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Coronary artery disease (CAD) is caused by atherosclerosis, a chronic inflammatory
response to modified lipoproteins. A key pathophysiological event is the lipid-induced
transformation of macrophages into lipid-laden foam cells and their accumulation in
atherosclerotic plaques. Heritable CAD risk is associated with common genetic
variants at over 40 genomic loci; the underlying causal mechanisms remain largely
unknown and could affect transcriptional regulation in foam cells. Epigenetic and
gene expression changes were measured in primary human macrophages before and
after exposure to atherogenic, oxidized low-density lipoprotein—with resultant foam
cell formation. This unbiased approach involved open chromatin mapping with
formaldehyde-assisted isolation of regulatory elements with enhancer and
transcription factor mapping using chromatin immuno-precipitation. Foam cell
formation was associated with changes in a subset of open chromatin and enhancer

sites that were strongly correlated with expression of nearby genes. OxLDL-regulated
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enhancers were enriched for several transcription factors—including C/EBP-beta—
that have no previously documented role in foam cell formation. OxLDL exposure
up-regulated C/EBP-beta expression and increased C/EBP-beta binding across the
genome, most prominently around genes involved in inflammatory response
pathways. Variants at CAD-associated loci were enriched in the subset of oxLDL-
regulated open chromatin sites. These included rs72664324 in an oxLDL-induced
super-enhancer at the PPAP2B locus. OxLDL increased C/EBP-beta binding at
1s72664324. C/EBP-beta binding, enhancer activity and oxLDL-induced upregulation
of PPAP2B were stronger with the protective A allele of rs72664324. The PPAP2B
protein product LPP3 was expressed in foam cells in human atherosclerotic plaques
and was upregulated by oxLDL exposure in macrophages, so increasing the
degradation of pro-inflammatory mediators. I also found several other CAD risk
candidate genes were regulated by oxLDL: Phosphatase and actin regulator 1
(PHACTR1) and macrophage inducible Ca®" dependent C-type lectin (Mincle). This
led us to find a novel expression-quantitative-trait locus for PHACTRI in
macrophages and define new glycolipid ligands for Mincle. Our results demonstrate a
genetic mechanism contributing to CAD risk at the PPAP2B locus and highlight the
value of integrating gene expression and epigenetic changes to study disease

processes involving pathogenic environmental stimuli.
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1 General Introduction

1.1 Coronary artery disease

Coronary artery disease (CAD) is the leading cause of death worldwide [1].
Inadequate blood supply to the myocardium causes the clinical manifestations of
CAD [2]. Myocardial ischemia results in several clinical syndromes including stable
angina, unstable angina, myocardial infarction, and ischaemic cardiomyopathy
manifesting as heart failure [2]. Death can result from either ischaemia-related
arrhythmia or pump failure. Narrowed coronary arteries result in the exertional chest
pain characterizing stable angina when myocardial perfusion cannot increase to meet
the myocardial oxygen demand [2]. Myocardial infarction occurs when a vessel is
suddenly occluded by thrombus formation leading to myocyte death [2]. Current
treatments for myocardial infarction focus on rapidly restoring blood flow by a
combination of mechanical treatments — percutaneous coronary angioplasty — and
drug treatments — anticoagulants including heparin ameliorate further coronary
thrombosis [2]. Preventive treatments include anti-platelet agents to inhibit
thrombosis and lipid-lowering agents to reduce the formation of lipid-laden plaques in

coronary arteries [2].

1.2 Epidemiological Importance of CAD

In the UK, death rates from myocardial infarction have halved since 2002 but there
are still 80,000 deaths each year from CAD [3]. CAD also causes substantial
morbidity with 405,000 hospitalizations in England in 2010 and cardiovascular

disease costs the UK healthcare system about £8.7 billion per year [3]. There are
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numerous risk factors for CAD, which are themselves influenced by both
environmental and genetic factors. Major risk factors for CAD include low-density
lipoprotein (LDL) levels, hypertension, smoking, diabetes, age, gender and heredity
[2]. LDL is both a risk factor and a direct mediator of atherosclerosis that accumulates
within atherosclerotic plaques. One of the most successful preventive treatments for

CAD are statins, which act principally by lowering circulating LDL levels [4, 5].

1.3 Pathogenesis of CAD

The main cause of coronary artery disease is atherosclerosis. The word atherosclerosis
is derived from the Greek words ‘athera’ meaning ‘gruel’, and ‘sclerosis’ meaning
‘hardening’. This term aptly describes the fatty plaques that have afflicted humans
since at least Egyptian times, as evidenced by atherosclerosis in mummified
remains[6]. Atherosclerosis is a chronic process that begins in childhood and can
develop to the point of being symptomatic usually in middle to late adulthood[7]. The
first step is endothelial activation at sites of sheer stress that are characterized by low
or turbulent blood flow[8]. Activated endothelium expresses increased cell adhesion
molecules like E-selectin, P-selectin and VCAMI that contribute to binding and
recruitment of circulating immune cells, chiefly monocytes[8]. At sites of endothelial
dysfunction there is also enhanced endothelial permeability allowing lipoproteins to
bind proteoglycans in the subendothelial space through a charge interaction[9].
According to the ‘response to lipid retention hypothesis’, these lipoproteins become
modified in the arterial wall and establish a chronic inflammatory reaction whereby

immune cells react to the lipids, becoming activated and retained[9]. Ultimately, this
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maladaptive cellular response to deposited lipid further exacerbates endothelial
dysfunction, lipid deposition, and the recruitment and retention of inflammatory cells.
The ‘oxidative theory’ of atherosclerosis is also embedded in this pathogenesis since
it is primarily oxidative changes to lipids occurring in the arterial wall that render the
lipid species pro-inflammatory[10] and recognizable by macrophage scavenger
receptors. Vascular smooth muscle cells in the arterial wall migrate into the
inflammatory area, proliferate and de-differentiate in response to cytokines including
PDGF released from endothelial cells [11]. As the plaque develops it is increasingly
filled with lipid-laden macrophages, termed foam cells, and may be covered by a
fibrous cap. At its center there is often acellular lipid deposits, released by dying foam
cells [12]. Cells within the plaque release a variety of pro-inflammatory cytokines,
matrix metalloproteinases (MMPs), and cathepsins that collectively weaken the
fibrous elements of the plaque potentially leading to plaque rupture [13]. Plaque
rupture exposes the thrombogenic lipid-rich components of the inner plaque, for
example, lysophosphatidic acid, to the circulation causing platelet adhesion,
aggregation and thrombosis [14]. A large literature exists describing many of the
receptors, adhesion molecules, lipid species, and signaling pathways involved in this
process. Many mouse models exist demonstrating that knockout of dozens of
individual genes either retard or enhance atherosclerosis in response to atherogenic

diets [8].

Despite the wealth of research into the pathogenesis of coronary artery disease our
understanding of the precise molecular events that govern the key pathogenic events
remains limited. The interaction of atherogenic lipid with macrophages in the arterial

wall is clearly central to atherosclerosis. In this study I examine the molecular events
23



occurring when macrophages become lipid-laden foam cells. I systematically
elucidate the transcriptional response to atherogenic lipid and use an unbiased
approach to map the regulatory pathways activated by oxLDL. Ultimately, controlling
the macrophage response to atherogenic lipid is a potential therapeutic strategy that
could evolve from these data. This study for the first time integrates new genetic risk
data from genome-wide association studies with human macrophage-derived foam
cell formation and I explore the function of risk variants and genes highlighted by this

integrative analysis.

1.3.1 Macrophages and foam cells in atherosclerosis

1.3.1.1 Lipid retention in the arterial wall

Retention of circulating low-density lipoprotein in the subendothelial space is a
crucial, causal event throughout the course of atherosclerosis[9, 15]. Several scientists
have suggested it is the single most important inciting event in atherosclerosis[9, 15].
Although these authors have argued that subendothelial lipid retention is both
necessary and sufficient for atherosclerosis it is clearly not sufficient—other
mechanisms predisposing to lipid retention in certain areas and an ensuing
inflammatory response are also required.

Penetration of circulating lipoproteins beyond the endothelium is an ever-present
event but lipoproteins are also removed continuously into the circulation[16].
Lipoprotein retention does not require patches of complete endothelial
denudation[15]. Lipoprotein retention increases as levels of circulating lipids increase
and statin drugs abrogate atherosclerosis largely through enhanced clearance of LDL

via the liver[15]. The most clinically significant penetrants are ApoB containing
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lipoproteins—chiefly LDL. ApoB-containing lipoproteins interact with extracellular
matrix in the subendothelial space. The relatively small size of LDL—70nm—allows
it to easily penetrate in tact endothelium by a process known as endothelial cell
transcytosis[17]. Once in the subendothelial space a binding site on positively charged
ApoB interacts with extracellular negatively charged proteoglycan molecules—
including heparin sulfate, chondroitin sulfate, dermatan sulfate, and keratin
sulfate[17]. Once in the subendothelial space the lipoproteins may undergo a number
of modifications that enhance proteoglycan binding and also uptake by macrophages
through scavenger receptors. These modifications include hydrolysis of surface
phospholipids by soluble phospholipase A2 that leads to smaller and more dense LDL
particles with greater proteoglycan adherence and exposure of another proteoglycan
binding site on ApoB[17, 18]. The other main type of lipoprotein modification is
oxidation. An extensive body of literature exists demonstrating that once outside the
antioxidant-containing plasma, lipoproteins are enzymatically oxidized making them
recognizable by scavenger receptors on macrophages[19, 20]. Modified lipoproteins
also stimulate release of chemo-attractants, such as monocyte chemotactic protein 1
(MCP-1), and expression of surface adhesion molecules by endothelial cells, which
attract circulating monocytes[21, 22]. As this process progresses, a fatty streak
becomes an established plaque and a vicious cycle is established whereby disruption
of the subendothelial architecture by modified lipoproteins, macrophages, foam cells,
altered proteoglycan composition, and proliferation of vascular smooth muscle cells
leads to greater retention of circulation lipoproteins and less capacity for removing
them[17, 23]. Numerous factors may promote lipid retention including circulating
lipid levels, modifications of circulating lipoproteins (e.g. sialyenation), diabetes-

induced changes in subendothelial matrix, and any cause of endothelial dysfunction
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such as smoking[17, 24]. Ultimately the cells that have the potential to clear
pathogenic lipid from the fatty streaks and plaques are macrophages—as they would
for most infective stimuli. Given that this process does not occur satisfactorily as
evidenced by the massive accumulation of foam cells in atherosclerotic plaques,
research is needed to understand how modified lipoproteins hijack normal
macrophage functioning and how macrophages might be reprogrammed towards a
more helpful role.

1.3.1.2 Monocyte recruitment and foam cell formation

Cellular atherosclerotic plaques begin when monocytes are recruited from the
circulation at sites of endothelial dysfunction and differentiate into macrophages in
the subendothelial space[25]. A high circulating monocyte count has been correlated
with the risk of coronary artery disease[26]. Studies of macrophage colony
stimulating factor (M-CSF) and M-CSF receptor knockout mice provided firm
evidence for the importance of monocytes and macrophages in atherosclerosis—
reduction in circulating monocyte count and macrophage survival markedly abrogated
atherosclerosis[27, 28]. In the first stage of monocyte recruitment, monocytes adhere
via their P-selectin glycoprotein ligand 1 (PSGL-1) receptor to P-selectin expressed
by activated endothelial cells[26, 29-31]. Firm adhesion of monocytes to the
endothelium occurs through binding of constitutively expressed monocyte integrin
Very Late antigen-4 (VLA-4) which binds to vascular cell adhesion molecule 1
(VCAML1) on activated endothelial cells[32]. Activation of integrin binding occurs
partly in response to monocyte CXC chemokines (CXCL1/2/3/4/8, CCLS5) binding to
heparin sulphate expressed on the surface of activated endothelial cells[21].
Endothelial cell sheer stress and subendothelial retention of lipoproteins are triggers

to the endothelial cell activation required for monocyte adhesion[33, 34]. Endothelial
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cells also express chemokines including CCL2 (chemokine (C-C motif) ligand 2, also
known as MCP1) and CCLS5 that contribute to atherosclerosis by both contributing to
monocyte adhesion and triggering chemotaxis into the subendothelial space.
Interestingly circulating activated platelets also contribute to monocyte recruitment
by, for example, depositing CCL5 on the surface of inflamed endothelium[35]. A
wide range of cytokines and chemotactic factors are produced by intimal cells of the
developing plaque in response to the inflammatory effect of deposited modified
lipoproteins. These include: monocyte chemo-attractant protein 1 (MCP-1), M-CSF,
granulocyte macrophage colony stimulating factor (GM-CSF), migratory
inflammatory protein 1 (MIP-1), TNF-alpha, transforming growth factor beta (TGF-
beta), CCLS5, Endothelin 1 (ET-1), and interleukins—IL6, IL8, IL10, IL12 [36].

Monocytes cross the endothelium by a process known as diapedesis—involving
homotypic interactions between junctional adhesion molecule A (JAM-A) and platelet
adhesion molecule (PECAM-1)[37, 38]. Once within the arterial wall monocytes
differentiate into macrophages, a process dependent on the major regulator of myeloid
differentiation, M-CSF—the experiments detailed later use M-CSF monocyte-derived
macrophages in a model of foam cell formation[36]. Although plaque macrophages
are thought to be derived largely from terminally differentiated circulating monocytes
recent data indicates local macrophage proliferation is an important source of plaque
macrophages [39, 40]. Although macrophages can egress atherosclerotic plaques this
process does not significantly modify their numerical presence in atherosclerotic
plaques[41]. Macrophages may also undergo apoptosis which can be helpful at an
early stage in plaques when efferocytosis pathways (the mechanism by which debris
from dying cells is cleared by other phagocytes) is not impaired[41]. Later in

atherosclerotic plaques macrophage death is thought to be pro-atherogenic since it
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leads to release of their lipid contents in an environment where effective efferocytosis
is impaired[41]. Differentiation of monocytes into macrophages is associated with an
expression pattern that establishes them as phagocytic cells readily able to uptake
modified lipoproteins. The cell surface receptor, CD36, which accounts for the
majority of oxLDL uptake by macrophages, is strongly upregulated by differentiation
of monocytes into macrophages by M-CSF[42]. The transcription factor PPARG was
also upregulated upon differentiation and is a major regulator of lipid processing
pathways including lipid uptake[42].

In addition to CD36, other scavenger receptors including scavenger receptor—A (SR-
A) are involved in oxLDL uptake. Additional potential mechanisms of uptake include
pinocytosis and uptake via the LDL receptor[43]. The LDL receptor is part of what is
termed the ‘regulated lipid uptake pathway’ since in response to cholesterol ester
loading, macrophages appropriately downregulate the LDL receptor and upregulate
genes associated with the processing and efflux of cholesterol including perilipin 2
and ATP-binding cassette, sub-family A (ABC1), member 1 (ABCA1), respectively
[44, 45]. CD36 also directs assembly of Toll-like receptor 4 (TLR4) and TLR6 in
response to oxLDL and leads to inflammasome activation and secretion of
inflammatory cytokines including IL-1[46, 47].

Ultimately an imbalance in the uptake and efflux of low density lipoprotein leads to
lipid loading of macrophages resulting in foam cell formation[36]. Once within
macrophages, the lipoproteins are transported in perilipin 2 studded vesicles to
lysosomes and cholesterol is stored predominantly as cholesterol esters. Some oxLLDL
is also known to remain in a relatively unprocessed state within macrophage

vesicles[36]. Foam cell formation is also discussed as part of section 3 of this thesis.
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1.3.1.3 Transcriptional responses in macrophages and foam cells

Of the roughly 1544 transcription factors in humans[48], only a handful have been
shown to be utilized in the transcriptional response of macrophages to oxLDL.
Activated pathways can be divided into lipid response pathways, oxidative stress
response pathways and cell vitality pathways.

One of the key transcription factors is Peroxisome proliferator-activated receptor
gamma (PPARG). In fact PPARG upregulates genes involved in the uptake,
processing and excretion of cholesterol by macrophages[49]. PPARG is a nuclear
receptor that is activated in response to a variety of lipid-based ligands including fatty
acids—and translocates from the cytoplasm to the nucleus on ligand binding [50].
PPARG induces secondary transcriptional responses by upregulating LXR-alpha,
which then mediates some of its downstream effects, for example, on the upregulation
of cholesterol exporter ABCA1 gene [49].

Overall, mouse models with PPARG agonists and knockouts suggest PPARG
expression in atherosclerosis is protective, likely dependent on the balance between its

control of lipid uptake, processing and efflux from macrophages[51].

Liver X receptor alpha (LXRa) is a nuclear receptor expressed by hepatocytes and
macrophages that has oxysterol (oxidized derivatives of cholesterol) as its natural
ligand[52, 53]. The functions of LXRa are viewed as atheroprotective since its
activation leads to upregulation of ABCA1 and ATP-binding cassette sub-family G
member 1 (ABCG1) involved in cholesterol efflux from foam cells [53]. The genomic
binding profile of LXRa was analyzed by ChIP-seq in THP1 tumour macrophages
treated with and without synthetic LXRa agonist and with or without oxLDL [54].

OxLDL was found to differentially regulate binding at 690 genomic sites although the
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foam cell specific sites had much weaker signal and were not enriched for
transcription factor binding motifs raising the possibility of stochastic effects [54]. For
foam cell specific LXRa sites gene ontology analysis suggested enrichment for the
“regulation of cholesterol storage” pathway and “organic acid biosynthetic process”
pathway whilst the authors additionally noted proximity to 14 cell death-associated
genes [54]. These enriched pathways were different to those elicited by the synthetic
LXRa agonist suggesting that foam cell formation in some way alters the
physiological response to LXRa activation. In resting macrophages there were low
levels of LXRa expression and lack of genomic binding indicating a lack of
constitutive activity [54]. A notable example of foam cell-specific binding compared
to ligand-induced binding was at the Poly (ADP-ribose) polymerase 1 (PARP1) gene
locus—although the role of LXRa in PARP1 expression remains unclear [54].

The Activating protein 1 (AP1) transcription factor is a heterodimer composed
variously of c-FOS, c¢-JUN, ATF and JDP proteins. OxLDL has been shown to
modulate AP1 activity in human macrophages in association with MMP9
upregulation [55].

NF-kB (nuclear factor kappa-light-chain-enhancer of activated B cells) is a
transcription factor composed of a complex of proteins that has a key role in
mediating inflammatory responses, for example, the response of macrophages to
endotoxin. NF-kB pathways exacerbate oxLDL-induced foam cell formation and
oxLDL increased NF-«kB activation [56].

OxLDL induces an oxidative stress response causing activation of Nuclear factor
(erythroid-derived 2)-like 2 (NFE2L2) [57]. Upon nuclear accumulation, NFE2L2
binds to anti-oxidant response element DNA binding sites resulting in the

upregulation of a set of enzymes that abrogate the cellular damage caused by reactive
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oxygen species[57]. In macrophages, however, activation of NFE2L2 also results in
upregulation of CD36[58]. A constituent of oxLDL, 4-hydroxynonenal is one of the
major stimuli to NFE2L2 nuclear accumulation[58].

There is conflicting data on whether NFE2L2 is atheroprotective or atherogenic. In
the LDL receptor knockout mouse model, simultaneous NFE2L2 knockout resulted in
enhanced foam cell formation, and increased production of inflammatory cytokines
MCP1 and IL6[59]. Knockout of NFE2L2 in the ApoE mouse knockout model of
atherosclerosis resulted in reduced atherosclerosis[60]. The beneficial effect of
NFE2L2 in mediating a protective response to oxidative stress was outweighed by its
atherogenic effect on stimulating CD36 expression[60].

Given that there are hundreds of other transcription factors, additional approaches are
required to study which of these also have a role in the response to oxLDL in
macrophages. The downstream effects of the transcriptional responses have been
assessed to a limited extent using microarray studies to measure the steady state
expression levels of thousands of mRNAs. In chapter 3 I discuss in-depth the

outcomes and limitations of these existing studies.

1.3.1.4 Foam cells and advanced plaque lesions

The most devastating consequence of atherosclerosis is rupture of an atherosclerotic
plaque leading to thrombosis formation, occlusion of the blood vessel and
downstream ischaemia. Macrophages and foam cells play a critical role in the
destabilization of atheromatous plaques. Patients with acute coronary syndromes
caused by plaque rupture have plaques containing significantly more macrophages
than patients with stable angina [61]. At the center of plaques is a lipid-rich core

composed of aggregates of foam cells. Death of foam cells either by necrosis or
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apoptosis may occur in response to DNA damage caused by oxLDL, or ER stress
resulting from a prolonged unfolded protein stress response from excessive
accumulation of free cholesterol [13, 62]. Macrophage and foam cell death leads to
the release of pro-inflammatory oxidized lipids and cellular debris[62]. Inflammatory
macrophages release TNF-alpha that contributes to apoptosis of vascular smooth
muscle cells leading to reduced extracellular matrix production and weakening of the
fibrous cap of the plaque [63, 64]. Apoptosed macrophages have been visibly
associated with areas of plaque rupture[65]. The process by which apoptotic cell
clearance takes place—efferocytosis—is also impaired by the effect of oxLDL on
phagocytic cells in the plaque; oxLDL constituents compete with apoptotic cell debris
for receptors on phagocytic cells involved in phagocytosis [66]. Macrophages may
contribute to plaque instability by secreting activated MMP9 [67]. Foam cell
formation also triggers increased expression of the chemo-attractant and mitogenic
cytokines IL8 and MCP-1—these attract neutrophils, T cells, vascular smooth muscle
and enhancer proliferation of vascular smooth muscle cells [68]. Limited studies of
the H3K4Me3 histone mark in macrophages (a marker of transcription elongation and
enhancer activity) show that oxLDL triggered increased H3K4Me3 marks at the
promoters of pro-inflammatory cytokines induced by oxLDL including TNFa, IL-6,
IL-18, MCP-1 [69, 70]. This shows that oxLLDL-induced changes in gene expression

are associated with epigenetic changes.

1.4 Risk factors for CAD

Modifiable risk factors (e.g. smoking status) and non-modifiable risk factors (e.g.

age), play a major and additive role in the risk of coronary artery disease[71].
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Furthermore, increasing evidence demonstrates the link between the traditional

environmental risk factors and recently described genetic risk factors.

1.4.1 Environmental Risk factors

Cigarette smoking has an adverse effect across all elements of atherosclerosis and
accounts for over 10% of cardiovascular deaths [72]. At the physiological level
smoking induces a state of endothelial dysfunction in which there is abnormal
regulation of vascular tone and haemostasis [72-74]. At the cellular level reactive
oxygen species within smoke activate NADPH oxidase, deplete endothelial nitric
oxide, cause oxidative changes to proteins and activate NF-kB mediated expression of
adhesive surface molecules including E-selectin and P-selectin thereby increasing
thrombogenicity [75-77].

Smoking also has a detrimental effect on atherosclerotic plaque stability, increasing
the likelihood of plaque rupture and thrombosis [72]. Plaques from smokers contain
significantly more oxidized-low density lipoprotein than non-smokers [78]. They also
contain significantly more foam cells, suggesting a more inflammatory plaque
phenotype[79]. Smoking increases the expression of several —matrix
metalloproteinases, the enzymes that degrade extracellular matrix proteins during
tissue growth and repair. For example, plaque macrophages from smokers express
more MMP12 (Macrophage Elastase) than non-smokers[80] —MMP12 is elastolytic
and associated with plaque progression[80, 81]. As well as increasing expression,
smoke constituents, such as acrolein, increased activity of MMP9 in human
macrophages [82]. MMP9 is a gelatinase most closely studied in cancer for its role in
facilitating angiogenesis[83]. Smokers also have a thinner fibrous covering to plaques

in association with downregulation of the key collagen-forming enzyme N-proly 4-
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hydroxylase in the arterial wall[84]. Smoking is associated with higher circulating IL6
levels and this cytokine has been shown to downregulate N-prolyl 4-hydroxylase in a
mitogen-activated kinase (MAPK) and c-Jun dependent pathway in human aortic
smooth muscle cells[85]. Coupled with greater plaque instability smoking increases
thrombogenic tissue factor expression by endothelial cells, monocytes, and smooth
muscle cells as well as enhancing platelet aggregation and interfering with the balance
of fibrinolysis [72]. Presently there are no therapeutic strategies that directly

ameliorate the adverse consequences of smoking on atherosclerosis.

