signalling using
recombinant soluble TGF-f receptor II
resulted in decreased size of plaques with
decreased fibrosis and increased
inflammatory and lipid content.

Immunohistochemical staining shows that
TGF-P is expressed at higher levels in
stable plaques whilst expression of MMP-
9 is higher in unstable plaques.

Bot et al. 2009

Cipollone et al. 2004

Lutgens et al. 2002

Jiang et al. 2004
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Human aortic vascular smooth
muscle cells

PPARdelta regulates ECM turnover
through increased expression of collagen
and inhibition of VSMC apoptosis in
response to oXLDL. This is mediated
through TGF-p and Smad-3.

Kim et al. 2009
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1.9.2 Actions of TGF-B on monocytes/macrophages in atherosclerosis

TGF-Bp has opposing stimulatory and inhibitory effects on monocytes and
macrophages. A pro-inflammatory role for TGF-§ in monocytes is supported by
several studies. The cytokine is a potent chemoattractant for monocytes to facilitate
their recruitment to the site of injury and inflammation (Ghosh et al. 2005; Li et al.
2006). The cytokine enhances the expression of integrins such as lymphocyte
function-associated antigen-1. (LFA-1) and the fibronectin receptor to assist with
monocyte attachment to the endothelial wall by interacting with ICAM-1 which
mediates binding to fibronectin and collagen (Ashcroft 1999). Migration of
monocytes is enhanced by the cytokine through the induction of MMP-2 and MMP-9
expression (Ashcroft 1999; Ghosh et al. 2005).

On monocyte-macrophage differentiation the expression of TGF-f is down-regulated
and exhibits anti-inflammatory actions including the inhibition of pro-inflammatory
genes including IL-1, IL-6, MCP-1 and MIP-1 and induction of anti-inflammatory
cytokine IL-10 expression (Ashcroft 1999). The cytokine protects macrophages from
apoptosis by stimulating ERK and attenuates macrophage activation by reducing
INOS expression through Smad3 (Wemer et al. 2000). Macrophages produce
inflammatory mediators and present antigens to T cells as part of the adaptive immune
response. They also function to clear apoptotic cells and microbes by phagocytosis.
It has been reported that phagocytosis of apototic cells can induce the secretion of
TGF-B resulting in inhibition of expression of chemokines and pro-inflammatory
cytokines (Li et al. 2006).

Many of the actions of TGF-f on macrophages inhibit foam cell formation (Mallat et
al. 2001; Singh and Ramji 2006). Foam cell formation can be viewed as an imbalance
between cholesterol uptake and efflux leading to cholesterol accumulation by
macrophages (Sections 1.3 and 1.4). TGF-B reduces levels of cholesterol esters and
triglycerides in macrophages by several mechanisms. Reduced uptake of lipoproteins
is associated with decreased expression and activity of both LPL and the LDL
receptor while uptake of oxidised lipoproteins can be reduced via inhibition of

scavenger receptor expression (Mallat et al. 2001; Singh and Ramji 2006). In addition
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to inhibiting the expression of genes implicated in cholesterol uptake, the cytokine
induces the expression of genes involved in macrophage cholesterol efflux including
apoE and ABCA-1 (Table 3.1). The actions of TGF-p on genes involved in
cholesterol uptake and efflux and implications on foam cell formation are discussed in
more detail in Chapter 3 of this thesis. This reduction in foam cell formation has been
demonstrated in cultured macrophages and in apoE” mice where the presence of the

cytokine prevents deposition of lipids within the intima (Grainger 2004).

1.9.3 Actions of TGF-B on VSMCs and endothelial cells in atherosclerosis

Formation of advanced atherosclerotic plaques is characterised by the migration and
proliferation of smooth muscle cells and their subsequent production of extracellular
matrix. TGF-$ is a potent enhancer of both matrix deposition and collagen synthesis
and inhibits the migration and proliferation of smooth muscle cells (Grainger 2004;
Singh and Ramji 2006; Yokote et al. 2006). This contribution to fibrous cap
formation and reduction of inflammation in the plaque promotes a stable plaque
phenotype and the cytokine therefore has an important protective role in the
development of atherosclerosis (Kim et al. 2005; Mallat et al. 2001).

In VSMCs TGF-B can attenuate activation by opposing the effects of pro-
inflammatory cytokines and mitogenic growth factors as well as the expression of
genes involved in vascular remodeling (Goumans et al. 2009). Activation of the
expression of a2 type I collagen and inhibitor of metalloproteinase-1 is Smad-3
dependent (Bobik 2006). Signalling through Smad3 also prevents activation of SMCs
by cytokines by binding to the CCAT/enhancer binding protein-f§ (Bobik 2006;
Feinberg et al. 2004). Synthesis of VEGF is regulated through interactions which lead
to p38MAPK activation (Bobik 2006). Differentiation of VSMCs is promoted by
TGF-p by inducing a set of differentiation marker genes. At least one of these genes
(the induction of SM22a actin) is known to be mediated through Smad-3 (Bobik
2006). The cytokine also inhibits growth of VSMCs through a Smad-3 and p38
kinase dependent mechanism (Feinberg et al. 2004; Goumans et al. 2009). Migration
of VSMCs is also inhibited but through a Smad-independent pathway by up-
regulation of cysteine-rich protein 2 expression through the recruitment of the

transcription factor ATF-2 (Lin et al. 2008). SMCs within fibrous plaques also
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express Smads which are not present in fatty lesions suggesting that TGF-B-mediated
increase in collagen is only present in more advanced plaques. In ApoE” mice, a
TGF-P neutralising antibody reduces collagen content by 50% and this is associated
with reduced Smad-2 activation and increased lesion size, supporting a role for TGF-B

in collagen production in lesions (Kalinina et al. 2004).

The cytokine regulates interaction between VSMCs and ECs. On interaction,
production of TGF-B by ECs promotes differentiation of VSMCs while TGF-$
produced by VSMCs stimulates VEGF to promote EC growth and differentiation
(Bobik 2006; Goumans et al. 2009; ten Dijke and Arthur 2007; ten Dijke and Hill
2004). In endothelial cells, TGF-B can have contrasting actions depending on the
receptor pathways used for signalling. For example, signalling through ALKS inhibits
migration and proliferation of ECs and also induces PAI-1 which contributes to the
inhibition of EC migration. Signalling through ALKI1 stimulates migration and
proliferation of ECs through association with caveolin (a membrane protein involved
in endocytosis). The two pathways can interact in ECs to regulate EC function.
ALKS is required for recruitment of ALK1 to the receptor complex whilst ALK1 is
able to antagonise ALKS5 signalling (Bobik 2006; Goumans et al. 2009; ten Dijke and
Arthur 2007; ten Dijke and Hill 2004).

1.10 TGF-B-Smad signalling

1.10.1 The Smad signalling pathway

Smads are named after orthologs in C. elegans and Drosophila, known as Sma and
Mad respectively. There are 8 Smad proteins, 42-60kDa in size (Heldin et al. 1997).
Smads 1, 2, 3, 5 and 8 are receptor-regulated Smads (R-Smads) that interact with the
TGF-B receptor complex. Smad-4 is a common mediator Smad (Co-Smad-4) that
facilitates transport of Smads to the nucleus and Smads-6 and -7 are inhibitory Smads
which negatively regulate TGF-B signalling. Smad proteins have a conserved
structure consisting of two Mad-homology domains; an MH1 domain linked to an

MH2 domain by a less conserved, proline-rich linker region (Bobik 2006; Ross and
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Hill 2008; Schmierer and Hill 2007). The MH2 domain of Smad-2 has been analysed
by crystallography and is made up of anti-parallel B-sheets capped at one end by three
a-helices and at the other end by a loop/helix region consisting of three loops and an o

helix (Heldin et al. 1997).

R-Smads are recruited to and phosphorylated by the TGF-B type I receptor. ALK4, 5
and 7 activate Smad-2 and -3 in response to TGF-f stimulation while ALK1, 2, 3 and
6 mediate activation of Smads -1, -5 and -8 in response to BMPs (Bobik 2006;
Goumans et al. 2009). The tjpe I receptor phosphorylates the R-Smad on two serine
residues in the C-terminus. A positively charged pocket within the L3 loop of the
MH2 domain of the R-Smad is essential for docking to the activated TGFBRI and is
also required for binding to other Smad subunits (Ross and Hill 2008; ten Dijke and
Arthur 2007; ten Dijke and Hill 2004). Binding of R-Smads to the type I receptor is
facilitated by SARA. SARA contains a Smad binding domain that interacts with the
Bl strand of the MH2 domain of Smad proteins to control the location of Smads
following TGF-B stimulation. The C-terminal domain of SARA interacts with the
TGF-P receptor to aid the receptor-Smad interaction (Runyan et al. 2006; ten Dijke
and Hill 2004; Wrighton et al. 2009). The TRAP-1-like protein (TLP) is another
positive regulator of TGF-B-Smad signalling. TLP is able to associate with active and
inactive receptors (predominantly type II receptors) and in response to TGF-p is able
to interact with Smad-4. Overexpression of the protein disrupts Smad complex
formation (Runyan et al. 2006; Wrighton et al. 2009). TLP may differentially
regulate Smad-2 and Smad-3 responses as overexpression of the protein blocks Smad-
3 responses and potentiates Smad-2-mediated responses (Felici et al. 2003). Other
receptor-interacting proteins that may be involved in the positive regulation of Smad
signalling include the chaperone protein Hsp90 which stabilises TGF-f receptors and
prevents them from becoming targeted for degradation (Wrighton et al. 2009). The
Dab2 protein has been demonstrated to associate with Smad-2 and -3 in response to
TGF-B and expression of this protein in a TGF-B-deficient cell line restores the

activity of Smad-2 (Runyan et al. 2006).

R-Smads form complexes with co-Smad4 and other Smad subunits to translocate to
the nucleus to regulate transcription of target genes. Smad complexes are formed

through the binding of Smads to phosphorylated serines in the SXS motif in the C-
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terminus of adjacent Smads. This also ensures that on complex formation, Smads are
released from the type I receptor (Goumans et al. 2009; Ross and Hill 2008; ten Dijke
and Hill 2004). The Smad signalling pathway is summarised in Figure 1.2 Recently,
it has been demonstrated that some TGF-P responses can be mediated in a Smad-4
independent manner. Smad-4 deficient murine ES cells show no change in the TGF-P
induced regulation of a subset of ECM genes and no change in the TGF-P regulated
growth inhibition of fibroblasts, suggesting that signalling can be mediated through
complexes lacking Smad-4 or may be Smad-independent (Sirard et al. 2000; ten Dijke
and Hill 2004).

Type I Type 1
Receptor Receptor

Transcription Factor

Coactivator

PActivation
Target Genes |- Or

HRepression

Figure 1.2 The Smad signalling pathway. On activation of the TGF-P receptor
complex by TGF-P binding, the receptor-regulated Smads become phosphorylated by
the type I receptor. Active Smads form complexes with Smad-4 to translocate to the
nucleus where they can regulate gene transcription through binding to Smad binding
elements within the promoter of target genes or through interaction with other

transcription factors. For more details refer to text. Figure taken from Liu (2003).
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TGF-f receptors. If the receptors are active Smads are re-phosphorylated and move
back to the nucleus, if not low-level de-phosphorylation occurs and Smads move back
to the cytoplasm. Fluorescence and GFP-fusion Smad proteins have demonstratec
that in epithelial cells, TGF-B-stimulated nuclear accumulation of Smad-2, -3 and -
reaches a maximum 45min after cytokine addition and Smads remain in the nucleu:
for at least 4-5h after which they slowly return to the cytoplasm at a rate that mirror:
receptor inactivation (Hill 2009; ten Dijke and Hill 2004).

The exact mechanism of Smad translocation to the nucleus is unclear. Import anc
export may be determined by each other where monomeric Smads are preferentiall
exported and complexed Smads are preferentially imported (Hill 2009). Similar tc
this idea, the involvement of retention factors in Smad shuttling has also beer
suggested where monomeric Smads have a high affinity for cytoplasmic retentior
factors such as SARA whilst complexed Smads have a high affinity for nuclea
retention factors. Various studies have suggested the involvement of nuclear transpor

proteins and/or interactions between Smad complexes and nucleoporins of the nuclea:
pore (Hill 2009; ten Dijke and Hill 2004).

Binding sites for nucleoporins have been identified in Smad proteins within the MH?2
domain. Interestingly, these overlap with binding sites for SARA and for the Smad
interacting motif (SIM) which suggests that interactions between Smads and cellular
components may be exclusive and work in a competitive manner to move Smads to
the nucleus (ten Dijke and Hill 2004). A lysine-rich NLS sequence (KKLKK) in the
MHI1 domain is conserved in all R-Smads and mutation of this sequence prevents
nuclear accumulation of Smads in response to TGF-B. In Smad-3 the NLS mediates
nuclear import by binding to importin-f1 and importin-a is not used. Smad-4 nuclear

import uses both importin-a and -B1 as its NLS extends into the DNA-binding region
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of the MH1 domain to allow interaction with importin-a. In Smad 2 the NLS motif is
non-functional due to an insert located close to it which is likely to impair its binding

to importin (Hill 2009).

Nuclear export of Smads relies on de-phosphorylation. So far, the protease PPM1A
has been identified as being able to de-phosphorylate the SXS C-terminal motif of
Smad-2 and -3 to facilitate their export to the cytoplasm. This interaction may
involve phosphatase and tensin homolog (PTEN). Indeed Smad-2 and -3
phosphorylation is negatively correlated with the expression levels of both PPM1A
and PTEN. Overexpression of PPM1A abolishes Smad-2 and -3 phosphorylation and
shRNA-mediated knockdown of PPMI1A enhances the duration of Smad
phosphorylation and subsequent TGF-B-mediated responses (Itoh and ten Dijke 2007;
Wrighton et al. 2009). It is likely that de-phosphorylation results in the dissociation
of R-Smads from Smad-4 and that the two are exported by different mechanisms.
Smad-4 contains a nuclear export signal (NES) within its linker region that is required
for the binding of the nuclear exporter CRM1 (also known as exportin-1). Both of
these components are required for nuclear export of Smad-4. Export of Smad-2 and -
3 is independent of CRM1 but is likely to require other transport proteins such as
exportin-4 which has been demonstrated to be required for export of Smad-3 (Hill
2009; ten Dijke and Hill 2004).

1.10.3 How Smads control gene transcription

Smad complexes control gene expression in a cell-type and ligand concentration-
dependent manner. In Smad-3 and -4, direct contact to DNA is made through an 11-
residue B-hairpin loop. It contacts the Smad binding element (sequence 5’-AGAC-
3’). Smad -2 has an additional sequence N-terminal to this loop to prevent direct
contact with DNA so binds DNA through Smad-4 (ten Dijke and Hill 2004; Wrighton
and Feng 2008). Smads themselves have a low affinity for binding to DNA. Due to
this, Smads recruit other factors such as co-activators and co-repressors that are able
to bind specific sequences within target promoters to signal specificity and facilitate

the binding of other transcription factors (Schmierer and Hill 2007).

59



CHAPTER 1: Introduction

A large number of Smad interacting proteins have been identified. The first Smad
interacting transcription factor identified was the FastX1, a member of the Xenopus
FoxH1 transcription factor family. FastX1 contains a Smad binding domain in its C-
terminus and interacts with complexes of Smad-2 and -4 (ten Dijke and Hill 2004).
The identification of other interacting factors has led to the identification of a
common Smad interacting motif (SIM) which is rich in proline residues and shares
similarity to the SBD of SARA and binds to the MH2 domain in the same way. One
important difference between the two is that the SIM is shorter than the SBD and
docks away from Smad interéction interfaces meaning that it binds equally well to
monomeric and complexed Smads whereas the SBD of SARA binds with higher
affinity to monoineric Smads (ten Dijke and Hill 2004)

Target genes are positively regulated through interaction with histone acetylases
(HATS) such as CBP/p300. The addition of an acetyl coA to lysine residues in the
Smad protein is TGF-f dependent. Interestingly, acetylation of Smad-2 is higher than
Smad-3 suggesting that acetylation functions to improve Smad-DNA binding.
Interaction between Smads and HATs is also thought to reduce nuclear export.
CBP/p300 acetylates Smad-2 on lysines 19, 20 and 39 in the MH1 domain of Smad-2
and lysine 19 in the MH1 domain and lysine 378 in the MH2 domain of Smad-3 (Itoh
and ten Dijke 2007; Ross and Hill 2008; Wrighton and Feng 2008). Another co-
activator that has been demonstrated to interact with Smad proteins is P/CAF. This
was discovered through its association with p300/CBP and like p300 has intrinsic
HAT activity. The co-activator has been associated with the control of differentiation
and growth inhibition. P/CAF interacts directly with Smad 3 on activation of the type
I TGF-P receptor, in cultured mammalian cells. The co-activator has also been shown
to enhance transcriptional responses mediated by the TGF-pf/Smad3 pathway.
p300/CBP further enhances these responses suggesting that the two co-activators may
work cooperatively (Itoh and ten Dijke 2007).

Negative regulation of Smad target genes occurs through the recruitment of Smad co-
repressors ¢-Ski and SnoN. In the absence of TGF-B, these bind to Smad binding
clements in the promoters of target genes in a Smad-4 dependent manner and inhibit
the basal expression of target genes through the recruitment of histone deacetylases

(HDACs). HDACs remove acetyl groups from the lysine residues of histones to
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increase their positive charge and promote high affinity binding with negatively
charged DNA. TGF-p rapidly induces the degradation of c-Ski and SnoN to allow
Smad complexes to interact with Smad binding elements. In addition to this, SnoN
has been demonstrated to block the recruitment of co-activators to Smads and to block
the formation of Smad complexes (Itoh and ten Dijke 2007; Ross and Hill 2008;
Schmierer and Hill 2007).

1.10.4 Negative regulation of Smad signalling

Smad signalling is negatively regulated by Smad-6 and -7 also known as the
inhibitory Smads (I-Smads). Smad-6 and -7 negatively regulate BMP and TGF-$
signals respectively and of these, Smad-7 is the best studied. Smad-6 and -7
antagonise TGF-B-Smad signalling by competing with R-Smads for binding to the
type I receptor and preventing their phosphorylation. The structure of Smad-6 and -7
is conserved within the MH2 domain, allowing them to bind to the TGF-p receptor,
but show only limited similarity to other Smads in their MH1 domain (Schmierer and
Hill 2007; ten Dijke and Hill 2004). The I-Smads are target gene for TGF-B so acts in
a negative feedback loop to regulate TGF-p signalling. The I-Smads bind to TGF-B
receptors to mediate their ubiquitination and subsequent targeting for degradation
(Bobik 2006; Goumans et al. 2009). They can also carry phosphatase enzymes and
disrupt interactions between Smads and receptors and also between R-Smads and
Smad-4 to disrupt complex formation. (Lonn et al. 2009) Interaction of I-Smad and
the type I receptor is stabilised by the serine-threonine kinase receptor associated

protein (STRAP) (Runyan et al. 2006).

I-Smads recruit E3 ubiquitin ligases known as Smad ubiquitination regulatory factor-1
and -2 (Smurf-1, and -2) within the nucleus. Smurf-1 binds Smads-1 and -5 whilst
Smurf-2 has a broader specificity (Itoh and ten Dijke 2007; Ross and Hill 2008;
Wrighton and Feng 2008). On binding to the TGF-p type I receptor, both the receptor
and Smad-7 are ubiquitinated by the Smurf and targeted for degradation (Lénn et al.
2009). Ubiquitin is a 76 amino acid polypeptide that covalently attaches to lysine
residues of a target protein. Ubiquitination is a three step process. Ubiquitin is
covalently attached to lysine residues using E1 ubiquitin activating and E2 ubiquitin

conjugating enzymes. The formation of ubiquitin chains linked from lysine residues
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to the C-terminal glycine residue of ubiquitin is catalysed by E3 ubiquitin ligases.
Polyubiquitination can take place as ubiquitin itself contains lysine residues to which
more ubiquitin molecules can attach. This targets the protein to the 26S proteosome
for degradation where the Smurf protein is also degraded (Lonn et al. 2009; Ross and
Hill 2008; Wrighton et al. 2009).

Following TGF-p signalling, levels of Smurf-2 interaction with and ubiquitination of
Smad-2 are enhanced (Lonn et al. 2009). Ubiquitination and degradation of Smad-2
requires Smurf-like proteins such as NEDD4-2 (neural precursor cell expressed,
developmentally down-regulated 4-2)and WWP1/Tiull (WWP domain protein-1)
which are activated by TGF-f and binds to Smad-2 (Itoh and ten Dijke 2007;
Wrighton and Feng 2008). Although Smurfs are able to bind to Smad-3, it is not
directly affected by Smurf interaction. Instead, Smad-7 induces the degradation of the
co-repressor SnoN which interacts with the Smad-3-Smurf complex to disrupt it
(Lonn et al. 2009; Wrighton and Feng 2008). Smad-4 can be ubiquitinated but
requires R-Smads and TGF-f receptors to act as bridging proteins to mediate Smurf
interaction (Ross and Hill 2008). The MH1 domain of Smad-4 can also become
modified through the attachment of the small ubiquitin-related modifier (SUMO) to
lysine residues which alters the transcriptional activity and stability of Smad-4 and
has also been demonstrated to enhance its retention in the nucleus (Ross 1999;

Wrighton and Feng 2008).