Hypertension is a common and treatable risk factor for coronary heart disease—nearly
30% of Americans are hypertensive [86, 87]. Large population-based studies suggest
that hypertension causes as much as 47% of ischemic heart disease [88]. The
continuous change in cardiovascular risk with blood pressure has meant that the
definition of clinically relevant hypertension and its treatment continues to vary.
Nevertheless, many studies show that therapeutic lowering of blood pressure in
hypertensive patients is highly beneficial in reducing coronary events (typically by
13%) but does not entirely ameliorate cardiovascular risk [87, 89]. Hypertension leads
to frank changes in the structure of the arterial wall including fibro-elastic hyperplasia
[90].

Endothelial dysfunction is throught to be the primary mechanism by which
hypertension contributes to atherosclerosis [90, 91]. However, it remains unclear
whether hypertension is a direct cause of endothelial dysfunction or whether
endothelial dysfunction results in hypertension. The mechanism of endothelial
dysfunction in hypertension primarily involves depletion of endothelial nitric oxide

and oxidative stress [92]. The mechanism by which this occurs remains unknown but
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once endothelial dysfunction develops other common pathways in atherosclerosis are
facilitated such as the trapping of LDL in the sub-intimal space and recruitment of
immune cells. This sequence of events is known as the ‘response to injury’ theory of

atherosclerosis [93].

Type 1 and Type 2 diabetes are independent risk factors for CAD [94-96]and the risk
of MI was increased from 1.5-5.5 and 1.5-2% in patients with diabetes compared to
those without [97]. Intensive lowering of blood glucose reduces cardiovascular events
[98]. Numerous pathways underlie the deleterious effects of hyperglycemia on
atherosclerosis. One of the main such pathways is the production of advanced
glycation end products (AGE) that arise from the intracellular effects of
hyperglycemia causing the generation of reactive dicarbonyls that react with the
amino groups of proteins [99]. These altered proteins may lead to abnormal
crosslinking of the extracellular matrix or interact directly with the receptor for AGE
(RAGE) which leads to NFKB-mediated inflammatory signaling. Several of the other
mechanisms include activation of protein kinase C, an imbalance in the hexosamine
pathway associated with TGF-beta production, and increased activity of 12- and 15-
lipoxygenase are enzymes that leads to inflammatory lipid based signaling [99].
Microarray studies of gene expression in macrophages have shown that oxLDL
stimulated foam cell formation leads to greater expression of inflammatory genes in

the presence of hyperglycemia [100].

Chronic kidney disease, manifested by a declining glomerular filtration rate or
proteinuria, is a risk factor for coronary artery disease [101, 102]. Even moderate

reductions in glomerular filtration rate to between 30 and 44mls/minute are associated
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with a 2 fold increased risk of cardiovascular events. In dialysis patients the risk of
cardiovascular death is increased massively—10 to 20 fold [103]. Many potential
mechanisms have been postulated to underpin the effect of CKD, most culminating in
a perturbation of oxidative stress, lipid handling, vascular -calcification, and
endothelial dysfunction, brought about by elevated levels of uremic toxins including
indoxyl sulphate and P-cresyl [104]. A number of observations suggest that the risk is
mediated in part through macrophages and foam cells. In uremic patients
macrophages express higher levels of CD36, the principle scavenger receptor
responsible for unregulated macrophage lipid uptake [105]. In a mouse atherosclerosis
model uni-nephrectomy was associated with greater lesional macrophage content and
macrophages demonstrated increase migratory activity in response to MCP-1[106].
Reduction in renal mass also leads to endothelial dysfunction manifested by higher
expression of VCAM1, monocyte adhesion and infiltration [107, 108].

In total over 88 uremic toxins have been identified that may in part cause these effects
[104]. The prototypical uremic toxin indoxyl sulphate is derived from the action of
enteric flora on tryptan, forming indole, that is then converted in the liver to indoxyl
and finally conjugated with a sulphate moiety [104]. Circulating Indoxyl sulphate
levels are up to 50 times higher in dialysis patients and poorly removed by dialysis
due to high protein binding [109]. Indoxyl sulphate increases endothelial leukocyte
adhesion molecules (e.g. ICAM-1) via NFKB activation and also causes endothelial
cell senescence, impairing wound healing [110]. Indoxyl sulphate increases ROS in
endothelial cells and macrophages with resultant reduction in nitric oxide availability
[104]. Indoxyl sulphate increases monocyte lineage inflammatory markers and
mediators including MAC-1 (Integrin, Alpha M (Complement Component 3 Receptor

3 Subunit))surface expression and IL6 production [104, 111]. Indoxyl sulphate also
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contributes to proliferation and dedifferentiation of vascular smooth muscle cells
increasing their propensity towards an osteoblastic phenotype and potentially vascular
calcification [104].

Circulating levels of lipoproteins LDL and HDL, as well as triglycerides, are well
characterized risk factors for coronary artery disease and death from coronary artery
disease. The most robust effect is that seen with elevated levels of LDL—Ievels above
4.13 as compared with levels below 3.35 conferred a 6 fold increase in death from
cardiovascular disease[4]. Randomized controlled trials of LDL lowering using 3-
hydroxy-3-methylglutaryl coenzyme A reductase inhibitors have confirmed the
central importance of lipoproteins as a risk factor since they significantly reduce the
risk or coronary heart disease [112]. LDL is a direct mediator as well as risk factor for
coronary artery disease[113]. In this thesis I study the effects of modified LDL on
macrophages in a model of foam cell formation.

In addition to the major risk factors discussed above there are several other risk
factors including advancing age, obesity, and lack of exercise. Broadly these risk
factors have effects overlapping those described above—including endothelial

dysfunction, perturbations in circulating lipid levels and oxidative stress.

1.4.2 Genetic risk of CAD

1.4.2.1 Genetic risk factors identified by family studies, linkage studies

CAD is a complex disease with a strong heritable component[114]. A seminal study
comparing monozygotic and dizygotic twins demonstrated that if a monozygotic twin
had died from CAD aged under 55 then the other twin had a hazard ratio of 8.1 of
themselves dying of CAD—for dizygotic twins the corresponding hazard ratio was

only 3.8[115]. Overall, over 50% of the risk of myocardial infarction is accounted for
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by genetic risk[114, 116, 117]. The genetic architecture of risk is divided into rare,
single gene disorders—constituting the minority of the overall risk—and common,
minor genetic variants that account for most of the heritable risk[114]. After
determining the overall contribution of changes in DNA sequence between
individuals to the risk of CAD the next step is identifying the locations of these
genetic variations. Linkage studies compare the segregation of genetic markers across
generations of large families consisting of members with and without a given trait or
disease. After finding markers associated with the phenotype more detailed mapping
of what may be a several megabase region can be undertaken to localize the
pathogenic variants. These studies have little statistical power to detect small effect
sizes but have been successful in identifying genes associated with monogenic CAD
disease. A linkage study in Icelandic individuals mapped a coronary artery disease
risk haplotype to the Arachidonate 5-Lipoxygenase-Activating Protein gene and
showed that individuals with the risk haplotype produced more of the inflammatory
mediator, leukotriene-B4[118]. However, only a handful of genes have been
identified using this approach; in the last 10 years large scale association studies have

shed much greater light on the genetic architecture of CAD.

1.4.2.2 Genetic Factors identified by GWAS

A major development in the study of the heritable component of complex diseases has
been the application of genome-wide association studies (GWAS) to identify regions
of the genome that contain genetic variants that mediate heritable risk. GWAS look
for statistically significant differences in the genetic make-up of thousands of
individuals with a trait or disease and individuals who do not manifest the disease—

typically by a combination of genotyping thousands of single nucleotide
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polymorphisms and imputation. These studies were facilitated by efforts such as the
HapMap project and 1000 genomes project that systematically annotated human
genetic variation. This allowed the production of microarray-based DNA chips for
cost-effective genotyping of many individuals[119, 120]. The microarrays sample a
subset of known genetic variants, most commonly single nucleotide polymorphisms
(SNPs), and the SNPs tested represent marker SNPs for a region. Imputation is the
process by which the genotype at other SNPs can be accurately inferred based on a
deeper knowledge of the haplotypes from sequencing many additional SNPs in a large
number of individuals[121, 122]. Many more SNPs than the actual physically

genotyped SNP can therefore be tested for disease association.

GWAS have identified 46 genomic loci harboring genetic variants that influence
CAD risk in persons of European ancestry[123](genome-wide significance adj P
<0.5x10® Table 1). The candidate genes at these loci (based on proximity) are
predominantly not known to be associated with traditional risk factors such as
hypertension of LDL cholesterol. An example is the risk signal identified for
rs646776 at the 1p13.3 locus. Individuals with the risk allele T, which has a
population frequency of 0.81, have a 1.19 odds ratio of having early onset myocardial
infarction [124]. The contribution of each locus to the overall risk is therefore
typically small, but the gene pathways mediating risk at each individual locus may
contain useful biological information yielding potential therapeutic targets[123]. The
common and relatively subtle effect of each CAD risk locus is illustrated by noting
that over 50% of the population have at least 50% of the CAD associated
variants[125]. The majority of CAD risk variants do not alter the sequence of protein

coding genes; GWAS studies themselves do not identify the mechanism by which a
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risk locus operates. Furthermore, the particular SNP identified by a GWAS study may
only be in linkage disequilibrium (LD) with the causative SNP. Presently the risk loci
identified by GWAS studies explain less than 10% of CAD heritability. Several
hypothesis have been proposed to explain the ‘missing heritability’ including the
overwhelming problem of multiple testing correction necessary when testing
thousands of variants, which then limits the number of ‘significant’ loci[126]. Other
explanations include the possible existence of rare variants with strong effects yet to
be discovered or that part of the heritability is based on epigenetic changes such as
heritable DNA methylation rather than sequence changes[126]. It is likely that in the
future more risk loci will be discovered through advancements in, for example,
imputation based on the increased availability of a large number of highly detailed

genomes.

1.4.3 GWAS and Disease Mechanisms

A major bottleneck in harnessing the new knowledge of the genetic architecture of
CAD for therapeutic purposes is not knowing how a genetic variant mechanistically
affects the disease process. For most CAD loci the mechanism by which CAD-
associated variants affect the disease is unknown. Indeed, for most CAD loci, it is not
even clear in which cell type the risk variants exert their effects. To gain further
insight into how CAD variants may act several studies have used network analysis
and gene set enrichment analysis to detect pathways that may be affected. A network
analysis of CAD SNPs annotated to genes on the basis of proximity or coinciding
eQTLs found the top networks pertained to: lipid metabolism, cellular movement,

tissue morphology (including size and area of atherosclerotic lesions, quantity of
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leukocytes, macrophages and smooth muscle cells), and immune migration and
adhesion [123]. A similar study mapped SNPs to genes based purely on eQTLs in
adipose, liver, blood and endothelial cells—termed SNP set enrichment analysis
(SSEA) [127]. Measures of known canonical pathway enrichment and data driven
pathway enrichment suggested that CAD variants may affect processes pertaining to
lipid metabolism, immune response and inflammation, coagulation, and vascular wall
function [127]. This study however, used whole blood eQTLs and not data specific to
monocytes or macrophages. Overall, these studies are supportive of a role for
macrophages and foam cells since all of the suggested pathways are known to be
active in these cells.

Several studies have used maps of genomic features such as enhancers to annotate
genetic variants with regulatory potential[128, 129]. These studies have shown
statistical enrichment for disease-associated variants in regulatory DNA, most
commonly enhancers. The fact that these enrichment patterns are often cell-type
specific suggests a link between cell type and regulatory activity of the variant. For
coronary artery disease relatively little evidence of enrichment of CAD variants for
regulatory DNA has been found. This indicates a need to map regulatory DNA in a
greater number of human cell types, prioritizing those cell types most closely
associated with atherosclerosis—including macrophages and foam cells.

Another approach towards establishing a disease mechanism is to look for effects of
the disease variant on gene expression—so called expression quantitative traits
(eQTL). As with regulatory DNA, eQTLs are often cell type specific and therefore
rely on having measured gene expression and genotype in the relevant purified cell

types which is not always technically feasible.
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STAGE identified 22 CAD gene eQTLs across 7 different CAD relevant tissues and
most were operative in only a single tissue or at most 2 tissues[130]. However, the
composite nature of the tissues, including for example whole blood, limits the utility
of these findings.

Overall, both of these techniques provide a rational strategy for probing the disease
mechanism which then requires more in-depth molecular, animal and therapeutic
studies to validate the mechanism and ultimately its therapeutic utility. To date no
therapeutic strategies have evolved directly from CAD GWAS studies.

For some of the CAD risk loci detailed studies have been performed that employed
the strategies above. At the Sortilin 1 gene locus the minor allele A of rs12740374
was found to create a C/EBPA transcription factor binding site, associated with
increased transcription of SORT1 and lower circulating LDL levels[131]. At another
locus a mechanism was partially elucidated that suggests a risk allele operates not
through classical lipoprotein pathways but by altering inflammatory responses[132].
At the 9p21 locus the CAD risk alleles of rs10811656 and rs10757278 were found to
disrupt STAT1 binding at an enhancer site in lymphocytes. Other experiments
suggested that STAT1 binding in lymphoblastoid cells was important for expression
of a long antisense non-coding RNA termed ANRIL[133]. However, evidence for a
direct genetic condition linking these two phenomena and relevance to atherosclerosis
was unclear[132]. At the 6q23.2 locus the CAD risk allele of rs12190287 was found
to disrupt binding of transcription factor AP1 leading to altered TCF21 expression in
human coronary artery vascular smooth muscle cells[134]. TCF21 is a transcription
factor important in regulating cell differentiation during vascular development. In a

subsequent publication the same authors also showed that the same CAD risk allele of
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the same SNP increased miR-224 binding in the 3’UTR of TCF21, reducing its

expression[135].

1.4.4 Interplay between genetic and environmental factors.

Most CAD risk factors share an environmental and genetic origin. Circulating LDL
levels, for example, are influenced by both dietary intake and a plethora of common
and Mendelian genetic factors. Indeed 60-80% of the variability in LDL level is
known to be accounted for by genetic factors[125]. It is possible that adding an
environmental effect such as statin treatment may be less effective in individuals with
an adverse LDL genetic profile. Another exciting avenue of contemporary genetics
research is the effect of environmental stimuli on the activity of genetic variants. It
has been hypothesized that certain genetic variants may only come into play in
individuals when an individual is challenged with a given stimulus. A landmark study
recently identified thousands of eQTLs in primary human cells that were only present
when cells were stimulated with an inflammatory stimulus[136]. The activity of the
eQTLs even changed with he duration of the stimulus. This study suggests the genetic
risk of certain variants may effectively lay dormant until in this case cells were
challenged with a pathogenic stimulus. The mechanisms behind this effect could
involved not only activation of regulatory pathways, where transcription factor
binding is directly impaired, but also by epigenetic changes that lead to silencing or
activation of a disease variant-containing regulatory DNA site. Presently there have
been extensive studies using epigenetic data to annotate regulatory DNA but these

have primarily focused on cells and tissues in a resting ‘healthy’ state[137].
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1.5 Conclusions and present study aims

The aim of the present study was to understand the macrophage transcriptional

response to oxLDL—the major CAD risk factor and direct pathogenic stimulus—at

the level of gene expression and at the epigenomic level coupled with an analysis of

the upstream regulatory pathways connecting oxLDL to events proximal to DNA. A

second major aim was to integrate this data with existing GWAS-derived genetic risk

variants to determine which variants might affect macrophages and foam cells.

Table 1 CAD risk variants identified by GWAS studies of CAD phenotypes.
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2 Materials and Methods

2.1 Ethical Approval

Ethical approval for the study was obtained from the NHS Research Ethics
Committee (South Central-Hampshire B, reference 13/SC/0392) and all participants

provided informed consent.

2.2 General Methods

2.2.1 Reagents

General chemical reagents are supplied by Sigma (Gillingham, UK) or Fisher

Scientific (Rochester, NY, USA).

2.2.2 Buffers and mediums

LB medium: 1% Tryptone, 0.5% Yeast Extract, 1% NaCl in dH20, autoclaved. TBE
buffer (1x): 89mM Tris-borate pHS.3, 2mM EDTA. TAE buffer (1x): 40mM Tris-

acetate pH8.3, ImM EDTA

223 PCR

For cloning PCR reactions were performed in 50ul using Q5 polymerase according to

the manufacturer’s protocol (New England Biolabs (NEB), MA, USA). Annealing
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temperatures for primer combinations were determined using the NEB annealing
temperature webtool (NEB, MA, USA). PCR products were purified using the Qiagen

PCR purification kit (Qiagen, CA, USA).

2.2.4 Cloning

Cloning was performed using restriction enzyme methodology unless otherwise
indicated. PCR products and plasmids were cut using restriction enzymes from NEB
or from Fermentas (York, UK) according to the manufacturer’s recommended
conditions. Cut products were purified by running on a 1% agarose gel with ethidium,
and appropriate bands were excised and purified using the Qiagen Gel Extraction kit
(Qiagen). Ligation reactions were performed according to the manufacturer’s protocol

using T4 ligase (NEB).

Competent E. coli were transformed and plated onto agar plates containing ampicillin.
After appropriate incubation at 37C colonies were picked, grown in LB and plasmid
DNA was isolated using either the Qiagen Midiprep kit or the GeneJET plasmid

miniprep kit (Fermentas).

For plasmid Sanger sequencing Big Dye (Invitrogen) was used and samples were
submitted to the Zoology Sequencing Department (University of Oxford). Sequence
traces were analyzed using ChromasPro and correctly sequenced plasmids were
deposited in the O’Callaghan Laboratory Plasmid archive and electronic database

after assignment of a unique plasmid ID.
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2.3 Cell culture

CD14" monocytes were isolated from healthy human volunteers by centrifugation of
peripheral blood over Ficoll-Paque PLUS (GE Healthcare LifeSciences, Piscataway,
NJ) followed by extraction with magnetic beads conjugated to anti-CD14 antibody
(Miltenyi Biotec, Bergisch Gladbach, Germany). Monocyte purity was assessed by
flow cytometry using anti-CD14 antibody (AbD Serotec, Raleigh, NC) and was >
95%. Cells were maintained in RPMI 1640 medium with 10% fetal calf serum, 4 mM
L-glutamine, 50 units/ml penicillin and 50 pg /ml streptomycin (Sigma, St Louis,
MO), supplemented with 50 ng/ml macrophage colony stimulating factor
(eBioscience, San Diego, CA). After 7 days these macrophages were treated with
either control buffer (1 mM ethylenediaminetetraacetic acid (EDTA), 25 um CuCl,,
phosphate-buffered saline (PBS)) or 50 pg/ml oxLDL for 48hrs. Oil red O staining of
intracellular lipids and measurement of cellular cholesterol and cholesterol ester
content by mass spectrometry confirmed foam cell formation in oxLDL-treated cells.
Viability of cells was confirmed to be > 98% using the Invitrogen LIVE/DEAD
fluorescent microscopy kit (Life Technologies, Carlsbad, CA). THPI1 cells (ATCC)
and NFAT7 reporter cells (a Jurkat cell clone with an NFAT responsive luciferase
gene) were maintained in RPMI 1640 with 10% fetal calf serum, 4 mM L-glutamine,
50 units/ml penicillin and 50 pg/ml streptomycin. THP1 cells were treated with 50
ng/ml phorbol myristate acetate (PMA, Sigma) for 48 hours to obtain adherent
macrophage cells. Primary human coronary artery vascular smooth muscle cells
(Invitrogen, Carlsbad, CA) were cultured in Medium 231 (Invitrogen) and Smooth
Muscle Growth Supplement (Invitrogen). Primary human aortic endothelial cells

(Invitrogen) were cultured in Medium 200 (Invitrogen) with Low Serum Growth
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Supplement. T cells (CD3") and B cells (CD19") were isolated from the peripheral
blood of healthy human volunteers. Blood was centrifuged over Ficoll-Paque PLUS
(GE Healthcare LifeSciences, Buckinghamshire, UK) to isolate PBMCs. Subsets of
cells were isolated using positive selection with magnetic bead-conjugated antibodies
(Miltenyi Biotec, Bergisch Gladback, Germany). Individual populations were
confirmed to be >95% pure using flow cytometry for the markers used for positive

selection.

To assess PHACTRI1 expression in response to stimuli, primary human macrophages
were treated with 50 ug/ml oxLDL or 10 ng/ml LPS for 24 hours and assayed in
biological triplicates. HAEC were similarly treated with 50ug/ml oxLDL for 24 hours
or 10ng/ml TNF-alpha for the time periods indicated. Triplicates were assessed and

Student’s t-test applied with significance defined as a P value < 0.05.

2.4 Preparation of oxLDL

LDL (d 1.019-1.063 g/ml) was freshly isolated from human plasma by
ultracentrifugation using a discontinuous potassium bromide gradient [138].
Precautions were taken to prevent endotoxin contamination and maintain sterility.
LDL was extensively dialyzed against PBS in sterile gamma-irradiated cartridges
(Pierce, Rockford, I1) and protein concentration was measured with the BCA method
(Pierce, Rockford, II). LDL was oxidized by incubation with 25 um CuCl, at 37° C
for 18 hours. Oxidation was confirmed by thiobarbituric reactive substances assay

(Caymen Chemical, Ann Arbor, MI). Oxidation was terminated by addition of 1 mM
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EDTA and storage at 4C. OxLDL was used within 2 weeks of production. For
endotoxin testing, samples were first heated to 75°C for 15 minutes to remove the
plasma inhibitor and then assayed using the gel clot method according to the
manufacturer’s instructions (Associates of Cape Cod, East Falmouth, MA). Levels

were < 0.1 EU/ml.

2.5 FAIRE

FAIRE was performed as described with modifications [139]. Five million primary
human macrophages or foam cells were cross-linked, lyzed and sonicated (30 pulses
of 15 seconds at maximum intensity using a BioRuptor (Diagenode, Denville, NJ)).
Nucleosome-depleted DNA was extracted using 4 phenol-chloroform extractions and
purified by ethanol precipitation. Three independent biological replicates were
produced using cells from three healthy donors. Donors were homozygous for the

reference allele of rs17114036/rs72664324.

2.6 ChIP

ChIP was performed using the Invitrogen Magnify kit (Invitrogen) according to the
manufacturer’s instructions using 200,000 primary human macrophages or foam cells.
Cells were cross-linked with formaldehyde for 10 minutes on ice, lyzed and sonicated
(32 pulses of 15 seconds, maximum intensity, Diagenode Bioruptor). H3K27ac-
enriched DNA was immunoprecipitated using rabbit polyclonal anti-histone H3

(acetyl K27) antibody (ab4729, Abcam, Cambridge, MA). ChIP was performed in
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technical duplicates (pooled—total 400,000 cells) and two independent biological
replicates were produced from two donors. Donors were homozygous for the
reference allele of rs17114036/rs72664324. C/EBP-beta enriched DNA was
immunoprecipitated using rabbit polyclonal anti-C/EBP-beta antibody (SC-150X,
Santa Cruz, Santa Cruz, CA). ChIP was performed in technical duplicates (pooled
total 400,000) cells and 4 biological replicates were produced from 4 donors (2
homozygotes for the reference allele and 2 for the non-reference allele of

rs17114036/rs72664324).

2.7 Library preparation and sequencing

Libraries were generated from gel-purified ~200 bp DNA fragments. After adapter
ligation and PCR-based amplification, samples were sequenced on the Illumina HiSeq
2000 or 2500 platform (Illumina, San Diego, CA). 50 bp paired-end reads were
mapped against the UCSC hg19 reference genome using STAMPY v1.021 [140]. For
FAIRE and H3K27ac ChIP samples, reads were filtered (MAPQ minimum 15) in
SAMTOOLS yielding at least 54 and 49 million reads respectively per sample [141].
For C/EBP-beta ChIP, paired end reads were mapped against the hs37d5 genome and
filtered for a minimum MAPQ score of 4 (removes all non-uniquely mapping reads)
and further filtered to remove duplicates (using the markduplicates tool in PICARD
available at http://picard.sourceforge.net./). For all subsequent analysis one read of
each proper pair was retained along with all unpaired reads passing the requisite
MAPQ threshold. Reads mapping to chrM, random contigs, unplaced contigs and
ENCODE blacklisted regions were removed from subsequent analysis. To confirm

reproducibility of FAIRE data, peaks were called on individual FAIRE samples using
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Fseq V1.84 (default parameters) [142]. FAIRE peaks between replicates were
intersected and shown to exceed ENCODE FAIRE-seq guideline standards
(ENCODE and modENCODE Guidelines for Experiments Generating CHIP, DNase,
FAIRE, and DNA Methylation Genome Wide Location Data Version 2.0 [143])
before pooling for further analysis. ChIP samples peaks were called using MACS1.4.2
for H3k27ac and MACS?2 for C/EBP-beta (versus input control DNA) and confirmed

to exceed ENCODE guideline standards[144].

2.8 FAIRE and ChIP-seq analysis

For FAIRE, dynamic chromatin sites between macrophages and foam cells were
identified from pooled biological replicates using Diffreps V1.55 (windows 200 bp,
step 20 bp, G-test, FDR < 2.5%) [145]. Clusters of dynamic chromatin sites were
identified using the Diffreps HotSpot algorithm (p < 0.05). FAIRE-seq peaks were
also determined for macrophages and foam cells individually using Fseq on pooled
replicates (default settings, with threshold 8.5 for macrophages and 8 for foam cells).
Peaks were merged if within 140 bp and filtered out if < 50 bp or > 5 kb in width. For
ChIP dynamic H3K27ac enriched sites were identified with Diffreps using separate
biological replicates (windows 500 bp, step 50 bp, FDR < 2.5%). ChIP-seq peaks
were determined for each cell type individually using MACS1.4.2 on pooled
biological replicates versus input control DNA with default parameters. Super
enhancer sites were determined using the ROSE algorithm according to the originally
established method [146]. For C/EBP-beta ChIP-seq dynamic sites were identified
from pooled biological replicates using Diffreps V1.55 (windows 200 bp, step 20 bp,

G-test, FDR <2.5%, filtered on minimum 50 reads in dynamic site). Quantile
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normalized read counts in dynamic C/EBP-beta binding sites were determined for

each genotype in order to compare signal at the r$72664324 dynamic site.

2.9 Data Availability
The high throughput sequencing and microarray data discussed in this thesis have
been deposited in NCBI's Gene Expression Omnibus and are accessible through GEO

Super Series accession number GSE54975.

2.10 Annotation of FAIRE and CHIP-seq sites

Genomic features were annotated using HOMER (V4.1), Diffreps and CEAS (cis
regulatory element annotation system) [145, 147, 148]. For average signal profiling at
transcription start sites using CEAS, wig files of pooled biological replicates were

produced using the Java genomics toolkit (https://github.com/timpalpant/java-genom

ics-toolkit) and subsets of ~200 genes were interrogated (for differentially expressed
genes the top two quartiles of upregulated/downregulated genes based on fold change
were used). To compare the FAIRE-seq signal between macrophages and foam cell
promoters in different subsets of genes, the FAIRE-seq signal at all promoters was
first quantified using HOMER (+ /- 1 kb transcriptional start site) and then quantile
normalized. Signal at the promoters of all differentially expressed genes was then
compared (paired Student’s t-test, significance p < 0.05) and displayed as boxplots.
For correlating dynamic chromatin or dynamic enhancer sites with gene expression,
the dynamic sites were annotated with the nearest differentially expressed gene. For
correlating dynamic chromatin sites that were specifically within dynamic enhancers,
the sites were annotated to the nearest gene and expression compared using a paired

Student’s t-test, significance p < 0.05. For assigning dynamic enhancer status to
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dynamic chromatin sites, the dynamic chromatin sites were expanded by 300 bp in
each direction to identify co-localization with histone marks of enhancer status that
are on adjacent nucleosomes; finally, the two datasets were intersected using bedtools
[149]. For genes with more than one Illumina microarray probe the differential
expression data were extracted from the differential probe set with the most
significant change between the two conditions. Gene set enrichment analysis of
various dynamic chromatin/enhancer sites was performed using GREAT V2.0.2 with

default parameters [150].

2.11 Display in genome browser

For display of FAIRE-seq, H3K27ac or C/EBP-beta signal in the UCSC genome
browser [151] wig files were generated using ngs.BaseAlignCounts function in the
Java genomics toolkit (available at http://palpant.us/java-genomics-toolkit/). Wig files
were then normalized using the wigmath.scale function (default parameters) and
macrophage signal was subtracted from foam cell signal to generate a track of

dynamic signal.

2.12 Transcription factor analysis

Transcription factor motif enrichment analysis was performed using SeqPos in the
Cistrome Galaxy environment with the curated Cistrome motif database and de novo
motif generator [152]. Transcription factor motif affinity analysis for binding at

specific SNPs was performed using TRAP and the Transfac database [153].
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2.13 SNP enrichment analysis

SNPs with genome-wide association (p < 5x10™) to any trait in European individuals
present in the GWAS catalogue were identified. Index SNPs were pruned (r* > 0.1 in
CEU samples) so that each ‘locus’ was only represented by one index SNP to avoid
counting redundant loci. Each index SNP was then used to identify variants in 1000
Genomes Project (1IKG) pilot 1 data in high LD (r* > 0.8) in CEU samples using
HaploReg [154].

Thus, an associated ‘locus’ consists of an index SNP and the set of 1KG SNPs in high
CEU LD. A background set was created containing all qualifying loci, binned based
on the number of total variants (index + high LD SNPs) in the locus.

Published reports of CAD-associated variants with p < 5x10™ in European samples
were identified. Where studies had reported different variants at the same locus the
variant with the most significant p value was used [123, 124, 155-158] [159]. For
each CAD-associated variant, loci were created that contained 1KG variants in high

LD (r* > 0.8) in CEU samples [154].

The following steps to test for enrichment of trait-associated SNPs were designed and

performed by Dr Kyle J. Gaulton:

Using the set of CAD-associated loci, the number of loci containing a variant
overlapping a given annotation was calculated. 100,000 permutations were performed
of the set of loci drawing from matching bins in the background set and recalculated
the number of loci with a variant overlapping an annotation. The observed number of

loci and the total number of loci and the expected number obtained via permutation
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were compared using a binomial test (a Perl script to perform this analysis is available

at https://bitbucket.org/kjgaulton/enloc/wiki/Home).

2.14 Non-coding element enrichment

The following steps to test for non-coding element enrichment were designed and

performed by Dr Kyle J. Gaulton:

Non-coding element data for ChromHMM chromatin state, TFBS, and multi-species
conservation from the UCSC genome browser were obtained. For chromatin state
data, ‘Enhancers’, ‘Promoters’ and ‘Insulators’ identified as such in any cell type
were pooled. The overlap of dynamic chromatin sites with each regulatory class was
calculated, and then performed peak-shifting of the chromatin sites a random distance
within a 10 kb window. A recalculation was performed using the overlap with the
shifted sites, and a background distribution of expected overlap over 100 permutations
was derived. Fold-enrichment values were calculated relative to the background mean

and p values for each overlap were obtained directly via permutation.

2.15 Gene expression

2.15.1 RNA extraction
Cells were lyzed and total RNA extracted using the TRIZOL RNA PLUS extraction
kit (Life Technologies) with on-column Purelink DNAse treatment (Life

Technologies).
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2.15.2 Microarrays

The integrity of the total RNA was analyzed on an Agilent Bioanalyzer 2100 (Agilent
Technologies, Santa Clara, CA). Total RNA was reverse transcribed, amplified and
biotinylated using the Illumina TotalPrep-96 RNA Amplification Kit (Ambion,
Austin, TX). Biotinylated cRNA was hybridized to a single Human HT-12 V4
BeadCHIP (Illumina) at 58°C for 18 hours. The BeadCHIP was scanned using the
[llumina Iscanner and data pre-processed using the Illumina Bead Studio to correct for
local background effects, remove outlier beads, to compute average bead signal and
SD for each probe and gene and to calculate p values. Hierarchical clustering showed
that macrophages samples and foam cells samples clustered together respectively. The
LUMI pipeline was used for data analysis. Data were transformed (variance-
stabilizing transformation or log 2 where indicated) and normalized (robust spline
normalization). Differentially expressed genes (probe-centric) were determined using
both a paired macrophage-foam cell design and unpaired design after removal of
probes with absent expression. For differential expression an FDR-corrected p value
threshold of 0.05 was deemed significant [160]. Heat maps of differentially expressed
genes were generated using the heatmap.2 function in R based on the subset of the
genes with adjusted p value < 0.0001, and for genes with more than one microarray
probe, the most significant probe was used (using the unpaired design). Gene set

enrichment analysis was performed using GREAT.

2.15.3 RTqPCR
For real time quantitative PCR (RTqPCR) 1 pg of DNasel-treated total RNA was

reverse transcribed using Bioscript (Bioline, London, UK) with random hexamers.
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RTgPCR was performed in 20ul reaction volumes with SYBR Green reagents using a
Step One Plus machine (Applied Biosystems, Foster City, CA) using technical
triplicates and biological triplicates. Melt curve analysis demonstrated a single
product for each primer pair.

Primers used:

PPAP2B

CO5547 TTCTGGCAGGATTTGCTCAA
CO5548 AGGGAGAGCGTCGTCTTAGTCTT
IL6R

C0O4830 GCATTGCCATTGTTCTGAGGTT
C0O4831 ACCAGCTGCCCCAAAGAGT

GAPDH

CO3744 TTGCCATCAATGACCCCTTCA
CO3745 CGCCCCACTTGATTTTGGA.
PHACTRI intermediate transcript

CO5399 GGAAGAAGAAAAGCGAAAAGTTCA
C0O5400 CTTCTCTGCTTTGCCTCATAGATATTT
PHACTRI short transcript

CO4987 ATGTATCTGCAAGGGCCGAG
CO5122 CTCTTGATCTCTCTCTTCTCCTCCTG
LAT2

CO3885 AACTTCAGCAAAGGAAGCAGACA
CO3886 ACCGCCCCCAGTTGTAATACT

ANG
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C0O4071 AGAAGCGGGTGAGAAACAAAAC
C0O4072 GCCCATCACCATCTCTTCCA
IMPA2

C03901 ACAGCCCGACGTGGATCAT
C03902 TCTTGTCGAACAGCAAATCCAA
MEF2C

C0O3905 TCAGCCATTTCAACAACATATGG

C0O3906 GCCAGCCAGTTACTGAACCAA

2.15.4 eQTL

For PHACTRI1, expression levels were determined by RT-qPCR with SYBR green
reagents (Invitrogen) using either cDNA from macrophages or CD14'-depleted
PBMCs from genotyped healthy individuals from the Oxford Biobank. RT-qPCR
primers used were: C0O5399/CO5400 (intermediate transcripts); CO4987/CO5122
(short transcript); CO3744/C0O3745 (control GAPDH). For PPAP2B expression levels
were measured using RTqPCR with SYBR green reagents and primers CO5547/5548
in macrophages and foam cells from genotyped individuals (rs72664324-G n = 10,
1s72664324-G/A n = 2, 1s72664324-A n = 6). For each sample triplicates were

assayed.

For PHACTRI1, a Kruskal-Wallis test was applied across the three possible genotypes
to identify a significant genotype-expression relationship with significance defined as
a P value <0.05. For PPAP2B fold change in expression was compared between
homozygotes for the G allele of rs72664324 and pooled heterozygotes/homozygotes

for the A allele. Student’s t test was applied with a significance level of <0.05.
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2.16 Genotyping

Genomic DNA was extracted from blood using Quick-gDNA minipreps (Zymo
Research, Irvine, CA). Genotyping of the rs72664324 SNP was performed using a
custom designed Tagman assay (Applied Biosystems, Foster City, CA) according to

the manufacturer’s instructions.

Forward primer AGGTGACCAGATATGCAAGTTGTC

Reverse primer ACAGGGACTAGGACGAAGGAA

Allele specific MGB probes:
A allele AGGAAATGAACCAATGTCT

G allele AGGAAATGAACCGATGTCT

Genotyping of rs17114036 was performed using an inventoried Tagman assay
(C__ 33268873 10, Applied Biosystems). For allelic expression analysis, genotyped
individuals were recruited from a cohort of healthy participants of the Oxford
Biobank. Homozygous individuals at rs72664324 and rs17114046 all had alleles
consistent with the known high LD such that rs72664324-AA was always associated
with rs17114036-GG. Participants were previously genotyped by the Oxford Biobank

at rs9349379.
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2.17 Electrophoretic mobility shift assays (EMSA)

EMSA was performed using nuclear extracts from primary human macrophages

(1s72664324) or THPIs (other SNPs) treated with **P gamma-ATP end-labeled

double-stranded DNA probes (PerkinElmer, Waltham, MA) as previously described

[161]. The forward strand probe sequences were:

1s72664324-A

1572664324-G

CEBP consensus

NFYA consensus

STATSA consensus

GR consensus

1s9349379-A

1s9349379-G

MEF2 consensus

1s56348932-A

1s56348932-C

rs17114036-G

rs17114036-A

AP1 consensus

Mutant AP1 consensus

AGGAAATGAACCAATGTCTGTTCCT
AGGAAATGAACCGATGTCTGTTCCT
TGCAGATTGCGCAATCTGCA
CGTCTCCACCAATGGGAGGGCTGGGC
AGATTTCTAGGAATTCAATCC
AGAGGATCTGTACAGGATGTTCTAGAT
GATCATATAAAAATAGCTTAAAATC
GATCATATAAAAGTAGCTTAAAATC
GATCGCTCTAAAAATAACCCTGTCG
ACGGACCTCATTCAAGGGGAAAGGCA
ACGGACCTCATTCCAGGGGAAAGGCA
TCAGGCAGTGGTGACTACTTTTTCC
TCAGGCAGTGGTAACTACTTTTTCC
CGCTTGATGACTCAGCCGGAA

CGCTTGATGACTTGGCCGGAA

For standard EMSA, 5 pg of nuclear extract was incubated with 100 fmol labeled

probe in a 10 ul binding reaction containing 1 pg poly(dI-dC). For competition assays

unlabeled probe at 100-fold excess was added to the binding reaction before addition
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of labeled probe. For super-shift assays the nuclear extract was pre-incubated with 1
ng antibody for 30 minutes on ice before probe was added. The following antibodies
were used: rabbit polyclonal anti-C/EBP beta (sc-150, Santa Cruz), rabbit polyclonal
anti-C/EBP alpha (sc-61, Santa Cruz), rabbit polyclonal ant-cJUN (sc-1694, Santa

Cruz).

2.18 Luciferase reporter assays

2.18.1 Enhancers

To test enhancer activity at the rs72664324 locus in response to oxLDL, primary
human macrophages were transfected with pGL4.23 reporter plasmids using
nucleofection in biological triplicates as per the manufacturer’s macrophage-
optimized protocol (Amaxa, Lonza, Portsmouth, NH). After 24 hours cells were
treated with oxLDL 50 pg/ml or control buffer for a further 24 hours. To test enhancer
activity in THP1 cells, 1 million cells were added to each well of a 6 well plate and
treated with 10ng/ml PMA for 48 hours. THP1 cells were then transfected in at least
triplicate using Lipofectamine LTX PLUS with 2.5mcg of vector (for over-expression
of C/EBP-beta the 2.5 ug was split 50:50 between C/EBP-beta over-expression
plasmid and firefly luciferase vector) for 24 hours. To test enhancer responses in
HUVECS, cells were grown to 70% confluence in 6 well plates and transfected using
Promofectin-HUVEC (Promokine, Heidelberg, Germany) with 2.5 pg of vector for 48
hours, according to the manufacturer’s protocol. To control for transfection efficiency
in each replicate, firefly luciferase plasmids were co-transfected with pRL-SV40
encoding Renilla luciferase (1/20 DNA amount compared to Firefly). Cells were

lyzed for luciferase assay using the Dual Luciferase Reporter Assay System
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(Promega, Fitchburg, WI). The luciferase activity of each sample was normalized to

Renilla luciferase activity and shown as relative light units (RLU). For each construct

two individual clones were tested independently and representative data are shown.

Data were analyzed using Student’s t-test on at least triplicates. Plasmids used in

luciferase assays shown below.

Plasmid name Vector Insert Restriction Comments on | Used for:
enzymes insert
pOC1252 pCDNA3.1 Human C/EBP- | Bamhi-xhoi Encodes LAP | Over-
beta isoform expression in
THP1
pOC167 pCDNA3.1 Empty NA Used as | Over-
control expression in
THP1
pOC1250 pGL4.23 1s72664324-A | Kpni-xhoi See notes re. | Primary human
insert macrophages
4x tandem Antisense
orientation
pOC1251 pGL4.23 1572664324-G | Kpni-xhoi See notes re. | Primary human
insert macrophages
4x tandem Antisense
orientation
pOC1268 pGL4.23 1872664324-A | nhei-xhoi 790bp HUVECS
Antisense
orientation
pOC1269 pGL4.23 1872664324-G | nhei-xhoi 790bp HUVECS
Antisense
orientation
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31/5/13midil pGL4.23 rs17114036-A | Kpni-xhoi 770bp HUVECS
Antisense

orientation

31/5/13midi2 pGL4.23 1s17114036-G | Kpni-xhoi 770bp HUVECS
Antisense

orientation

16/4/13midi5 pGL4.23 1s56348932- A | Kpni-xhoi 335bp HUVECS
Antisense

orientation

16/4/13midi6 pGL4.23 1s56348932- C | Kpni-xhoi 335bp HUVECS
Antisense

orientation

pOC1266 pGL4.23 Rs9349379 -G | Kpni-xhoi 223bp insert | THP1

pOC1267 pGL4.23 Rs9349379 — A | Kpni-xhoi 223bp insert | THP1

The inserts for pOC1250 and pOCI1251 were generated by annealing primers
containing 4  tandem  repeats of GGAAATGAACCAATGTCT  or
GGAAATGAACCGATGTCT. All plasmids were verified by Sanger sequencing

using BigDye (Life Technologies).

2.18.2 NFAT7 Mincle Reporter Assay

NFAT?7 reporter cells are a stable Jurkat cell clone that express luciferase under the
control of an NFAT7 response element. NFAT7 cells lack significant endogenous
Mincle. NFAT7 cells were stably transfected using a lentiviral system so that they
constitutively expressed FcRy (plasmid pOC950) and either Mincle and GFP (plasmid

pOC942) or GFP alone (plasmid pOC845). Lentiviral particles were produced by

67




transfecting 293T cells using Genejuice (Merck Millipore) with these plasmids and
the packaging plasmids psPAX2 and pMD2.G (ratio of genejuice to plasmid DNA
3ul/Imcg plasmid DNA). The media containing viral particles was collected at 48 and
72 hours post-transfection and spun at 300g for 15 minutes to yield a viral particle-
containing supernatant. Supernatants were ultracentrifuged at 21K rpm in a Beckman
Ultracentrifuge for 2 hours at 4C. NFAT7 cells were transfected using the
resuspended pellet and transfection efficiency was measured using flow cytometry to
measure the proportion of cells expressing GFP, which was confirmed to be more
than 90%. In the reporter assays compounds suspended in organic solvents were dried
onto 96 well plates and 0.5M reporter cells were added per well with biological
triplicate replicates (amount of compound indicated in results figures). Plate bound
anti-Mincle monoclonal antibody (7D2) was used as a positive control (50ul per well
of 7D2 anti-Mincle at 50mcg/ml). The anti-Mincle monoclonal (7D2) was previously
generated and validated by Dr A Mistry in the O’Callaghan laboratory. After 6 hours
cells were lyzed and luciferase activity assayed using the single luciferase reporter
assay system (Promega) in a plate reading luminometer (Tecan, Minnedorf,
Switzerland). To control for transfection efficiency and cell number, GFP expression
was measured in lysates and the luciferase activity was normalized to GFP
expression. All assays were performed with biological triplicates and data are

representative of two experiments.

2.19 Western blotting
Cells were lyzed in RIPA buffer with protease inhibitors and subjected to SDS-PAGE

electrophoresis using 10 ug of protein per lane and PageRuler Plus pre-stained marker
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lane. Endogenous PHACTRI1 was detected using a rabbit polyclonal anti-PHACTR1
antibody (Novus Biologicals, Littleton, CO) at 1:1000 and secondary HRP-conjugated
goat anti-rabbit IgG antibody (Vector labs, Burlingame, CA) at 1:25000. A second
rabbit polyclonal anti-PHACTR1 antibody was used where indicated (Abcam
ab84646). Chemiluminescent reactions were performed using ECL Advance (GE
Healthcare LifeSciences) and imaged using either a BioRAD gel doc imaging station
(BioRad, Hercules, CA) or Amersham hyperfilm ECL (GE Healthcare LifeSciences).
Western blotting for LPP3 was performed by Andrew Morris (Division of
Cardiovascular Medicine, The Gill Heart Institute, University of Kentucky, Lexington,
Kentucky, United States of America) using snap frozen cell pellets of primary human
macrophages and foam cells provided by the author. LPP3 was detected using an
extensively characterized and validated rabbit polyclonal anti-human LPP3 antibody
and fluorescently multiplexed with beta-actin staining. Images shown are

monochrome images of multiplex western blots [162-164].

2.20 Measurement of LPP3 phosphatase activity

LPP3 phosphatase activity was measured by Andrew Morris (Division of
Cardiovascular Medicine, The Gill Heart Institute, University of Kentucky, Lexington,
Kentucky, United States of America) using snap frozen cell pellets of primary human
macrophages and foam cells from 3 different donors provided by the author. LPP3
was immunoprecipitated from Triton X-100 extracted macrophage/foam cell proteins
and phosphatase activity determined using heptadecanoyl lysophosphatidic acid and

S1P as substrate and measuring heptadecanoyl monoacylglycerol and sphingosine
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produced using HPLC electrospray ionization tandem mass spectrometry. The

reagents and methods employed have been described in detail elsewhere [162] [165].

2.21 Measurement of LPP3 substrates and products

The following measurements were performed by Andrew Morris (Division of
Cardiovascular Medicine, The Gill Heart Institute, University of Kentucky,
Lexington, Kentucky, United States of America) using snap frozen cell pellets of
primary human macrophages and foam cells from 3 different donors provided by the
author. Cholesterol, cholesterol ester and a series of LPP3 substrates and their cognate
dephosphorylation products were quantitated in macrophage and foam cell lipid
extracts by electrospray ionization tandem mass spectrometry using methods that have

been described previously [166, 167]

2.22 Proteomic quantitation of LPP3

The following measurements were performed by Andrew Morris (Division of
Cardiovascular Medicine, The Gill Heart Institute, University of Kentucky,
Lexington, Kentucky, United States of America) using snap frozen cell pellets of
primary human macrophages and foam cells from 3 different donors provided by the
author. LPP3-derived tryptic peptides were quantitated using capillary flow reverse
phase HPLC and electrospray ionization tandem mass spectrometry using an AB
Sciex 5600 Q-TOF mass spectrometer (AB SCIEX, Framingham, MA) operated in
high-resolution selected ion monitoring mode. The following peptides were
quantified--STIQNPYVAALYK, NGGSPALNNNPR, EILSPVDIIDR—and a mass-
labelled derivative of the latter of these was used (New England Peptides, Gardner,

MA) as an internal standard [168].
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2.23 Immunohistochemistry

Immunohistochemical staining was performed and analyzed by Dr Elizabeth Soilleux
and her team (Nuffield Department of Clinical and Laboratory Science, University of
Oxford, John Radcliffe Hospital).