1.11 Smads and atherosclerosis

Relatively little is known about the roles of Smads in relation to atherosclerosis
although as classical mediators of the TGF-pB response they are likely to be central to
many of the TGF-B-regulated effects observed in the vasculature during
atherosclerosis. Smad signalling is reduced by shear stress through increased levels of
I-Smad expression (Redondo et al. 2007). However, Smads are highly expressed in
macrophages (and subsequent foam cells) of early lesions and smooth muscle cells of
more advanced lesions (Kalinina et al. 2004). This expression profile supports the
influence of TGF-B on macrophage foam cell formation and inflammatory responses.
Smads are not expressed or are expressed at low levels in the smooth muscle cells of

early lesions suggesting that enhanced collagen production characteristic in more

62



CHAPTER 1: Introduction

advanced, fibrous plaques, is impaired in early lesions (Kalinina et al. 2004). Smads
have been implicated in a number of TGF-B-regulated responses in the vasculature
including the induction of connective tissue growth factor (CTGF) expression, the
production of ECM by VSMCs (Fu et al. 2003) and the inhibition of MMP-12 and
iNOS, markers of macrophage activation (Werner et al. 2000). Smads have been
demonstrated to be involved in the TGF-B-regulated induction of proteoglycan
synthesis and subsequent binding to LDL in VSMCs (Dadlani et al. 2008). Knockout
of Smad-3 in C57B1/6 mice suggests a role for Smad-3 in TGF-B-regulated inhibition
of neointimal VSMC hyperplasia. Loss of Smad-3 demonstrated roles for the protein
in the induction of a2 type I collagen and suppression of MMPs during the vascular
response to injury (Kobayashi et al. 2005).

1.12 Non-Smad signalling

Although TGF-f classically signals through the Smad pathway it is able to activate
other cellular signalling pathways to regulate target gene transcription. Of these the
mitogen-activated protein kinases (MAPKSs) are the best described and activation of

these pathways by the cytokine has been demonstrated in a number of cell types.

1.12.1 Mitogen-activated protein kinase signalling pathways

Five distinct groups of mitogen-activated protein kinases (MAPKs) have been
identified to date; extracellular-signal regulated kinases 1 and 2 (ERK1/2), c-Jun N-
terminal kinases (JNK)/stress-activated protein kinases (SAPK), p38 kinase isoforms
(a, B, v, 6), ERK3 and ERKS. The best characterised of these are the vertebrate
ERK1/2, JNK and p38 kinase pathways (Chang and Karin 2001; Johnson and Lapadat
2002). Similar to other protein kinases, the MAPKs consist of small N-terminal and
large C-terminal domains connected by a linker region. Substrates bind at the surface
while ATP is able to bind in a deep pocket at the interface between the two domains.
Two phosphorylation sites are located in a surface loop known as the activation loop
close to the activation site. In the unphosphorylated (inactive) state the substrate
binding site is partially blocked but on phosphorylation (activation) of the MAPK this
moves to help form the correct binding surface for the substrate (Cobb 1999).
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MAPKSs require phosphorylation on both a threonine and a tyrosine residue to become
active. All MAPKs share a Thr-Xxx-Tyr phosphorylation motif, (where X is glutamic
acid, proline, and glycine, for ERK, JNK and p38 respectively) located close to the
ATP and substrate binding sites of the kinase (Bardwell 2006; Cobb 1999). MAPKSs
are phosphorylated by dual-specificity (serine/threonine-tyrosine) kinases known as
MAPK kinases (MKKSs) and this increases their activity by approximately 5000-fold
(Cobb 1999). Phosphorylation of MAPKs enhances homodimerisation to produce
symmetrical dimers of each of the MAPKs. Following activation MAPKs accumulate
in the nucleus but the exact mechanism of nuclear import and export of MAPKs is

unclear (Bardwell 2006; Cobb 1999).

Phosphorylation of MAPKSs happens in a sequential manner where phosphorylation of
the tyrosine residue is followed by threonine phosphorylation, with the MKK
disassociating from the MAPK between each step (Harlaar and Brown, 1999). The
specificity of the phosphorylation motif allows specific activation of MAPKs by
particular MKKs. ERK is activated by MKK1, and MKK2, JNK is activated by
MKK4 and MKK?7 while p38 can be activated by MKK3, MKK4 or MKK6 (Bardwell
2006; Hommes et al. 2003; Johnson and Lapadat 2002).

In turn, the activity of the MKKSs is controlled through phosphorylation by MAPK
kinase kinases (MKKKs). MKKKs phosphorylate MKKs on activation by external
stimuli. Little is known about the regulation of the MKKKSs and they are numerous in
number, adding both diversity and complexity to MAPK signalling (Hommes et al.
2003; Johnson and Lapadat 2002). The MAPK cascades are summarised in Figure
1.3. The MAPK cascades can be regulated by ligands of the receptor tyrosine kinases
through binding of adaptor molecules (e.g. Grb2 and Shc) to phosphorylated receptor
tyrosine kinases. Adaptor molecules interact with the guanine nucleotide exchange
protein Sos through their SH3 domains and Sos enhances binding of GTP to Ras
which is then in turn able to bind to Raf and other MKKKs to initiate the MAPK
cascades (Cobb 1999; Wrighton et al. 2009). Adaptor molecules may also allow
crosstalk between different signalling pathways.
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Figure 1.3 The MAPK signalling pathways. MAPKs are phosphorylated by
MKKSs which in turn are phosphorylated by MKKKs. Numerous MKKKSs can be
activated by a number of stimuli including cytokines, growth factors and cellular
stress. For more details refer to text. Figure taken from Waldburger and Firestein

(2009).

Activation of the MAPKs through this cascade allows the phosphorylation and
activation of transcription factors and other kinases to regulate the expression of target
genes (Hommes et al. 2003). MAPKSs are serine/threonine proline-directed kinases
and phosphorylate the serine or threonine residue within a S/T-P motif (also known as
a phosphoacceptor site). However, this minimal target site is present within over 80%
of proteins and so is by itself not enough to determine selectivity and specificity.
Specificity may be enhanced by regions known as docking sites which are present on
MAPK-interacting proteins and act to bind MAPKs and promote transactions such as
MAPK-mediated substrate phosphorylation. These docking sites consist of a cluster
of basic residues followed by a spacer region and several hydrophobic residues. In
addition to this, scaffold proteins often play a key role in the specificity of MAPK
signalling by binding to components of the MAPK pathways (Bardwell 2006; Chang
and Karin 2001).
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MAPKs are inactivated by the removal of one or both phosphates by MAPK
phosphatases (MKPs) (Chang and Karin 2001; Cobb 1999). These are dual
specificity phosphatases that also display specificity towards individual MAPKSs.
MKPs are located in the nucleus and blockage of MKP expression enhances the
duration of MAPK activation. Other phosphatases such as phosphoprotein
phosphatase 2A (PP2A) are also able to inactivate the MAPKs (Bardwell 2006;
Chang and Karin 2001; Cobb 1999).

1.12.2 Extracellular signal-regulated kinases

The ERK pathway was the first MAPK pathway to be characterised. The pathway is
a key regulator in a number of cellular responses such as cell growth, proliferation and
survival. Although a number of ERK isoforms have been identified, only ERK1 and
ERK2 are ubiquitously expressed (Hommes et al. 2003). ERK 1 and 2 are activated
by a number of stimuli including cytokines, growth factors and ligands for G-protein
coupled receptors. ERK 1 and 2 (or p44/42) are phosphorylated by either MEK1 or
MEK?2 and these are phosphorylated by the Raf proteins including cRafl, B-Raf and
A-Raf. Interestingly, the Raf proteins can be activated by the protooncogene Ras
which is activated in many human tumours and induces the proliferation of tumour
cells, so linking the ERK pathway with cancer (Johnson and Lapadat 2002). The
duration of ERK activity can be modulated through removal of one or both phosphate
groups from the MAPK. Transcription factors phosphorylated by ERK include but
are not limited to Elk-1, c-Jun, c-Fos (AP-1) and ATF-2 (Hommes et al. 2003).

1.12.3 c-Jun N-terminal kinases

The JNKs were characterised as stress-activated protein kinases on the observation
that they became activated in response to inhibition of protein synthesis. The JNK
pathway is activated in response to cellular stress and cytokines and is primarily
involved in the regulation of cell proliferation and apoptosis (Barr and Bogoyevitch
2001; Hommes et al. 2003). Three isoforms of JNK are formed by three genes JNK-
1, INK-2 and JNK-3. Disruption of the three JNK genes in mice results in defective

stress-induced apoptosis and impaired immune responses. Each JNK is expressed as a

66



CHAPTER 1: Introduction

short form (46kDa) and a long form (55kDa) and of the three isoforms, JNK1 and
JNK2 are ubiquitously expressed (Barr and Bogoyevitch 2001; Hommes et al. 2003).
JNK can be activated by the upstream regulators MKK7 which is activated by
cytokines such as TNF and IL-1 and MKK4 which is activated by stress. Regulation
of JNK is complex and more than 13 MKKKSs are able to activate the kinase
(Hommes et al. 2003). The duration of strength of JNK activation is dependent on the
balance between external stimuli and inactivation of the cascade. To date, four
negative JNK regulatory factors have been identified; namely, MAPK phosphatase
MKP7, heat shock protein 72, nitric oxide and evil oncoprotein. JNK phosphorylates
two components of the AP-1 éomplex, c-Jun and ATF-2 (Hommes et al. 2003). The
AP-1 transcription complex which regulates the expression of many cytokine genes
and is activated in response to environmental stress and other factors that also activate
JNKs (Johnson and Lapadat 2002). c-Jun is post-translationally activated by JNK
through phosphorylation of Ser63 and Ser73 in the N-terminal domain. JNK also
activates ATF-2 which heterodimerises with c-Jun to stimulate its expression (Barr

and Bogoyevitch 2001).

1.12.4 p38 kinases

Like the ERK and JNK pathways, the p38 kinase pathway is associated with
inflammation, cell growth, differentiation and death. The p38 kinases were first
discovered during a screen for drugs inhibiting TNF-a-mediated inflammatory
responses (Hommes et al. 2003; Johnson and Lapadat 2002). The p38 kinases are
activated by a large number of inflammatory cytokines and growth factors in
inflammatory cells (including TGF-B, TNF-a, IL-1, and IL-17) in addition to ligands
for G-protein coupled receptors, hormones, and environmental stresses such as heat
shock, pathogens, UV and oxygen radicals (Hommes et al. 2003; Johnson and
Lapadat 2002). p38 was isolated as a 38kDa protein and four isoforms have been
identified. p38a, B and & are ubiquitously expressed while p38y is predominantly
expressed in skeletal muscle. In inflammatory cells such as macrophages, p38a. is the
major isoform activated. The kinase is activated by MKK6 and MKK3 although it is
MKKGS6 that is able to activate all four isoforms whilst MKK3 preferentially activates
a, v and & (Herlaar and Brown 1999; Ono and Han 2000). Downstream kinases such

as MK2 or transcription factors such as ATF-2 are downstream targets of p38. The
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p38 pathway promotes translation of proteins involved in the inflammatory response
through AU-rich elements in the 3’-untranslated region of their mRNAs. These are
often present in mRNAs of cytokines and inflammatory proteins. For example, the
MAPK is able to regulate production of the TNF-a protein and inhibition of p38 in
macrophage cell lines significantly reduces protein levels of TNF-o. Other proteins
whose production is dependent on p38 include IL-1, MCP-1, VEGF and iNOS
(Saklatvava 2004). p38 activation predominantly results in the production and
activation of inflammatory mediators to initiate leukocyte recruitment (Herlaar and

Brown 1999; Hommes et al. 2003).

1.12.5 MAPK and TGF-B-mediated responses

TGF-B activation of the ERK pathway was first suggested by studies in rat intestine
and mink lung epithelial cells which demonstrated rapid activation of p21 (Ras) by the
cytokine. ERK activation by TGF-P has subsequently been demonstrated in a number
of cell types (Zhang 2009). One of the mechanisms by which TGF-B is able to induce
the ERK pathway is through the activation of tyrosine kinase signalling pathways.
Both the type I and type II receptors for TGF- are phosphorylated on tyrosine
residues following ligand stimulation. The type II receptor for TGF-B is
autophosphorylated on three tyrosine residues (259, 336 and 424) and can also
become phosphorylated at tyrosine 284 by Src which bridges TGF-B and MAPK
activation by acting as a docking site for Grb2 and Shc recruitment. The type I
receptor can recruit and phosphorylate ShcA to promote the formation of a Grb2/Sos
complex which can activate Ras and Raf proteins which link receptor tyrosine kinases
with sequential activation of ERK signalling components. Interestingly, activation of
Grb2 has also been linked with the induction of TGF-f responses through p38 kinase
(Lee et al. 2007; Wrighton et al. 2009; Zhang 2009).

TGF-P activation of the ERK pathway is required for TGF-B-induced epithelial to
mesenchymal transistion which plays a physiological role in embryo development and
pathophysiological roles in tumour metastasis (Moustakas and Heldin 2005; Zhang
2009).
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TGF-P can activate the JNK and p38 kinase pathways through MKK3 or MKK6 in a
number of cell lines and have been shown to be activated independently of the Smad
pathway but can also act in conjunction with the Smad pathway. TGF-B is able to
activate the JNK and p38 pathways through direct interaction between the type II
receptor and the TGF-B-activated kinase 1 (TAK1). This interaction requires
activation of TAK1 by TRAF6 which may also interact with the activated TGF-$
receptor complex (Zhang 2009). TGF-B-activation of the JNK and p38 pathways is
essential for TGF-$-induced apoptosis (Zhang 2009). The involvement of MAPKSs in
TGF-p-mediated apoptotic mechanisms is the most consistently observed role for
MAPKSs in TGF-B-mediated résponses. The interaction between the type II receptor
and a pro-apoptotic adaptor protein Daxx leads to activation of JNK and apoptosis in

epithelial cells and hepatocytes (Moustakas and Heldin 2005).

1.13 MAPKSs and atherosclerosis

MAPKSs are expressed in the cardiovascular system and are activated by a number of
stimuli including LDL, oxLLDL, acute hypertension and mechanical stress (Metzler et
al. 1999). ERK 1/2 has been shown to be activated and overexpressed in
atherosclerotic lesions and phosphorylation and activation of ERK and JNK in arterial
walls has been noted after balloon injury in animal models (Li and Xu 2000).
Activation of MAPKSs in response to shear stress has consistently been observed in a
number of cell types and is often associated with cell proliferation and apoptosis. For
example, ERK can be activated by shear stress in endothelial cells and cardiac
myocytes and by mechanical stress in VSMCs. This activity is associated with AP-1-
dependent transcription and with VSMC proliferation. Similarly activation of p38 in
these cells is associated with proliferation and apoptosis (Cheng et al. 2008; Li and Xu
2000). MAPK activation may be mediated by Ras which is also activated in response
to shear stress. Other factors that can activate MAPKSs include angiotensin II and

endothelin-1 in VSMCs (Siasos et al. 2007).

The exact roles of each of the MAPKSs in atherosclerosis, is currently unclear. The
pro- or anti-atherogenic nature of each MAPK is likely to be distinct and dependent

on stimulus, cell-type and physiological context. Knockout studies in ApoE™ mice
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have demonstrated a pro-atherogenic role for JNK2 (Ricci et al. 2004). INK2™ (but
not JNK 1) mice showed less atherosclerosis than ApoE™ counterparts and use of a
pharmacological inhibitor against JNK resulted in reduced plaque formation in these
mice. Macrophage-restricted deletion of JNK2 also resulted in a reduced uptake of
lipoproteins, reduced foam cell formation and significantly less atherogenesis (Ricci

et al. 2004).

Deficiency of macrophage p38 MAPK in ApoE” mice promotes apoptosis of
macrophages and necrosis of advanced lesions. This increase in apoptosis was
accompanied by thinning of the fibrous cap and reduced collagen content of lesions
suggestive of enhanced lesion progression (Seimon et al. 2009). Pharmacological
inhibition of p38 in cultured mouse macrophages also resulted in increased ER-stress
induced apoptosis suggesting a role for p38 in apoptosis and lesion progression
(Seimon et al. 2009). In contrast to this, models of inflammation have demonstrated a
pro-inflammatory and possibly pro-atherogenic role for p38. A study in balloon-
injured rat carotid arteries demonstrated that injury to the artery wall was followed by
activation of p38 and that treatment with a p38-specific inhibitor produced a
significant decrease in the numbers of proliferating cells implicating the kinase in
neointimal formation (Ohashi et al. 2000). A role for the kinase in neointimal
formation has also been suggested by a vascular injury model where inhibition of p38
expression in smooth muscle cells resulted in decreased neointimal formation (Proctor
et al. 2008). Inhibition of p38 has been associated with reduced inflammation in
models of skin injury and septic shock (Kim et al. 2008; Seimon et al. 2009). The
kinase also plays a role in the transcriptional regulation of E-selectin and also of
VCAM-1 in endothelial cells (Herlaar and Brown 1999). Production of TNF-a is
regulated by p38 and JNK in macrophages and p38 also plays a role in TGF-B

mediated chemotaxis of monocytes (Herlaar and Brown 1999).

In macrophages, roles for MAPKs in a number of processes have been defined.
Apoptosis of macrophages in advanced atherosclerotic lesions has been demonstrated
to require the p38 and JNK pathways. These pathways are activated by the
accumulation of free cholesterol and engage the scavenger receptor, SR-A to promote
apoptosis (Devries-Seimon et al. 2005). Inhibitors against p38 and ERK can inhibit

oxLDL-induced macrophage proliferation suggesting roles for the kinases in this
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process (Senokuchi et al. 2004). Macrophage proliferation in response to oxLDL is
mediated by an increase in the production of GM-CSF, induced by oxLDL. Inhibitors
against p38 and ERK can inhibit macrophage proliferation and indicate distinct roles
for the two kinases in this process. ERK inhibitors can inhibit both production of
GM-CSF and subsequent macrophage proliferation whilst inhibitors against p38 have
no effect on GM-CSF mRNA or protein expression but maintain the inhibitory effect
on macrophage proliferation, suggesting that p38 acts further down the pathway and
may play a role in cell cycle progression which is negatively regulated by an oxLDL-
ERK-GM-CSF cascade (Senokuchi et al. 2004).

Roles for the MAPKs in foam cell formation have been demonstrated by studies in
mouse peritoneal macrophages where treatment of cells with oxLDL results in the
rapid activation of ERK, p38 and JNK (Muslin 2008). Treatment of macrophages
from CD36™ mice with a JNK inhibitor blocks oxLDL-induced foam cell formation
and ApoE null mice treated with a JNK inhibitor are also found to develop
significantly less atherosclerosis than ApoE” untreated mice (Muslin 2008). In
addition, JNK2 null mice crossed with ApoE” mice are resistant to atherosclerosis
development and have reduced oxLDL and AcLDL-induced foam cell formation.
Levels of phosphorylated SR-A are also reduced in macrophages from JNK2”" mice
suggesting that JNK may promote SR-A phosphorylation and therefore foam cell
formation (Ricci et al. 2004). In J774 murine macrophages oxLDL-induced foam cell
formation can be blocked with a p38 inhibitor (Muslin 2008). In addition, p38 has
been demonstrated to be required for oxLDL-stimulated CD36 expression in

macrophages (Muslin 2008).

1.14 Integration between Smads and other signalling pathways

A number of studies on TGF-B-regulated gene expression have evidenced crosstalk
between Smad and MAPK pathways although the exact mechanism of crosstalk is
often unclear. Interaction between signalling pathways can often be cell-type and
gene specific. For instance, cells of mesangial origin tend to show a synergy between
ERK and Smad pathways whilst epithelial cells tend to show that this interaction

inhibits downstream events (Hayashida et al. 2003). Stimulation of collagen I and
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fibronectin production by TGF-B in mesangial cells is mediated by the Smads but can
be inhibited by blocking the expression of ERK (Hayashida et al. 2003). Interplay
between signalling pathways has also been observed in relation to atherosclerosis.
For example, in VSMCs, the ERK and Smad pathways have been implicated in the
TGF-B-mediated induction of PAI-1 expression (Hong et al. 2006). PAI-1 promotes
ECM accumulation and fibrosis therefore impacting on vascular remodelling,
neointimal growth and VSMC migration and proliferation and is used as a biomarker
for cardiovascular disease-associated mortality. The ERK and Smad pathways are
required for PAI-1 induction by TGF-B. Activation of ERK by TGF-B is stimulated
by oxLDL and this modulates the phosphorylation and nuclear accumulation of Smad-
3 leading. to an increase in PAI-1 expression (Hong et al. 2006; Samarakoon and

Higgins 2008).

The linker region of Smads can be phosphorylated by MAPKs and cyclin-dependent
kinases (CDKs) and may integrate signals from other pathways to mediate TGF-8
responses (Schmierer and Hill 2007). Mitogens are able to initiate the ERK-mediated
phosphorylation of both Smad-2 and Smad-3 at specific serine and threonine residues
within the linker region (specifically, Ser245, 250, 255 and Thr220 of Smad-2 and
Ser204, 208 and Thr179 of Smad-3) (Javelaud and Mauviel 2005). Phosphorylation
of Smads by MAPKSs can affect their ability to move to the nucleus or thereby affect
transcriptional activity. For instance, ERK phosphorylation of Smad-1, -2 and -3
reduces the nuclear translocation of Smads following TGF-B stimulation (Javelaud
and Mauviel 2005). TGF-B activated JNK can also phosphorylate Smad-3 to induce
its nuclear translocation and activity. MSK1 kinase, a substrate of p38 kinase, can
modulate the transcriptional activity of Smad-3 by promoting association with the
p300 co-activator (Moustakas and Heldin 2005). Recently, phosphatases that
dephosphorylate the linker region of Smads have been identified. SCP phosphatases
dephosphorylate specific sites in the Smad-2 (Ser245, 250, 255 and Thr8) and Smad-3
(Ser204, 209, 213 and Thr8) linker region and have no effect on the SXS
phosphorylation of the protein (Wrighton and Feng 2008; Wrighton et al. 2009).

The interaction of the MAPKs and Smads with transcription factor substrates adds
another level of complexity to the interaction between signalling pathways. MAPK-

associated transcription factors can modulate the activity of Smads and conversely

72



CHAPTER 1: Introduction

these transcription factors can be modulated by the Smad pathway. This regulation
can be positive or negative and often occurs in a cell-type-, gene- and/or MAPK-
specific manner (Javelaud and Mauviel 2005). The transcription factor AP-1 and
Smads tend to cooperate to regulate AP-1-driven promoters while they antagonise
each other on Smad-dependent transcription (Javelaud and Mauviel 2005). Smad-3
and c-Jun can interact at the transcriptional level through AP-1 sites. Interestingly,
the c-Jun promoter itself contains both AP-1 and Smad3/4 binding sites and can be
induced by TGF-f (Javelaud and Mauviel 2005). Repression of the Smad pathway by
JNK activation in HepG2 cells is mediated by an interaction between Smad-3 and c-
Jun (Dennler et al. 2000). Overexpression of constitutively active MKK4 and
MEKK]1 inhibited TGF-B-induced transcription and disrupts the c-Jun/Smad-3
interactioﬁ suggesting that this interaction impairs TGF-B-mediated transcription
(Dennler et al. 2000). The inhibitory effect of c-Jun/Smad interaction is a result of the
ability of c-Jun to stabilise the interaction of Smad-3 with co-repressors such as Ski
and TGIF and block interactions with co-activators such as p300/CBP (Pessah et al.
2002; Pessah et al. 2001). Interaction between Smad and MAPK signalling pathways
is discussed further in Chapter 5 of this thesis.

1.15 Target gene transcription

Transcription is the process of synthesising RNA that is complementary to the DNA
sequence using RNA polymerase. A number of accessory proteins (TFIIA, B, D, E, F
and H), known as general transcription factors, are required for RNA polymerase II-
mediated transcription and make up the transcriptional machinery required for
initiation of transcription (Thomas and Chiang 2006). Two models have been
proposed for transcription initiation, the sequential assembly model and the
holoenzyme model, reviewed by Thomas and Chiang 2006 and Malik and Roeder
2005 respectively. Transcription is regulated by trans-acting factors (or transcription
factors) that are sequence specific and bind to cis-regulatory elements (CREs) within
the promoter of the gene. Cis-regulatory elements are situated upstream of the
transcription start site and interact with RNA polymerase and the associated

transcriptional machinery to regulate transcription. They can act either as activators
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or as repressors of gene expression dependent on other cofactors recruited to the gene

promoter (Venters and Pugh 2009).

Transcription begins as a series of abortive initiations before the RNA polymerase
enzyme reaches the +9 site where stable initiation begins. This transition is known as
‘promoter clearance’ (Buratowski 2009; Margaritis and Holstege 2003). As
transcription elongation progresses levels of phosphorylated serine mediate
interactions with histone methyltransferases which can then recruit complexes to
modify chromatin structure and histone acetylation to allow access to the gene
sequence for transcription to continue (Buratowski 2009; Venters and Pugh 2009).
Transcription is terminated following the addition of a 5’CAP and 3’ polyA tail
(Schoenberg and Maquat 2009; Venters and Pugh 2009). The pre-mRNA is also
spliced to remove introns from its sequence to form the mature mRNA (Bentley 2005;

Buratowski 2009).

1.15.1 Histone acetylation and Chromatin remodelling

Genes are packaged and compacted within the nucleus in the form of chromatin.
Chromosomal DNA is structurally similar to beads on a string where each bead is a
nucleosome consisting of 147bp of DNA wrapped around an octomer of histones
containing two copies of histones H2A, H2B, H3 and H4 (Cairns 2009; Venters and
Pugh 2009). Nucleosomes are evenly spaced every 160-200bp throughout the
genome. The packaging of chromatin can be modulated by ATP-dependent
chromatin remodelling complexes such as SWI/SNF to regulate gene expression.
This is achieved through competition between nucleosomes and transcription factors
for access to cis-regulatory elements. While constitutively-expressed genes favour
binding of transcription factors through a nucleosome-depleted region containing cis-
regulatory elements, regulatory-transcribed genes are often covered using nucleosome
positioning sequences that help position nucleosomes over key transcription factor
binding sites. This then requires binding of a key transcription factor at an open site
followed by remodelling of chromatin and modification to expose other sites (Cairns
2009; Venters and Pugh 2009). Chromatin remodelling is often preceded by histone
acetylation by transcription factors with histone acetyltransferase (HAT) activity,

known as co-activators. A large number of proteins with HAT activity that are linked
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to transcription have been identified including p300/CBP (CREB (cAMP response
element binding protein) binding protein), PCAF (p300/CBP associated factor) and
SRC-1 (steroid receptor coactivator-1) (Gregory et al. 2001). Histone acetylation
facilitates not only access for RNA polymerase but also binding of additional
transcription factors to regulate transcription and gene expression. Acetylation occurs
on specific lysine residues on the N-terminal tails of histone proteins (Gregory et al.
2001). The following section will focus on co-activators (transcription factors)
involved in TGF-P signalling with a focus on the role of steroid receptor coactivator-1

(SRC-1).

1.16 Co-activators and TGF-f signalling

TGF-B-mediated changes in gene expression through the Smad and MAPK pathways
are regulated by co-activators with HAT activity such as p300/CBP and SRC-1 or by
co-repressors with HDAC activity such as NCoR and HDAC1 which bind to sites
within the promoter of the target gene and to each other to regulate gene transcription
(Spencer et al. 1997). Co-activators facilitate the assembly of a stable pre-initiation
complex (PIC) of transcription machinery to enhance gene transcription while co-
repressors bind to DNA to prevent assembly of the PIC and gene transcription.
Recruitment of co-activators with intrinsic HAT activity target specific histones on
the DNA resulting in the unpacking/unwinding of chromatin to facilitate access for
other transcription factors and the basal transcriptional machinery while deacetylation

of histones by co-repressors has the opposite effect (Spencer et al. 1997).

Co-activators and co-repressors, unlike general transcription factors are not part of the
RNA polymerase II complex and interact with enhancer DNA-binding transcription
factors. As the levels of co-activators within the cell is limiting, changes in their
expression levels can have dramatic effects on gene expression and can serve to
integrate signals from multiple pathways (Yuan and Xu 2007). Over 300 co-
regulators of transcription have been identified to date (Lonard and O'Malley 2007).
Co-activators and co-repressors do not work alone but in protein complexes made up
of multiple components. These are dynamic in nature with some proteins stably
bound and some less so (Lonard and O'Malley 2007). Reversible, post-transcriptional

modifications to co-regulators (such as phosphorylation, acetylation, methylation and
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ubiquitination) also contribute to this dynamic nature. These modifications can have a
broad effect on gene expression through the interaction of co-regulators with a

number of other transcription factors (Lonard and O'Malley 2007).

Interaction with co-activators or co-repressors with Smads is dependent on the MH2
domain of the proteins. The co-activator p300/CBP has been demonstrated to interact
with the Smad proteins (Pouponnot et al. 1998). The co-activator is able to interact
directly with the MH2 domain of Smad-2, -3 or -4 through its C-terminal domain to
positively regulate transcription of target genes through its HAT activity and can
enhance transcription of the TGF-B-responsive reporter plasmid 3TP-Lux (Dennler et
al. 2005; Itoh et al. 2000; Nishihara et al. 1998). The transcriptional activity of both
Smad-2 and -3 can also be enhanced by p300/CBP in response to TGF-§ through
acetylation of their MH2 domain (Inoue et al. 2007). Another co-activator
demonstrated to interact with the Smad proteins is P/CAF, a co-activator associated
with the control of differentiation, growth inhibition and apoptosis. Similar to
p300/CBP, the co-activator is able to interact directly with Smad-3 to enhance Smad-
dependent transcriptional responses following TGF-f stimulation in mammalian cells.
Interestingly, the N-terminal of P/CAF is able to interact with p300/CBP suggesting
that both co-activators may be required for some transcriptional responses (Itoh et al.
2000). Both p300/CBP and P/CAF co-activators are also able to regulate the

expression of ERK in response to stimulation with retinoic acid (Chu et al. 2005).

1.16.1 Steroid receptor coactivator-1

SRC-1 is also thought to be involved in TGF-f signalling. SRC-1 (also known as
nuclear receptor coactivator-1 (NCoAl)) is part of the p160 family of nuclear receptor
co-activators and was the first of the p160 co-activators to be cloned. Other members
of the pl60 SRC family include SRC-2 (also known as NCoA2/transcriptional
intermediary factor-2- TIF-2/glucocorticoid receptor-interacting protein- GRIP1) and
SRC-3 (also known as NCoA3/amplified in breast cancer-1- AIBI1/ retinoic acid
interacting protein-3- RAC3/ thyroid hormone receptor-activated molecule-1-
TRAMI/ p300/CBP-interacting protein- p/CIP). All SRCs are approximately 160kDa
in size and expressed in a ubiquitous manner (Li and Shang 2007; Xu and Li 2003).

Members of the family have been demonstrated to interact with nuclear receptors
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(NR) including the oestrogen receptor, glucocorticoid receptor and the retinoid-X-
receptor. In addition, they interact with several transcription factors including PPAR-
v, AP-1, NFxB and cAMP regulatory element-binding protein (CREB) (Leo and Chen
2000; Xu and Li 2003). SRC-1 knockout mice are prone to obesity, linking the co-
activator to energy homeostasis, glycolysis and fatty acid synthesis (Lonard and
O'Malley 2007; Xu et al. 2009). SRC-1 has also been linked with the vasoprotective
effect of oestrogen. The co-activator is expressed in endothelial cells and VSMCs of
normal arteries and in neointimal cells following vascular injury. Knockout mice
have demonstrated a role in the inhibitory effects of oestrogen on neointimal growth

and VSMC proliferation (Yuan and Xu 2007).

The SRC family members share a conserved structure. The N terminal domain is
thought to be in&olved in intra-/inter-molecular interactions and the C terminal is
involved in transcriptional activation. Between these domains, the receptor
interacting domain contains conserved LXXLL (L-leucine, X-any amino acid)
sequences known as NR boxes. These mediate interactions between the co-activator
and nuclear receptors/other co-activators including p300/CBP which has been shown
to interact with SRC-1 (Leo and Chen 2000; Li and Shang 2007; Lonard and
O"Malley 2007; Xu and Li 2003). The co-activator has weak HAT activity mapped to
its C-terminal domain and specific for histones H3 and H4 but is likely to require
other co-activators for transcriptional activation through histone acetylation (Spencer
et al. 1997).

Studies using the human PAI-1 promoter have demonstrated that like p300/CBP, the
co-activator SRC-1 is able to enhance TGF-B/Smad transcriptional responses. In
contrast to p300/CBP, SRC-1 does not bind directly to Smad-3 but instead is thought
to interact with the p300/CBP co-activator to enhance association with Smad-3 and
subsequent Smad-3 dependent transcriptional responses (Dennler et al. 2005). Using
mammalian two-hybrid assays and transfection studies, Dennler and colleagues
(2005) were able to show that interaction between p300/CBP and Smad-3 was
enhanced by SRC-1 and inhibition of p300/CBP blocked the action of SRC-1 on
Smad-3-dependent transcription (Dennler et al. 2005).
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SRC-1 may also interact with MAPK pathways through phosphorylation (Rowan et
al. 2000). Phosphorylation of SRC-1 is able to modulate its activity and generally
enhances its transcriptional activity whilst methylation reduces transcriptional activity
of the co-activator (Rowan et al. 2000). SRC-1 contains 7 serine/threonine
phosphorylation sites. These contain consensus sites for proline-directed protein
kinases (Rowan et al. 2000). The co-activator also contains consensus sites for
MAPK (ERK 1/2) phosphorylation and the co-activator is able to potentiate AP-1
activity. ¢cAMP/protein kinase A and NF«xB pathways are also able to influence SRC-
1 activity through phosphorylation (Li and Shang 2007).

1.17 Aims of study

Atherosclerosis is recognised as a progressive, inflammatory disorder and the
underlying cause of cardiovascular disease, one of the leading causes of death in the
Western world. Cytokines play crucial roles in the regulation of immune and
inflammatory responses during atherosclerosis development, often mediated through
the modulation of gene expression profiles associated with the disease. The study of
the molecular mechanism regulating cytokine-mediated gene expression in
atherosclerosis is crucial for the identification of novel targets for therapeutic
intervention. TGF-f, an anti-inflammatory cytokine, acts as a key modulator of gene
expression to prevent progression of atherosclerosis. TGF-B has been shown to
modulate the expression of genes implicated in foam cell formation. However, the
molecular mechanisms behind this regulation are yet to be elucidated. The classical
Smad pathway plays a pivotal role in TGF-f signalling and in addition to this the
cytokine can activate other cellular signalling pathways including the MAPK
cascades. Studies into the TGF-B-regulation of these genes in macrophages,
particularly through activation of TGF-B signalling pathways is therefore crucial to
furthering understanding of the molecular basis of foam cell formation and

atherosclerosis.

In the later stages of atherosclerosis, TGF-B modulates the expression of genes
involved in turnover of the extracellular matrix to promote plaque stability. Recent

identification of the ADAMTS family of proteases and their ability to cleave key
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components of the vascular matrix has sparked interest in their role in atherosclerosis.

Limited research currently exists on the functions of ADAMTS proteases, in

particular ADAMTS-4 with relation to atherosclerosis. Studies on the cytokine-

mediated regulation of ADAMTS4 are therefore an important area for research.

The aims of the work presented in this thesis were therefore to:

Investigate the regulation of expression of key genes implicated in cholesterol
uptake and cholesterol efflux by TGF-B in macrophages (Chapter 3). This was
to be achieved using RT-gPCR and Western blotting to analyse changes in
mRNA and protein levels respectively.

Investigate activation of key TGF-B signalling pathways in macrophages
(Chapters 4 and 5). This was to be achieved using Western blotting and non-
radioactive kinase activity assays to analyse protein levels of Smads, MAPKs

and MAPK substrates respectively.

Investigate the role of the classical Smad pathway in the TGF-B-regulation of
key genes implicated in macrophage cholesterol homeostasis (Chapter 4).
This was to be achieved using siRNA technology.
o Following this, the aims were extended to investigate the role of three
MAPK pathways (ERK, JNK and p38 kinase) using the same
methodology (Chapter 5).

Investigate the regulation of macrophage ADAMTS-4 by TGF-$ (Chapter 6).

This was to be achieved using RT-qPCR and Western blotting to analyse
mRNA and protein levels respectively.

o Following this, the aims were extended to investigate the action of

TGF-B on ADAMTS-4 promoter activity using transient transfection

and to characterise the minimal promoter binding region for the TGF-B

response using transfection and EMSA analysis techniques.
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CHAPTER 2

Materials and Methods

2.1 Materials

Table 2.1 lists the materials used during the course of this study, along with the

suppliers from which they were purchased.

Table 2.1
M aterials

Anti-ADAMTS-4
GAPDH negative control siRNA

Acrylamide: Bisacrylamide (37.5:1)

Acrylamide: Bisacrylamide (29:1)
INTERFERE'M

Anti-ApoE

PCR grade magnesium chloride
PCR grade NH4reaction buffer
Anti-mouse HRP-conjugate
Anti-JNK

Anti-phospho JNK

Anti-phospho p38 kinase
Anti-phospho p44/42
Anti-phospho Smad-2
Anti-phospho Smad-3
Anti-p44/42

Anti-p38kinase

Anti-rabbit HRP-conjugate
Anti-Smad-2/3

LB-medium and LB agar capsules
Agarose

Cell lines (Hep3B, THP-1, U937)

EDTA

Ethanol

Hydrochloric acid
Industrial methylated spirits
Methanol

Sodium chloride

Sodium dodecyl sulphate
Sodium hydroxide
Tris-Base

Other general chemicals

Materials and Suppliers

Suppliers

Affinity Bioreagents, Cambridge, UK
Ambion, Cambridgeshire, UK

Anachem, Luton, UK

Autogen Bioclear, Wiltshire, UK
Biogenesis, Kiddlington, Oxford, UK

Bioline, London, UK

Cell Signaling Technology, New England
Biolabs, Herts, UK

DIFCO Laboratories, Surrey, UK
Eurogentec, Southampton, UK

European Collection of Animal Cell Cultures,
Salisbury, UK

Fisher Scientific, Loughborough, UK
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ECL Western blotting detection reagents
Megaprime DNA labelling kit

Nick columns

Rainbow protein size markers

Random Hexamers (PdN)

GE Healthcare, Buckinghamshire, UK

DMEM with GlutaMAX "™
Foetal Calf Serum
RPMI-1640 with GlutaMAX™

GIBCO® Invitrogen, Paisley, UK

1ml cryovials

96-well, 24-well and 12-well plates

50ml and 15ml Falcon polypropylene tubes
Tissue culture flasks

Greiner, Gloucestershire, UK

Cell scrapers
0.2puM sterile filters
6-well plates

Helena Biosciences, Sunderland, UK

p38 kinase validated siRNA
Smad-3 validated siRNA

Invitrogen, Paisley, UK

Penicillin/Streptomycin

Lonza Biologicals, Slough, UK

PVDF membrane
Stericup® and Steritop™ 500ml filter

Millipore Ltd., Gloucestershire, UK

DNA molecular weight markers

p44/42 MAPK kinase assay kit (non-radioactive)
SAPK/JNK kinase assay kit (non-radioactive)
Restriction endonucleases

New England Biolabs, Hertfordshire, UK

Anti- ABCA-1

Novus Biologicals, Suffolk, UK

Phosphate buffered saline tablets

Oxoid Ltd., Basingstoke, UK

[a-**P]-dCTP

Perkin Elmer, Massachusetts, USA

Micro BCA protein assay kit

Pierce, Chester, UK

dNTPs

Luciferase substrate

M-MLYV (5x) buffer

M-MLV Reverse Transcriptase
Passive lysis buffer (5x)

pGL2 promoter vector
RNasin®

Shrimp alkaline phosphatase
T4 DNA ligase

Promega, Southampton, UK

c-Jun validated siRNA

ERK 1/2 validated siRNA

QIAquick™ gel extraction kit
QIAquick™ nucleotide removal kit
Qiagen plasmid plus maxi kit
QIAprep™ Spin mini kit

RNeasy™ total RNA isolation mini kit
Smad-2 validated siRNA

SRC-1 (NCOA-1) genome-wide siRNA
SuperFECT™

Qiagen, Crawley, UK

Anti-c-Jun
Anti-LPL
Anti-SR-A

Santa Cruz Biotechnology, California, USA

DNA oligonucleotides

Sigma Genosys, Cambridgeshire, UK

Ampicillin

Aprotonin
Benzamidine

Bovine Serum Albumin
Bromophenol blue
Ethidium bromide
Glycerol

Kodak X-OMAT film

Sigma, Poole, UK
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Leupeptin

Molecular biology grade DMSO
PMA

PMSF

Sodium fluoride

Sodium orthovanadate
Sodium pyrophosphate
TBE (10x)

TEMED

Tissue culture grade DMSO
Triton x-100
Trypsin/EDTA

Tween 20

Zinc chloride
2-mercaptoethanol

Totam (Tebu-Bio), Peterborough,

Human TGF-§ Cambridgeshire, UK

2.2 Preparation of solutions and glassware

Solutions and glassware were autoclaved for 20-30 min at 121°C (975kPa) as

necessary.