Immunohistochemical staining for LPP3 was undertaken using mouse monoclonal
antibody clone 7H7D3 (Biosensis, Temecula, CA), which has previously been
validated, including for immunohistochemistry [169]. Immunostaining for PHACTRI1
and Mincle was performed using rabbit polyclonal anti-PHACTRI1 antibody
(ab84646, Abcam, Cambridge, UK) and monoclonal anti-Mincle antibody (7D2),
respectively. Formalin-fixed paraffin-embedded tissue samples of non-atherosclerotic
aorta (n = 5), and atherosclerotic aorta (n = 5) obtained with full ethical approval from
the National Research and Ethics Service (Oxfordshire Research and Ethics
Committee A: reference 04/Q1604/21), were immunostained using the Bond Max™
fully automated immunohistochemistry system (Leica Microsystems, Wetzlar,
Germany). Heat induced antigen retrieval was performed using the EDTA-based
Novocastra Bond Epitope Retrieval Solution 2 (pH 9.0) for 30 minutes and the
NovolinkTM max polymer detection system (Leica Microsystems) was used, as per
the manufacturer’s instructions. Detection reagents only were used as a negative
control. Slides were mounted in Aquatex mounting medium (Merck, Darmstadt,
Germany). Stained sections were photographed with a Nikon DS-FI1 camera with a
Nikon DS-L2 control unit (Nikon, Kingston-upon-Thames, UK) and an Olympus

BX40 microscope (Olympus, Watford, UK).
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2.24 5° RACE

RNA was extracted using the Trizol RNA Plus extraction kit with on-column DNAse
treatment according to the manufacturer’s instructions (Invitrogen). For 5 RACE, 5
ug of total RNA was reverse transcribed using 20 pmol of gene specific primer
(CO5441 TTTGGCTGAAGGATCTTGGG) and then poly A tailed at the 3° cDNA
end. First round PCR was performed using an inner gene specific primer (CO5439
CCATCCATGATGTCTGACGGTTGG) and oligo(dT) primer (with additional 5’
sequence for round two PCR, CO1352) for 18 cycles using Bioscript (Bioline).
Second round PCR was performed using gene specific primer (CO5400
CTTCTCTGCTTTGCCTCATAGATATTT) and a primer (CO3984
CTAGGAATTCTAGAGGTACCTCGAG) annealing to a 5 prime site created in the
Ist round PCR. PCR products were gel extracted and ligated into Strataclone vector
pSC-A-amp/kan using the strataclone PCR cloning kit (Agilent, Santa Clara, CA).
Colonies were cultured, plasmid DNA extracted using a miniprep kit and sequenced
using BigDye (Invitrogen) with both inner gene-specific primer CO5513
(CTGACGTGTGTTTGAACTTTTCGC) and also CO0O5400
(CTTCTCTGCTTTGCCTCATAGATATTT). Sequences were aligned to the hgl9

reference genome using the BLAT program in the UCSC genome browser.

2.25 PHACTRI cloning

The long PHACTR1 transcript was amplified from an Image clone
(IRATp970E05120D) using primers C04400

ACTGATGATCAATGGATTATCCCAAAATGGATTATTTTC, and  CO4807
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TCAGTCTCGAGTTAAGGTCGGTGAAACCTTGTTAAGTG and cloned into

pCDNA3.1 with an N-terminal myc tag to produce plasmid pOC1259.

For other transcripts: RNA was extracted using the Trizol RNA Plus extraction kit
with on-column DNAse treatment according to the manufacturer’s instructions
(Invitrogen). cDNA was produced by reverse transcription of 1 ug of RNA using
Bioscript reverse transcriptase (Bioline, London, UK) with random hexamers

(Qiagen, Venlow, Limburg, Netherlands).

The intermediate transcript was amplified from CD14" macrophage ¢cDNA using
primers CO4976 ACTGATGATCAATGCGTTCTGACTCCCTCGTCC and CO4807
and cloned into pPCDNA3.1 with an N-terminal myc tag to produce plasmid pOC1256.
The short PHACTRI1 transcript (ENST00000379335) was amplified from
macrophage cDNA using C0O4806
AATGAGGATCCATGTATCTGCAAGGGCCGAGG and CO4807 and cloned into

pCDNA3.1 with an N-terminal Myc tag to make plasmid pOC1257.

2.26 Tissue bank, primary cell and cell line panel expression analysis

An oligo(dT)-primed cDNA library set made from adult and fetal human tissue was
screened for expression of PHACTRI transcripts. PHACTRI1 transcripts and beta-
actin controls were amplified using BioTaq polymerase with 33 cycles and 25 cycles

respectively. For cell lines the same primers were used but the number of
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amplification cycles for PHACTRI1 and beta-actin was 30 and 20 respectively. The
cell line cDNA was the generous gift of Dr Da Lin (O’Callaghan Laboratory).
Products were run on a 1% agarose gel and stained using ethidium bromide. The
primer pairs used were as follows: Long transcript: CO3948
TGCTCACAGACTCTTGGATGTTG CO3880
CTTCTCTGCTTTGCCTCATAGATATTT, Intermediate transcript CO3879
GGAAGAAGAAAAGCGAAAAGTTCA CO3876
GGCAGTAGCAGGACTGGTTTG, Short transcript C0O4987
ATGTATCTGCAAGGGCCGAG C03944 TGAATTCATTGAGCTCCTTTCG,
Beta-actin CO1851 TCCAGCCTTCCTTCCTGGGCAT CO1852

GTCAAGAAAGGGTGTAACGCAACT

2.27 Confocal microscopy

U20S cells were grown on coverslips and transfected with one of the three N-
terminal myc-tagged PHACTRI1 constructs or control vector (empty pCDNA3.1)
using Genejuice (Merck). After 24 hours cells were fixed in methanol-free
formaldehyde, permeabilized with 0.1% Triton X100 and blocked with 3% BSA/3%
goat serum. Fixed cells were stained with a primary mouse monoclonal anti-myc tag
antibody (Clone 9E10) and a secondary goat anti-mouse IgG antibody conjugated to
AF488 (A-11001, Invitrogen). Actin and cell nuclei were stained with phalloidin-
rhodamine (Invitrogen) and Vectashield containing DAPI (Vector Labs), respectively.
Slides were visualized using a Zeis 510 Metahead confocal microscope, running Zeiss
LSMS510 v4.2 operating software, using a 63x oil immersion lens at room

temperature.
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3 Macrophage-derived Foam Cell Formation

3.1.1 Introduction

From the beginnings of atherosclerotic lesions as mere fatty streaks to the
development of advanced lumen-encroaching atheromatous plaques, monocyte
recruitment, retention and foam cell formation play a crucial role [170, 171]. The
profound inhibition of atherosclerosis in mice severely deficient in monocytes through
lack of monocyte colony stimulating factor (M-CSF) [27] highlights the central role

of macrophages in atherosclerosis.

In atherosclerosis, LDL cholesterol is deposited in the arterial wall and undergoes
modifications, such as oxidation, that in turn promote pro-inflammatory processes
[172-174]. Monocytes are recruited to these sites and differentiate into macrophages,
which have a variety of scavenger surface receptors for oxidized LDL (oxLDL) [172,
173]. The uptake of oxLDL by macrophages occurs via scavenger receptors,
phagocytosis and macro-pinocytosis and is fundamental to the development of
atherosclerotic lesions [173]. An imbalance in the uptake and degradative metabolism
of oxLDL leads to the accumulation of lipid-laden vesicles in macrophages giving rise

to a foam cell phenotype [172, 173].

Foam cells contribute to the pathogenesis of atherosclerosis by releasing pro-
inflammatory mediators (including IL8 and MCP-1 TNFa, IL-6, IL-18 [69, 175]) that
recruit additional cells and matrix metallo-proteinase 9 [67]that can destabilize

plaques [172, 173]. In addition, foam cell apoptosis releases toxic lipids into the
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necrotic core of the lesion[13, 176]. Plaque rupture can expose this thrombogenic
mixture to luminal blood leading to thrombosis and blood vessel occlusion[172].
Several studies have documented changes in lipid response and oxidative stress
response pathways during foam cell formation, but our understanding of how oxLDL
influences transcriptional regulation in macrophages is incomplete[8, 57].
Reprogramming of the macrophage response to lipid is a plausible therapeutic
strategy. In this chapter I use a whole genome approach to comparing gene expression
in human macrophages and oxLDL-elicited foam cells. In subsequent chapters I
integrate this expression data with epigenomic data to produce a composite picture of
the effects of oxXLDL on macrophages as a whole and I perform in-depth analysis of

candidate CAD genes, PPAP2B and PHACTRI.

3.1.2 OxLDL-induced in vitro foam cell formation

LDL is one of 5 major classes of circulating lipoproteins and contains a mixture of
apoB100 protein, cholesterol, phospholipids and triglycerides [177]. LDL is generated
by the action of hepatic lipase on intermediate density lipoprotein. LDL is removed
from the circulation by the liver, through binding of apoB100 to the LDL receptor on
hepatocytes, and also by the LDLR on other cell types [177]. In atherosclerosis LDL
entrapment in the arterial sub-intimal space occurs at sites of endothelial damage and
once outwith the anti-oxidant environment of circulating plasma, LDL particles
become modified by oxidation [113]. Ultracentrifugation of human plasma over a
discontinuous density gradient yields orangey LDL in the fraction between d 1.019
and d 1.063[138]. To model endogenous oxidized lipoproteins, LDL is oxidized using
a variety of techniques, including by the addition of copper [178-180]. Lipid laden

macrophages resembling those of plaque foam cells are generated in vitro by
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incubating human monocyte-derived macrophages with copper-oxidized LDL [179-
182].

Foam cells generated in this way show phenotypic similarities with plaque foam cells
including engorgement with neutral lipids, readily measured by staining with oil red
O [179, 180]. In vitro studies of oxLDL induced foam cells have shown a complex
induction of both pro and anti-inflammatory phenotypes[179]. On the one hand,
oxLDL activates pathways associated with protection from atherosclerosis including
PPARG signaling[183, 184]; on the other hand, oxLDL also acutely stimulates
production of MMPs, cytokines and contributes to chronic inflammation through
reduced mobility and altered apoptosis[25, 173, 185, 186]. Due to the difficulty in
obtaining sufficient numbers of human macrophages many investigators have used
tumour cell lines including the monocytic cell line THP1 [54, 187, 188]. The use of
tumor lines is, however, less desirable since these cells are unlikely to accurately
model endogenous macrophages and the pitfalls in using cancer cells have been
documented[189]. Furthermore, differentiation into an adherent macrophage-like
phenotype requires treatment with the powerful protein kinase activator phorbol 12-
myristate 13-acetate (PMA).

Different classes of macrophages have been described, largely by arbitrarily defining
their phenotype along the lines of the well-established classification of T cells. The
two main classes of macrophages include the M1 macrophage, which is elicited in-
vitro by adding interferon gamma—regarded as a pro-inflammatory macrophage—
and M2 polarization triggered by IL4—considered an anti-inflammatory
phenotype[182, 190, 191]. However, there is inconsistent application of this
distinction in the literature, the cytokines used, relevance to endogenous macrophages

and extrapolation from mouse models to human macrophages, particularly with
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regards marker based classification. In atherosclerosis it is less clear how this
taxonomization applies to foam cells since it remains unclear from which type of
macrophages plaque foam cells are derived[182] and how their final phenotype fits in
with this system [192]. Macrophages generated in vitro by the differentiation of
monocytes using M-CSF alone are termed M0 macrophages and readily become foam
cells after oxLDL stimulation [179, 182]. In the present study I derived foam cells

from M-CSF differentiated macrophages.

3.1.3 Whole-genome approaches to gene expression in foam cells.

The 21* century development of high-throughput assays based on DNA probe based
microarray technology allowed the simultaneous measurement of potentially the
entire known transcriptome. In practice many of the microarray platforms that have
been generated over the last 10-15 years have been relatively limited to measuring
less than 1/3" of known genes—and fewer in some cases. I identified all studies in the
literature that assayed gene expression in foam cells using microarray technology (

Table 2). Overall, I identified 18 studies that used a range of microarray formats with
differing levels of sophistication, replicates, statistical analysis, and cell culture
methods. I noted that across these studies there were nearly 6000 differentially
expressed genes in total but only 305 genes were differentially expressed in more than
3 datasets. One of the most consistently upregulated genes was CD36, which was
differentially expressed in 5 datasets. CD36 is one of the most important cell surface
scavenger receptors in terms of oxLDL uptake and foam cell formation, being

responsible for up to 70-90% of oxLLDL uptake in vitro[173, 193]. The CD36 receptor
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is known to be paradoxically upregulated by oxLDL unlike the LDLR receptor which
is subject to appropriate repression by high intra-cellular lipid levels [173]. RNA-seq
has potential advantages, primarily being able to potentially survey any transcript
since it is not restricted to pre-designed probes. To date no RNA-seq study has been
performed comparing gene expression between human macrophages and foam cells.
Studies comparing the use of microarrays and RNA-seq for evaluating the
transcriptome in macrophages have shown a very close correlation between
methodologies[194]. In the present study I used the most sophisticated microarray
platform and statistical tests available to compare gene expression in M-CSF
differentiated macrophages treated with or without oxLDL.

Table 2 Microarray studies of gene expression in macrophages and foam cells.

Author Date  Journal Cells Cytokine Lipid stimulation =~ Number of Reposito
differentiati genes/transcri  ry data
on pts tested

Andersson 2001  Pathobiology THP-1 PMA oxLDL NA

Scholz 2005  Circulation THP-1 PMA oxLDL 14500 NA

Levula 2006  Scandinavian Primary ? oxLDL NA

Journal of  (blood)
Clinical &
Laboratory
Investigation
Svensson 2006  Atherosclerosis Primary GM-CSF oxLDL NA
(blood)
Higg 2006  Atherosclerosis Primary GM-CSF oxLDL/mmLDL GSE9874
(blood)
Groeneweg 2006 J Lipid Res Primary NA oxLDL NA
(BMD)
Hung 2006  FEBS Lett THP-1 Not used oxLDL/acLDL 9600 NA
Jiang 2007  European Journal U937 Not used oxLDL NA
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3.2 Results

3.2.1 Foam cell formation

Primary human monocytes were isolated from peripheral blood from 5 healthy
volunteers of European descent, by positive selection of CD14" cells. To differentiate
these cells into macrophages they were cultured in R10 with 50ng/ml M-CSF for 7
days. LDL was isolated from the blood of healthy European volunteers by
ultracentrifugation with a discontinuous potassium bromide density gradient. The
fraction between d 1.019 and d 1.063, visible as an orange band was aspirated by
puncturing the side of the ultracentrifuge bottle (Figure 3-1). The LDL was then
extensively dialyzed against PBS to remove potassium bromide. The LDL was then
adjusted to a protein concentration of 500mcg/ml and extensively oxidized by
incubation with 25um Copper sulphate for 18 hours. The copper was then chelated
with EDTA and the fresh oxLDL stored at 4 degrees. After 7 days of cell culture half
of each participant’s macrophages were exposed to oxLDL (50mcg/ml, copper
oxidized) and half were exposed to control buffer (PBS with identical amounts of
Copper sulphate and EDTA) for 48 hours to generate foam cells or control
macrophages, respectively. Foam cell formation was confirmed by light microscopy
of macrophages and oxLDL treated macrophages using oil red O staining to detect
neutral lipids (Figure 3-2). There was extensive cytoplasmic oil red O staining
indicating lipid accumulation and foam cell formation in oxLDL treated cells. OxXLDL
treatment did not have an adverse effect on cell survival (Figure 3-3). Mass
spectrometry of cellular lipids also indicated marked cholesterol and cholesterol ester

accumulation in oxLDL treated macrophages (personal communication — Andrew
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Morris). Foam cell experiments measuring gene expression and chromatin changes

were performed with foam cells resulting from 48 hours oxLDL exposure.

Figure 3-1 Isolation of LDL from human plasma.

Photograph shows a demonstration of the isolation of LDL from human plasma by
ultracentrifugation of plasma using a discontinuous density technique. LDL migrates
to between the 1.019 and 1.063 density layers and is visible in the middle of the tube
as a thick orange band. In this specimen chylomicrons are visible at the top of the tube
indicating a non-fasting sample. To make LDL for experimental purposes an

alternative centrifuge tube was used with a rubber lid seal to avoid contamination.
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Figure 3-2 Light microscopy of foam cell formation.

Light microscopy of primary human macrophages (A, C) and oxLDL treated
macrophages (B, D) stained with oil red O and visualized with (C, D) and without (A,
B) phase contrast demonstrates extensive red-colored intracellular lipid in oxLDL-

treated cells which confirms foam cell formation (scale bar indicates 100 um).

&3



Macrophages

Foam cells

Figure 3-3 Fluorescence microscopy to assess cell viability

Live cells with an intact membrane stain green, non-viable cells stain red.
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I then used the Illumina microarray platform to measure whole genome expression in
macrophages and foam cells. Five sets of paired macrophage and foam cell samples
from different individuals (Caucasian/European) were produced and expression
measured using the HT-12 Illumina microarrays. The data were then processed using
an established pipeline—LUMI—in the R software environment. Raw data were
normalized (robust spline normalization) and then transformed (variance-stabilizing
transformation) before performing differential expression analysis using LIMMA
software. Differential expression was regarded as significant if the FDR adjusted P
value was less than 0.05. Data analysis was performed using both a paired and
unpaired approach. For the paired analysis I identified 1,283 and 1,376 genes
significantly up- and down-regulated in oxLDL-induced foam cells. For the unpaired
analysis I identified 416 up-regulated genes and 453 down-regulated genes. Unless
indicated I subsequently used the unpaired approach list of differentially expressed
genes for further analysis since all other types of whole genome data did not use the
same individuals or pair-wise data analysis (Table 3). To help confirm the validity of
the microarray findings I performed RTqPCR for 6 different genes that were
differentially expressed on the microarray. In each case, there was also a similar
significant change in mRNA when the same samples were assessed by RTqPCR
(Table 4). Hierarchical clustering analysis of the expression levels of differentially
expressed genes (with adjusted P value < 0.0001) showed the relationship of the
samples very clearly (Figure 3-4). The first branch point in the dendrogram shows that
the samples cluster distinctly into two segments based on whether the samples are
from macrophages or foam cells. The next branch points show the similarity between

individual samples in the two main segments. Each sample within a segment clusters
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within way in both segments—this demonstrates the pairing of samples between
macrophages and foam cells.

Among the most differentially expressed genes were several with previously known
involvement in foam cell formation, including the low-density lipoprotein receptor
(LDLR) and perilipin 2 (PLIN2) [44, 45](Table 3). I observed enrichment among all
differentially expressed genes for gene ontology terms pertaining to lipid and sterol
handling (Figure 3-5). Pathway analysis of the differentially regulated genes further
highlighted pathways involved in lipid handling and inflammation (Figure 3-6). The
list of differentially expressed genes includes many with no known role in foam cell
formation. For example, CD93 is a cell surface glycoprotein shed by macrophages
that is involved in phagocytosis [195, 196]. Circulating levels are associated with
CAD and in the present study CD93 was strongly down-regulated by oxLDL[197,
198]. Angiogenin (ANG) is up-regulated by oxLDL; this finding was confirmed by
RTgPCR. This is an important finding because ANG is a potent inducer of
angiogenesis—neovascularization of atherosclerotic plaques is involved in
destabilization and plaque rupture [13, 199].Circulating levels of angiogenin are also
positively correlated with the severity of 3 vessel coronary disease [200].

As an external reference I identified two studies using broadly similar methodology
for which the full datasets were available and reanalyzed the data using the same
industry standard approach applied to our data [179, 181]. 668 of the 2659
differentially expressed genes in our study were also differentially expressed in
another study[179] despite the other study having a number of methodological
differences. 165 genes were similarly differentially expressed in the study by Hagg et
al. [181]. Overall 68 genes were differentially regulated in our study and the studies

by Cho and Hagg et al. [179, 181]. This core list of genes included members of major
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known pathways involved in foam cell formation including haemoxygenase 1 and

Glutamate-Cysteine Ligase, Modifier Subunit (GCLM) involved in the antioxidant

response [201], and ATP-Binding Cassette, Sub-Family A (ABCI), Member 1

(ABCA1), a membrane associated transporter that mediates cholesterol efflux from

macrophages. Important differences with our study include differential expression of

CD36 and LDLR in our study but not in both of the others. Given that differential

expression of these genes has been established many times over in studies of foam

cell formation I believe our study most closely approximates in vivo foam cell

formation [202, 203].

Table 3 Differentially expressed genes in foam cells compared to macrophages.

Up-regulated genes

Down-regulated genes

Ran | Gene Gene Fold Gene symbol Gene Fold
k symbol chang chang
e e
(log2) (log2)
1 PLINZ2 Perilipin 2 2.70 LDLR Low Density -3.09
Lipoprotein
Receptor
2 AKR1C4 Aldo-Keto 2.50 F13A1 Coagulation -2.81
Reductase Factor XIII, A1
Family 1, Polypeptide
Member C4
3 AKRI1C3 Aldo-Keto 2.45 SC4MOL(MSM | Methylsterol -2.57
Reductase 01) Monooxygenase
Family 1, 1
Member C3
4 ABCG1 ATP-Binding | 2.44 SQLE Squalene -2.46
Cassette, Sub- Epoxidase
Family G
(WHITE),
Member 1
5 PDK4 Pyruvate 1.95 INSIG1 Insulin Induced | -2.15
Dehydrogenas Gene 1
e Kinase,
Isozyme 4
6 PPAP2B Phosphatidic | 1.65 FCGBP Fc Fragment Of | -2.01
Acid IgG Binding
Phosphatase Protein

87




Type 2B

7 L0C6444 | Pseudo gene 1.54 CD93 CD93 Molecule -2.00
96 similar to
cathepsin L1
preproprotein
8 TMEM15 | Transmembra | 1.51 ALOX5AP Arachidonate 5- | -1.91
8 ne Protein Lipoxygenase-
158 Activating
Protein
9 FABP4 Fatty Acid 1.50 DHCR7 7- -1.83
Binding Dehydrocholeste
Protein 4, rol Reductase
Adipocyte
10 SLC7A11 | Solute Carrier | 1.45 FADS1 Fatty acid -1.81
Family 7 desaturase 1
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Figure 3-4 Effect of oxLDL-induced foam cell formation on gene expression in
human macrophages.

Heat map showing genes differentially expressed between macrophages and foam
cells (subset with adjusted p < 0.0001). Each column in each half of the main panel
represents one of the 5 donors. Each row in the figure represents one gene.
Dendrograms indicate clustering of genes by expression profile (left axis) and by
sample (top axis). Dashed vertical lines indicate the median expression signal and
solid vertical lines indicate expression for that gene and sample relative to the median.
The inset indicates the expression distribution for the data and the color key for the

heat map.
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Table 4 Comparison of gene expression in macrophages and foam cells by

microarray and RTqPCR for 6 different genes.

A complete list of differentially expressed microarray probes for each gene is shown.

Gene [llumina | Microarray | Microarray | RTqPCR | RTqPCR
probe Fold Adj P value | Fold P value
Change <0.05 Change
(log2) (log2)
PPAP2B 7050575 | 1.65 1.17E-05 2.17 0.008
(Phosphatidic Acid | 6220097 | 1,63 5.24E-05
Phosphatase Type | 3710678 | .40 0.014
2B)
PHACTRI (And | 3170139 | 0.95 0.001 2.56
Actin Regulator 1)
LAT2 (Linker For | 3060092 | -0.82 0.0008 -1.50 0.003
Activation Of T | 2810162 | -0.66 0.006
Cells Family, | 3290692 | .0.35 0.021
Member 2)
ANG (Angiogenin, | 3930392 | 0.49 0.0492 1.00 0.002
Ribonuclease,
RNase A Family,
5)
IMPA2 2340241 | 1.12 7.05E-05 1.27 0.03
(Inositol(Myo)-
1(Or 4)-
Monophosphatase
2)
MEF2C (Myocyte | 4040162 | -1.10 0.001 -1.69 0.001
Enhancer  Factor
20)

To gain further insights into the biological process affected by oxLDL we performed
gene ontology enrichment analysis using two different software platforms. The list of
differentially expressed genes was split into genes that were up-regulated or down-
regulated by oxLDL and then analyzed for gene ontology enrichment (Figure 3-5,
Figure 3-6, Table 5, Table 6). For up-regulated genes the most significantly enriched
biological process found by the GREAT software platform was for ‘response to

oxygen-containing compound’ which encompasses genes such as super oxidize
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dismutase 2 (SOD2)(Figure 3-5). SOD2 is an enzyme involved in the reducing the
deleterious effects of reactive oxygen species and is cardio-protective in ischemia-
reperfusion injury. The gene ontology analysis using the DAVID[204] software
identified the second most enriched cluster of ontology terms as pertaining to
oxioreductase activity—‘Nicotinamide adenine dinucleotide phosphate’(Table 5).
These findings highlight the appropriate cellular response of macrophages to the
oxidizing stimulus—oxLDL. For down regulated genes there was robust enrichment
for genes sets involved in the synthesis of cholesterol and sterol—in effect the cells
are appropriately shutting down their production of cholesterol due to the severe
cholesterol loading imposed by the oxLLDL stimulus (Figure 3-6). The DAVID tool,
which clusters similar gene ontology terms, showed that the most enriched cluster for
downregulated genes was also for sterol biosynthesis (Table 6). Interestingly the
GREAT software analysis also suggested that macrophages are de-differentiated and

that the immune response is suppressed in response to oxLDL(Figure 3-6).

91



Enrichment significance
(-log10 FDR P value)
10 15 20 25 30

o
vl
w
vl

response to oxygen-containing compound
response to nitrogen compound
cellular response to oxygen-containing...
negative regulation of cholesterol storage
response to organonitrogen compound
negative regulation of lipid storage
cellular response to nitrogen compound
cellular response to organonitrogen...
response to hormone stimulus
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long-chain fatty acid transport
monocarboxylic acid transport
cellular response to jasmonic acid stimulus
glycoside metabolic process

Gene ontology biological process

daunorubicin metabolic process

doxorubicin metabolic process

polyketide metabolic process

Figure 3-5 Gene ontology enrichment for biological processes for genes that are
upregulated by oxLDL.

Enrichment statistic calculated by GREAT (see methods) using default settings and

all oxLDL upregulated genes as input.
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immune response
cholesterol biosynthetic process
sterol biosynthetic process
cholesterol metabolic process
sterol metabolic process
defense response
innate immune response
alcohol metabolic process
steroid biosynthetic process
steroid metabolic process
regulation of immune system process
isoprenoid biosynthetic process
transepithelial chloride transport
alcohol biosynthetic process

organic hydroxy compound metabolic...
myeloid leukocyte differentiation
vesicle-mediated transport
myeloid dendritic cell differentiation
regulation of immune response
inflammatory response

Gene ontology biological process

Figure 3-6 Gene ontology enrichment for biological processes for genes that are
down-regulated by oxLDL.
Enrichment statistic calculated by GREAT (see methods) using default settings and

all oxLDL upregulated genes as input.
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Table 5 Gene ontology enrichment for genes that are upregulated by oxLDL
using DAVID
The list of genes upregulated by oxLDL was processed using an alternative

enrichment tool (DAVID https://david.ncifcrf.gov/) using default settings. The

program clusters similar gene ontology terms that are composed of overlapping gene
sets. The table below shows the most significant gene ontology term for each of the

top 10 enriched clusters of gene ontology terms.

Cluster Term Genes hit Fold P value
enrichment  (-log10)
1 Lipid metabolism 14 3.71 5.20
Nicotinamide adenine 13 3.45 4.35
dinucleotide
phosphate
(oxioreductase)
Lysosome 12 3.18 3.88
Regulation of 5 1.33 4.27
cholesterol storage
5 Lipid transport 13 3.45 431
6 Membrane 160 42.44 5.25
7 Glutathione metabolic 6 1.59 3.61
process
8 Aldo/keto reductase 5 1.33 3.48
9 Organophosphate 13 3.45 3.01
metabolic process
10 Glutathione metabolic 6 1.59 3.61
process
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Table 6 Gene ontology enrichment for genes that are down-regulated by oxLDL
using DAVID
The list of genes down-regulated by oxLDL was processed using an alternative

enrichment tool (DAVID https://david.ncifcrf.gov/) using default settings. The

program clusters similar gene ontology terms that are composed of overlapping gene
sets. The table below shows the most significant gene ontology term for each of the

top 10 enriched clusters of gene ontology terms.

Cluster Term Genes Fold P value (-
hit enrichment log10)
1 Sterol biosynthesis 15 3.65 17.12
2 SH3 (SRC Homology 3) 15 3.65 3.89
domain
3 Endocytosis 17 414 4.22
4 Response to wounding 27 6.57 3.54
5 Plasma membrane part 75 18.25 3.93
6 Apoptosis 29 7.06 3.38
7 Isoprene biosynthesis 3 0.73 1.96
8 Fatty acid biosynthetic 10 2.43 4.04
process
9 Endosomal part 7 1.70 2.79
10 Ubiquitin like modifier 26 6.33 3.24
conjugation

95



3.2.2 OxLDL regulated genes and CAD genetic risk

I explored the relationship between gene expression changes during foam cell
formation and CAD genetic risk variants identified by GWAS. For this I identified
genomic intervals containing all SNPs in high linkage disequilibrium (LD) (r* > 0.8)
with known CAD-associated variants and then identified all genes within 50kb of
these CAD risk locus intervals. These 132 genes at CAD risk loci were enriched for
processes relevant to atherosclerosis, including lipid handling and foam cell formation
(data not shown). I identified 17 of these genes as being regulated by oxLDL
(microarray paired data analysis identifies 16 genes, and Interleukin-6 receptor (IL6R)
was added as differentially expressed by RT-qPCR)(Table 7). These genes are of
particular interest since they suggest that the GWAS CAD mechanisms could in part
influence genes involved in foam cell formation. Within this list of GWAS candidate
genes, several have no known role in foam cell formation. For example, Phosphatidic
Acid Phosphatase Type 2B (PPAP2B) is not known to be expressed in human
macrophages or foam cells but has a potentially relevant role since it
dephosphorylates receptor active lipid species including lysophosphatidic acid [162].
Similarly, the Phosphatase and actin regulator 1 (PHACTRI1) gene encodes an
identically named protein that has a role in regulating the activity of a critical cellular
phosphatase, protein phosphatase 1, but has no known role in foam cell formation

[205].
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Table 7 Differentially expressed genes within a S0kb radius of CAD loci.

Gene Symbol

Gene

Fold change (log2, foam cell
relative to macrophage)

ANKS1A ankyrin repeat and sterile -0.325
alpha motif domain
containing 1A

COL4A1 collagen, type IV, alpha 1 0.510

CUX2 cut-like homeobox 2 -0.238

FAM109A family with sequence -0.445
similarity 109, member A

FAM117B family with sequence -0.523
similarity 117, member B

FES FES proto-oncogene, -0.311
tyrosine kinase

HDAC9 histone deacetylase 9 -0.396

IL6R interleukin 6 receptor 0.251

LDLR low density lipoprotein -3.090
receptor

PHACTR1 phosphatase and actin 0.949
regulator 1

PPAP2B Phosphatidic acid 1.65
phosphatase type 2B

PSRC1 proline/serine-rich coiled- | -0.229
coil 1

SLC22A4 solute carrier family 22 0.285
(organic cation/zwitterion
transporter), member 4

SLC22A5 solute carrier family 22 0.710
(organic cation/carnitine
transporter), member 5

TMEM150A transmembrane protein 0.225
150A

VAMP5 vesicle-associated -0.863
membrane protein 5

WDR12 WD repeat domain 12 0.310
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3.3 Discussion

Treatment of cultured human M-CSF-induced macrophages with oxLDL causes
phenotypic changes resembling those of foam cells pervading human atherosclerotic
plaques [36, 179]. To understand these changes at the molecular level it is necessary
to study the effect of oxLDL on gene expression. In the last 10 years, the development
of whole genome approaches to surveying gene expression led to a number of studies
comparing gene expression in macrophages and foam cells. Although these studies
have provided useful insights a number of limitations required us to conduct our own
expression studies. Firstly, most studies have been performed using either non-human
cells or tumour cells that have some resemblance to human macrophages[206-212].
Several studies have also been published that include only abbreviated information
with regards differentially expressed genes and lack publically deposited data[206,
207, 213]. Statistical approaches were evolving during the production of these studies
and several studies omitted formal statistical tests of differential gene expression[182,
210]. Some studies used only two or three biological replicates[208, 212]. In all cases
there was variation in the methodology of cell isolation, culture, cytokines, type of
modified lipoprotein and data platform, statistical analysis and reporting. I therefore
performed my own genome-wide expression analysis as part of a comprehensive
assessment—including epigenomic analysis—so that there was consistency across all
our experiments. Our expression study uses the most advanced platform of any study
comparing macrophages and foam cells together with the industry standard statistical
methodology and an appropriate number of replicates [160]. The present study also

utilized 5 biological replicates, primary cells and was analyzed using what is widely
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regarded as the most robust way of determining differential gene expression. As
validation of the experimental model I showed that foam cells had abundant neutral
lipid as measured by oil red O staining and that there was no overt effect on cell
vitality by assaying the number of live and dead cells.

Comparison of gene expression in macrophages and foam cells identified a large
number of differentially expressed genes, which in effect are CAD candidate genes.
Analysis of enrichment for gene sets suggest the primal effect was on cellular lipid
handling and many of the differentially expressed genes have well known roles in
foam cell formation. Upregulated genes included sets of genes involved in processing
lipids whereas the list of downregulated genes suggested a robust shutdown of any de
novo cholesterol or sterol synthesis. Although not contained within the top 10
differentially expressed genes, other oxLDL regulated genes included haem-
oxygenase 1 (HMOX1) which has an established role in the protective response to
oxidant stress imposed by oxLDL stimulation [201]. Gene ontology enrichment
analysis of upregulated genes highlighted the vital role of the cellular response
oxidant stress.

Interestingly the list of differentially expressed genes included the CAD GWAS
candidate genes PPAP2B and PHACTR1 which were also upregulated by oxLDL in
the two external datasets used for comparison [179, 181]. The original published
analysis by the authors of the other two studies did not list these genes as
differentially expressed due to analytical limitations. This suggests that useful
information could be extracted from existing microarray studies by re-analyzing them
with the latest statistical software. In subsequent chapters, I investigate the role of
PPAP2B and PHACTRI in the genetic risk of CAD and their cellular roles in

atherosclerosis.
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Previous microarray studies have observed that foam cells are ‘not simply a more pro-
inflammatory version of a macrophage’[179]. This view is predicated on the relative
paucity of classic inflammatory genes, like IL-1 that are upregulated by oxLDL[179].
Similarly, I also found that relatively few typical pro-inflammatory genes were
upregulated by oxLDL. Indeed, oxLDL reduced the expression of the pro-
inflammatory gene IL1B. However, I do not believe our gene expression data imply
that foam cells are not pro-inflammatory. Firstly, there is a distinction between acute
and chronic inflammation. Foam cells are part of a process in which there is chronic
inflammation. The properties of chronic inflammation in relation to foam cells include
cellular accumulation, abnormal mobility, deranged apoptosis and accumulation of
partially processed lipids [36, 62]. For example, enhanced CD36 signaling is
associated with prolonged residence of macrophages within plaques[214]. In addition,
changes in gene expression after induction of foam cell formation do not necessarily
reflect the release by foam cells of pro-inflammatory cytokines.

Comparison of our data to known expression profiles of lesional macrophages
suggests that oxLLDL induced foam cell formation is associated with more of an M2
phenotype. NOD-like receptor family, pyrin domain containing 3 (NLRP3) plaque
expression is associated with an M1 profile whereas NLRP3 was down-regulated by
oxLDL[214]. Nevertheless, analysis of surface markers and mRNA in plaque foam
cells have not shown a conclusive polarization towards either the M1 or M2
phenotype[192].

Limited studies employing laser capture dissection of macrophages from mouse
atherosclerotic plaques have measured gene expression in vivo but no studies exist in

humans [215]. Advancements in the use of low cell numbers for RNA based
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experiments may permit an adequate yield using human plaque that would allow
comparison of gene expression profiles with the cellular model employed in the

present study.

Overall I believe that our transcriptomic study provides a robust gene expression
signature of foam cells and that individual differentially expressed genes require
further investigation, prioritizing genes such as PPAP2B that are also implicated by

genetic risk studies.
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4 Epigenomic Effects of Atherogenic Lipid on

Macrophages

4.1 Introduction

Development and maintenance of cell type identity depends on the binding of
hundreds of different transcription factors to thousands of cis-regulatory elements
[216]. Active cis-regulatory regions are typically characterized by nucleosome
depletion, a necessary condition for DNA binding by many transcription factors[217-
219]. A variety of techniques have emerged which allow mapping of this accessible
open chromatin, such as DNAsel hypersensitivity or formaldehyde-assisted isolation
of regulatory elements (FAIRE-seq) [139, 220]. In parallel, chromatin
immunoprecipitation (ChIP-seq) approaches have been developed to identify genomic
sites where histones in nucleosomes that flank open chromatin have undergone post-
translation modifications that indicate the function, such as enhancer function, of the
open chromatin [143, 221]. The identification of cis-regulatory elements is useful in
the study of functional genetic risk variants. Overlap of a risk variant with a
functional regulatory element in a particular cell type indicates that the variant might
exert its effect in that cell type by altering the activity of the regulatory element[220,
222, 223]. Several large-scale studies have demonstrated that transcriptional
regulatory sites identified via high-throughput assays in specific human cell types are
enriched for disease-associated GWAS variants, highlighting the importance of

pinpointing cell type regulatory elements[128, 224].
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4.1.1 Epigenomics and Atherosclerosis

Epigenetics refers to the study of functionally relevant changes to genomic DNA that
do not alter its base sequence[225]. Studies employing a whole genome approach to
epigenetics are termed epigenomic studies. Epigenetic data is most useful in the study
of how gene expression is regulated across cell types and cellular conditions. Both
reversible and stable epigenetic changes may be brought about by environmental
stimuli and these epigenetic changes typically involve chromatin modifications. These
changes facilitate or suppress the activity of regulatory elements such as enhancers
and promoters which act together to activate or suppress gene transcription[225].
Promoters are crucial regulatory DNA elements in proximity to the transcription start
site of genes where Polymerase 2 binds, in association with other transcription factors
to initiate transcription[226]. Enhancers are distal regulatory elements which may be
100s of kbs away from gene start sites but which interact spatially and functionally to
enhance transcription [227]. Enhancers are the most variable of regulatory elements
and largely responsible for the fine tuning of gene expression across cellular states
and in response to environmental stimuli[228]. Both enhancers and promoters are
characterized by an area of open chromatin known as euchromatin; non-active
regulatory DNA is characterized by closed chromatin known as heterochromatin[217,
229]. The study of both chromatin landscapes and modifiers of chromatin landscapes

is a major area of contemporary research.

The chromatin state at regulatory elements is in part regulated by enzymatic
modifications to histone tails including, for example, acetylation and de-acetylation

[227]. Active enhancers are characterized by changes to histones in the neighboring
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nucleosomes including acetylation of lysine 27 in H3 histones. This change is brought
about by histone acetylase enzymes and together with other histone modifications
forms what is termed the ‘histone code’ [230]. External cellular influences may
activate certain transcription factors that cause a change in the balance of histone
modifications including acetylation and deacetylation, which in turn governs the
overall accessibility of an open chromatin site. The most efficient of these are termed
‘pioneer’ transcription factors since they can bind relatively closed chromatin—
examples of pioneer factors include activating protein 1 (AP1) and CCAAT enhancer
binding proteins [219]. On the other hand many transcription factors, including the
glucocorticoid receptor (GR), a classic nuclear factor, bind at pre-established open
chromatin site that remain largely unaltered by GR binding [231]. In breast cancer a
pioneer transcription factor, PBX1, modifies the open chromatin landscape and
effectively lays the ground for the oncogenic effects of excessive estrogen receptor

transcription factor DNA binding [232].

Foam cells and atherosclerotic plaques appear so abnormal on macroscopic
examination that it can readily be hypothesized that epigenetic changes may occur
that both contribute to and reflect the diseased state. Numerous studies have identified
epigenetic changes in atherosclerosis. DNA methylation involves addition of a methyl
group to cytosine residues in a CpG dinucleotide context and is associated with
suppression of gene expression[225]. Coronary artery disease and cardiovascular
death are both associated with a global increase in DNA methylation of peripheral
blood cells [233, 234]. In vitro experiments have demonstrated that pathogenic stimuli
such as shear stress also alter methylation of DNA in endothelial cells. Drugs that

inhibit histone deacetylases, including trichstatin A have been shown to exacerbate
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atherosclerosis in animal models[235]. In vitro studies have shown that atherogenic
stimuli such as shear stress affect the epigenetic landscape and regulate gene
expression[236]. Short term exposure of human monocytes to oxLDL induced a
persistent inflammatory and pro-atherogenic state that was associated with chromatin
modification at the promoters of several genes involved in inflammation and
atherosclerosis[69]. Taken together, these studies suggest that atherosclerosis
involves epigenetic changes and mandate a systematic study of epigenetic changes in

response to atherogenic stimuli.

4.1.2 Integrating Epigenomics with Genome-wide association studies

Genome-wide association studies identify regions of the genome where genetic
variants, most commonly SNPs, affect the odds of having a given trait or
disease[237]. Mostly GWAS studies cannot resolve the causative SNP among many
in high linkage disequilibrium. This is a barrier to performing mechanistic and
functional studies exploring the cellular effect of disease-associated genetic
variation[237]. In some cases, a combination of fine mapping and imputation has
refined the probability of a given SNP being the causal variant. For example, at the
MTNRIB locus associated with fasting glycaemia, there is a 0.999 probability of
rs10830963 being the causal variant [238]. For the majority of known trait-associated
loci there is insufficient genetic evidence to confirm which of many variants in
linkage disequilibrium are likely to be causal. Another successful method in refining
the list of potentially causal genetic variants is to filter out those which do not alter a

coding sequence or are within a DNA regulatory element. The widespread application
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of epigenomic techniques to map DNA regulatory elements across multiple cell types
has afforded the opportunity to systematically annotate disease-associated SNPs with
regulatory function. Indeed, numerous studies have identified enrichment of disease-
associated SNPs for enhancers and studies of individual SNPs have shown they alter
enhancer function by altering transcription factor binding[128, 129, 131, 239]. A large
scale genetic and epigenetic fine mapping study for 21 autoimmune disease found that
90% of causal variants were in non-coding DNA and 60% mapped to enhancers[240].
Enrichment for regulatory DNA for a given trait has also been found to be cell and
tissue specific, further refining the site of action of risk variants[128]. For example,
variants associated with type 2 diabetes risk are enriched for enhancers in pancreatic
islets[222]. A variant within an islet specific enhancer was shown to disrupt binding
of the pancreatic specific transcription factor NeuroD1 and abrogate enhancer
activity[222].

A similar approach of using epigenomic maps to pin-point functional variants could
be useful in coronary artery disease. However, open chromatin and enhancer maps
were not existent for two of the key cell types associated with atherosclerosis,
macrophages and macrophage-derived foam cells. In this chapter 1 describe the
production of epigenomic maps in these cells and use them to identify regulatory

DNA associated CAD variants.

4.1.3 Epigenomic techniques

Several techniques have been developed which allow a genome-wide assessment of
open chromatin status or histone modifications. Formaldehyde assisted isolation of

regulatory elements with high throughput sequencing (FAIRE-seq) is a method for
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enriching DNA that is in ‘open chromatin’ and then subjecting the enriched DNA to
next-generation sequencing [139, 220, 241]. Open chromatin is characterized by
displacement of nucleosomes and increased accessibility of DNA for the binding of
sequence specific transcription factors. In a FAIRE-seq experiment formaldehyde is
applied to cells or tissue and forms reversible protein-DNA crosslinks between
histones and DNA. This occurs preferentially at “closed chromatin” sites where the
DNA is tightly wrapped around histones[139]. The sample is then sonicated to break
up the genomic DNA into, typically, 250bp pieces and then subjected to several
phenol-chloroform extractions[139]. DNA that is unbound by histones—open
chromatin DNA——preferentially localizes to the aqueous phase and can then be
subjected to next generation sequencing[139]. Numerous studies have successfully
used FAIRE-seq to identify regulatory DNA across a range of cell types and overall
there is a close correlation with open chromatin maps derived using alternative
techniques such as DNAse hypersensitivity assays[217, 232, 242]. FAIRE-seq has a
number of potential advantages compared to DNAse-seq including requiring fewer
cell numbers, and rapid fixing of cells to instantly freeze and capture their cellular
state rather than subjecting cells to various manipulations prior to harvesting the
genomic DNA—as is the case for DNAse seq[139, 243]. The principal limitation of
FAIRE-seq is that the enrichment process generates relatively noisy data with many
reads mapping to sites that are not in open chromatin sites. This causes difficulties in
the downstream analysis of genuine open chromatin sites and in the comparison
between replicates [139]. To overcome these problems multiple replicates can be
assessed for enrichment using RTqPCR with amplicons in known open and closed
chromatin sites and multiple replicates can be combined to help boost genuine signal

and cancel out noise.
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Post-translational histone modifications, including acetylation of lysine residue 27,
correlate with regulatory DNA activity. H3K27ac marks identify active enhancers and
promoters[221]. Chromatin immunoprecipitation with high throughput sequencing
involves similar cross-linking steps to FAIRE-seq but enrichment of H3k27ac-bound
DNA is performed using immunoprecipitation with an anti-H3k27ac antibody. The
H3K27ac mark is particularly useful since it has been shown to vary not only with
cell ontogeny but also with subtler changes in cellular state induced by cytokines and
growth factors[244, 245]. No genome-wide studies have evaluated the effect of
oxLDL on the enhancer landscape in atherosclerosis related cell types. Finally, ChIP-
seq can be performed to identify specific transcription factor binding sites. Multiple
layers of epigenomic data can then be overlaid and compared between different cell
types and cell states to identify the regulatory DNA sites that govern mRNA
expression and hence cellular phenotypes—across cells which share the same

underlying genomic DNA sequence.

In this study I employ FAIRE-seq and ChIP-seq assays to show that exposure of
primary human macrophages to oxXLDL causes changes in chromatin accessibility and
histone modification at a subset of regulatory sites. I then demonstrate that these
changes are correlated with local expression of genes involved in foam cell and
atherosclerotic processes and also binding of key transcription factors such as C/EBP-

beta
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4.2 Results

4.2.1 OxLDL induces major changes in chromatin accessibility in macrophages

To understand the transcriptional pathways mediating the effect of oxLDL on gene
expression, I identified candidate regulatory DNA elements that underwent oxLDL-
induced changes in chromatin structure. I began by generating genome-wide maps of
open chromatin in primary human macrophages before and after oxLDL exposure,
with consequent foam cell formation (3 biological replicates were generated for each
condition). Formaldehyde-assisted isolation of regulatory elements with high-
throughput sequencing (FAIRE-seq) identified 130,491 and 123,400 nucleosome-
depleted open chromatin sites in macrophages and foam cells respectively (Data

available at http://www.ncbi.nlm.nih.gov/geo/ under Super Series GSE54975S5) [139,

217, 246]. The overall number of sites identified by our analysis is similar to the
100,000 to 225,000 open chromatin sites found in other cell types [217]. Sites at
promoters, defined as < lkb upstream of the Refseq transcriptional start site (TSS),
accounted for 6.1% of open chromatin sites in macrophages and 7.1% in foam cells

(Figure 4-1).
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Figure 4-1 Genomic distribution of open chromatin sites in macrophages and
foam cells.

FAIRE-seq derived open chromatin sites in macrophages and foam cells were
annotated using CEAS and the background genome distribution derived from the

percentage of genome covered by RefSeq annotations.
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To gain an overview of the similarities and differences of macrophage and foam cell
open chromatin sites I compared them with other cell types for which FAIRE-seq data
was available. I downloaded the ENCODE FAIRE-seq data and identified open
chromatin sites using F-seq with a liberal threshold such that over 125,000 peaks were
called per cell type. The signal strength of the open chromatin sites was used to rank
them in descending order. The first 25,000 open chromatin sites contain peaks with
the greatest signal strength—most open chromatin—and the last group of 25,000
peaks (between 100,000™ and 125000™ peaks) contain the weakest peak for each cell
type. All foam cell open chromatin sites were compared against all the other cell types
to produce a bubble plot showing that the greatest overlap is for stronger sites and that
foam cells sites overlap most with macrophage sites (Figure 4-2). For some cell types,
such as islets, however, the actual number of genuine FAIRE-seq derived open
chromatin sites is less than 25,000 and the small number of overlaps in weaker islet
sites may be stochastic. I then annotated individual open chromatin sites to RefSeq
genomic annotations using the CEAS software tool. I then calculated the proportion
of open chromatin sites for the various cell types that overlapped foam cell open
chromatin sites (Figure 4-3). Overall across the different categories macrophage open
chromatin sites showed the greatest proportion of overlap with foam cells. In terms of
genomic annotations, promoter sites and 5’UTR sites had by far the greatest similarity
across the different cell types. By comparison only about 10% of intronic open
chromatin sites were shared with any given cell type (apart from the
macrophage/foam cell comparison. Across the two different comparison strategies
used above, the next closest cell type in terms of overlapping open chromatin sites
with macrophages and foam cells is GMI18507, a Nigerian lymphoblastoid

transformed B-cell line.
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Figure 4-2 Comparison of overlapping open chromatin sites in different cell
types.

Open chromatin sites for several ENCODE cell types and macrophages were
identified and ranked by signal strength in descending order. The sites were then
overlapped with foam cell sites to show the number of overlapping open chromatin
sites for each signal strength category (Up to 125,000 peaks were called using a
liberal Fseq peak calling threshold and no additional filtering of peaks was

performed).
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Figure 4-3 Proportion of overlap between different types of open chromatin sites
Open chromatin sites were annotated with RefSeq genomic annotations and the

proportion of sites overlapping foam cell open chromatin sites was calculated.