2.3 Cell culture techniques

2.3.1 Celllines

2.3.1.1THP-1
THP-1 is a human monocytic leukaemia cell line that can be differentiated with
phorbol esters. Differentiated THP-1 cells display many of the properties and
characteristics of human monocyte-derived macrophages and are therefore a useful
model in which to study the properties of macrophages including cell signalling and

gene expression (Auwerx, 1991).

2.3.1.2 U937
U937 is a human monocyte lymphoma cell line established by Sundstrém and Nilsson
(1976) that has the characteristics of human monocytes. It is frequently used for
promoter analysis in relation to monocyte/macrophage gene expression as it is easier

to transfect with exogenous DNA. Similar to THP-1 cells, U937 is an immature cell
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of the monocyte-macrophage lineage but can be differentiated using phorbol esters to

induce a mature macrophage phenotype (Abrink et al. 1994; Tsuchiya et al. 1982).

2.3.1.3 Hep3B
Hep3B is a human hepatoma cell line established by Aden et al. (1979) that is often
used for studies on cytokine-mediated gene expression during liver inflammation
(acute-phase response). Cells are fully adherent hepatocytes derived from a human
carcinoma. Hep3B cells show cytokine-mediated responses similar to that observed in

inflammatory states (Coulouarn et al. 2005; Coulouarn et al. 2004; Hiron et al. 1992).

2.3.2 Maintenance of cell lines in culture

Both THP-1 and’U937 cells were grown in RPMI-1640 with GlutaMAX™ (stabilized
L-glutamine). Hep3B cells were grown in DMEM with GlutaMAX™. Medium was
supplemented with 10% (v/v) heat-inactivated (at 56°C for 30min) foetal calf serum
(HI-FCS) and penicillin (100U/ml) and streptomycin (100ug/ml) (complete medium).
Both HI-FCS and penicillin/streptomycin were passed through a 0.2um sterile filter
prior to addition to the medium. Cells were maintained in a humidified incubator
(37°C) with a 5% (v/v) CO; atmosphere. DMEM complete medium was replaced

when required. Cells between passages 2 and 8 were used for experiments.

2.3.3 Sub-culturing of cells

2.3.3.1 THP-1 and U937 cells
Suspension cells were subcultured when they reached approximately 70% confluency
(0.7 x 10° cells/ml). Confluent cells were split by diluting into fresh RPMI-1640

complete medium. Routinely cells were split in a ratio of 1:4.

2.3.3.2 Hep3B cells
Confluent (70%) Hep3B cells were washed once with DMEM. Cells were then
trypsinised using 0.25% (v/v) trypsin/EDTA solution to cover the cell monolayer.
Cells were incubated at 37°C, 5% (v/v) CO, until cells became visibly detached from
the flask. DMEM complete medium was added and the cells were pelleted by
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centrifugation at 110xg for Smin. The cell pellet was resuspended into an appropriate

volume of fresh DMEM and cells were seeded at a ratio of 1:6.

2.3.4 Preserving and storing cells

Cell lines were preserved at -80°C or in liquid nitrogen. Only early passage cells
(passages 1-3) were used for storage. Prior to freezing, cells were centrifuged at
110xg for 5Smin and resuspended in HI-FCS containing either 10% (v/v) glycerol
(THP-1) or 10% (v/v) DMSO (U937 and Hep3B). Cells were aliquoted into 1ml
cryovials and insulated with polystyrene. Cells were frozen at -80°C for short-term
storage, or stored at -80°C overnight before being transferred to liquid nitrogen for

longer-term storage.

2.3.5 Thawing frozen cells

Cells from liquid nitrogen were defrosted by placing in a water bath at 37°C. Cells
were transferred to a polypropylene tube containing 10ml (v/v) HI-FCS and
centrifuged at 110xg for Smin. After resuspension into the appropriate complete
medium, cells were seeded into tissue culture flasks and incubated at 37°C with 5%

(v/v) COa.

2.3.6 Counting cells

To count both U937 and THP-1 cells, a haemocytometer (Neubauer chamber) was
used. After centrifugation (110xg for 5min), cells were re-suspended in an
appropriate volume of medium containing 10% (v/v) HI-FCS. The haemocytometer
was covered with a precision ground coverslip, then 7pl of cell suspension was used
and the number of cells in the 5 x 5 grid was counted. The number of cells/ml was
calculated by multiplying the number of cells in the counting area by 10°. The
appropriate volume of cells was diluted using fresh medium and seeded into tissue

culture flasks or plates.
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2.3.7 Treatment of cells with PMA and cytokines

THP-1 and U937 cells were differentiated with 0.16uM PMA for 24hr before
cytokine treatment. Prior to cytokine treatment of Hep3B cells, the medium was
aspirated and replaced. Cytokines were added directly to the culture medium and
treated cells were incubated at 37°C with 5% (v/v) CO,. Routinely TGF-p was added

at a concentration of 30nM.

2.3.8 Human monocyte-derived macrophage cell culture

Ficoll-Hypaque purification was used to isolate human monocyte derived
macrophages (HMDMs) from buffy coats. Blood was layered over Lymphoprep™™
(Nycomed Pharmaceuticals) in Accuspin™ tubes (Sigma) and was centrifuged at
110xg for 30min to allow sedimentation of erythrocytes. Cells were transferred to a
new centrifuge tube and an equal volume of PBS containing 0.4% (v/v) tri-sodium
citrate was added before centrifugation (110xg, Smin). Pelleted cells were
resuspended in 10ml 0.2% (v/v) saline solution, to lyse the red blood cells. Following
centrifugation (110xg, 5min), platelets were removed from the mononuclear cell
interface by washing several times with PBS containing 0.4% (v/v) tri-sodium citrate
(with centrifugation (110xg, Smin) between washes). Monocytes were plated out in
12-well plates using RPMI-1640 supplemented with 5% (v/v) HI-FCS and penicillin
(100U/ml) and streptomycin (100pg/ml). Cells were left to adhere for 7 days to allow
for macrophage differentiation. Half of the volume of medium was replaced every 2
days and prior to use, cells were washed and the medium replaced to remove any non-

adherent cells.

2.4 RNA/DNA related techniques

2.4.1 Isolation of Total RNA

Total RNA was isolated from cells using the RNeasy Mini kit (Qiagen). Briefly, the
medium was aspirated from the cells and the cells washed once with PBS before
being resuspended in 350-600u1 buffer RLT (containing 10pul/ml B-mercaptoethanol),
provided in the kit. This is a highly denaturing buffer which inactivates RNases to aid
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in the collection of intact RNA. The lysate was homogenised either by passing the
collected lysate through a QIA shredder column (Qiagen) or several times through a
0.9mm needle attached to a 1ml syringe. At this stage the lysate was stored at -80°C
until a later date or immediately used for RNA extraction. The rest of the protocol
was carried out according to the instructions provided by the manufacturer (Qiagen).
Briefly, silica-based membrane spin columns were used to bind RNA. Addition of
ethanol precipitated out any DNA to provide optimum binding conditions.
Contaminants were washed away using the RW1 wash buffer (provided in the kit)
before the RNA was eluted.

RNA concentration and purity was determined using a NanoDrop ND-1000
Spectrophotometer (Labtech International) according to the manufacturer’s
instructions. The integrity of the RNA was analysed by size-fractionating a small

aliquot on a 1.5% (w/v) agarose gel (Section 2.4.4.1).

2.4.2 RT-PCR

Reverse transcription-polymerase chain reaction consists of two steps.
1. The synthesis of cDNA using reverse transcriptase.
2. PCR using gene-specific primers and optimised conditions to amplify a

product of interest.

2.4.2.1 Reverse Transcription
RNA (typically 1pg or if the yield was low, 0.5pg) was mixed with 1ul random
hexameric primers (200pmol, PAN6) and sterile water to a total volume of 13.5pul.
Samples were incubated at 70°C for 5min and immediately cooled on ice. The

following reagents were subsequently added to the reaction:

1l ANTP mixture (10mM each of dATP, dCTP, dGTP, dTTP)

4ul 5 x M-MLV (Molony murine leukemia virus) reverse transcriptase buffer
0.5ul recombinant RNase inhibitor (RNasin®) (50U/pl)

Ipl M-MLV reverse transcriptase (200U/pl)
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The total mixture was incubated at 37°C for 1hr and the reaction terminated at 92°C
for 2min. Synthesised cDNA was diluted by adding 80pl (or 30pl if 0.5pg RNA was

used) RNase-free water and stored at -20°C.

2.4.2.2 Polymerase chain reaction
PCR conditions were specific to the primers used to amplify specific gene products.
The primer sets used for PCR are shown in Table 2.2 with the product size in base
pairs (bp) and the reference, if applicable, from which they were obtained. The
reaction and amplification conditions are shown in Table 2.3 and Table 2.4
respectively. PCR conditions and cycle numbers were previously optimised in the
laboratory so that the products were generated during the exponential phase of
amplification, providing a direct correlation between the amount of product and the
input cDNA template. PCR reactions were carried out using a Techne Thermal

Cycler or a Peltier Thermal Cycler (PTC-200).

2.4.3 Real-time quantitative PCR

Real-time quantitative PCR (qRT-PCR) is an accurate method to analyse the amount
of PCR products during the exponential stage of the amplification without reaching
the plateau phase where the PCR reaction is not generating template at an exponential
rate, one problem that can be encountered with endpoint quantification of RT-PCR
reactions (Ginzinger 2002). qRT-PCR was carried out using the SYBR® Green
JumpStart™ Taq ReadyMix™ (Sigma) and samples were prepared as 25pl reactions
in duplicate using a 96-well plate format. The following reagents were added to 2.2pl
cDNA:

27.5ul SYBR® Green JumpStart™ Taq ReadyMix™
10.5ul RNase-free H,O
0.5ul forward primer

0.5pl reverse primer

Details of specific primers used are detailed in Table 2.5. SYBR Green is a dye that
intercalates into dsDNA, similar to ethidium bromide used during agarose gel

electrophoresis. The dye has undetectable fluorescence in its free form but fluoresces
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on binding to dsDNA. SYBR Green can be used with any set of primers and although
it is able to bind to any dsDNA target, correct amplification conditions can prevent the
formation of primer dimers and ensure binding to a single product (Giulietti et al.
2001). Previously optimised amplification conditions are set out in Table 2.6 along
with the reference, if applicable, from which the primer sequence was obtained. A

melting curve was also constructed to verify correct, single product amplification.

For each transcript a standard curve was constructed using the purified PCR product
generated for each specific set of primers. To create this, genes were blunt-end
cloned into the pGEM-T vector (Promega) and correctly transformed colonies were
identified by blue/white screening and sequenced. Plasmid DNA was prepared using
the QIAprep Spin Miniprep kit (Qiagen) according to the manufacturer’s instructions
(Section 2.4.8). Real-time PCR was carried out using a DNA Engine Opticon 2®
real-time PCR detection system (MJ Research).

The comparative Ct method was used for analysis as described by Livak and
Schmittgen (2001). The Ct method is a commonly used method for relative
quantification of QPCR data. The Ct method relies on the number of cycles/rounds of
amplification required for the fluorescence of a gene to surpass a pre-set threshold
level (the Ct value) within the exponential phase of the amplification. This is directly
proportional to the amount of starting template. The value of this for the gene of
interest is compared relative to the equivalent Ct value for the control gene to
normalise the data (Ginzinger 2002; Livak and Schmittgen 2001). The Ct method
relies on two assumptions, firstly that the expression of the control gene does not vary
under experimental conditions and secondly, that the PCR efficiencies for each gene
are similar to each other. This can be assessed from the slope of the standard curve
produced for each transcript (Ginzinger 2002). The transcript levels of 28StTRNA and
RPL13A were used for normalisation in the studies presented in this thesis. These
were used as normalising genes as they displayed stable expression in all samples.
RPL13A is a ribosomal protein that has previously been shown to be a reliable
standard in a number of studies analysing gene expression by qRT-qPCR including
studies of chondrocyte and articular cartilage gene expression (Foldager et al. 2009;
Pombo-Suarez et al. 2008) and gene expression during pancreatic diseases (Jesnowski

et al. 2002) while 28S rRNA is an established housekeeping gene widely used for
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analysis of gene expression, including in our own laboratory (Irvine et al. 2005; Singh
and Ramyji 2006).
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Table 2.2 Sequences of PCR primers used for the analysis of gene expression by RT-PCR

Gene

ABCA-1
ADAMTS-4
ApoE
(32 microglobulin
GAPDH
LPL

Forward Primer (5°-3”)

GCTGCTGAAGCCAGGGCATGG
AGGCACTGGGCTACTACTAT
TTCCTGGCAGGATGCCAGGC
TTTCTGGCCTGGAGGCTATC
CCCTTCATTGACCTCAACTA
GAGATTTCTCTGTATGGCACC

Reverse Primer (5°-37)

GTGGGGCAGTGGCCATACTCC
GGGATAGTGACCACATTGTT
GGTCAGTTGTTCCTCCAGTTC
CATGTCTCGATCCCACTTAACT
AGTCTTCTGGGTGGCAGTGATGG
CTGCAAATGAGACACTTTCTC

Product
Size

(bp)
306

241
270
314
455
276

Reference

Kaplan et al. 2002
Amaoutakis 2008
Singh and Ramji 2006
Ali 2007
Sabatakos et al. 1998

Irvine et al. 2005
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Table 2.3 Reaction conditions for RT-PCR

Gene Forward Reverse dNTPs MgCI2  10x 10x
Primer Primer (40mM) (50mM) PCR  Mg2+
(100pM) (100pM) buffer PCR
buffer
28S rRNA 0.50 0.50 1.00 2.00 5.00 -
ABCA-1 0.50 0.50 0.50 . : 5.00
ADAMTS-4 0.50 0.50 0.50 0.50 5.00 -
ApoE 0.50 0.50 0.50 . - 5.00
p-2 microglobulin 0.50 0.50 1.00 1.00 5.00
GAPDH 0.50 0.50 0.50 - 2.00 5.00 -
LPL 0.50 0.50 1.00 2.00 5.00 -

*Al1 units given are pi and all PCR reactions were carried out in a total volume of 50jnl.

DMSO

5.00

2.50

Taq

Polymerase

(Spg/pl)

0.25
0.25
0.50
0.25
0.50
0.50
0.25

ddH20

25.75
33.25
32.50
30.75
36.50
31.00
30.75

cDNA

10.00
10.00
10.00
10.00
5.00

10.00
10.00
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Tabic 2.4 Amplification conditions for RT-PCR

Gene

28S rRNA

ABCA-1

ADAMTS-4

ApoE

p-2 microglobulin

GAPDH

LPL

Initial

melting

94°C
2 min
95°C
5 min
96°C
5 min
96°C
5 min
95°C
5 min
95°C
5 min
96°C

5 min

Annealing

62°C
30 sec
64°C
1 min
60°C
1 min
62°C
1 min
60°C
1 min
60°C
1 min
55°C

1 min

Extension

72°C
1 min
72°C
1 min
72°C
1 min
72°C
2 min
72°C
2 min
72°C
2 min
72°C

2 min

Melting

94°C
30 sec
95°C
I min
93°C
30 sec
93°C
30 sec
95°C
30 sec
93°C
30 sec
93°C
30 sec

Final extension

72°C
10 min
72°C
10 min
72°C
10 min
72°C
10 min
72°C
8 min
72°C
10 min
72°C

10 min

Number of cycles

11

20

30

27

19

19

24



Tabic 2.5 Sequences of PCR primers used for the analysis of gene expression by qRT-PCR

Gene
28S rRNA
ABCA-1
ABCG-1
ADAMTS-4
ApoE
CD36
GAPDH
LPL
RPL13A
Smad-2
Smad-3
SR-A
SR-B1

Forward Primer (5°-37)
TTAGACCGTCGTGAGACAGG
GCTGCTGAAGCCAGGGCATGG
TGCAATCTTGTGCCATATTTGA
GGGATAGTGACCACATTGTT
TTCCTGGCAGGATGCCAGGC
GAGAACTGTTATGGGGCTAT

GAAGGTGAAGGTCGGAGTC
GAGATTTCTCTGTATGGCACC

CCTGGAGGAGAAGAGGAAAGAGA TTGAGGACCTCTGTGTATTTGTCAA

CCCATCAAATTCAGAGAGGTTC
CTCCAAACCTATCCCCGAAT
CCAGGGACATGGAATGCAA

ACGACACCGTGTCCTTCC

Reverse Primer (5-37)
TTCAATAGATCGCAGCGAGG
GTGGGGCAGTGGCCATACTCC
CCAGCCGACTGTTCTGATCA
AGGCACTGGGCTACTACTAT
GGTCAGTTGTTCCTCCAGTTC
TTCAACTGGAGAGGCAAAGG
GAAGATGGTTGATGGGATTTC
CTGCAAATGAGACACTTTCTC

TCACTTAGGCACTCAGCAAAAA

GGCTCGCAGTAGGTAACTGG
CCAGTGGGACCTCGATCTCC

CGGGCTGTAGAACTCCAGCGA

Reference
Gibbs et al. 2002
Kaplan et al. 2002
Kaplan et al. 2002

Singh and Ramji 2006
Draude and Lorenz 2000

Irvine et al. 2005

Draude and Lorenz 2000
Eguchi et al. 2006
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Table 2.6
Gene

28S rRNA
ABCA-1
ABCG-1
ADAMTS-4
ApoE
CD36
GAPDH
LPL
RPL13A
Smad-2
Smad-3
SR-A

SR-B1

Amplification conditions for qRT-PCR

Initial melting

94°C
2 min
94°C
2 min
94°C
2 min
94°C
2 min
94°C
2 min
94°C
2 min
94°C
2 min
94°C
2 min
94°C
2 min
94°C
2 min
94°C
2 min
94°C
2 min
94°C
2 min

Annealing

62°C
30 sec
65°C
1 min
65°C
1 min
60°C
1 min
62°C
1 min
58°C
1 min
60°C
I min
55°C
1 min
60°C
1 min
63°C
1 min
63°C
1 min
60°C
1 min
60°C
30 sec

Extension
72°C
1 min
72°C
1 min
72°C
1 min
72°C
1 min
72°C
2 min
72°C
1 min
72°C
1 min
72°C
2 min
72°C
1 min
72°C
1 min
72°C
1 min
72°C
1 min
72°C

1 min 30 sec

Melting

94°C
30 sec
95°C
30 sec
95°C
30 sec
95°C
30 sec
93°C
30 sec
95°C
30 sec
95°C
30 sec
93°C
30 sec
95°C
30 sec
95°C
30 sec
95°C
30 sec
94°C
30 sec
95°C
40 sec

Number of cycles

40
40
40
40
40
40
40
40
40
40
40
40

40
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2.4.4 Agarose Gel Electrophoresis
For electrophoresis, 10x TBE [0.89M Tris-Borate (pH 8.3), 0.02M EDTA (Sigma)]

was used to prepare a 1xTBE solution with UV-treated, double distilled water
(ddH20). Gels were made using 1-2% (w/v) agarose in 1xXTBE with ethidium
bromide (0.5pg/ml), a dye that fluoresces following intercalation into dsDNA, thereby
allowing nucleic acids to be visualised. DNA/total RNA was visualised on the gel
using a 5x loading dye (1x TBE, 50% (v/v) glycerol, 2.25% (w/v) bromophenol blue).

2.4.4.1 Resolving RNA on agarose gels
Routinely 1pg RNA was resolved on a 1.5% (w/v) agarose gel to examine its
integrity. RNA samples were prepared with 5pl of sterile loading dye and RNase-free
water (Qiagen) to a total volume of 20ul. Electrophoresis was performed in 1 x TBE
at 50V for 10-15 min using a Fisherbrand horizontal gel unit.

2.4.4.2 Resolving DNA
To resolve DNA, agarose gels were prepared with between 1-2% (w/v) agarose
depending on the size of the DNA to be fractionated. Size fractionation of PCR
products was routinely carried out using 1.5% (w/v) agarose gels and fragment size
compared to standard DNA molecular weight markers (Appendix I). DNA was
prepared with Sul of DNA loading dye and electrophoresis was carried out in 1x TBE
buffer at 100V for 1hr using a Fisherbrand horizontal gel unit.

2.4.4.3 Analysis of RT-PCR amplification products
Nucleic acids were visualised under UV light using a Syngene Gel Documentation
System. Signals for PCR products were quantified using the Syngene Gene Tools
computer package (GRI).

2.4.5 Extracting DNA from agarose gels

DNA bands were extracted from ethidium bromide-stained agarose gels using the

QIAquick™ gel extraction kit (Qiagen) according to the manufacturer’s instructions.
q g o

,»//
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Efficiency of purification was analysed by electrophoresis using a 1.5% (v/v) agarose

gel.