The promoters of genes with a low level of expression had low FAIRE signal
consistent with a relatively nucleosome-bound, closed chromatin profile. By contrast,
the promoters of maximally expressed genes had a high FAIRE signal consistent with
nucleosome-depletion (Figure 4-4, Figure 4-5) [217]. Genes whose expression was
altered by oxLDL exposure had an intermediate chromatin profile at their promoters.
OxLDL significantly increased nucleosome depletion at the promoters of up-regulated
genes, (p = 1.08 x 10™7) and reduced it at the promoters of down-regulated genes (p =
5.42 x 10*") indicating its capacity to trigger chromatin remodeling (Figure 4-4,

Figure 4-5).
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Figure 4-4 OxLDL-induced changes in chromatin structure determined by
FAIRE-seq at gene transcription start sites.
Normalized FAIRE-seq signal in 2000bp windows centered on the TSS for gene sets
grouped by their expression characteristics. OxLDL-induced changes in open
chromatin were associated with concordant changes in gene expression (higher

FAIRE signal indicates more open chromatin, *** p < 0.0005).
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Figure 4-5 FAIRE-seq profile at TSS for different gene sets.
Profile view of FAIRE-seq signal around TSSs showing sharply delineated promoter

open chromatin profiles and their relationship with expression.

All genomic sites with significant oxLDL-induced changes in chromatin profile were
identified and termed dynamic chromatin sites (Figure 4-6). OxLDL changed the
chromatin profile at around 10% of all open chromatin sites (13,516 sites of which
12,754 (94%) were non-promoter sites (defined as 1kb from a known RefSeq TSS).
7,276 (54%) of these 13,516 sites had a more nucleosome-depleted profile and 6,240
had a more nucleosome-bound profile in foam cells (Figure 4-7). The size distribution
of the dynamic chromatin sites demonstrates that changes at most non-promoter sites
involve displacement of a single nucleosome, whereas those at promoter sites may
involve displacement of one or two nucleosomes (Figure 4-8). Overall, only a fraction
of macrophage open chromatin sites—the majority distal to known promoter

regions—are changed in response to oxLDL.
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Figure 4-6 Representative chromatin profile at the CD36 gene locus showing a

dynamic chromatin cluster.

The dynamic chromatin cluster comprises three dynamic chromatin sites each with

higher signal in foam cells. CD36 is upregulated in foam cells compared to

macrophages. The lower panel close-up view shows the relevant FAIRE-seq signals

for macrophages, foam cells and the normalized dynamic signal (foam cell minus

macrophage signal). Dynamic sites are highlighted in red boxes and are known

DNAse hypersensitivity sites in other cell types in the ENCODE database; one site

shows conservation in vertebrates.
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Figure 4-7 Chromatin signal at dynamic chromatin sites.
Heat map of open chromatin profile at all dynamic chromatin sites, split into panels
showing sites with increased or decreased FAIRE-seq signal. Each line represents a
5kb window centered on an individual site. Sites are clustered into groups with similar

signal patterns.
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Figure 4-8 Width of dynamic chromatin sites (bp).
The frequency distributions of widths of dynamic chromatin sites suggest most are not

more than one nucleosome in width with a relative increase in wider sites at

promoters.

To externally validate our dynamic chromatin sites and show they represent true
regulatory DNA sites we checked for typical characteristics of regulatory DNA. First,
we tested the extent to which these sites overlapped regulatory elements identified by
the ENCODE project, compared to control DNA sequences randomly chosen from
within 10kb of each site (see Methods). Dynamic sites were most prominently
enriched for overlap with enhancer and TFBS elements (p < 0.01) (Figure 4-9).
Second, I determined whether the dynamic chromatin sites were evenly distributed

across the genome. I observed significant clustering (p < 0.05) of dynamic sites
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suggesting a non-random distribution of these sites. Gene set enrichment analysis of
the clustered sites identified processes relevant to foam cell formation and cellular
lipid handling (Figure 4-10). Further, I performed motif analysis using the genomic
sequence within dynamic chromatin sites. I identified several motifs enriched in these
sequences, including JunD/AP1, NFE2L2 and EGR1 (Table 8). These results suggest

dynamic chromatin genuine regulatory DNA sites.

B Dynamic chromatin sites
Control sites

Proportion of sites overlaping
non-coding feature
0 01 02 03 04 05
[ | | | |
*
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Figure 4-9 Dynamic chromatin sites are enriched for non-coding regulatory
elements found in 9 other cell types.
We validated our FAIRE-seq derived dynamic chromatin sites by overlapping it with

existing ENCODE data and showing that dynamic sites were enriched for known
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regulatory elements (* p < 0.05, ** p < 0.005, TFBS—transcription factor binding

site, see Methods for derivation of control sites)
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Figure 4-10 Dynamic chromatin clusters are enriched for gene sets involved in

foam cell formation and lipid handling.

Table 8 Top 10 enriched transcription factor binding site motifs in top 3000

(ranked by average signal intensity) dynamic open chromatin sites.

Motif enrichment finding was performed using the SeqPos tool that uses a genomic

background to test for enrichment. Similar motifs were clustered using the SeqPos

algorithm to avoid reporting redundant motifs and the top motif from each of the top

10 clusters is shown below.

Rank  Matnx

Tmscription factor

DNA binding domain

P value (-10*log10)

Motif

1 MC00456
2 MS00288
3 MC00339
4 MC00319
5 MA0067

6 MC00163
7 MC00337
8 MS00302
9 MS00223
10 denovol6

JUND
TFE3
NFE2L2
EGR2
PAX2
Crebl
Ikzf3
CEBPG
SP3

EGRI

Leucine Zipper Family
Helix-Loop-Helix Family
Leucine Zipper Family
BetaBetaAlpha-zinc finger Family
Homeodomain Family

Leucine Zipper Family
BetaBetaAlpha-zinc finger Family
Leucine Zipper Family
BetaBetaAlpha-zinc finger Family

BetaBetaAlpha-zinc finger Family

690.776
690.776
690.776
690.776
690.776
690.776
688.093
687.539
671.922

631.408
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[

TChe

c.IC

¢1ToCr

120



At promoter sites I demonstrated that FAIRE-seq signal intensity was associated with
gene expression in macrophages and foam cells. To compare changes in FAIRE-seq
signal at dynamic chromatin sites with changes in gene expression I annotated each
dynamic chromatin site to the nearest differentially expressed gene. I then compared
the expression change and mean change in FAIRE-seq signal for chromatin peaks
annotated to each gene. Overall there was a weak positive correlation between
changes in FAIRE-seq signal and change in gene expression in macrophages and
foam cells (Figure 4-11). The positive relationship was statistically significant for
genes annotated with chromatin sites that on average had higher signal in response to
oxLDL (P = 0.042) but was not significant for down-regulated dynamic chromatin
sites (P = 0.58). This suggests that activation of open chromatin sites by oxLDL is
more closely related to gene expression than suppression of open chromatin sites. A
limitation of this approach is that open chromatin sites are comprised of different
types of regulatory elements—in the next section I integrate the open chromatin data

with the enhancer landscape in macrophages and foam cells.
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Figure 4-11 Correlation between change in gene expression and change in
FAIRE-seq signal at dynamic open chromatin sites.

All dynamic open chromatin sites were annotated to the nearest differentially
expressed gene. The mean fold change in FAIRE-seq signal for dynamic chromatin
sites annotated with the same gene was calculated and plotted vs the log2 fold change

in gene expression in response to oxLDL.
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4.2.2 Macrophage enhancers undergo major oxLDL-induced changes

As the majority of dynamic chromatin sites were distal to known promoters, I
hypothesized that many of these sites represented enhancer elements involved in the
macrophage response to oxLDL and thus in foam cell identity. We, therefore, mapped
the enhancer landscape in macrophages and foam cells using ChIP-seq for the histone
modification H3K27ac, which is known to mark active enhancers [221, 244]. I
observed significant oxLDL-induced changes in H3K27ac signal at 39,194 sites,
termed ‘dynamic enhancer sites’, 95% of which were distal to known promoter
regions (Figure 4-12). I found a strong positive correlation between the change in
enhancer signal and the change in expression of the nearest differentially expressed
gene (I* = 0.45; p < 2.2x10"°) (Figure 4-13A/B). I identified ‘super-enhancer’
elements, which are spatially clustered enhancers that, in other contexts, are relevant
to the expression of cell-type specific genes [247]. I identified 1,081 and 1,098 super
enhancers in macrophages and foam cells, respectively (Figure 4-14). Genes
overlapping or adjacent to super enhancers had significantly higher expression than
those associated with other enhancers (Figure 4-14). Of the 1098 foam cell super-
enhancers, 213 super-enhancers were only found in foam cells and genes nearest to or
overlapping them had significantly higher expression in foam cells compared to
macrophages (p = 4.61x10™%). The analysis of enhancers indicates that oxLDL-
induced changes in gene expression are mediated in large part through changes in

local enhancer activity.
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Figure 4-12 Characterization of the dynamic chromatin and enhancer landscape
in macrophages and foam cells.

Representative chromatin profile at the IL6R locus (a genetic CAD risk locus)
showing a dynamic chromatin cluster comprising four dynamic chromatin sites and a
large dynamic enhancer region. The lower panel close-up view shows the relevant
FAIRE-seq and enhancer signal for macrophages, foam cells and the normalized

dynamic signal (foam cell minus macrophage signal).
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Figure 4-13 OxLDL regulated enhancer activity is correlated with gene
expression.

(A) Correlation between fold change in gene expression for differentially expressed
genes and mean fold change in enhancer signal for dynamic sites annotated to their
nearest gene (r* = 0.45, Pearson r = 0.67). (B) The proportion of the genes in each
quartile that are associated with a dynamic enhancer site is plotted. Differentially
expressed genes were split into oxLDL up and down regulated genes and further split
into quartiles based on fold change in expression (-/+ and ----/++++ indicate least and
most differential quartiles, respectively). The proportion of differentially expressed
genes in each quartile that are associated with a directionally concordant change in a

dynamic enhancer site is correlated with the magnitude of gene expression change.
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Figure 4-14 Super-enhancers in macrophages and foam cells.

Enhancers in macrophages or foam cells were aggregated if within 12.5kb and plotted
according to H3k27ac signal rank (X axis indicates the ranks of these aggregated
enhancers described as ‘clustered enhancers’. The inflection point of the curve
describing the relationship between clustered enhancer rank and overall enhancer
signal was arbitrarily used (using the protocol established in the literature—see
methods) as the cutoff point for describing a clustered enhancer as having or not
having ‘super’ status. The insets show gene expression (log2, normalized) for genes
overlapping or adjacent to either enhancers within super enhancer domains or other
enhancers (Welch two sample t-test: macrophage gene expression enhancers vs super
enhancers p = 2.8x10-29, foam cell gene expression enhancers vs super enhancers p =

1.9x10-33)

The method used to identify super enhancers in macrophages and foam cells was
identical to that used to identify super enhancers in 86 different human cell and tissue

types[146]. I was therefore able to compare the landscape of super enhancer in
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macrophages and foam cells with these other datasets as well as looking for patterns
of transcription factor binding common to super enhancers across all the datasets.
Hierarchical clustering showed that the macrophage and foam cell samples were most
closely related with each other and the next closest cell type was unsurprisingly the
cells from which they are derived—CDI14  monocytes (Figure 4-15). The
transcription factors PU.1 and CEBPB, both known to be important in myeloid
development clustered adjacent to each other and showed greatest similarity in
binding patterns among CD14", macrophage and foam cell super enhancers [248,
249]. Interestingly visual inspection of the heat map also indicated a striking
correlation between super enhancers in the H1 embryonic stem cell and the
transcription factors NANONG and POUSF1, both of which are required for

conferring embryonic stem cell status.
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Figure 4-15 Comparison of super-enhancer in macrophages and foam cells with
86 other cell types and tissues.

Heat map showing hierarchical clustering of super enhancers in a range of cell types
and ENCODE ChlIP-seq derived transcription factor binding sites by overlapping each
dataset and calculating the Jaccard statistic using Bedtools. Super-enhancer
dendrograms on the Y axis; transcription factor ChIP-seq dendrograms on the X axis.
The data has been scaled column-wise such that each column is a z-score, so that
transcription factors comparisons are effectively normalized). Horizontal box
indicates rows corresponding to macrophages, foam cells and CDI14 cells in
descending order. The vertical red box corresponds to CEBPB and PU1 transcription
factors. The circle indicates the transcription factors NANONG and POUSF1 at the

centre for the H1 embryonic stem cell type.
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I next identified sites that had significant oxLDL-induced changes in both chromatin
signal and enhancer signal. 1743 dynamic chromatin sites overlapped one or more of
2004 dynamic enhancer sites. Of these 2004 enhancer sites there was concordance in
the direction of change in enhancer and open chromatin signals in 1817 sites (90.6%).
These 1743 dynamic chromatin sites were, in turn, significantly associated with a
directionally concordant change in expression of the nearest genes and chromatin
signal (oxLDL-induced chromatin sites p = 6.9x10™, oxLDL-suppressed chromatin
sites p = 0.0004, Figure 4-16A). I also observed enrichment among genes nearest to
these 1,743 dynamic sites for gene sets related to atherosclerotic vascular disease
(Figure 4-16B). These results demonstrate that a discrete number of sites with
changes in both chromatin accessibility and enhancer signal are associated with

disease-relevant changes in gene expression.
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Figure 4-16 OxLDL induces changes in both open chromatin and enhancer
status at a subset of sites with important regulatory function.

(A) The oxLDL regulated change in open chromatin—at sites which also have
changes in enhancer signal—is correlated with expression of the nearest gene (*** p
< 0.0005). (B) The refined subset of sites with dynamic open chromatin and dynamic
enhancer status shows enrichment for proximity to disease-associated gene sets linked

with atherosclerosis.

4.2.3 Dynamic enhancer sites identify C/EBP-beta as a novel oxLDL-regulated
transcription factor in macrophages
I used the dynamic chromatin and enhancer sites to identify potential upstream
transcriptional regulators driving oxLDL-induced changes in macrophage chromatin
and gene expression. I performed motif enrichment analysis using the genomic
sequence of the 1,743 sites with changes in both chromatin and enhancer signal
(Table 9). I observed enrichment for AP1-related factors, such as JunD, which bind
enhancer elements, and NFE2L2, which is involved in the anti-oxidant response[57,

219]. T also observed enrichment for factors regulated directly by cellular lipids,
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including Liver X receptor alpha (LXRA) and Peroxisome proliferator-activated
receptor alpha (PPARG)[53]. Notably, I observed enrichment for several predicted
CCAAT/enhancer binding protein (C/EBP) transcription factor motifs including
C/EBP-beta, which is a known myeloid transcription factor, but has no known role in
foam cell formation[249]. I also performed the motif enrichment after separating the
1743 dynamic sites into sites with oxLDL-induced FARIE-seq signal (1270) and the
remaining sites with oxLDL-suppressed signal (see appendix 9.3 for results). This
analysis indicated that most of the transcription factor enrichment—including C/EBP-
beta—was driven by oxLDL-induced sites. By contrast in oxLDL-suppressed sites
there was enrichment for E26 transformation-specific transcription factor motifs—
ETS factors can be associated with suppression of gene expression. Given the overall
enrichment for C/EBP-beta motifs in dynamic enhancer sites (driven by oxLDL
induced chromatin sites), in addition to up-regulation of the CEBPB gene itself after
oxLDL exposure (microarray data — log2 fold increase 0.35, adjusted p = 0.049), I
hypothesized that C/EBP-beta regulatory activity in macrophages would be stimulated

by oxLDL exposure.

Table 9 Enrichment of transcription factor motifs in dynamic
chromatin/enhancer sites.

The subset of open chromatin sites with dynamic open chromatin and enhancer signal
was analyzed for transcription factor motif enrichment and the top 25 motifs are
shown with the p values for enrichment. Motifs were identified using SeqPos by
comparison with known motifs from the Cistrome database and by identification of de

novo motifs. SeqPos clusters similar motifs and the transcription factors listed are
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representative of each cluster. The SeqPos program uses genomic background and

assesses sites for central motif enrichment.

Rank Tf;z:;r;::ription P value Motif Rank ‘;::r::fription P value Motif
1 JUND 8x10-70 | TCAGTCA. 13 denovo 1 6x10-21 CTCCTC
2 NFE2L2  8x1070 - it 14  UBP1 xo20 - CaGCTac
3 TFE3 8x10-70 | C;C‘Tb._.?. 15 KLF12 xio1g - CA T As
4  denovo17 8x10-70 | . TOAT 16 LXRa 4x10-19 i, s
5  JUND 2063 | TuL 17 CNTN2:CREB1 2x10-18 Tode. CA.aetoo
6 CEBPB  5x10-59 | [; [ 18  EGR2 w018 Lo Gre
7 PAX2 5x10-59 | TC<F 19 CREB3L2 II0AT | ouchoTGues
8  PUA1 2x10-30 |- c.cUCc.u..,.,._ 20  denovo4 3x10-16 CA<_CA
9 JDP2 4x1040 | ATohe. Teh, 21 SMAD4 7x10-16 bl
10 MAFA mioss | TCAGCa 22 AHR 7x10-16 oo 1 Gecll e
11 CREB1 5x1035 .. C TC'-...j 23  ZBTB7B 8x10-16 _0CCr<CC
12 PPARA  5x10-24 |- T_ ?CT 24  PBX3 7x10-14 OA 10AC..c
25  PPARG 9x10-9

We, therefore, performed ChIP-seq for C/EBP-beta binding in macrophages before
and after oxLDL-induced foam cell formation. I observed 10,212 genomic sites with
significantly different C/EBP-beta binding signal between cell types, almost all of
which (97%, 9,907 sites) had increased signal in foam cells (Figure 4-17A). Dynamic
C/EBP-beta sites were enriched for proximity to genes relating to innate immune
functions (Figure 4-17B), suggesting that C/EBP-beta may be involved in

inflammatory processes triggered by oxLDL during foam cell development. As
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expected, within dynamic C/EBP-beta binding sites the most enriched transcription

factor motif was for C/EBP-beta itself (Table 10).
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Figure 4-17 C/EBP-beta binding is responsive to oxLDL.

(A) Track view of a dynamic open chromatin and enhancer site which also overlaps a
dynamic C/EBP-beta binding site with increased C/EBP-beta binding in foam cells
(horizontal black bars indicate dynamic sites). (B) Enrichment of gene sets associated

with different biological processes for dynamic C/EBP-beta binding sites.
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Table 10 Top 10 most enriched transcription factor motifs in the top 3000

dynamic C/EBP-beta binding sites (ranked by average signal strength).

Cluster rank Matrix Transcription factor DNA binding domain Hits P value (-logl0) Motif
1 MC00121 CEBPB Leucine Zipper Family 2978 690.776 Ir.l6

2 denovo4 C-EBPbeta Leucine Zipper Family 2523  690.776 T.2GC
3 MC00293 Gfilb BetaBetaAlpha-zinc finger Family 494 690.776 ibc.6e
4 MO00514 ATF4 Leucine Zipper Family 2988 690.776 = JGaC.5e

5 MC00456 JUND Leucine Zipper Family 1378 690.776 TGAGTCA..
6 UP00031 ZBTB3 BetaBetaAlpha-zinc finger Family 1690 690.776 CaTe

7 MS00313 Creb5 Leucine Zipper Family 2634 690.776 T.ec.1chs
8 Mo00139 AHR Helix-Loop-Helix Family 2849  690.776

9 MCO00457 ELF1 Ets Domain Family 2978 690.776 ¢TTe

10 denovo8  PU.1 Ets Domain Family 2466 690.776 CICCT.

4.2.4 CAD-associated genetic variants are enriched in regulatory DNA sites
altered by oxLLDL
Disease-associated genetic variants may alter transcriptional regulation by affecting
transcription factor binding to regulatory DNA elements [131]. Therefore, I sought to
profile the relationship between the oxLDL-induced changes I had identified in
macrophages and genetic variants associated with CAD risk. I identified 45
independent CAD-associated genomic loci and catalogued the reported index SNP
and all SNPs in high LD (r* > 0.8) [119](Figure 4-18). I then intersected macrophage
and foam cell epigenomic data with the resulting set of variants at CAD-associated
loci (Table 11). At 22 of the 45 CAD loci, one or more variants lay within an open
chromatin or enhancer site in macrophages and/or foam cells. We tested for
enrichment of variants at CAD-associated loci in dynamic sites compared to the

expected overlap derived from a background set of matched non-CAD GWAS loci
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(see Methods). We observed significant enrichment of CAD-associated loci in
dynamic chromatin sites (fold = 4.26; binomial p = 0.0027) (Figure 4-19), an effect
that was stronger when considering sites with both dynamic chromatin and enhancer
signal (fold = 6.66; p = 0.036). Conversely, we observed no significant enrichment
when considering chromatin sites in macrophages and foam cells alone (p = 0.19, p =
0.31). These results suggest that variants at CAD-associated loci are specifically

enriched in the subset of macrophage regulatory sites altered by oxLDL exposure.
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Figure 4-18 Regional plot of linkage disquilibrium relating to CAD risk SNP
rs17114036 at the PPAP2B gene locus.

Orange diamonds indicate SNPs in linkage disequilibrium with rs17114036 (the upper
most diamond). Vertical dashed lines indicate region bounded by SNPs with LD r* >

0.8.
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Table 11 Number of CAD loci and individual SNPs overlapping regulatory
elements in macrophages and foam cells.

For each type of genomic annotation (e.g. open chromatin site in macrophages) we
overlapped the positions of CAD associated SNPs (All SNPs in high linkage
disequilibrium with a reported CAD SNP). Shown in the table is the overall number
of SNPs in a particular genomic annotation and the number of loci that have at least
one SNP in a genomic annotation (Locus defined as the GWAS CAD reported SNP

and all SNPs in high linkage disequilibrium (R > 0.8)).

Feature type Number of CAD loci Number of SNPs
Open Macrophage 12 26

chromatin  Foam cell 12 26

(FAIRE-

seq)

Enhancer Macrophage 18 109

(H3k27ac) Foam cell 19 114

Dynamic chromatin site 6 9

(FAIRE-seq)
Dynamic enhancer site 9 38

(H3k27ac)
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Figure 4-19 CAD loci are enriched in oxLDL-regulated open chromatin sites.
Fold enrichment of CAD loci with variants overlapping different types of regulatory

features compared to background loci (* p < 0.05, ** p < 0.005).

CAD-associated variants at the Interleukin-6 receptor (IL6R) and Phosphatidic acid
phosphatase type 2B (PPAP2B) loci were within overlapping dynamic chromatin and
enhancer sites. At both loci the CAD-associated variants (rs7549338 and rs7553796 at
IL6R; 1572664324 at PPAP2B) overlap single dynamic sites that had increased signals
after oxLDL exposure; further, both /L6R and PPAP2B had significantly up-regulated
expression in response to oxXLDL (Figure 4-20A/B). IL6R encodes the receptor for the
pro-inflammatory cytokine interleukin-6 and circulating levels of a soluble form of
IL6R have been associated with coronary artery disease[250, 251]. PPAP2B encodes
lipid phosphate phosphohydrolase 3 (LPP3), an enzyme that metabolizes and so
deactivates pro-inflammatory mediators [162]. The mechanism through which the
PPAP2B locus influences CAD risk is unknown and the expression pattern and
regulation of PPAP2B by oxLDL has not been studied previously. These results

demonstrate that dynamic sites can highlight candidate causal variants and genes at
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CAD-associated loci. The functions ascribed to IL6R and PPAP2B suggests that they
have opposing effects on the overall inflammatory state in response to oxLDL since
IL6R may increase inflammation and PPAP2B decrease inflammation. In terms of the
GWAS effect one would therefore hypothesize that the risk variants would increase
IL6R production and decrease PPAP2B production—we test for the effects of CAD
variants on PPAP2b expression in the following section. Indeed, the IL6 locus
protective variant associated with CAD and diabetes has been associated with reduced
membrane expression of IL6R on lymphocytes suggesting that protection may be

associate with abrogation of IL6R signaling[251].
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Figure 4-20 Up-regulation of IL6R and PPAP2B in foam cells compared to
macrophages as assessed by quantitative RT-PCR.
(A) OxLDL induces expression of IL6R at the mRNA level (n = 3). (B) OxLDL
induces expression of PPAP2B at the mRNA level (n = 3, homozygous major

genotype 1572664324, rs17114036)
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4.3 Discussion

Both environmental and genetic factors influence an individual’s risk of developing
coronary artery disease. I have used epigenetic techniques for mapping chromatin
structure at cis-regulatory elements to study the interacting effects of an
environmental stimulus and risk-associated genetic variants. Overwhelming evidence
indicates that LDL is the major environmentally influenced contributor to the
development of atherosclerosis. In humans circulating levels of LDL are influenced
by diet and are tightly correlated with CAD risk; lowering LDL lowers risk[4, 5, 252].
In various animal models, diets that elevate LDL accelerate atherosclerosis[253]. The
most striking cellular effect of lipid in atherosclerosis results from the interaction of
oxLDL with macrophages. Progressive oxLDL uptake results in the formation of
lipid-laden foam cells[172, 254]. Foam cells contribute to the inflammatory nature of
the atherosclerotic lesions in various ways, as they have reduced motility, release
inflammatory cytokines, chemokines, degradative enzymes, reactive oxygen species
and ultimately undergo apoptosis with release of a cocktail of further pro-

inflammatory cellular contents[13, 172, 254].

I mapped the effects of oxLDL on chromatin remodeling and gene expression in
macrophages and integrated these data with the results of GWAS in CAD to identify
candidate functional variants. These results provide a detailed map of the epigenetic
changes arising from exposure of macrophages to oxLDL and provide a rational basis

for studying approaches to ameliorate foam cell formation.
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Open chromatin mapping with FAIRE-seq identifies the locations of all types of cis-
regulatory elements and can be used to study changes in chromatin structure in cells
subjected to a variety of stimuli or undergoing ontogenetic change [220, 232, 255-
257]. However, as FAIRE-seq does not directly provide information about the
function of DNA elements, I simultaneously undertook ChIP-seq for H3K27ac which
marks active enhancers[221, 245]. Identifying the subset of open chromatin sites with
active enhancer status is important because they play a central role in gene regulation,
particularly the control of cell-type specific gene expression[258]. H3K27ac also
marks promoter sites, which are easily distinguishable by their genomic context.
FAIRE-seq derived open chromatin sites that vary between macrophages and foam
cells contain regulatory DNA sequences that play a role in oxLDL-induced foam cell
formation. I found that the number of open chromatin sites that were modified by
oxLDL was substantially greater than the number of differentially expressed genes.
This is likely to reflect the combinatorial effects of sets of these dynamic chromatin
sites and clusters of spatially linked sites were enriched around genes whose
expression was altered by oxLDL. Although I detected a significant change in open
chromatin structure at oxLDL-regulated promoters, the fold change in signal was
smaller than that seen at non-promoter sites. This is consistent with data indicating
that promoter chromatin structure is largely set at an early stage during cell ontogeny
as 70% of promoter sites remained constant during adipogenesis compared to only
25-40% of non-promoter sites[257].

OxLDL also induced widespread changes in the H3K27ac enhancer signal and a close
correlation was demonstrated between differential gene expression and the mean

change in enhancer signal across multiple dynamic H3K27ac sites annotated to their
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nearest gene. Other studies have found that not all sites of H3K27ac signal are
associated with an open chromatin site[259]. I found that at a subset of 1743 non-
promoter sites there were oxLDL-induced changes in both the open chromatin site
and the surrounding enhancer marks and that the changes were directionally
concordant at over 90% of these sites. The value of combining H3K27ac and FAIRE-
seq data in this way is evident from the increased strength of the relationship of these
dually identified sites with nearby gene expression[260]. Similarly, I found a robust
relationship between the oxLDL-induced change in FAIRE signal at these sites and
expression of the nearest gene. The importance of this set of sites was underlined by
their proximity to gene-sets strongly enriched for genes known to be involved in
coronary artery disease. As a subset of enhancers for further study, these sites
represent a valuable prioritized set, since the dynamic open chromatin sites pinpoint
the precise locations where altered transcription factor binding must occur.

Given the strong association of these dynamic enhancers with gene expression,
identifying the transcription factors that bind them would very valuable in defining
the upstream regulatory pathways influenced by oxLDL. Within the 1,743 sites I
identified a distinct signature of transcription factor binding using motif analysis. As
validation of our approach, I found enrichment for binding sites for NRF2 (NFE2L2)
and PPARG, which are both known to be associated with foam cell formation. NRF2
mediates the oxidative stress response to oxXLDL and PPARG is a nuclear receptor
that binds constituents of oxLDL[261, 262]. The list of enriched transcription factors
included C/EBP-beta and AP1, which are both known to act as pioneer factors and so
can bind relatively closed chromatin, causing chromatin remodeling and thus allowing
further transcription factors to bind[219]. Using ChIP-seq I confirmed oxLDL

increased C/EBP-beta binding at multiple genomic sites. In keeping with these results
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showing an effect of oxLDL on C/EBP-beta, the saturated fatty acid palmitate has
been shown to induce inflammatory changes in murine macrophages by a C/EBP-
beta-dependent mechanism[263]. In adipocytes C/EBP-beta causes chromatin
remodeling which opens up sites for PPARG binding[259]; our data raise the
possibility of a similar process in foam cell formation with oxLDL exposure resulting
in C/EBP-beta opening up chromatin for other transcription factors[259].

C/EBP-beta is a member of the CCAAT/enhancer binding protein transcription
factors that bind DNA either as a dimer or as heterodimer with other CEBP
proteins[264, 265]. C/EBP-beta itself exists as three different isoforms encoded by an
intronless gene. It is predominantly expressed in liver and myeloid cells[266]. The
shortest isoform—termed LIP (“liver enriched inhibitory protein”)—is thought to act
as a dominant negative whereas the LAP (liver enriched activating protein) isoform
has been shown to be the major active isoform. An additional isoform—LAP*—is
longer than LAP and possesses similar activity. C/EBP-beta is essential for myeloid
differentiation and is known to increase the expression of several inflammatory genes
including IL.6[249]. It remains unclear how oxLDL itself causes activation of C/EBP-
beta binding and our CHIP-seq data is not able to distinguish binding of the different
isoforms. The likely mechanism involves phosphorylation of certain amino acid
residues. C/EBP-beta activity is required for differentiation of adipocytes and this is
dependent on phosphorylation of threonine residue 188 through the extracellular
signal-regulated kinase pathway [267]. Similarly, in fibroblasts threonine 188
phosphorylation by MAPK (Mitogen-activated protein kinases) was important for
transcriptional activity [268]. Since oxLDL is known to activate the MAPK pathway
this represents a plausible way in which oxLDL would lead to increased

phosphorylation of residues in C/EBP-beta that promote its DNA binding [269].
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Profiling the co-localization of regulatory sites with genetic risk variants identified by
GWAS has been useful in the identification of cell types in which disease risk variants
operate [128, 224]. Given the established role of macrophages and foam cells in
atherosclerosis it was initially surprising that we found no enrichment for CAD risk
loci in either context alone. However, we found that those sites that underwent
oxLDL-induced changes in chromatin accessibility were enriched for CAD-associated
loci. This demonstrates that the response to oxLDL, with concomitant foam cell
formation, induces chromatin changes at the sites of a subset of CAD variants and
provides a cellular context for risk variants at these sites to operate in altering disease
risk. Our data show that the regulatory capacity of key SNPs in dynamic sites is
actuated in macrophages by an environmentally influenced stimulus, oxLDL, so
demonstrating the mechanism for a direct interplay between environmental and

genetic risk factors.
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S PPAP2B: A coronary artery disease risk variant

influencing the macrophage response to lipid

5.1 Introduction

5.1.1 GWAS and PPAP2B

The Phosphatidic phosphatase 2B gene (PPAP2B) encodes lipid phosphate
phosphohydrolase (LPP3), an enzyme that regulates glycerolipid metabolism [162].
Genomewide-association studies have implicated PPAP2B in the genetic risk of
atherosclerosis. These studies have identified SNPs in the last intron of PPAP2B that
have a statistically significant effect on the risk of coronary artery disease [123, 155,
270]. The reported SNP rs17114036[155] has G and A alleles; the risk allele A, has a
frequency of 0.91 [119]. Thus the minor allele, G of rs17114036 is associated with
protection from coronary artery disease. The precise mechanism by which these SNPs
influence the function of PPAP2B or CAD risk is unknown. Neither the GWAS-
reported SNP nor SNPs in high LD alter the coding sequence of PPAP2B[123]. The
SNPs may act by altering transcriptional regulation through mechanisms that could
involve altered transcription factor binding or miRNA binding, as has been reported

for other CAD risk loci[131, 135].
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5.1.2 PPAP2B

The PPAP2B gene spans about 85kb on the short arm of chromosome 1, runs in the
antisense direction and comprises 6 exons. Northern blotting for mRNA expression in
a human tissue panel demonstrated ubiquitous expression[271] . PPAP2B expression
was up-regulated by epidermal growth factor (EGF) in HeLa cells[271]. Differential
protein level expression of the PPAP2B-encoded LPP3 mouse homologue was
demonstrated in mouse tissues with highest expression in kidney, lung and brain and
lesser expression in liver, heart spleen and skeletal muscle[162]. In human umbilical
vein endothelial cells (HUVEC) LPP3 was upregulated at the protein level by
stimulation with Vascular endothelial growth factor (VEGF'®)[272]. Differentiation
of Human multipotent adipose-derived stem cells into mature adipocytes was also
associated with a reduction in PPAP2B expression[273]. Comparison of PPAP2B
expression between dendritic cells with a TH1 or TH2 type phenotype showed that
PPAP2B expression was significantly higher in IL3-induced TH2-type dendritic
cells[274]. LPP enzymes metabolize bioactive signaling phospholipids that are
derived through complex metabolic pathways from membrane phospholipids. LPP3 is
a glycosylated enzyme[162] with 6 putative transmembrane domains that hydrolyzes
lysophosphosphatidic acid, ceramide-1-phosphate and sphingosine-1-phoshate
yielding monoacylglycerol, ceramide and sphingosine, respectively[271, 275, 276].
LPP3 also hydrolyzes the phosphorylated form of extracellular Fingolimod, an
immunomodulatory drug used for multiple sclerosis treatment[277]. Endogenous

LPP3 is located predominantly at the cell periphery in Swiss 3T3 cells with lesser
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staining in the Golgi[162]. The mouse homologue of PPAP2B was down regulated
upon differentiation of pre-adipocytes to adipocytes and was shown to
dephosphorylate extracellular LPA, indicating ecto-enzyme activity at the cell
membrane[278]. LPP3 localizes to the basolateral membrane in stably transfected
Madin-Darby Canine Kidney Epithelial Cells although there was a discrepancy with
its enzymatic activity that remained low in the basolateral segment[279]. Human
LPP3 possesses an RGD integrin binding motif and it is possible that baso-laterally
localized LPP3 may be involved in cell-cell interactions[279, 280]. In Chinese
hamster ovary cells endogenous LPP3 co-localized with sphingosine kinase in
intracellular vesicles and shifted to a more perinuclear distribution upon stimulation
with PMA[281]. Flow cytometry using a poly-clonal anti-LPP3 antibody reportedly
showed cell surface staining with intact endothelial cells suggesting that LPP3 is a
cell surface antigen[272]. LPP3 has also been shown to localize to caveolin-1
associated lipid rafts that might be involved in segregating and compartmentalizing its
enzymatic activity[162, 282]. Both recombinant and endogenous LPP3 and LPP2 are

capable of forming catalytically active hetero- and homo- oligomers[283].

The mouse homologue of LPP3 is required for embryogenesis and lack of LPP3 was
lethal by day 10.5 of embryogenesis although the precise molecular mechanism
underlying this effect remains unknown[163]. Embryos lacking LPP3 showed marked
defects in extra-embryonic vasculature development and in embryonic axis
formation[163]. Lack of LPP3 was associated with alterations in extracellular
lysophosphatidic acid (LPA), and intracellular diacylglycerol (DAG). The mouse
phenotype resembled that of axin deficiency[163]. Axin is a regulator of the wnt

signaling pathway involved in control of apoptosis[284]. Activation of the wnt
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pathway causes accumulation of B —catenin, which binds to TCF/LEF repressor

transcription factors preventing their inhibitory effect on gene expression[284]. Lack
of LPP3 resulted in increased B —catenin levels, and reduced DNA binding activity

TCF transcription factors at a TCF response element. [163]. The converse effect
occurred when LPP3 was overexpressed but LPP3 phosphatase activity was not

required indicating a role of LPP3 beyond it enzymatic activity[163].

Malignant ascites from patients with ovarian cancer has high levels of LPA that is
produced by ovarian cancer cells and contributes to cellular proliferation.
Overexpression of LPP3 in ovarian cancer cell lines reduced extracellular LPA and
was associated with reduced proliferation [285]. Injection of ovarian cancer cell lines
overexpressing human LPP3 into mice resulted in fewer tumours and reduced tumour
growth compared to injection of untransfected cells[285]. Over expression of LPP3
also reduced intracellular SIP concentration in serum-starved HEK293T cells and
increased apoptosis[281]. By contrast, overexpression of LPP3 in bowel cancer cell
line SW480 increased cellular proliferation and knockdown of LPP3 in glioblastoma
cells reduced proliferation[286]. Overexpression of LPP3 in SW480 cells was
associated with increased B-catenin stability and CYCLIN-DI1 synthesis, thereby

increasing expression of genes associated with cellular proliferation[286].

5.1.3 Role of LPP3 in vascular function

LPP3 may have roles in vascular biology including endothelial development and
effects on plaque levels of bioactive signaling lipids. In a model of capillary formation
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using HUVECs, an anti-LPP3 antibody was able to block VEGF-induced capillary
morphogenesis[272], suggesting a role for LPP3 in angiogenesis. Knockdown of
LPP3 also reduced migration of endothelial cells and this was associated with
alterations in the B-catenin signaling pathway[169]. In mice with an endothelial cell
and haemopoietic selective LPP3 knockout there was increased endothelial
permeability and capillary leak when the knockout was activated in adult mice. [287].
The constitutive selective knockout of LPP3 was lethal in utero[287]. In a mouse
model of atherosclerosis PPAP2B expression was increased in diseased mouse aortic
endothelial cells, foam cells, and atherosclerotic plaque[288]. A mouse model of
neointimal hyperplasia showed increased PPAP2B expression in vascular smooth
muscle cells (VSMC) after vascular injury[165]. Mice with smooth muscle cell
selective PPAP2B knockout were viable and fertile but demonstrated exaggerated
neointimal hyperplasia[165]. There is a paucity of data available on the expression

pattern of PPAP2B in atherosclerosis in humans.

5.1.4 Role of LPP3 enzymatic activity in atherosclerosis

Increasing evidence implicates the substrates of LPP3 enzymatic activity as having a
role in atherosclerosis. LPA is an obligate intermediary of triglyceride and
glycerophospholipid synthesis and an extracellular ligand for 6 different LPA
receptors [289, 290]. There is an accumulation of LPA in plaques in both human
atherosclerotic disease and murine models of atherosclerosis[291-294]. LPA has pro-
atherogenic effects on most of the cells involved in atherosclerosis, promoting

vascular smooth muscle proliferation, endothelial cell adhesion molecule expression,
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and stimulating oxLDL uptake by macrophages[295]. In addition, LPA 1is a highly
thrombogenic mediator and its release upon atherosclerotic plaque rupture can
contribute to thrombotic occlusion of the artery[292]. Strategies that modulate LPA
levels in plaques could, among other beneficial effects, reduce thrombogenicity.
Inhibition of LPA signaling in a mouse model of an inducible, selective LPP3
knockout in endothelial and haemopoietic cells, mitigated the deleterious effects
produce by LPP3 deficiency[287]. LPP3 expression is reduced in animals and human
at sites of low shear stress where atherosclerotic plaques form. LPP3 was required for
endothelial layer integrity under athero-protective flow conditions by suppressing
LPA signaling through LPA receptor 1 (LPAR1) and LPAR2 receptors in a cellular
model [296]. Overall, LPP3 is likely to play a significant role in maintaining
endothelial integrity through mechanisms including limiting of LPA signaling and

possibly integrin binding.

S1P is a receptor active sphingolipid which signals via 5 G-protein linked cell surface
receptors resulting in diverse effects including immune cell trafficking and
angiogenesis[297]. Regulated expression of LPP3 reduces levels of S1P in lymphoid
tissue and is required for egression of lymphocytes, that follow the S1P concentration
gradient, into the circulation[298]. Recent studies have sought to characterize the
precise role of SIP in atherosclerosis using murine models in which SIP receptors
have been knocked out. Mice deficient for SIP2R or SIP3R and ApoE have reduced
numbers of macrophages and foam cells in plaques[299]. Bone marrow chimeras
indicate that this effect in SIP2R deficient mice is dependent on haemopoietic cells
and S1P2R deficiency reduced macrophage inflammatory response. Nevertheless, the

precise role of S1P in different aspects of atherosclerosis remains to be determined.
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5.1.5 PPAP2B expression and CAD risk genotype

Evidence for transcriptional regulatory activity of a SNP can be investigated by
comparing the levels of gene expression between individuals of differing genotypes.
An eQTL study of PPAP2B expression in human endothelial cells showed that the
risk allele of the CAD-associated SNP, rs17114036, was associated with reduced
expression of PPAP2B [288]. A further eQTL exists in human blood monocytes
whereby the minor allele of rs4634932 is associated with increased expression of
PPAP2B [300]. rs4634932 is in high linkage disequilibrium with the CAD SNP
rs17114036 (1* 0.82, 1000 genomes), whose minor allele is associated with protection
from CAD. eQTL studies of other human tissues have not found a significant
association between genotype at rs17114036 and PPAP2B expression[301]. To date
no studies have assessed individual risk SNPs at the PPAP2B gene locus for their
effects on transcription factor binding or transcriptional activity in, for example,
reporter gene assays. The mechanism governing the eQTL effect is unknown and a

shared effect in GWAS CAD studies for rs17114036 may be coincidental.

In the present study, I characterized the expression pattern and enzymatic activity of
PPAP2B in response to atherogenic lipid and the gene regulatory effects of CAD-
associated SNPs. I found that foam cells are the predominant source of PPAP2B in
plaque and that disease associated SNP rs72664324 regulated PPAP2B expression in

response to atherogenic lipid through altered C/EBP-beta transcription factor binding.
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5.2 Results

5.2.1 LPP3 expression in atherosclerosis and arteritis

I studied the in vivo expression pattern of LPP3 using immunohistochemistry staining
of LPP3 in human tissues (Figure 5-1). In healthy arteries LPP3 was expressed mainly
by endothelial cells and occasional lymphocytes and macrophages (Figure 5-1A). By
contrast, in atherosclerotic plaques there were large numbers of foam cells containing
abundant LPP3. In foam cells the LPP3 appeared to be distributed in a coarse granular
pattern suggestive of entrapment within cytoplasmic organelles (Figure 5-1B/C).
Atherosclerotic plaques are often associated with lymphoid aggregates in the
adventitial space. These lymphocytes almost uniformly expressed high levels of LPP3
(Figure 5-1D,E). This led us to examine lymphoid tissue in tonsils for LPP3
expression. LPP3 was expressed only by lymphocytes in germinal centers that are
predominantly naive B cells. The surrounding lymphocytes that comprise a mixture of
T and B cells were relatively devoid of LPP3 expression (Figure 5-1G). These
findings indicate that there is differential expression of LPP3 across lymphocyte
subsets. LPP3 expression was largely absent from the vascular smooth muscle
containing tunica media (Figure 5-1F). Giant cell arteritis is a condition in which there
is narrowing of the luminal space caused by circumferential infiltration of
macrophages, lymphocytes and multinucleated giant cells. Infiltrating macrophages

and giant cells expressed LPP3 whereas only some lymphocytes expressed
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LPP3(Figure 5-1H, I). Overall these data show for the first time that the predominant

source of LPP3 in atherosclerotic plaques is from foam cells.
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Figure 5-1 Immunohistochemistry for LPP3 in human vascular tissue and tonsil.

(A) LPP3 is expressed by arterial endothelial cells (arrowed) in a healthy vessel. (B,
C) LPP3 expressing foam cells are abundant in an atherosclerotic plaque (arrowed).
LPP3 is distributed in a granular pattern in the cytoplasm suggesting localization to a
cellular organelle (D, E) Lymphocytes in plaque associated adventitial aggregates
express LPP3. (F) Smooth muscle cell layer showing minimal LPP3 expression. (G)
B-lymphocytes in tonsillar germinal centers express. Lymphocytes outwith the

germinal center to do not express LPP3. (H, I) Transverse section of an artery affected
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by giant cell arteritis shows abundant LPP3 expressing macrophages, lymphocytes
and multinucleated giant cells (arrowed). Scale bars indicate 50um, sections

representative of 5 individuals. Photos courtesy of Dr E Soilleux.

5.2.2 OxLDL-induced upregulation of PPAP2B/LPP3 and enzymatic activity in

macrophages

Our whole genome expression analysis of oxLDL treated macrophages indicated that
PPAP2B was the 7™ most upregulated gene at the mRNA level (Table 3). I next
sought to confirm this finding at the protein level by performing western blotting for
LPP3 expression in macrophages and foam cells from 3 different individuals. Western
blotting demonstrated the presence of both the known glycosylated and non-
glycosylated forms of LPP3 (Figure 5-2). Across all three individuals LPP3
expression of both glycosylated and non-glycosylated protein was increased by
oxLDL-induced foam cell formation (Western blotting performed by A Morris,

University of Kentucky).

154



7 4

Y2
& &
Q Q Q

Op, o

yoo
$ &
S &

B actin D e S S S T

Glycosylated )

£ [u - -

nglycosylated —— s E—
Macrophage Foam cell

Figure 5-2 Western blotting demonstrates up-regulation of glycosylated and
non-glycosylated LPP3 protein in macrophage-derived foam cells.

Actin loading control shown above (Western blotting performed by A. Morris using
macrophage and foam cell extracts generated by M Reschen, data from 3 donors

shown).

We next compared the overall phosphatase activity of LPP3 in macrophages and foam
cells. We used a highly robust assay that has been established in the literature [162,
165]. First, immunoprecipitation for LPP3 is performed to exclude the activity of
other phosphatases with effects on LPA and S1P. Next, mass-spectrometry based
measurement of the hydrolysis of labelled LPA and S1P is performed [162, 165].
There was significantly increased enzymatic activity of LPP3 per amount of total

protein in foam cells compared to macrophages (Figure 5-3A, B).
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Figure 5-3. The enzymatic activity of LPP3 per amount of cellular protein is
significantly increased by oxLDL stimulation.

(A) LPP3 hydrolysis of LPA to MAG is increased (P=0.008, student’s T test, n=3,
error bars indicate standard error). (B) LPP3 mediated hydrolysis of SIP to
Sphingosine is significantly increased (P=0.01, student’s T test, n=3, error bars
indicate standard error, assay and figures produced by A Morris using

macrophages/foam cells provided by the author).

OxLDL stimulation may lead to changes in the cellular levels of LPP3 substrates and
products and the upregulation of LPP3 enzymatic activity is likely to be part of a
protective response. We found that LPA levels were increased in foam cells and there

was a trend towards increased levels of its LPP3-hydrolyzed product, MAG (Figure
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5-4). S1P levels were not increased by oxLDL but sphingosine levels were increased
(Figure 5-4). Overall, these data indicated that foam cell formation is associated with
abnormalities in the levels of some of the substrates and products of LPP3 enzymatic
activity and further studies employing knockdown or inhibition of LPP3 would be
useful to define its precise role in regulating their levels. It is interesting to note that
overall both substrates and products of LPP3 were increased in foam cells. This
suggests that the enzymatic activity and increased expression of LPP3 in foam cells is
not enough to neutralize the cellular loading effects of oxLDL on S1P and LPA. This
suggests that oxXLDL likely still overwhelms the ability of cells to normalize LPA and
S1P levels. Additional experiments using LPP3 knockout or knockdown would be
required to clarify the exact role of LPP3 in regulating the levels of these substrates in

foam cells.
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Figure 5-4 OxLDL alters the levels of LPP3 substrates and products in
macrophages.

Mass spectrometry based assays in lipid extracts from macrophages and oxLDL-
induced foam cells showed increased levels of LPA and sphingosine in foam cells
with a trend towards increased MG levels (n=3 biological replicates, Student’s t test P
values shown in the figure, error bars indicate standard deviation, assays and figures

produced by A Morris using macrophages and foam cells supplied by the author).