2.4.6 Bacterial Strains and Vectors

All bacterial culture media (LB-Agar and LB-liquid media) was prepared according to
manufacturer’s instructions (DIFCO Laboratories). The strains and genotypes of

Escherichia coli (E. coli) are shown in Table 2.7 below.

Table 2.7 Bacterial Strains and Genotypes
Bacterial Strain Genotype Reference
supE44 AlacU169 (080 lacZAM15)

DH5a Hanahan 1983
hsdl7 recAl endAl gyrA96 thi-1 relAl

2.4.7 Transformation of Competent cells

DHS5-a competent cells (Invitrogen) were thawed on ice prior to transformation.
Plasmid DNA (1-5pi) was added to 50pl of competent cells and kept on ice for 30min
to allow the plasmid DNA to associate with the cell surface. The cells were heat-
shocked at 42°C for 20sec to cause a temporary increase in membrane permeability
and placed back on ice for a further 2min. Then, 950pl S.0.C. medium (Invitrogen)
was added and the cells were incubated at 37°C with shaking (225rpm) for lhr to
allow the cells to express the newly-introduced gene. To select ampicillin-resistant
bacterial colonies the cells were spread on LB-agar plates containing 10Opg/ml

ampicillin. Plates were incubated overnight at 37°C.

2.4.8 Small-scale preparation of plasmid DNA (Mini-prep)

LB-medium (5ml) containing ampicillin (100pg/ml) was inoculated with a single
colony of transformed E.coli and incubated overnight at 37°C with shaking (200rpm).
Preparation of plasmid DNA from the bacterial culture was carried out using the
QIAprep Spin Miniprep kit (Qiagen) according to the manufacturer’s instructions.

Briefly, alkaline lysis of cells was carried out, followed by the binding of plasmid
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DNA to the silica membrane of the QIAprep column using a high-salt buffer.
Endonucleases, salt and other contaminants were washed through and the DNA was

eluted using a low-salt buffer.

2.4.9 Large scale preparation of plasmid DNA (Maxi-prep)

LB-medium (10ml) containing ampicillin (100pg/ml) was inoculated with a single
colony of transformed E.coli and incubated for 8hr at 37°C with shaking (200rpm).
This was then used to inoculate 500ml fresh LB-medium with ampicillin (100pg/ml)
and this was incubated at 37°C with shaking (200rpm) overnight. Plasmid DNA was
prepared using a QIAprep Spin Maxiprep kit according to the manufacturer’s
instructions (Qiagen). Briefly, transformed cells were resuspended in buffer P1 (a
Tris-Cl buffer, provided in the kit). Alkaline lysis of the cells using NaOH and SDS
(buffer P2, provided in the kit) was carried out before the plasmid DNA was bound to
an anion-exchange column in the presence of a high-salt buffer. DNA was eluted

using alcohol precipitation.

The concentration and purity of DNA was determined by measuring 0.D.260 and
0.D.280 using a U-1800 Hitachi spectrophotometer.

2.4.10 Restriction endonuclease digestion of recombinant plasmid DNA

Single and double restriction enzyme digests were carried out using 1pg/ul DNA in a
20ul reaction and were performed at 37°C for 3hr in the recommended buffer
provided by the manufacturer (Promega) in the presence of acetylated BSA (10pg/pl).
Typically 0.5ul of the appropriate restriction enzyme (10U/ul) was added to 1ul DNA.

Restriction digests were analysed by agarose gel electrophoresis.

2.4.11 Cloning of Oligonucleotides

Oligonucleotides incorporating a 5’-Xmal or Xhol site were designed (Table 2.8) to
be cloned directly into a restriction enzyme-digested pGL2 promoter vector
(Appendix IT). The vector was cleaved with the aforementioned restriction enzymes

and subjected to agarose gel electrophoresis alongside 1kb DNA markers (Appendix
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I). The product was excised from the gel and the DNA purified (Section 2.4.5).
Oligonucleotides were prepared by incubating forward and reverse oligonucleotides
together at 100°C for 10min. The mixture was then left to cool to room temperature
to allow annealing to occur. The annealed oligonucleotides were then ligated into the
cleaved pGL2 promoter vector. This was carried out by preparing a 10pl reaction mix
containing Ipl 10x T4 DNA ligase buffer, Ipl T4 DNA ligase, Ipl pGL2 promoter
vector and 1-7pl purified fragment. T4 DNA ligase forms phosphodiester bonds
between the 3’ hydroxyl group of one nucleotide and the 5’ phosphate group of
another to ligate the oligonucleotides to the pGL2 promoter vector. The reaction mix
was incubated overnight at 4°C. Transformation of ligated products was carried out

using E.coli DH5a competent cells (Section 2.4.7).

Table 2.8 Oligonucleotide sequences used for insertion into pGL2 promoter

vector and subsequent promoter analysis

ADAMTS-4 Annealed oligonucleotide inserts
promoter
region
Oligo 1 5 -CCGGATGCCTCCTTACCTGTTCCCTACCTTCTTTTCTCAGGCA -3’

(-502 to -463)  3'- TACGGAGGAATGGACAAGGGATGGAAGAAAAGAGTCCGTAGCT -5

Oligo 2 5. CCGGCAGCTCACTCAGTCCCCTCAGCCCTGG -3’
(-464 to -439) 3 - GTCGAGTGAGTCAGGGGAGTCGGGACCAGCT -5’

Oligo 3 5 -CCGGCCTGGAAACCAGCCACTAGG -3
(-443 to -423) 3’- GGACCTTTGGTCGG TGATCCAGCT -5°

Oligo 4 5 - CCGGCCAAAGGGCAGCATGAGGGAGCCTTGAGAAAA -3
(-423 to -390) 3 - GGTTTCCCGTCGTACTCCCTCGGAACTCTTTTAGCT -5°

The ADAMTS-4 promoter sequence is shown in bold text.

2.4.12 DNA sequencing

GL1 and GL2 primers that amplified any insert within the pGL2 multiple-cloning site
were used for sequencing to detect correctly transformed colonies. Sequencing was

carried out by the Molecular Biology Support Unit of Cardiff University.
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2.5 DNA Transfections

2.5.1 SuperFect™ Transfection

Transfection work was carried out in U937 and Hep3B cell lines using conditions
previously optimised in the laboratory. Cells were grown in medium containing 10%
(v/v) HI-FCS. Confluent Hep3B cells were trypsanised and seeded as previously
described (Section 2.3.3). Cells were plated in 12-well plates 24hr prior to
transfection and incubated at 37°C with 5% (v/v) CO,. Medium was replaced with
fresh DMEM complete medium prior to transfection. Confluent U937 cells were
harvested by centrifugation (110xg for 5 min). Cells were resuspended in medium
supplemented with 3% (v/v) HI-FCS and plated out into 12-well plates at a density of
600,000 cells per well. Cells were incubated at 37°C with 5% (v/v) CO; for 4hr prior

to transfection.

Transient transfection was carried out using SuperFect™ according to the
manufacturer’s instructions (Qiagen) with minor modifications. Briefly, the
transfection mix was prepared in 50ul medium that contained no antibiotics and no
HI-FCS. SuperFect™ Reagent and the plasmid DNA of interest (containing the
promoter of the gene of interest linked to the firefly-luciferase reporter gene) was
added in a 3:1 ratio. Plasmids maps and further information on each plasmid can be
found in Appendix II. SuperFect™ has a dendrimer structure with positively charged
amino groups that interact with the phosphate backbone of DNA to form a complex
that can be taken up into the cell by endocytosis. The total mixture was allowed to
incubate at room temperature for 10min before being added to complete medium
(containing 10% (v/v) HI-FCS). The complete mix was added dropwise to cells.
Cytokine treatment was carried out 30min following transfection (Hep3B cells). Cells
were incubated at 37°C with 5% (v/v) CO, overnight before being harvested using 1 x
Passive Lysis Buffer (Promega). In the case of U937 cells, PMA was added
immediately following transfection and cytokines were added 2hr after transfection.
Cells were left to differentiate overnight before being harvested using 1 x Passive

Lysis Buffer (Promega).
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2.5.2 Preparation of cell extracts for determination of reporter gene activity

To prepare cell extracts for analysis, medium was aspirated and replaced with PBS.
The PBS was then aspirated and 200pl of 1 x Passive Lysis Buffer (Promega) was
added directly to the cell monolayer and left to incubate for 15min at room
temperature. Cells were then scraped into the buffer, transferred to a microcentrifuge
tube and centrifuged at top speed for Smin. The supernatant was either stored at -

20°C or used immediately for the measurement of luciferase activity.

2.5.3 Luciferase assay

Luciferase activity of samples was determined as described by the manufacturer
(Promega). Firefly luciferase is an enzyme that catalyses the activation of luciferin by
ATP to produce an anhydride intermediate which then reacts with oxygen to produce
oxyluciferin, CO, and light (Reed et al. 2007). Luciferase Substrate (100pul) and
sample were added to disposable plastic cuvettes in a 1:1 ratio. Luciferase activity
was determined using a Luminometer (TD-20/20, Turner Designs, California, USA)
set at 70% sensitivity level with a 2sec delay period and a 20sec integrate period.
Measurements were taken in duplicate and luciferase counts were normalised to the

protein concentration (pug/pl) of each sample (Section 2.7.4).

2.6 siRNA Transfections

2.6.1 SsiRNA transfection with Interferin™

siRNA transfections were carried out using validated siRNAs against target mRNAs
(Table 2.9). Stock solutions were prepared from lyophilised siRNAs according to the
manufacturer’s instructions (Qiagen and Invitrogen). siRNA transfection was carried
out in THP-1 cells prior to differentiation with 0.16uM PMA. Confluent THP-1 cells
were harvested by centrifugation at 110xg for Smin. The cell pellet was resuspended
in the appropriate volume of complete RPMI-1640 medium with no antibiotics. Cells
were seeded into 6-well plates and incubated at 37°C with 5% (v/v) CO; for 4 hr prior
to transfection. siRNA transfection was carried out according to the manufacturer’s

instructions (PolyPlus Transfection) with minor modifications.
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The following procedure was carried out for the transfection of cells in one 2cm?2 cell
culture dish. Transfection mix was prepared in 100pl antibiotic-free and HI-FCS-ffee
RPMI-1640 medium. Then, 7.5nM siRNA was added to this and the sample was
briefly centrifuged in a microcentrifuge. Following addition of the transfection
reagent Interferin™ (18pl), the mixture was again briefly micro-centrifuged and
allowed to incubate at room temperature for 20min. The complete mixture (100pl)
was then added dropwise to cells. Following transfection (24hr) cells were
differentiated using 0.16pM PMA for 24hr. Cells were left untreated or stimulated
with 30nM TGF-p for the requisite time period before being harvested for RNA

extraction (Section 2.4.1) or protein extraction (Section 2.7.1).

Table 2.8 siRNAs used during the course of this study

Target mRNA transcript NCBI accession SI Reference
number(s) of target number/Catalogue
number*
GAPDH NM 002046 *AM4604
Smad-2 NM 001003652 S102757496
NM 001135937
NM 005901
Smad-3 NM 005902.3 *46-1718/46-1719
p38 MAPK NM 0001315.1 *46-1471 / 46-1470
NM 139012.1
NM 139013.1
NM 139014.1
c-Jun NM 002228 S100300580
ERK 1/2 NM 002745 S100300755
NM 138957
SRC-1 (NCOA-1) NM 003743 S100055342
NM 147223
NM 147233

2.7 Protein analysis

2.7.1 Preparation of protein extracts using Laemmli buffer

Cells were routinely grown in a 2cm2 well for protein analysis. The cells were

washed with 1ml PBS. The PBS was then aspirated from the cells and 70pl freshly
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prepared Laemmli buffer (Table 2.10) was added. Cells were scraped into the buffer
and the collected extracts were micro-centrifuged at top speed for Smin. Lysates were
stored at -80°C or used immediately for SDS-PAGE followed by western blotting
(Section 2.7.7).

2.7.2 Preparation of Whole-cell protein extracts

Cells were washed and scraped into an appropriate volume of PBS before being
transferred to a polypropylene (Falcon) tube and centrifuged at 110xg for Smin. Cells
were resuspended in freshly prepared whole cell extracts buffer (100pl) (Table 2.10),
transferred to microcentrifuge tubes and vortexed for Ssec. The extracts were left on
ice at 4°C for 30min before being micro-centrifuged at 10,000rpm for 10min, also at
4°C. The supernatant containing the total cellular protein was removed and stored at -
80°C. Protein concentration was determined using the Micro Protein Assay Reagent

Kit (Pierce).

For preparation of phosphatase-free whole cell extracts, cells were washed twice with
ice-cold PBS (1ml) containing 10mM NaF and 100pM sodium orthovanadate and
micro-centrifuged (13,00rpm, 1min) between washes. The cell pellet was resuspended
in whole cell extraction buffer (Table 2.10). Extracts were vortexed for 45sec and
micro-centrifuged (10,000rpm, 10min at 4°C). The supernatant containing the total
cellular protein was stored at -80°C and protein concentration was determined using

the Micro Protein Assay Reagent Kit (Pierce) as described above.
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Table 2.10  Composition of stock solutions used for protein analysis by SDS-PAGE and Western Blotting

Solution

Laemmli sample buffer

Phosphatase-free whole-cell extraction buffer

Bromophenol blue

SDS PAGE gel loading buffer

SDS PAGE separating gel buffer
SDS PAGE stacking gel buffer
SDS PAGE running buffer
Western blot transfer buffer

10x Tris buffered saline (TBS)

Composition
0.125M Tris-HCI (pH 6.8), 4% (w/v) SDS, 10% (w/v) Glycerol,
10% (v/v) 2-mercaptoethanol
10mM Tris-HCI (pH 7.05), S0mM NaCl, 50mM NaF, 1% (v/v)
Triton X-100, 30mM Na«P: G (sodium pyrophosphate), SpM
ZnCH, 100pM Na3V04 (sodium orthovanadate), ImM DTT,
2.8pg/ml Aprotonin, 2.5pg/ml Leupeptin, 2.5pg/ml Pepstatin,
0.5mM Benzamidine, 0.5mM PMSF
0.05% (w/v) bromophenol blue in ddH20
50mM Tris-HCI (pH 6.8), 100mM DTT, 2% (w/v) SDS, 0.1%
(w/v) bromophenol blue, 10% (v/v) glycerol
1.5M Tris-HCI (pH 8.8), 10% (w/v) SDS
IM Tris-HCI (pH 6.8), 10% (w/v) SDS
25mM Tris, 250mM glycine, 0.1% (w/v) SDS
25mM Tris, 192mM glycine, 20% (v/v) methanol
10mM Tris-HCI, 20mM NaCl, pH 7.4
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2.7.3 Preparation of Nuclear Extracts

Nuclear extracts were prepared using the Active Motif Nuclear Extract Kit according
to the manufacturer’s instructions (Active Motif) with minor modifications. The
following procedure was carried out for Hep3B cells grown in one 100mm? plate.
Briefly, cells were washed once with 3ml ice-cold PBS/phosphatase inhibitors
provided in the kit. This was aspirated and replaced with 5ml ice-cold
PBS/phosphatase inhibitors. Cells were scraped into the solution and transferred to a
polypropylene (Falcon) tube and pelleted by centrifugation (110xg, Smin at 4°C). The
supernatant was discarded and the cell pellet was resuspended in 500ul 1x Hypotonic
buffer (provided in the kit), transferred to a microcentrifuge tube and incubated on ice
for 15Smin. Then, 25ul of detergent was added, and the mixture vortexed (10sec) and
micro-centrifuged at 4°C (13,000rpm, 1min). The supernatant containing the
cytoplasmic fraction was collected and stored at -80 °C. The cell pellet was
resuspended in 50ul Complete Cell Lysis Buffer (provided in the kit), vortexed
(10sec) and incubated on ice (30min, with rocking). After micro-centrifugation
(13,000rpm for 10min at 4°C) the supernatant containing the nuclear fraction was
collected and stored at -80°C. Protein concentration was determined using the Micro

Protein Assay Reagent Kit (Pierce).

2.7.4 Determination of protein concentration

Protein concentration was determined using the Micro BCA Protein Assay Reagent
Kit as described by the manufacturer (Pierce). Samples were processed in 96 well
plates and a standard curve was prepared for each assay using the appropriate buffer.
Samples were routinely diluted using PBS at a ratio of 1 in 50 and 1 in 100. Reagents
A, B and C, provided in the kit, were mixed according to the manufacturer’s
instructions (Pierce) and added to each well. The plate was covered and left to
incubate at 37°C for 2.5hr or overnight at room temperature. A Model 680 Microplate
Reader (Biorad) was used to measure the absorbance of each sample at a wavelength
of 570nm.
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2.7.5 SAPK/JNK Activity Assay

The SAPK/INK assay was carried out using the SAPK/JNK non-radioactive kinase
assay kit according to the manufacturer’s instructions (Cell Signaling Technology)
with minor modifications. Cell extracts were prepared using 1 x Cell Lysis Buffer
(provided in the kit) supplemented with ImM of the protease inhibitor PMSF. Then,
200ul of extract was added to 20ul of c-Jun fusion protein beads (a c-Jun fusion
protein linked to agarose beads) and incubated at 4°C overnight, with gentle rocking
to allow binding of SAPK/INK to the c-Jun fusion protein. The sample was micro-
centrifuged at 13,000rpm for 2min. The resultant pellet was washed three times with
500ul 1 x Cell Lysis Buffer (provided in the kit) and micro-centrifuged between
washes (13,000rpm, 1min) to remove the agarose beads. The pellet was then washed
three times with 1 x Kinase Buffer (provided in the kit) with micro-centrifugation
(13,000rpm, 1min) between washes to remove any contaminants. The resulting pellet
was resuspended in 50pl of 1 x Kinase Buffer (provided in the kit) supplemented with
200pM ATP and the mixture was incubated at 30°C for 30min to allow for the
phosphorylation of c-Jun by SAPK/INK. The reaction was terminated by addition of
25ul solubilising solution (SDS-PAGE gel loading buffer) (Table 2.10). The sample
was boiled for Smin before being loaded onto a 10% (w/v) SDS-PAGE gel. SDS-
PAGE and Western blotting were carried out as described in Sections 2.7.7 and 2.7.8
respectively. An antibody specific to this kit, phospho c-Jun (Ser63) was used for

immuno-detection.

2.7.6 p44a/a2 MAPK Activity Assay
The p44/42 MAPK assay was carried out using the p44/42 MAPK non-radioactive

kinase assay kit according to the manufacturer’s instructions (Cell Signaling
Technology) with minor modifications. Cells were prepared using 1 x cell lysis
buffer (provided in the kit) supplemented with 1mM PMSF. Cell extracts (200ul)
were added to 15ul Immobilised phospho p44/p42 (Thr202/Tyr204) MAPK mouse
monoclonal antibody and incubated at 4°C overnight, with gentle rocking to allow the
antibody to bind the p44/42 MAPK. Cells were pelleted and washed with 1 x cell
lysis buffer followed by 1 x kinase buffer as described in Section 2.7.5. After the
final wash, the pellet was resuspended in 50pul 1 x kinase buffer (provided in the kit)
supplemented with 200uM ATP and Spg Elk-1 fusion protein. The mixture was
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incubated at 30°C for 30min to allow the active p44/42 MAPK to phosphorylate the
Elk-1 substrate and then the reaction was terminated by addition of 25pl solubilising
solution (SDS-PAGE gel loading buffer) (Table 2.10). The sample was boiled for
Smin before being loaded onto a 10% (w/v) SDS-PAGE gel. SDS-PAGE and western
blotting were carried out as described in Sections 2.7.7 and 2.7.8 respectively. An

antibody specific to this kit, phospho Elk-1 (Ser383) was used for immuno-detection.

2.7.7 SDS polyacrylamide gel electrophoresis

SDS-PAGE was routinely carried out using gels composed of 10% or 12.5% (w/v)
acrylamide. Stacking and separating gels were prepared from stock solutions (Table
2.11) with the composition of the separating gel determined by the size of the protein
being fractionated. Electrophoresis was carried out using the Mini-PROTEAN II slab
electrophoresis cell (Bio-Rad Laboratories). Glass plates were cleaned and prepared
and the separating gel poured to within 3cm of the upper edge of the inner glass plate.
Isopropanol was layered on top to remove any air bubbles and TEMED and APS were
added to the gel mix to initiate polymerisation of the acrylamide/bisacrylamide gel.
Once the gel had set, the isopropanol was washed off using ddH,0 and the upper
surface of the plates dried with Whatman 3MM paper. The stacking gel was poured
to the top of the plates and a well-forming comb added. Once the gel had set and
polymerised, the comb was removed and any air bubbles in the wells removed using
Whatman 3MM paper. The gel was then placed in the electrophoresis tank and the
inner and outer compartments were filled with 1x running buffer, containing 0.1%

(w/v) SDS.
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Table 2.11 Composition of stacking and separating gels for SDS-PAGE

Component 5% (w/v) 7.5% (W/v) 10% (w/v) 12.5% (w/v)
stacking gel separating gel separating gel separating gel
Upper buffer 1.25ml - - -
Lower buffer - 2.5ml 2.5ml 2.5ml
Acrylamide: 0.625ml 1.875ml 2.5ml 3.125ml
Bisacrylamide
(37.5:1)
10% (w/v) APS 50]il 100pl 100pl 100pl
TEMED 5¢gl 10pl 10pl 10pl
ddH.O 3.07ml 5.625ml Sml 4.26pl

Protein samples were prepared as described previously (Sections 2.7.1 and 2.7.2).
Laemmli buffer and whole-cell extraction buffer preparation used the reducing agent
2-mercaptoethanol (Laemmli buffer-prepared extracts) or DTT (whole-cell extraction
buffer-prepared extracts) to disrupt the disulphide bonds of the protein and cause
denaturation. Both buffers also contained the detergent SDS which disrupts the non-
covalent bonds of the protein. SDS deposits negative charges on the peptide
backbone of the protein that are proportional to its molecular weight. The large
negative charge causes electrostatic repulsion leading to the unfolding and denaturing
of the protein into a rod-like shape that will run smoothly on the gel (Reed et al.
2007). To whole cell protein extracts, SDS-PAGE gel loading buffer (Table 2.10)
was added and with the exception of ABCA-1 samples, the extracts were heated at
100°C for Smin. Laemmli buffer protein extracts (Section 2.7.1) were heated for
7min at 100°C following addition of bromophenol blue for visualisation of protein
samples. Appropriate volumes of sample (routinely between 10 and 30pl of Laemmli
buffer protein extract or 10-30pg whole cell protein extract) were added to wells and
were size-ffactionated alongside a full-range rainbow protein marker (GE Healthcare)
(Appendix I). Electrophoresis was carried out at 200V for 45-50min. The gels were

then used for western blotting.

107



CHAPTER 2: Materials and Methods

2.7.8 Waestern Blotting

Following electrophoresis, the stacking gel was cut away and the separating gel
equilibrated in transferring buffer (Table 2.10). PVDF membrane (0.45um pore size,
Millipore) was cut to the size of the gel and activated in methanol before also being
placed in transferring buffer. The membrane was placed on top of the gel and both
were sandwiched between Whatman 3MM paper and sponge pads which had also
been soaked in transferring buffer and placed in a blotting cassette. Electrophoretic
transfer of proteins was carried out using a Mini Trans-Blot cell (Bio-Rad
Laboratories) containing the transfer buffer (Table 2.10). Electro-blotting was carried
out at 150V for 75min at 4°C or at 15V for 12-18hr at 4°C.

2.7.9 Immuno-detection of proteins

Following blotting, the membrane was removed and placed in 5% (w/v) powdered
milk for blocking, for 1hr with shaking. Proteins in the milk solution bind to spaces
in the membrane to prevent non-specific binding of the antibody, ensuring that it can
only bind to the target protein (Reed et al. 2007). The membrane was washed three
times for 5-10min with 1 x TBS containing 0.1% (v/v) TWEEN-20 (Table 2.10). The
membrane was then incubated with the primary antibody, diluted in 1x TBS with
0.1% (v/v) TWEEN-20 and 5% (w/v) skimmed milk powder or 5% (w/v) bovine
serum albumin (BSA), for 1hr at room temperature or overnight at 4°C (Table 2.12).
The membrane was washed as described above and incubated with the secondary
antibody, diluted in 1x TBS containing 0.1% (v/v) TWEEN-20 and 5% (w/v)
skimmed milk powder, for lhr at room temperature (horse-radish peroxidise-
conjugated, anti-rabbit IgG, anti-mouse IgG or anti-goat IgG diluted 1:2000 to
1:20,000). The membrane was washed as described above and then used for

chemiluminescent detection (Section 2.7.10).
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Table 2.12  Antibodies used for the immuno-detection of proteins following

Western blotting

Primary Antibody Dilution 5% (wlv) Protein
(in Ix TBS with 0.1% non-fat milk size (kDa)
(v/v) TWEEN 20) or 5% (w/v) BSA
Anti- ABCA-1 1:1000 Milk 220
Anti- ADAMTS-4 1:1000 BSA 53 and 68
ApoE 1:1000 Milk 34
0-actin 1:10,000 Milk 42
c-Jun 1:1000 BSA 35 and 37
INK 1:1000 BSA 46 and 54
LPL 1:500 Milk 56
p38 kinase 1:1000 BSA 43
p44/42 MAPK (ERK 1/2) 1:1000 BSA 42 and 44
Phospho c-Jun 1:1000 BSA 35 and 37
Phospho Elk-1 1:1000 BSA 62
Phospho p44/42 MAPK 1:1000 BSA 42 and 44
Phospho JNK 1:1000 BSA 46 and 54
Phospho p38 kinase 1:1000 BSA 43
Phospho Smad-2 1:1000 BSA 60
Phospho Smad-3 1:1000 BSA 60
Smad 2/3 1:1000 BSA 58
Smad 3 1:1000 BSA 58
SR-A 1:1000 Milk 75
SRC-1 1:1000 BSA 180

2.7.10 Detection of Chemiluminescence

Chemiluminescent detection was carried out according to the manufacturer’s protocol
(GE Healthcare). The chemiluminescent reagent is cleaved by the horse-radish
peroxidise reporter gene present on the secondary antibody. This results in a
luminescence that is proportional to the amount of protein present and that can be
detected by photographic film. Membranes were placed in contact with Kodak X-ray
film in a light proof cassette (Genetic Research Instrumentation, GRI) for varying
periods of time. The film was developed using an automatic developer (Agfa-

Gaevert).
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2.8 Electrophoretic Mobility Shift Assay (EMSA)

2.8.1 Preparation of radiolabelled oligonucleotide probe

Forward and reverse oligonucleotide sequences were designed to leave 5’ overhangs
that contained at least one G residue following annealing to allow for the

complementary binding of [a-32P]-dCTP during radiolabelling (Table 2.13).
p ry g of [a-3P] g g

Table 2.13 Sequences of oligonucleotides used for EMSA

ADAMTS-4 Annealed Oligonucleotide
promoter
region
Oligo 1 5%- TTGATGCCTCCTTACCTGTTCCCTACCTTCTTTTCTCAGGCA -3°
(-502 to -463) 3°- TACGGAGGAATGGACAAGGGATGGAAGAAAAGAGTCCGTCG -5°
Oligo 2 5’- AGGCAGCTCACTCAGTCCCCTCAGCCCTGG -3’
(-464 to -439) 3°- GTCGAGTGAGTCAGGGGAGTCGGGACCTTTG -5°
Oligo 3 5’- GCCCTGGAAACCAGCCACTAGG -3’

(~43 to -423) 3’- GGACCTTTGGTCGGTGATCCCGG -5’

Oligo 4 5- GGGCCAAAGGGCAGCATGAGGGAGCCTTGAGAAAA -3°
(-423 to -390) 3™ GGTTTCCCGTCGTACTCCCTCGGAACTCTTTTCTCTTCGG -5°

2.8.1.1 Annealing of oligonucleotides
Forward and reverse oligonucleotides were incubated together (100°C, 10min) in the
presence of a medium salt buffer (NEB buffer 3). The mixture was left to cool to

room temperature and either used immediately for radiolabelling or stored at -20°C.

2.8.1.2 Radiolabelling of oligonucleotides
Oligonucleotides were radiolabelled using the reagents supplied in the MegaPrime™
Labelling Kit (Amersham). Annealed oligonucleotides (10pl) were incubated for
20min at 37°C with Ix labelling buffer, Klenow DNA polymerase (2pl) and [a-32P]-
dCTP (3pl) in a total volume of 50pl. Radiolabelled probe was separated from
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unincorporated nucleotides using a Sephadex G50 nick column. The column was
equilibrated using Ix TE buffer IOmM Tris-HCl (pH 7.5), ImM EDTA). The
reaction mixture (50pl) was added to the column and eluted using 1x TE buffer
(350pl). The unlabelled probe was then discarded and the column further eluted using
400pl Ix TE buffer. The eluate (labelled probe) was collected and stored at -20°C.

2.8.2 DNA-protein binding reactions

Binding of the radiolabelled probe to the nuclear extracts was carried out in a 10pl
reaction. Nuclear extract (2pg) was added to 2pl 5x binding buffer (Table 2.14), 2pl
poly-(dl-dC) (Ipg/pl) to prevent non-specific binding, and 3pl radio-labelled probe.
The mixture was incubated at room temperature for 30min before being subjected to

electrophoresis.

Table 2.14 Composition of buffers used for EMSA

Buffer Composition
IM Tris-HCI (pH 8), 2.5M KCl1, 0.5M
5x Binding buffer EDTA, IM DTT, 62.5% (v/v) glycerol,

0.5% (v/v) Triton X-100

2.8.3 Competition binding studies

For competition binding studies a 250-fold molar excess of unlabelled competitor
oligonucleotides was added to the protein binding reaction and incubated on ice for

20min prior to the addition ofradiolabelled probe.

2.8.4 Electrophoresis of DNA: protein complexes

A nondenaturing, polyacrylamide gel (6%) was used to resolve DNAiprotein

complexes, the composition of which is outlined below.

7.5ml acrylamideibisacrylamide (29:1)

111



CHAPTER 2: Materials and Methods

2.5ml 10x TBE

40ml dH,0

500p1 APS (10%w/v)
50u1 TEMED

Electrophoresis was carried out in 0.25% (v/v) TBE buffer at 150V for 3-4hr using
vertical gel apparatus (Scotlab). Following electrophoresis the gel was transferred to
Whatman 3MM paper and dried using a gel dryer (Model 583, Bio-Rad) for 1hr. The
gel was exposed to Kodak XAR film (Sigma) in a light proof cassette at -80°C for
varying time periods (12-72hr). Film was developed using an automatic developer
(Agfa-Gevaert).

2.9 Densitometric analysis of data

The density of bands from agarose gel images, immunoblots and EMSA films was

analysed using the GeneTools software (Syngene).

2.10 Statistical analysis of data

Data was analysed using a standard Student’s T test with P<0.05 taken as statistically
significant (Appendix III).
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CHAPTER 3

TGF-p-regulated expression of key genes
implicated in the control of macrophage

cholesterol homeostasis

3.1 Introduction

3.1.1 Macrophage cholesterol homeostasis

The studies presented in this chapter focus on the regulation of expression of key
genes implicated in macrophage cholesterol homeostasis by TGF-B. As detailed in
Sections 1.3 and 1.4, the differentiation of macrophages into lipid-laden foam cells is
a critical early event in atherosclerosis. Foam cell formation is caused by an
imbalance between the uptake of modified LDL into cells and the efflux of cholesterol
from these cells. Macrophages take up cholesterol through the scavenger receptors,
SR-A, CD36 and SR-PSOX which normally serve to remove pathogens and cell
debris but in atherosclerosis take up oxLDL. The enzyme lipoprotein lipase also
contributes to the uptake of cholesterol by hydrolysing lipids into smaller cholesterol-
rich remnants that can be easily taken up by macrophages. Cholesterol is removed
from cells by reverse cholesterol transport; the movement of cholesterol from cells to
HDL via ATP binding cassette transporters. This requires two apolipoproteins of
HDL, ApoAl and ApoE that act as cholesterol acceptors and subsequently bind to

lipoprotein receptors to enhance the degradation and clearance of cholesterol.
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The expression of key genes involved in this balance between cholesterol uptake and
efflux can be influenced by cytokines produced by macrophages. TGF-B negatively
regulates foam cell formation and this is thought to be mediated through the inhibition
of expression of genes implicated in cholesterol uptake and stimulation of expression
of genes thought to be involved in cholesterol efflux (Ramji et al. 2006). For
example, the cytokine inhibits cholesterol accumulation induced by VLDL remnants
in the mouse macrophage J774.2 cell line and increases cholesterol efflux from
macrophage-derived foam cells from ApoE-deficient mice (Argmann et al. 2001;
Panousis et al. 2001). The studies presented in this chapter investigate the regulation
of expression of a number of key genes implicated in the control of macrophage
cholesterol homeostasis by the cytokine TGF-, using the THP-1 macrophage cell line
as a human model system. The genes selected for study have been employed in our
laboratory as model genes which have well-defined and distinct roles in foam cell
formation and atherosclerosis. The structure and function of these genes is detailed in
Sections 1.3.1, 1.3.2, 1.4.1 and 1.4.2. The regulation of the expression of these genes
by TGF-P has been reported but the majority of studies have been carried out using in
vivo models or murine macrophage cell lines. The current knowledge regarding their

regulation is outlined below.

3.1.2 Lipoprotein lipase (LPL)

A large number of studies have established that macrophage LPL is pro-atherogenic.
Cholesterol-rich remnants produced by hydrolysis are readily taken up by
macrophages and the ability of the enzyme to act as a molecular bridge promotes
uptake of lipoproteins into the arterial intima as explained in more detail in Section
1.3.2 (Mead et al. 2002; Mead and Ramji 2002). Macrophages and smooth muscle
cells are major sources of LPL in atherosclerotic plaques and the expression and
activity of LPL is upregulated following monocyte-macrophage differentiation (Mead
and Ramji 2002; Stein and Stein 2003).

Our laboratory has previously shown that TGF-B inhibits the mRNA and protein
expression of LPL in mouse J774.2 macrophages and primary cultures of human
monocyte-derived macrophages (HMDMs) and that this corresponds to a decrease in

LPL activity (Irvine et al. 2005). LPL promoter-luciferase DNA constructs identified
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the -31/+187 promoter region as containing the minimal TGF-p responsive elements
and bioinformatic analysis of this region identified three Sp1/Sp3 binding sites (at
positions +44, +62 and +65) that are crucial for inhibition of LPL gene transcription.
Spl and Sp3 are widely expressed zinc finger transcriptional regulators that are
involved in regulating constitutive gene transcription and cytokine-induced gene
transcription. While Spl acts as a transcriptional activator, Sp3 contains a
transcriptionally repressive domain allowing it to act as either a repressor or activator
of transcription depending on cellular and promoter context (Black et al. 2001; Irvine
et al. 2005). Mutation of these sites abolished the TGF-B response and DNA
constructs containing multimers of the Sp1/Sp3 sites linked to the SV40 promoter of
the pGL2 promoter vector showed that the sites were able to confer the TGF-p
response to a heterologous promoter (Irvine et al. 2005). The absence of any change
in the binding or expression of Spl1/Sp3 in macrophages suggested that TGF-B
modulated LPL expression through the suppression of Spl1/Sp3 transactivation
potential as opposed to having effects on Sp1/Sp3 ratio (Irvine et al. 2005; Ramyji et al.
2006). Despite this work, the signalling pathways underlying the regulation of LPL
gene transcription by TGF-B, along with how this cytokine modulates the
transactivation potential of Sp1/Sp3 remains uncharacterised. Due to the critical role
of this enzyme in cholesterol uptake and foam cell formation, further studies into the
molecular mechanisms underlying its regulation will enhance our understanding of

the molecular basis of atherosclerosis.

3.1.3 Scavenger receptor A (SR-A)

SR-A is expressed in both macrophages and foam cells of human atherosclerotic
lesions where it plays a pro-atherogenic role through the uptake of acetylated and
oxidised LDL (Moore and Freeman 2006; Peiser and Gordon 2001). Gene-targeted
knockout of SR-A in ApoE” and LDLR” murine models results in significantly
reduced atherosclerotic lesion size (de Winther et al. 2000; Moore and Freeman 2006;
Peiser and Gordon 2001). SR-A expression and activity is upregulated following
monocyte-macrophage differentiation and is often used as a marker for differentiation
(Argmann et al. 2001). TGF-B inhibits the expression of SR-A in both THP-1
monocytes, macrophages and human monocyte-derived macrophages through a

reduction of mRNA levels causing a decrease in cell-surface receptor number
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(Bottalico et al. 1991; Draude and Lorenz 2000). In a functional context, this leads to
reduced uptake of both acetylated and oxidised LDL (Argmann, 2001). Interestingly,
pravastatin is able to down-regulate SR-A expression in a TGF-B-dependent manner

in THP-1 macrophages (Baccante et al. 2004).

3.1.4 Scavenger receptor-B1 (SR-B1)

SR-B1 is expressed in cultured macrophages and immunohistochemical analysis has
demonstrated that it is expressed in foam cells of human atherosclerotic lesions. Like
SR-A, its expression is up-regulated following differentiation of monocytes into
macrophages (de Villiers and Smart 1999; Gillotte-Taylor et al. 2001; Hirano et al.
1999; Moore and Freeman 2006; Zhang et al. 2003). The role of SR-B1 in
atherosclerosis is complex with the receptor having two opposing functions. The
primary and most well-studied function of SR-B1 as a receptor for HDL suggests an
anti-atherogenic role. SR-Bl knockout mice present with hypercholesterolemia,
accumulation of HDL and significantly more atherosclerosis than wild-type
counterparts (Moore and Freeman 2006; Trigatti et al. 2004; Zhang et al. 2003).
However, SR-B1 can also function as a classical scavenger receptor and this function
may be more significant in macrophages. Indeed, knockout of macrophage SR-B1 in
ApoE-deficient mice results in a 2-fold increase in atherosclerotic lesion area
suggesting a pro-atherosclerotic role for the receptor (Zhang et al. 2003). Expression
of SR-B1 at the mRNA and protein levels has been shown to be both induced and
inhibited by oxLDL and it is likely that this effect is dependent on the differentiation
state of macrophages with oxLDL decreasing SR-B1 expression in fully differentiated
macrophages and increasing its expression in differentiating monocytes/macrophages
(Han et al. 2001; Hirano et al. 1999). The levels of SR-B1 mRNA in macrophages are
generally lower than that of CD36 (Zuckerman et al. 2001). TGF- inhibits SR-B1
mRNA expression in mouse peritoneal macrophages and in macrophage-derived foam
cells from ApoE” and LDLR” mice and this correlates with a decrease in HDL-

macrophage interactions (Zuckerman et al. 2001).
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3.1.5 CD36

CD36 acts in a pro-atherogenic manner as it stimulates the uptake of oxLDL and
significantly contributes to foam cell formation (Febbraio and Silverstein 2007;
Moore and Freeman 2006). CD36-deficient mice show significantly less
atherosclerosis than wildtypes while CD36” ApoE™ double knockout mice have 70%
less lesions and reduced lesion size compared to wildtype counterparts (Febbraio and
Silverstein 2007; Nicholson 2004; Nicholson et al. 2001). The expression of CD36 is
up-regulated following differentiation of monocytes into macrophages. The
expression of CD36 is inhibited by both TGF- B and IL-10 (Febbraio and Silverstein
2007; Nicholson 2004). Down-regulation of CD36 expression by TGF-B has been
shown in THP-1 macrophages, primary cultures of human macrophages and
macrophages from ApoE” and LDLR” mice (Draude and Lorenz 2000; Han et al.
2000; Zuckerman et al. 2001).

Han et al. (2000) have demonstrated that TGF-f can inhibit the expression of CD36 at
the mRNA and protein level in THP-1 macrophages. In addition to this, the cytokine
inhibits CD36 expression induced in response to oxLDL and ligands of PPARy. As
detailed in Section 3.4, PPARy is a nuclear receptor with important roles in
inflammation and in the regulation of expression of genes involved in fatty acid
metabolism and cholesterol homeostasis (Han et al. 1997; Han et al. 2000). The TGF-
B-regulated inhibition of CD36 is accompanied by an increase in the phosphorylation
of PPARY and the p44/42 MAPK isoforms, and inhibitors of p44/42 MAPK reverse
the TGF-B-mediated suppression of CD36. This suggested that TGF-$ down-
regulates CD36 expression via a mechanism involving cytokine activation of MAPK
and subsequent inactivation of PPARY through phosphorylation (Argmann et al. 2001;
Han et al. 1997; Han et al. 2000; Nicholson et al. 2001). Interestingly, HDL inhibits
the expression of CD36 by the same mechanism (Nicholson 2004). Down-regulation
of CD36 expression by TGF-p is associated with a reduction in the uptake of oxLDL
by macrophages, consistent with the role of CD36 as the primary receptor for oxLDL
(Draude and Lorenz 2000).
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3.1.6 Apolipoprotein E (ApoE)

ApoE stimulates cholesterol efflux from foam cells and can act as an acceptor for both
cholesterol and phospholipids released from macrophages through ABCA-1
(Greenow et al. 2005; Mahley and Rall 2000). ApoE-deficient mice are widely used
as a model for atherosclerosis as they are hypercholesterolemic and develop
atherosclerosis even when placed on a low-fat diet. Reduced expression of the protein
in atherosclerosis is associated with a pro-atherogenic lipoprotein profile (Greenow et

al. 2005; Mahley and Rall 2000; Ramji et al. 2006).

ApoE is not expressed in normal vessel walls but is synthesised at high levels by
macrophages present within atherosclerotic plaques. In monocytes and macrophages,
ApoE expression is enhanced by differentiation and also by cholesterol loading of
macrophage cultures. Pro-inflammatory cytokines IFNy and IL-1 inhibit the
expression of the protein (Greenow et al. 2005). TGF-B induces the mRNA
expression of ApoE and its secretion from mouse peritoneal macrophages
(Zuckerman et al. 1992). Our laboratory has demonstrated that TGF-B induces the
expression of ApoE at the mRNA and protein levels in both THP-1 monocytes and
macrophages (Ramji et al. 2006; Singh and Ramji 2006). Pharmacological inhibitors
against JNK, p38 kinase and protein kinase CK2 attenuated the TGF-B-mediated
induction of ApoE, identifying roles for these kinases in the ApoE response. The
activity and/or expression of protein kinase CK2, p38 kinase, JNK and its downstream
target c-Jun were induced by TGF-B in THP-1 monocytes and dominant-negative
DNA constructs of these inhibited ApoE mRNA expression by this cytokine (Singh
and Ramji 2006). EMSA analysis showed that the signals converge on the AP-1
binding site present within the ApoE promoter (Singh and Ramji 2006).

3.1.7 ATP-binding cassette transporters-Al and —G1 (ABCA-1 and ABCG-1)

The primary role of ABCA-1 is the transport of cholesterol and phospholipids from
cells to apolipoproteins in the bloodstream (Wang and Tall 2003). ABCA-1 is an
anti-atherogenic protein. Deficiency of macrophage ABCA-1 in mice leads to
increased atherosclerosis while overexpression reduces atherosclerosis (Oram and

Vaughan 2006). The preventative role of ABCA-1 in atherosclerosis is also
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demonstrated by the association between ABCA-1 mutations and premature

atherosclerosis observed in Tangier disease (Attie 2007).

The function of ABCA-1 and ABCG-1 as removers of excess cholesterol from
macrophages is responsible for their anti-atherogenic properties. Macrophages express
high levels of ABCA-1 in response to the transcription factor, LXRa which is itself
activated by cholesterol metabolites derived from excessive uptake of oxLDL by
cells. LXRa upregulates ABCA-1 and ABCG-1 expression in various sources of
cholesterol-loaded macrophages, including THP-1 macrophages, primary human
macrophages and lipid-laden foam cells (Oram and Vaughan 2006, Wang and Tall
2003). Both ABCA-1 and ABCGI1 expression is increased during monocyte-
macrophage differentiation (Schmitz et al. 2001). TGF-p treatment of mouse
peritoneal macrophages from ApoE"' mice increases ABCA-1 expression and
cholesterol efflux (Panousis et al. 2001). TGF-B enhances both ABCA-1 and ABCG-
1 expression in THP-1 macrophages and this corresponds to an increased level of
cholesterol efflux to apoA-I or HDL. The cytokine also increases levels of ABCA-1
and cholesterol efflux from macrophage-derived foam cells (Argmann et al. 2001).

3.2 Aims of experimental studies

The studies presented in this chapter have been carried out using the THP-1 cell line,
a widely used model for macrophage function and gene expression during
inflammatory disorders. THP-1 is a human monocytic leukaemia cell line first
established by Tsuchiya et al. (1980) that can be differentiated into macrophages
using phorbol esters. Differentiated THP-1 cells have similar characteristics to and
behave in the same way as native monocyte-derived macrophages (Auwerx 1991).
Conserved responses between THP-1 cells and primary cultures have been observed
in numerous studies (Kohro et al. 2004). In addition to this, lipid accumulation can be
observed in differentiated THP-1 macrophages cultured in medium containing
acetylated LDL, making them a useful model for macrophage-derived foam cells
(Kohro et al. 2004). These characteristics of THP-1 macrophages make them a

suitable model for studies relating to atherosclerosis and foam cell formation (Kohro
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et al. 2004). Table 3.1 details examples of studies on atherosclerosis that have been

carried out using the THP-1 cell line and/or primary human monocyte-derived

macrophages.
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Table 3.1 Studies utilising THP-1 cells and/or HMDMs to study various key aspects of atherosclerosis

Aspect of
atherosclerosis
Monocyte adhesion to
vascular endothelium

Monocyte migration

Foam cell formation-
Cholesterol uptake

Monocyte/
Macrophage source
THP-1 monocytes

THP-1 monocytes

THP-1 monocytes

THP-1 monocytes

Human monocytes

THP-1 macrophages and
HMDMs

THP-1 macrophages

THP-1 macrophages

THP-1 macrophages

THP-1 macrophages and
HMDMs

Key findings
Adhesion of monocytes to endothelial cells is dependent
on shear stress and is mediated by the platelet integrins,

L-selectin and P-selectin.

MCSF induces the mRNA expression of MCP-1 and

promotes the adhesion of monocytes to endothelial cells.

Elevated LDL levels increase the expression of the
MCP-1 receptor and enhance the chemotactic response
to MCP-1, to help recruit monocytes to the endothelium.

PDGF-C and PDGF-D can stimulate the activity of
MMP-1 and MMP-9 to enhance the migration of

monocytes.

Migration of monocytes is induced by VEGF and
mediated through the VEGF receptor, Flt-1.

IL-8 and MCP-1 expression are induced by cholesterol
loading (AcLDL) of macrophages.

IL-1 expression is induced by ligand binding to
scavenger receptors.

Adipocyte lipid binding protein expression is
upregulated in foam cells, in response to oxLDL.

IFN-y induces foam cell formation.

Identification of LOX-1, an oxLDL receptor, expression
in macrophages.
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THP-1 macrophages

THP-1 macrophages

HMDMs

THP-1 macrophages and
HMDMs
HMDMs

THP-1 macrophages and
HMDMs

THP-1 monocytes

THP-1 monocytes and
human monocytes

THP-1 monocytes

Identification of CD36 as a receptor for oxLDL.

CD36 expression is stimulated by oxLDL and inhibited
by IFN-y.

SR-B1 is expressed in macrophages of atherosclerotic
lesions and its mRNA and protein expression is
increased by oxLDL and AcLDL.

ABCAI promotes the secretion of apoE from
macrophages.

ApoAl promotes the recruitment of apoE and enhances
cholesterol efflux from foam cells.

Activators of PPARa and PPARy induce the expression
of ABCA1 and promote cholesterol efflux in
macrophages.

Immune complexes of LDL bind to Fc receptors on
monocytes to initiate atherogenic responses.

Inflammatory protein, phospholipase A2 type IIA,
enhances the adhesion and migration of monocytes and
the expression of cell surface markers and the T-cell
proliferation capacity of these cells.

Advanced ligation end products (formed following
reactions between proteins and lipid intermediates)
increase the expression of pro-inflammatory markers
such as MCP-1, IL-6 and iNOS, and can also increase
monocyte binding to endothelial and smooth muscle
cells.

Endemann et al. 1993
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Von Eckardstein et al. 2001
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Chinetti et al. 2001

Ibeas et al. 2009; Kiener et al.
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Ibeas et al. 2009

Shanmugam et al. 2008
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HMDMs Immune complexes of LDL can activate macrophages. Virellaetal. 1995

HMDMs Toll-like receptor-4 (TL4), involved in innate immune Xu et al. 2001
and inflammatory responses, is expressed in
macrophages and is upregulated by oxLDL.

HMDMs Increased density/activation of macrophages in Shah et al. 1995
atherosclerotic plaques can promote collagen breakdown
through the enhanced secretion of MMPs.

THP-1 monocytes Interactions between monocytes and VSMCs increase Zhu et al. 2000
the production of MMP-1 and this contributes to plaque
instability.
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There are a number of advantages of using a cell line over HMDMs and in vivo
models. In contrast to primary cells which are limited in availability and have a
defined lifespan, cells lines can be cultured to grow indefinitely. It is also possible to
extract larger amounts of RNA or protein from cell lines and to avoid the possible
issue of donor-specific variations that arise with the use of primary cells. Use of a cell
line can avoid complex interactions that occur in vivo. It also avoids the ethical issues
that accompany the use of animal models or material from patients in scientific

research.

The primary aims of the studies presented in this chapter were two-fold. The first aim
was to verify the use of THP-1 macrophages as a human model system for studies on
the regulation of macrophage gene expression. Although the cytokine regulation of a
number of macrophage-expressed genes has been reported by our laboratory and
others, the majority of studies have used murine macrophages or in vivo mice models
of atherosclerosis as model systems (Table 3.2) (Harvey et al. 2007; Hughes et al.
2002; Singh and Ramji 2006). It was therefore important to establish the regulation of
expression of key genes implicated in macrophage cholesterol homeostasis in the
THP-1 macrophage cell line. This was the second aim of the studies presented in this
chapter. The genes we investigated included LPL, SR-A, SR-B1 and CD36; genes
implicated in cholesterol uptake by macrophages, and ApoE, ABCA-1 and ABCG-1;
genes involved in cholesterol efflux by macrophages. The regulation of ApoE and
LPL has previously been investigated by our laboratory using THP-1 monocytes and
the mouse macrophage cell line J774.2 (Table 3.2) but their regulation has not been
fully investigated in THP-1 macrophages (Irvine et al. 2005; Singh and Ramji 2006).
Regulation of other key genes, including the class A and class B scavenger receptors,
has been reported in the literature but not studied by our laboratory. It was our aim to
firstly characterise the responses of these key genes to TGF-3 stimulation and then to
establish a time point of optimal induction or inhibition of expression by the cytokine
in order to provide a basis for further studies into the mechanisms controlling the
regulation of expression of these genes by TGF-, as set out in Chapters 4 and 5. This
would also confirm the use of THP-1 as a suitable cell line for these studies. The

experimental strategy for this work is summarised in Figure 3.1.
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Throughout the studies presented in this thesis, TGF-p was used at a concentration of
30ng/ml as our laboratory had previously determined this as the TGF- concentration
that optimally regulated ApoE and LPL expression in THP-1 macrophages (Irvine et
al. 2005; Singh and Ramji 2006). Previous dose-response studies (using 0, 2, 5, 10,
20 and 30ng/ml TGF-B) carried out in our laboratory had demonstrated that mRNA
and protein levels of ApoE were optimally upregulated following 30ng/ml TGF-B
treatment and time course experiments (0, 1, 6, 12 and 24hr) demonstrated that this
up-regulation was optimal after 24hr of TGF-P treatment (see Supplementary data-
Singh and Ramji 2006).

Gene regulation was primarily studied at the mRNA level with key results also
investigated at the protein level using western blotting. To confirm the use of THP-1
as a suitable model for human macrophages, the TGF-B regulation of ApoE

expression was also studied in human monocyte-derived macrophages.
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Establish THP-1 as model human cellular
system for future studies

Effects of TGF-p on gene

expression
PARTI PART 2
THP-1 macrophages Primary macrophages
TGF-P treatment TGF-p treatment

Western blotting

Analyse mRNA Analyse protein
expression expression
1 1
RT-qPCR Western blotting
Determine optimal time point Confirm key findings from
for regulation by TGF-p THP-1 in primary

macrophages

Figure 3.1 Experimental Strategy

Initially, studies on the regulation of gene expression by TGF-P used RT-PCR
analysis. Although this is semi-quantitative in nature and cannot be used to gauge
exact levels of mRNA expression, an indication of the changes in expression can be
observed effectively by densitometric analysis of the data. Hence, as RT-qPCR
analysis became available in the laboratory, the expression of later-studied genes was
analysed using this method. Western blot analysis was used for analysis of protein
expression where an antibody to the protein of interest was available in the laboratory.

For ease of reading, results have been presented on a gene by gene basis.
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3.3 Results

3.3.1. Effect of TGF-B on the mRNA expression of LPL

To investigate the effect of TGF-B on LPL expression, THP-1 cells were seeded into
6-well plates and differentiated for 24hr with PMA (0.16uM). Cells were then
cultured in the presence or absence of TGF-B (30ng/ml) for 12hr or 24hr as indicated
in Figure 3.2 and harvested for isolation of total RNA. These time points were chosen
based on previous studies in the laboratory that had suggested that these were suitable
for the study of TGF-B-regulated gene expression. Integrity of RNA preparations was
analysed by resolving an aliquot on a 1.5% (w/v) agarose gel. As expected for good
quality RNA, the relative intensity of the 28S rRNA band was approximately twice
that of the 18S rRNA band (Figure 3.2A). RNA of this quality was produced in
studies throughout this thesis and hence data is not shown. RT-PCR (Section 2.4.2)
was carried out to amplify LPL and B-2 microglobulin using the conditions specified
in Table 2.4. These conditions had been previously optimised by other members of
the laboratory and correct amplification confirmed by sequence analysis. p-2-
microglobulin has previously been shown to be a good control gene for RT-PCR
studies in human hepatoma cell lines such as Hep3B and also in leukocytes (Cicinnati
et al. 2008; Lupberger et al. 2002) and has been used in our laboratory for studies on
cytokine-regulated gene expression in both the Hep3B and THP-1 cell lines. The
PCR products were size-fractionated using agarose gel electrophoresis and correct
amplification was verified by comparison to a standard DNA molecular weight
marker (see Appendix I). Figure 3.2B shows the PCR products fractionated by
agarose gel electrophoresis. The absence of any PCR product in the no reverse
transcriptase (-RT) sample indicates that any product produced is due to correct
amplification of the relative mRNA and not because of contamination of the samples

with genomic DNA.

The relative intensity of LPL and -2 microglobulin PCR products was determined
using densitometric analysis (see Section 2.9). The Syngene GeneTools software

assigns numerical values to each product that are related to its intensity. The intensity
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of each LPL product was compared relative to the intensity of the equivalent B-2
microglobulin control (housekeeping) gene product. LPL expression was high in
untreated cells and was dramatically inhibited by TGF-P at the 24hr and 48hr time
points. The data is expressed as the fold change (meant SD) with values from
untreated samples arbitrarily assigned as 1 (Figure 3.2C). A standard statistical
Student’s t-test was carried out on the data. B-2 microglobulin remained unaffected
by TGF-B throughout the time course verifying that TGF-PB does not globally affect
gene expression and that any changes in LPL expression are a result of TGF-$

treatment and not to the state of the cells at the different time points.
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Figure 3.2 TGF-p down-regulates LPL mRNA expression in THP-1
macrophages. THP-1 cells were treated with TGF-P or left untreated (UT) for the
time points indicated and then harvested for total RNA extraction. RNA integrity was
analysed by agarose gel electrophoresis (Panel A). Total RNA was subjected to RT-
PCR analysis and the PCR amplification products for LPL and $2-microglobulin were
resolved by agarose gel electrophoresis (Panel B). The size of the product was
determined by comparison with a standard DNA molecular weight marker (Appendix
I). -RT denotes a reaction in which no reverse transcriptase was included in cDNA
preparation (using 24hr, untreated RNA). Panel C shows the relative expression
(mean +SD) of LPL normalised to the expression of p-2 microglobulin (untreated
samples for each time point assigned as 1) from three independent experiments

(**P<0.01).
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3.3.2 Time dependent effect of TGF-B on LPL mRNA expression

In light of the results presented in Figure 3.2 it was important to determine whether
the effect of TGF-B on LPL expression was time-dependent and to determine an
optimal time point for future studies on LPL expression. This was investigated using
RT-qPCR analysis as it became available in the laboratory. Differentiated THP-1
cells were untreated (Ohr) or treated with TGF-f for periods of 6, 12 and 24hr. Cells
were harvested for total RNA and reverse transcribed using M-MLV reverse
transcriptase. The resulting cDNA template was subjected to real-time gPCR analysis
(RT-qPCR) (Section 2.4.3) using specific primers against LPL and the control gene
28SrRNA as detailed in Table 2.5. 28SrRNA was used as a control gene in place of
B-2 microglobulin as the conditions for 28StTRNA RT-qPCR had been optimised in
the laboratory while those for B-2 microglobulin were not. 28SrRNA is a widely used
validated control for RT-PCR and RT-qPCR and has previously been used in our
laboratory as a control for TGF-B-regulated expression of ApoE (Singh and Ramji
2006).

Real-time qPCR was carried out using the SYBR method using the amplification
conditions set out in Table 2.6. These conditions were previously optimised by other
members of the laboratory and correct amplification verified by sequence analysis.
SYBR green is a DNA-binding dye that emits fluorescence on incorporation into
dsDNA (Giulietti et al. 2001). A melting curve was constructed to ensure single-
product amplification and the comparative Ct method was used for analysis as
described by Livak and Schmittgen (2001). Data from qPCR methods can be
analysed using absolute quantification (by comparison of transcript copy number with
a standard curve) or using relative quantification (by comparison with a reference
group such as an untreated control or the stable expression of a control gene, such as
the housekeeping genes PB-2-microglobulin and 28S rRNA) (Livak and Schmittgen
2001). The Ct method is a commonly used method for relative quantification of
gPCR data. The Ct method relies on the number of cycles/rounds of amplification
required for the fluorescence of a gene to surpass a pre-set threshold level (the Ct
value). The value of this for the gene of interest is compared relative to the equivalent
Ct value for the control gene to normalise the data (Ginzinger 2002; Livak and
Schmittgen 2001).
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The data presented in Figure 3.3 is displayed as the relative expression of LPL
compared to the untreated (Ohr) sample. LPL expression was high in untreated cells
and significantly reduced by TGF-p, 6hr after treatment with the cytokine. Levels of
LPL mRNA expression remained significantly inhibited by TGF-B over the 24hr time
course with maximal inhibition at the 24hr time point. Levels of the control

28SrRNA were unaffected by the cytokine.
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Figure3.3 TGF-p inhibits LPL expression in a time-dependent manner in
THP-1 macrophages. THP-1 cells were left untreated (Ohr) or treated with TGF-$
for the time points indicated before being harvested for total RNA extraction. Total
RNA was reverse-transcribed and the resulting cDNA subjected to RT-qPCR analysis
using primers specific to LPL and the control gene 28SrRNA. Data is presented as
the relative expression of LPL (mean +SD) normalised to 28S rRNA expression (Ohr
(untreated) sample assigned as 1) from four independent experiments (**P<0.01,

***P<0.001).

3.3.3 Effect of TGF-B on the protein expression of LPL
To confirm that the inhibition of LPL mRNA by TGF-f resulted in a corresponding

change in the expression of the LPL protein, western blot analysis was carried out.

THP-1 cells were seeded into 6-well plates and differentiated for 24hr with PMA.
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Cells were then treated with TGF-B or left untreated for the requisite time. Total
cellular protein was extracted using Laemmli buffer (Section 2.7.1), subjected to
SDS-PAGE using a 10% (v/v) polyacrylamide gel and transferred to a PVDF
membrane. The membrane was probed with an antibody against LPL and then re-
probed with an antibody for a B-actin control to ensure equal loading of samples. The
membrane was placed in contact with X-ray film and developed using
chemiluminescent detection as described in Section 2.7.10. Figure 3.4A shows the
images from western blotting. The relative density of LPL and B-actin protein was
determined using densitometric analysis (Section 2.9). B-actin has been widely used
as a control for protein expression and has been used as a control for TGF-B-regulated
gene expression (Draude and Lorenz 2000; Irvine et al. 2005) and for cytokine-
regulated protein expression (Foka et al. 2009; Harvey et al. 2007) by our laboratory
and others. The data was normalised to the untreated control for each time point and
expressed as the mean fold change relative to this. Figure 3.4B shows that TGF-B
inhibited the expression of LPL protein at the 24hr and 48hr time points. This change
is synonymous with the changes in mRNA expression shown in Figure 3.2.
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Figure 3.4 TGF-P inhibits LPL protein expression in THP-1 macrophages.
THP-1 cells were left untreated (UT) or stimulated with TGF-p for 24 or 48hr. Whole
cell protein extracts were subjected to SDS-PAGE and western blotting using
antibodies against LPL and p-actin (Panel A). Protein size was determined by
comparison against a standard protein molecular weight marker (Appendix I), p-actin
was used as a loading control. Panel B shows the mean relative expression of LPL
normalised to P-actin expression (untreated samples for each time point assigned as 1)

from two independent experiments.
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3.3.4 Effect of TGF-P on the protein expression of SR-A

SR-A expression was analysed at the protein level as no primers to SR-A were present
in the laboratory but an antibody against SR-A was available. THP-1 cells were
treated with TGF-p or left untreated for the indicated time periods. Western blot
analysis was carried out as for LPL (Section 3.3.3). The three bands present on the
SR-A image represent the three isoforms of the protein. Figure 3.5 shows that SR-A
expression was high in untreated cells and was significantly inhibited by TGF-P

treatment at the 12hr and 24hr time points.
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Figure 3.5 TGF-p inhibits SR-A protein expression in THP-1 macrophages.
Whole cell-protein extracts from THP-1 macrophages that were untreated (UT) or
treated with TGF-p for 12 or 24hr were subjected to SDS-PAGE and western blotting
using antibodies against SR-A and P-actin (Panel A). Panel B shows the relative
expression (meant SD) of SR-A normalised to the expression of p-actin (untreated
samples for each time point assigned as 1) from three independent experiments

(*/><0.05, **/><0.01).
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3.3.5 Effect of TGF-P on the mRNA expression of SR-B1

SR-B1 expression was analysed at the mRNA level as no antibodies to SR-B1 were
available in the laboratory. A 24hr time course was prepared to study any time-
dependent effects of TGF-p treatment on SR-B1 expression. THP-1 cells were left
untreated (Ohr) or treated with TGF-p for the requisite time period and then harvested
for total RNA and RT-qPCR analysis. The cDNA template was subjected to RT-
gPCR analysis as described in Section 3.3.2. SR-B1 expression was high in untreated
cells and was significantly reduced by TGF-p, ¢ hr after treatment with the cytokine

with maximal inhibition at the 24hr time point.

Ohr 6hr 12hr 24hr

Figure 3.6 TGF-p down-regulates SR-BI mRNA expression in a time
dependent manner in THP-1 macrophages. Total RNA from untreated (Ohr) or
from TGF-p-stimulated (¢, 12 or 24hr) THP-1 cells was reverse-transcribed and the
resulting cDNA subjected to RT-qPCR analysis using primers specific to SR-B1 and
the control gene 28S rRNA. Data is presented as the relative expression (meant SD)
of SR-B1 normalised to the expression of 28S rRNA (untreated (Ohr) sample assigned

as 1) from four independent experiments (*P<0.05, ***P<0.001).
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3.3.6 Effect of TGF-P on the mRNA expression of CD36

CD36 expression was also analysed at the mRNA level as no antibodies to the protein
were available in the laboratory. A time course was prepared to analyse any time-
dependent effects of TGF-p treatment on CD36 expression. CD36 expression was
high in untreated cells and was significantly attenuated by TGF-p, ¢ hr after treatment

with the cytokine with maximal inhibition at the 24hr time point.
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Figure 3.7 TGF-p down-regulates CD36 mRNA expression in a time-
dependent manner in THP-1 macrophages. Total RNA from untreated (Ohr) or
TGF-P-treated (6, 12 or 24hr) THP-1 cells was reverse-transcribed and the resulting
cDNA subjected to RT-qPCR analysis using primers specific to CD36 and the control
gene 28SrRNA. Data is presented as the relative expression (mean+ SD) of CD36
normalised to the expression of 28S rRNA (untreated (Ohr) sample assigned as 1)

from four independent experiments (¥**/>o .001).

3.3.7 Effect of TGF-p on the mRNA expression of ApoE

THP-1 cells were cultured in the presence or absence of TGF-P for the requisite time
period and then harvested for total RNA extraction. Total RNA was quantified and
then used for RT-PCR analysis. PCR was carried out to amplify ApoE and P-2
microglobulin using the conditions specified in Table 2.4 and the PCR products were
size-fractionated using agarose gel electrophoresis. Figure 3.s A shows the PCR

products fractionated by agarose gel electrophoresis. The results indicated that ApoE
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mRNA expression was low in untreated THP-1 macrophages and was dramatically

induced by TGF-P treatment with maximal induction at the 24hr time point (Figure

3.8B).
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Figure 3.8 TGF-p up-regulates ApoE mRNA expression in THP-I1
macrophages. Total RNA from untreated (UT) or TGF-p-treated (24 or 48hr) THP-1
cells was subjected to RT-PCR analysis. ApoE and p2-microglobulin amplification
products were resolved by agarose gel electrophoresis (Panel A). The size of the
product was determined by comparison with a standard DNA molecular weight
marker (Appendix I). -RT denotes a reaction in which no reverse transcriptase was
included in cDNA preparation (24hr, TGF-p-treated RNA). Panel B shows the
relative expression (meant SD) of ApoE normalised to the expression of P-2
microglobulin (untreated samples for each time point assigned as 1) from three

independent experiments (¥*P<0.05, NS-not significant).
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3.3.8 Effect of TGF-p on the protein expression of ApoE

To confirm that the induction of ApoE mRNA by TGF-(3 in THP-1 macrophages
resulted in a corresponding change in the expression of ApoE protein, western blot
analysis was carried out. THP-1 cells were treated with TGF-P or left untreated for
the requisite time period. Western blot analysis was carried out as for LPL (Section
3.3.3). Figure 3.9A shows the image from western blotting. TGF-P significantly
induced the expression of ApoE protein (Figure 3.9B). This change is synonymous

with the changes in mRNA expression shown in Figure 3.8.
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Figure 3.9 TGF-p up-regulates ApoE protein expression in THP-1
macrophages. Whole cell-protein extracts from untreated (UT) or TGF-P treated (24
or 48hr) THP-1 cells were subjected to SDS-PAGE and western blotting using
antibodies against ApoE and P-actin (Panel A). Panel B shows the relative expression
(mean+ SD) of ApoE normalised to the expression of P-actin (untreated samples for

each time point assigned as 1) from three independent experiments (*P<0.05).
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3.3.9 Effect of TGF-p on ApoE protein expression in human monocyte-derived

macrophages (HMDM:s)

In order to confirm the use of THP-1 as a suitable model for HMDMs it was
important to see if the responses observed in THP-1 macrophages were conserved in
primary cultures of HMDMs. For this, the ApoE response was investigated in
HMDMs. HMDMs were prepared in 12-well plates as described in Section 2.3.8. A
single time point was chosen and total cellular protein extracts were subjected to
western blotting as described in Section 3.3.3. Figure 3.10 shows that ApoE
expression was low in untreated primary human macrophages and was significantly

induced by TGF-p at the 24hr time point.
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Figure 3.10 TGF-p up-regulates ApoE expression in HMDMs. HMDMs were
treated with TGF-P or left untreated (UT) for 24hr. Whole cell-protein extracts were
subjected to SDS-PAGE and western blotting using antibodies against ApoE and P-
actin (Panel A). Panel B shows the relative expression (meant SD) of ApoE
normalised to p-actin expression (untreated sample assigned as 1) from four

independent experiments (*P<0.05).
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3.3.10 Effect of TGF-P on the mRNA expression of ABCA-1

THP-1 cells, cultured in the presence or absence of TGF-p, were harvested for total
RNA extraction. Total RNA was quantified and then used for RT-PCR analysis of
ABCA-1 and p-2 microglobulin.  Figure 3.11(A) shows the PCR products
fractionated by agarose gel electrophoresis. The results indicated that ABCA-1
mRNA expression was low in untreated THP-1 macrophages and was induced by
TGF-p treatment but this induction was not statistically significant (Figure 3.1 IB).
The effect of TGF-p on ABCA-1 expression was therefore investigated further using
western blot and RT-qPCR analysis (Section 3.3.11 and Section 3.3.12).
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Figure 3.11 ABCA-1 mRNA expression is upregulated by TGF-p in THP-1
macrophages. Total RNA from untreated (UT) or TGF-p-treated (24 or 48hr) THP-1
cells was subjected to RT-PCR analysis and the PCR amplification products for
ABCA-1 and p2-microglobulin were resolved by agarose gel electrophoresis (Panel
A). Panel B shows the relative expression (meant SD) of ABCA-1 normalised to P-2
microglobulin expression (untreated samples for each time point assigned as 1) from

three independent experiments (NS-not significant).
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3.3.11 Effect of TGF-B on the protein expression of ABCA-1

To confirm that the induction of ABCA-1 mRNA expression by TGF-f in THP-1
macrophages resulted in a corresponding change in the expression of the ABCA-1
protein, western blot analysis was carried out. THP-1 cells were treated with TGF-
or left untreated for the requisite time period. Total cellular protein was extracted
using whole-cell extraction buffer (Section 2.7.2) and subjected to SDS-PAGE and
western blot analysis using a 7.5% polyacrylamide gel. Figure 3.12A shows the
image from western blotting. TGF-B induced the expression of ABCA-1 protein at
the 24hr time point (Figure 3.12B). The change in expression is synonymous with the
data presented in Figure 3.11 but the time point at which this occurs in a significant
manner (24hr) is not in agreement with the data on mRNA expression (48hr). The
optimal time point for TGF-$ regulation of ABCA-1 was therefore investigated
further to establish an optimal period for TGF-f} treatment for further studies into its
regulation (Section 3.3.12).
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Figure 3.12 ABCA-1 protein expression is upregulated by TGF-p in THP-1
macrophages. Whole cell-protein extracts from untreated (UT) or TGF-P-treated (24
or 48hr) THP-1 cells were subjected to SDS-PAGE and western blotting using
antibodies against ABCA-1 and P-actin (Panel A). Panel B shows the relative
expression (meant SD) of ABCA-1 normalised to P-actin expression (untreated
samples for each time point assigned as 1) from three independent experiments

(*P<0.05, NS-not significant).

3.3.12 Time-dependent effect of TGF-P on ABCA1 mRNA expression

In light of the results presented in Figures 3.11 and 3.12, a time course was prepared
to analyse any time-dependent effects of TGF-P treatment on ABCA-1 expression.
Due to difficulties of reproducibly obtaining good western blots with ABCA-1,
because of the extremely large size of this protein (220kDa), it was decided that any
further investigations into its regulation would be performed at the mRNA level.
Initially a 24hr time course was prepared (Figure 3.12A) based on the regulation of

other key genes by TGF-p as presented in this chapter and previous studies carried out
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on ABCA-1 expression in the laboratory. Total RNA extracts were reverse-
transcribed and the cDNA template was subjected to RT-qPCR analysis using specific
primers against ABCA-1 and the control gene RPL13A. RPL13A is a ribosomal
protein that was used as a control for RT-qPCR analysis of ABCA-1 expression as
unanticipated problems with the 28S rRNA qPCR were experienced at the time of
these studies. ABCA-1 expression was low in untreated cells and was significantly
induced by TGF- following 6hr of cytokine treatment (Figure 3.13A). However, no
significant changes were observed at later time points. This suggested that ABCA-1
was optimally up-regulated by TGF-B at an earlier time point to the other genes
studied in this chapter. For this reason, a shorter time course (0-6hr) was prepared to
analyse time-dependent effects of TGF-$ treatment on ABCA-1 expression. Figure
3.13B shows that ABCA-1 expression was significantly up-regulated 1hr after TGF-B
treatment and was up-regulated in a time dependent manner with maximal induction
after 6hr TGF-P treatment.

143



CHAPTER 3: TGF-P-regulated expression of genes implicated in macrophage cholesterol homeostasis

(A)

4.5
35
25

1.5

\KERNA g
AST |

1
0b5 . .
0
Ohr 6hr 12hr 24hr
5.000
4.500
4.000
3.500
3.000
2.500
1000
1.500
1.000
0300
0.000
Ohr lhr 3hr 6hr

Figure 3.13 Time-dependent changes in ABCA-1 expression by TGF-p. Total
RNA from untreated (Ohr) or TGF-j3-treated THP-1 cells was reverse-transcribed and
the resulting cDNA subjected to RT-qPCR analysis using primers specific to ABCA-1
and the control gene RPL13A. The relative expression (meant SD) of ABCA-1 was
investigated over 2 time courses, a longer (24hr) time course (Panel A) and a shorter
(6hr) time course (Panel B). Data is presented as the relative expression of ABCA-1
(meant SD) from four independent experiments (*P<0.05, **P<0.01, NS-not

significant).

3.3.13 Effect of TGF-P on the mRNA expression of ABCG-1

ABCG-1 expression was analysed at the mRNA level as no antibody against ABCG-1
was available in the laboratory. Based on our observations of TGF-P-regulated
ABCA-1 expression and the similarities between the two proteins at the functional

level, it was likely that ABCG-1 would be regulated by TGF-p in the same manner as
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ABCA-1. We therefore decided to prepare a short time course (up to 6hr) to analyse
ABCG-1 expression. RT-qPCR analysis was carried out as for ABCA-1 (Section
3.3.12). ABCG-1 expression was significantly induced by TGF-J3 following 6hr of
cytokine treatment (Figure 3.14). However, no significant changes were observed at

earlier time points.

/\,@to

Ohr Thr 3hr 6hr

Figure 3.14 ABCG-1 expression 1is upregulated by TGF-p in THP-1
macrophages. Total RNA from untreated (Ohr) or TGF-P treated (1, 3 or 6hr) THP-1
cells was reverse-transcribed and the resulting cDNA subjected to real-time
quantitative PCR analysis using primers specific to ABCG-1 and the control gene
RPL13A. Data is presented as the relative expression of ABCG-1 (mean+ SD) from

four independent experiments (*P<0.05, NS-not significant).
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3.3 Discussion

The regulation of expression of key genes involved in macrophage cholesterol
homeostasis has implications in foam cell formation. TGF-f is a negative regulator of
foam cell formation and a significant part of the cytokine’s anti-atherogenic effects is
due to its actions on the expression of genes involved in the uptake and efflux of
cholesterol from macrophages. The regulation of a number of macrophage-expressed
genes by TGF-P has been previously studied. However, the majority of these studies
have been carried out using murine macrophage cell lines or in vivo mice models of
atherosclerosis as detailed in Table 3.2. The genes chosen for study in this chapter
included LPL, SR-A, SR-B1 and CD36; genes with roles in cholesterol uptake; and
ApoE, ABCA-1 and ABCG-1; genes involved with cholesterol efflux. These genes
were chosen because their roles in atherosclerosis are well-defined and the expression
of some of these in J774.2 macrophages and THP-1 monocytes had previously been
studied in our laboratory (Table 3.2) (Hughes et al. 2002; Irvine et al. 2005; Singh and
Ramji 2006). Although the action of TGF-B on several of these key genes expressed
by macrophages has previously been described in the published literature, a detailed
study of their regulation in THP-1 macrophages has not been carried out. To establish
an optimal time point for TGF- regulation and to provide a foundation for further
studies into the mechanisms of TGF-f action on these genes (as presented in Chapters
4 and 5) it was important to determine how the cytokine regulates gene expression
over time. The action of TGF-f on these key genes involved in cholesterol uptake
and efflux was studied in THP-1 macrophages as a model system for human

macrophages.
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Table 3.2

Gene
ABCA-1

ABCG-1

ACAT-1

ApoE

CD163

CD36

LDL receptor

LOX-1 (lectin-like
oxLDL receptor-1)

Macrophage source
Macrophage derived foam cells from ApoE'/
mice
Murine J774A.1 macrophage cell line
Murine J774A. 1 macrophage cell line
Primary human monocytes/ macrophages
Cholesterol loaded and non-cholesterol loaded
mouse peritoneal macrophages
THP-1 monocytes and THP-1 macrophages

Primary human macrophages

THP-1 monocytes and primary human
monocytes

Macrophages from non-atherosclerotic mice,
ApoE" mice and LDLR" mice

THP-1 macrophages

Murine J774A. 1 macrophage cell line

THP-1 monocytes and primary human
monocytes

Murine peritoneal macrophages

Regulation of expression by TGF-P
mRNA and protein expression up-regulated

mRNA expression up-regulated
mRNA expression up-regulated

mRNA and protein expression is up-regulated on
monocyte-macrophage differentiation

mRNA expression and protein secretion up-
regulated

mRNA and protein expression up-regulated
mRNA and protein expression is down-regulated

mRNA and protein expression down-regulated
mRNA expression down-regulated

mRNA and protein expression down-regulated
mRNA expression and receptor activity down-
regulated

mRNA expression up-regulated

mRNA expression upregulated

Studies on the TGF-p regulation of expression of genes implicated in macrophage cholesterol homeostasis
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Murine J774A.1 macrophage cell line

Murine J774.2 macrophages and primary human

macrophages
THP-1 macrophages

THP-1 monocytes and primary human
monocytes

Macrophages from non-atherosclerotic mice,
ApoE" mice and LDLR/ mice

mRNA expression and enzyme activity down-
regulated

mRNA and protein expression down-regulated

mRNA expression down-regulated

mRNA expression down-regulated

mRNA expression down-regulated

Argmann et al. 2001

Irvine et al. 2005

Bottalico et al. 1991

Draude and Lorenz 2000

Zuckerman et al. 2001
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As expected, the expression of LPL, SR-A, SR-B1 and CD36 was attenuated by TGF-
B at both the mRNA and protein level. This is consistent with published studies on
the regulation of expression of these genes in macrophages (Table 3.2). In all cases,
maximal inhibition occurred following 24hr of TGF-f treatment and this time point
was therefore used for further studies on these genes, as presented in Chapters 4 and
S. Also in agreement with the published literature (Table 3.2), TGF-B induced the
expression of ApoE, ABCA-1 and ABCG-1 at both the mRNA and protein level. In
addition, induction of ApoE by the cytokine was observed in primary human
macrophage cultures thereby signifying that any changes in gene expression observed
in THP-1 were indicative of changes that could be replicated in primary macrophages.
This verified the use of the THP-1 cell line as a model system for the study of TGF-§
regulation of gene expression in macrophages. Maximal and significant induction of
ApoE mRNA expression occurred following 24hr of TGF-B treatment and maximal
protein expression occurred after 48hr of TGF-p treatment. For consistency, it was
decided that the 24hr time point would be used for further studies into ApoE
regulation. In contrast to the other genes studied, ABCA-1 and ABCG-1 were not
optimally up-regulated following 24hr TGF-f treatment. An extensive time course of
ABCA-1 regulation by TGF-p was prepared to investigate the disparity between
mRNA and protein induction. Maximal induction of ABCA-1 and ABCG-1 was
observed after 6hr TGF-P treatment and this time point was used in further studies

into the regulation of their expression by the cytokine.

Déspite a number of studies, the mechanism of the regulation of expression of genes
implicated in macrophage cholesterol homeostasis by TGF-B remains unclear.
Studies by our laboratory have highlighted the importance of the JNK, p38 kinase and
CK2 pathways in the ApoE response to TGF- (Section 3.1.6) but the involvement of
the classical and other TGF-B signalling pathways in gene regulation remains poorly
understood. Only the mechanisms behind the regulation of LPL, ApoE and CD36
expression by TGF-B have previously been investigated. The current knowledge
regarding the mechanisms of gene regulation by TGF-B in macrophages is
summarised in Figure 3.15. The regulation of LPL expression by the cytokine occurs
at the transcriptional level and is mediated through a change in transactivation
potential of Spl and Sp3 by TGF-P (Irvine et al. 2005). The regulation of CD36 has

also been described at the transcriptional level where the gene is a direct target for
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PPARY, which becomes inactivated by MAPK phosphorylation in response to TGF-p
(Han et al. 2000). Interestingly, published literature suggests that PPARYy is able to
regulate the expression of each of the genes studied in this chapter, either directly or

indirectly. This may therefore be a potential link to their regulation by TGF-p.

PPARY is part of a larger family of nuclear receptors, including PPAR-a, -p and —y.
Like other nuclear receptors the PPARs contain a ligand-binding domain and a DNA-
binding domain. The primary role of PPARs is in metabolic regulation where they
stimulate fatty acid breakdown. PPARY is involved in the storage and release of fat
from adipose tissue through the regulation of adipose gene expression (Fernandez
2008; Neve et al. 2000). PPARYy is expressed as two isoforms; PPARy1 is expressed
within monocytes and macrophages while PPARYy2 is restricted to adipose tissue
(Kintscher et al. 2002). Both PPARa and PPARY are expressed in vascular cells and
have been associated with atherosclerosis. PPARY can be detected in the macrophage-
rich regions of atherosclerotic plaques and is overexpressed in foam cells (Duan et al.
2008; Fernandez 2008; Galetto et al. 2001; Worley et al. 2003). Ligands of PPAR
have been associated with reduced progression of atherosclerotic lesions and reduced
intimal thickness whilst activators of PPARY can inhibit the proliferation of VSMCs
by inhibiting the expression of MMP-9. Agonists of PPARy can reduce the
expression of pro-inflammatory cytokines TNFa and IL-6 and the chemokine MCP-1
in monocytes (Duan et al. 2008; Neve et al. 2000).

PPARy activates target genes through heterodimerisation with RXRa, another nuclear
receptor. Heterodimers can be activated by ligands of PPARY and ligands of RXRa.
Ligands for PPARY include metabolites of arachidonic acid and fatty acid derivatives
of oxLDL such as 16-deoxy-A-, 14-prostaglandin J, (15-dPGJ;). Thiazolidinediones
(TZDs), used in the treatment of type 2 diabetes are also ligands for PPARy (Neve et
al. 2000). Heterodimerisation is followed by binding to a PPARY response element
(PPRE) in the promoter of target genes (Fernandez 2008; Worley et al. 2003). The
consensus sequence for this response element is a repeat of AGGTCA. In addition to
direct gene regulation, PPAR also negatively regulates inflammatory gene
transcription by modulating the recruitment of cofactors or through interaction with
other transcription factors such as AP-1, STAT and NFxB (Neve et al. 2000). This is

mediated by a conformational change in the heterodimer complex following ligand
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binding allowing DNA binding and release of corepressors. In macrophages, this
allows the binding of PPARy to NFxB and the recruitment of corepressors to
negatively regulate NFxB ta