5.2.3 CAD-associated variant rs72664324 demonstrates allelic differences in

oxLDL-induced enhancer activity and PPAP2B expression

I sought to identify and characterize candidate causal CAD-associated variants at the
PPAP2B locus. As discussed earlier, a single CAD-associated variant, 1s72664324,
overlapped a dynamic chromatin and enhancer site, which in turn lies in an oxLDL-

induced ‘super-enhancer’ cluster (Figure 5-5). None of the other variants in high LD
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with the GWAS reported SNP rs17114036 overlapped an open chromatin site,
although several were within regions with enhancer histone marks. Our ChIP-seq data
indicated that rs72664324 also lies within a dynamic C/EBP-beta binding site that
shows increased C/EBP-beta binding in foam cells. I tested the rs72664324 SNP for
transcriptional regulatory potential. The ChIP-seq data was produced in individuals
homozygous for either the A or G allele of rs72664324—therefore it was not possible
to perform allele-specific analysis which would have required heterozygotes. To
compare the binding between genotypes I quantile normalized the signal across all
C/EBP-beta ChIP-seq samples for dynamic C/EBP-beta binding sites. At the
1572664324 site I observed greater C/EBP-beta signal in individuals homozygous for
the A allele compared to the G allele (3.7 fold) in macrophages and in foam cells (1.3
fold). Overall, oxLDL increased the C/EBP-beta signal by an average of 2.6-fold at
this site, consistent with the direction of the oxLDL-induced dynamic chromatin and
enhancer site. Due to the small number of replicates (2 for each genotype) and the
problems with comparing different individuals the allele specific results did not

achieve statistical significance.
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Figure 5-5 Chromatin profile at the PPAP2B locus where rs72664324 is in a
dynamic chromatin, enhancer and C/EBP beta site (red box).

The region is part of an oxLDL-induced super enhancer.

I compared the predicted affinity for binding of transcription factors to the A and G
alleles of rs7264324 using the Transcription Factor Affinity Prediction Webtool and
the Transfac transcription factor motif database[153]. The C/EBP transcription factor
motif showed the greatest difference in affinity with significant affinity only for the A
allele (Table 12). Additionally, motif analysis predicted binding for both alleles of

1$72664324 to several factors including as STATS5A, GR and NFY (Table 13).
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Table 12 Top 10 transcription factor motifs with the greatest difference in
affinity at the rs72664324 site between the risk G and protective A allele.

The sequences tested were identical to the EMSA probes (rs72664324-A
AGGAAATGAACCAATGTCTGTTCCT, 1s72664324-G

AGGAAATGAACCGATGTCTGTTCCT)

Rank Difference | A  allele | G allele | Matrix ID | Transcription
log(p) for | p value p value (Transfac) | factor
two
sequences
1 1.71 0.0137 0.693 M00190 CEBP
2 1.48 0.0263 0.794 MO00116 CEBPA
3 0.978 0.0452 0.429 M00621 CEBPDELTA
4 0.874 0.0102 0.0762 MO01147 DMRT2
5 0.828 0.104 0.698 MO01334 NKX11
6 0.822 0.0471 0.312 MO00309 ACAAT
7 0.821 0.0498 0.33 MO00775 NFY
8 0.816 0.0902 0.591 M00109 CEBPB
9 -0.814 0.936 0.144 MO00975 RFX
10 -0.802 0.199 0.0314 M00792 SMAD
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Table 13 Transcription factor motif affinities for rs72664324 analyzed separately
for each alleles.
(Matrices with P value < 0.05 shown).

Rank P Value Matrix ID Name
Alternative A allele

1 <0.000625 MO00493 STATSA
2 <0.000625 MO00921 GR

3 <0.000625 MO00500 STAT6
4 <0.000625 MO00496 STAT1

5 <0.000625 MO00498 STAT4

6 0.000625 M00494 STAT6

7 0.00853 MO00747 IRF1

8 0.00932 MO01250 E2F1

9 0.0102 MO01147 DMRT2
10 0.0113 MO00181 E2

11 0.0116 MO00928 E2

12 0.0123 MO00107 E2

13 0.0137 MO00190 CEBP
14 0.0245 MO01123 NANOG
15 0.0249 MO01252 E2F6

16 0.0263 MO00116 CEBPA
17 0.0282 MO01281 NFATI1
18 0.036 MO00185 NFY

19 0.0449 M00463 POU3F2
20 0.0452 MO00621 CEBPDELTA
21 0.0471 M00309 ACAAT
22 0.0473 MO00750 HMGIY
23 0.0498 MO00775 NFY

Reference G allele

1 <0.000938 MO00493 STATSA
2 <0.000938 MO00921 GR

3 <0.000938 MO00500 STAT6
4 <0.000938 MO00496 STAT1

5 <0.000938 MO00498 STAT4

6 0.000938 M00494 STAT6

7 0.00287 MO00181 E2

8 0.0053 M00928 $E2

9 0.00563 MO00107 E2

10 0.00852 MO00747 IRF1

11 0.00931 MO01250 E2F1

12 0.0203 MO01123 NANOG
13 0.0249 MO01252 E2F6

14 0.0282 MO01281 NFATI1
15 0.0314 M00792 SMAD
16 0.0443 MO00070 TALIBETAITF2
17 0.0475 MO00750 HMGIY
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Electrophoretic mobility shift assays (EMSAs) were used to compare nuclear protein
binding to DNA probes comprising a 25bp sequence centered on the rs72664324
SNP. There was strong protein binding to the A allele but almost total absence of
binding to the G allele using primary human macrophage nuclear extracts (Figure
5-6). I used 4 different cold probes containing the consensus binding sequences for
CEBP, NFY, STATS5A and GR to compete off protein binding and determine a likely
candidate transcription factor. Only the CEBP consensus probe competed off binding
to the A allele (Figure 5-6). Since our ChIP-seq data indicated that C/EBP-beta bound
to the site in vivo, I used super-shift assays with anti-C/EBP-beta antibody to confirm
that the protein bound to the A allele of rs72664324 was in fact C/EBP-beta (Figure
5-7). A further control experiment with an anti-CEBP-alpha antibody showed no
C/EBP-alpha binding to the site (Figure 5-8). Overall, the EMSA studies indicate that
C/EBP-beta present in macrophage nuclear extract is capable of binding to

rs72664324 in vitro.
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Figure 5-6 EMSA for rs72664324 alleles with cold probe competition assays.
Only the C/EBP consensus sequence competes off binding to the A allele. Cold
probes for NFY, STATSA and GR did not compete off binding. No protein binding to

the G allele was detectable.
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CEBP motif

rs72664324 G/A ‘e chA
Minor CACCAGACAGGAAATGAACCAATGTCTGTTCCTTCGT
Major CACCAGACAGGAAATGAACCGATGTCTGTTCCTTCGT

Mouse CATCAGACAGGAAACCAACCGATGTCCGCCCCTCTGT

Probes
CEBP
Allele A Allele G consensus
Lanes 123 45 67 8 91011 1213
Nuclear extract -+ + + -+ 4+ + -+ o+ o+ o+
Anti-C/EBP beta L W A S e S € R Al
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Figure 5-7 Effect of rs72664324 alleles on transcription factor binding.

Upper panel shows a ccomparison of the human rs72664324 alleles and the
corresponding mouse sequence with the CEBP motif aligned above. Lower panel
shows an EMSA demonstrating that only the A allele at rs72664324 binds nuclear
protein, which is shown to be C/EBP-beta by a super-shift in the presence of anti-
C/EBP-beta antibody. Also, only a cold probe with the A allele competes off binding

to a C/EBP consensus probe.
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Figure 5-8 EMSA showing C/EBP-alpha does not bind rs72664324.
The A allele binds C/EBP-beta as demonstrated by a super-shift with anti-C/EBP beta

antibody. The anti-C/EBP-alpha antibody produces no super-shift.
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I next tested the effects of rs72664324 on oxLDL-induced enhancer activity using
luciferase reporter assays in primary human macrophages and foam cells. I observed
increased enhancer activity with the A allele compared to the G allele in both
macrophages (1.73 fold, p = 0.0005) and foam cells (2.25 fold, p = 0.025) (

Figure 5-9). Furthermore, I observed a greater oxLDL-induced increase in enhancer
activity at the rs72664324 site with the A allele (1.43 fold, p=0.03) compared to the G
allele (1.098, p=0.78) (

Figure 5-9). Overexpression of C/EBP-beta increased transcriptional enhancer activity
of the A allele significantly more than that of the G allele (p = 0.012) (

Figure 5-9). These results suggest that, compared to the G allele, the A allele
preferentially increases enhancer activity upon oxLDL induction through increased

C/EBP-beta binding.

I obtained primary macrophages from healthy individuals with different rs72664324
genotypes. I observed significantly higher oxLDL-induced PPAP2B expression in
macrophages from individuals with at least one copy of the A allele compared to
those with only the G allele (p = 0.0013) (

Figure 5-9). The A allele of rs72664324 is in LD with the protective allele of the
reported index SNP at this locus, so higher PPAP2B expression is associated with

reduced CAD risk
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Figure 5-9 CAD risk SNP rs72664324 at the PPAP2B locus regulates enhancer
activity and oxLDL-induced expression of PPAP2B.

(left panel) Luciferase reporter assays in primary human macrophages and foam cells
with a reporter element containing rs72664324 with either allele (* p < 0.05, ** p <
0.005). (middle panel) Effect of C/EBP-beta overexpression on luciferase reporter
activity with either the A or G allele relative to empty vector (* p < 0.05). (right
panel) Induction of PPAP2B expression by oxLDL in primary human macrophages
from individuals with allele G or at least one copy of the A allele (long lines indicate
mean, short lines indicate median, Mann-Whitney U test, p = 0.0013, GG n = 10, GA

n=2, AAn=06).
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5.2.4 CAD SNPs at the PPAP2B locus and transcriptional regulation in

endothelial cells

An eQTL for PPAP2B expression exists in human aortic endothelial cells whereby the
risk allele of rs17114036 is associated with reduced expression of PPAP2B [301].
Two of the CAD associated SNPs at the PPAP2B risk locus are in endothelial cell
open chromatin sites [216]. These include the GWAS reported SNP rs17114036, and
rs56348932 which is in high linkage disequilibrium (r* 0.93). Transcription factor
affinity analysis suggests that rs17114036 may alter binding of the AP1 transcription
factor complex (Table 14) and that rs56348932 may alter binding of a range of
transcription factors (Table 15) [153]. ChIP-seq data indicate that c-FOS binds at the
rs17114036 SNP[216]. c-FOS is a transcription factor that only binds to DNA as a
hetero-dimer with c-Jun, forming the AP1 transcription factor complex. There is no

known ChIP-seq derived transcription factor binding at rs56348932.
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Table 14 Comparison of transcription factor binding affinities to the A and G
alleles of rs17114036.
MAFB and AP1 motifs show a greater affinity for the rs17114036 site containing the

G allele rather than the A allele.

Rank Difference | A allele p | G allele p | Matrix ID | Transcription
log (p) for | value value factor
two
sequences

1 -2 0.137 <0.00137 | M01227 MAFB

2 -1.78 0.24 0.00403 MO00173 AP1

3 -1.72 0.25 0.00479 MO00188 AP1

4 -1.3 0.17 0.00855 MO00174 AP1

5 -1.21 0.187 0.0116 MO00172 APIFJ

6 -1.11 0.541 0.0423 M00482 PITX2

7 0.963 0.0408 0.375 M01392 HOXA®6

8 0.914 0.0292 0.24 MO01425 HNF1B

9 0.894 0.0872 0.683 MOI1111 RBPJK

10 0.872 0.0782 0.583 MO01388 DLX5
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Table 15 Comparison of transcription factor binding affinities to the A and C
alleles of rs56348932.

Several different transcription factors are predicted to have greater affinity for either

allele.

Rank Difference | A allele P | C allele P | Matrix ID | Transcription
log(p) for | value value factor
two
sequences

1 1.49 0.0116 0.363 MO00671 TCF4

2 1.25 0.02 0.358 MO00328 PAXS

3 -1.25 0.146 0.00818 MO01305 TEF

4 -1.23 0.119 0.00698 MO01109 SZF11

5 1.17 0.0165 0.247 MO1661 HBP1

6 1.17 0.038 0.569 M00794 TTF1

7 0.892 0.0906 0.707 M00097 PAX6

8 -0.836 0.36 0.0525 M00704 TEF1

9 0.807 0.111 0.713 MO01286 SOX

10 0.795 0.113 0.705 MO01372 NKX22

Given this analysis, I used EMSA with HUVEC nuclear extract to test for differential
transcription factor binding at these two SNPs. EMSA demonstrated transcription
factor binding to both the A and G allele of rs17114036 (Figure 5-10). The binding

was stronger with allele G and the band migrated slightly further in the EMSA. I
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demonstrated a super-shift with anti-c-Fos antibody with the G allele probe and there
was no super-shift with the A allele. The transcription factor c-Fos binds to DNA only
as a heterodimer with c-Jun and together the dimer binds to the AP1 DNA activation
element [302]. A consensus cold probe for the AP1 DNA activation element was able
to compete off binding of the protein to the G allele but had no effect on the protein
bound to the A allele (Figure 5-11). Taken together, these findings indicate API is
capable of binding to the G allele of rs17114036 but not the A allele. The identity of

the protein binding to the A allele remains unknown.

A G
Lanes 1 2 3 456
Nuclear extract -+ 4+ -+ +
anti-c-Jun I S
Super shift—»

Figure 5-10 EMSA showing endothelial cell nuclear protein binding to the A and
G allele of rs17114036.

Anti-c-Jun antibody causes a supershift with the G allele (arrowed) but not the A
allele indicating that c-Jun can only bind to the G allele. The protein binding the the A
allele migrates a shorter distance in the EMSA indicating that it is a different

transcription factor to that binding the G allele.
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Figure 5-11 EMSA showing the effect of competition assays on endothelial
nuclear protein binding to the rs17114036 SNP alleles.

Two different AP1 consensus sequence cold probes are able to compete off most of
the protein binding to the G allele but have no effect on the protein binding to the G
allele. (AP1 cold probe CGCTTGATGACTCAGCCGGAA, mAPI1 cold probe
sequence CGCTTGATGACTTGGCCGGAA (mAP1 contains an arbitrarily mutated
AP1 consus sequence that still has a high bioinformatically derived affinity for AP1
according to TRAP (see methods) with little affinity for other transcription factors

(data not show) ).

With the rs56348932 SNP there was relatively symmetrical nuclear protein binding
with both the A and C alleles but an additional band near the top of the gel was
present with the A allele (Figure 5-12). Further studies using a selection of cold

probes and antibodies would be required to identify this factor.
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Figure 5-12 EMSA showing endothelial cell nuclear protein binding to the A and
C alleles of rs56348932.

Protein binding is evident with the A allele but no binding is seen with the C allele.
Symmetrical bands migrating further to the mid portions of the gel likely represent
non-specific protein binding. Nuclear extract was extracted from HUVECS treated

with and without TNF-alpha (10ng/ml).

EMSA studies indicated that both of the CAD risk SNPs in open chromatin sites in
HUVECs showed allele specific difference in transcription factor binding. I therefore
undertook luciferase assays in HUVECS using plasmids encoding the open chromatin
sites and varying only by the SNP alleles (Figure 5-13). As a control I also tested the

1s72664324 SNP which shows transcriptional regulatory activities in macrophages.
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Although the plasmids effectively constitute open chromatin, the greatest activity
overall was seen with the two sites that are native open chromatin sites in endothelial
cells and contain rs17114036 or rs56348932. In both cases there was a significant
increase in luciferase activity with the allele that showed greater nuclear protein
binding in the EMSA. In the case of rs17114036 there was 6.5 greater activity with
the A allele that binds AP1 selectively compared to the G allele (P=0.034). At the
1s56348932 contain site there was 2.8 fold increased activity with the A allele
compared to the C allele (P=0.02). For the control site containing rs72664324 there
was no significant difference between each allele. These findings indicate that
rs17114036 and rs56348932 could account in part for the rs17114936 eQTL by

altering transcription factor binding and enhancer activity.
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Figure 5-13 CAD SNPs at the PPAP2B locus affect transcriptional regulation in
endothelial cells.
Luciferase reporter assay showing transcriptional activity of putative regulatory DNA

sites containing containing 3 CAD associated SNPs. Rs17114036 and rs56348932 are
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in open chromatin sites in endothelial cells. For comparison the assay was also
performed with the rs72664324 SNP which shows regulatory activity in macrophages.
Transcriptional activity was highest with the G allele of rs17114036 with 6.5 fold
increase in activity over the A allele. The A allele of rs56348932 showed 2.8 fold
more activity than with the C allele (error bars indicate standard error, 3 biological

replicates, * P <0.05, Student’s t test).
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5.3 Discussion

The PPAP2B CAD risk locus was of particular interest because oxLDL induced more
open chromatin, greater enhancer activity and up-regulated PPAP2B expression in
macrophages. Our finding that PPAP2B and its protein product, LPP3 were up-
regulated by oxLDL complements a growing body of evidence implicating
dysregulation of its substrates, LPA and S1P in atherosclerosis. LPP3 hydrolyzes LPA
and S1P to their non-receptor active forms [162, 271]. LPP3 is known to have a role
in vascular development and endothelial integrity, but its role in macrophages and
foam cells remains unknown [296, 303]. I found that PPAP2B was one of the most
up-regulated genes in foam cells, was abundant in human plaque foam cells and its
specific enzymatic activity towards LPA and S1P in macrophages was increased by
oxLDL. Our immunohistochemical studies of human atherosclerotic plaque indicated
that the predominant source of LPP3 was in foam cells. In keeping with an
accumulation of LPA in atherosclerotic plaque, we found that foam cells contained
significantly more LPA than macrophages. Taken together our findings suggest that
by degrading LPA, LPP3 could have a role as a negative regulator of pro-
inflammatory LPA signaling during the macrophage response to oxLDL and in foam
cells.

The PPAP2B locus is well validated as a CAD risk locus and our data demonstrate
that the risk allele reduced the induction of PPAP2B by oxLDL in macrophages [123,
155, 270]. This suggests a plausible model whereby the risk allele lowers transcription

of PPAP2B in response to oxLDL exposure in macrophages. This in turn would lower
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levels of LPP3 in foam cells, resulting in higher levels of LPA in plaque and
consequently increased pro-inflammatory signaling, vascular smooth muscle
proliferation, retention of foam cells in lesions and thrombogenicity. Our data
demonstrate that an effect on PPAP2B transcription may in part be mediated through
1572664324, a SNP that is in high linkage disequilibrium with the reported GWAS
SNP (rs17114036). The risk allele at rs72664324 reduces C/EBP-beta binding at this
site and so reduces the enhancer activity of the site. The overall mechanism I propose
is in keeping with that shown for two other CAD loci where rs12740374 aftected
SORT1 transcription and SNPs at the 9p21 locus altered STAT1 binding and
interferon gamma signaling [131, 132].

Further evidence suggests that rs72664324 is a causal SNP. None of the other 20
SNPs in high linkage disequilibrium were in the coding sequence or the 3’UTR,
where altered miRNA binding is an additional mechanism by which CAD SNPs
might act [135]. The chromatin structure at the reported SNP, rs17114036, remained
closed before and after oxLDL exposure in macrophages. Moreover, no other SNP in
high linkage disequilibrium at the locus was within an open chromatin site before or
after oxXLDL treatment. Interestingly, I found that the DNA sequence at the dynamic
chromatin site containing rs72664324 has been highly conserved across vertebrate
species. Active enhancers have been associated with the production of small RNA
transcripts, enhancer RNA. Using CAGE-seq to measure enhancer transcripts across
the genome in hundreds of primary cells and tissues, the only enhancer RNA that
overlapped any of the 21 SNPs in high linkage disequilibrium with the reported risk
SNP was that from the rs72664324 site [304]. This enhancer was only detected in
monocytes, the precursors of macrophages [304]. Finally, I show that the presence of

the protective A allele at the rs72664324 site enhances the upregulation of PPAP2B
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expression that is triggered by oxLDL in primary macrophages. Nevertheless, I
cannot exclude that other linked SNPs may be important, especially since our primary
open chromatin data and enhancer mapping was performed in individuals
homozygous for the major allele of the CAD reported SNP.

Our data indicate that a CAD risk variant operates to alter the response of
macrophages to oxLDL exposure by altering binding of C/EBP beta to an enhancer
site regulating PPAP2B expression. This will influence inflammatory and other
aspects of the atherosclerotic disease process. Targeting the activity of PPAP2B-
encoded LPP3 in macrophages and foam cells is a plausible therapeutic strategy.
Future studies could directly address the role of PPAP2B in the response to oxLDL
using murine models in which PPAP2B is selectively knocked out from myeloid cells.
Overall, our study establishes a link between CAD genetic susceptibility, the
macrophage response to atherogenic lipid and receptor active lipid signaling. This
study demonstrates the utility of chromatin and enhancer mapping in primary human
cells before and after a pathogenic environmental stimulus and this approach may

have applications in the study of other diseases.

In human endothelial cells an eQTL for PPAP2B expression coincides with the
GWAS risk variant rs17114036[288]. To investigate a plausible mechanism by which
variants might affect expression of PPAP2B in endothelial cells I used a similar
approach to that in macrophages whereby 1 focused on variants that were in
regulatory DNA as defined by the presence of open chromatin. I found that the G
allele increased transcriptional activity by increasing the binding of AP1 and the G
allele shows increased expression in the eQTL study[288]. The second risk SNP

1s56348932 in open chromatin in high linkage with rs17114036 showed increased
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transcriptional activity with the A allele. The A allele also showed additional
transcription factor binding in the EMSA assay. However, given the high linkage
disequilibrium between rs17114036 and rs56348932 the increased transcriptional
activity with the A allele of rs56348932 is unexpected since the A allele is associated
with reduced transcription of PPAP2B. Overall these findings suggest that the altered
binding of AP1 to rs17114036 is responsible for the eQTL in endothelial cells. In
endothelial cells AP1 binding activity is increased by shear stress [305]. Shear stress
occurs at sites of turbulent arterial flow and contributes to the early development of
atherosclerotic plaques. Given that PPAP2B is essential for vascular development it is
possible that individuals with the protective allele at rs17114036 express higher levels

of PPAP2B and in through AP1 in response to shear stress.
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6 Regulation by genetic and atherogenic stimuli of
coronary artery risk gene, phosphatase and actin

regulating protein 1 (PHACTR1)

6.1 Introduction

GWAS have identified SNPs at the 6p24.1 locus that are strongly associated with the
risk of CAD. This locus is one of the most robust and replicated CAD risk loci having
been identified in multiple GWAS (see next section). The risk SNPs identified by
these studies lie within an intron of the Phosphatase and actin regulating protein 1
(PHACTR1) gene and the next nearest gene is TBC1D7 which lies about 440kb away.
Although PHACTRI1 itself has not been studied in relation to atherosclerosis itself,
the proximity to the GWAS risk SNPs identifies it as the likely candidate gene
through which the genetic effect is exerted. Through a series of experiments
beginning with studying expression in human atherosclerosis I found compelling

evidence linking PHACTRI to atherosclerosis and the genetic risk signal.

6.1.1 Genome-wide association studies and the PHACTRI1 genetic risk locus

GWAS studies have shown that the PHACTRI1 risk locus is associated with a variety
of CAD phenotypes including coronary artery calcification[159], early myocardial
infarction[124], and a composite CAD endpoint comprising myocardial infarction,

coronary revascularization, ACS or angina[155, 270]. In addition to these studies in
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Europeans, three studies have shown that one of the same risk SNPs (rs9349379) also

mediates CAD risk in Lebanese, Han Chinese and South East Asians[270, 306, 307].

A genetic fine mapping studied demonstrated that the most likely causal variant at the
locus is 1s9349379[308]. The G allele was associated with an increased risk of CAD.
The precise mechanism by which this common genetic variant influences the risk of

CAD is largely unknown.

6.1.2 Mechanism of genetic risk for CAD at the PHACTRI locus

Based on predictions of transcription factor binding motif disruption by either of the
alleles of rs9349379, the DNA sequence at the SNP has been tested for Myocyte
enhancer factor 2 (MEF2) transcription factor binding in an in vitro assay[308]. An
electrophoretic mobility shift assay using nuclear extract from endothelial cells
demonstrated binding of MEF2 only to a probe sequence containing the A allele and
not to a probe containing the G allele[308]. This suggests that the risk allele of
1s9349379 could affect transcriptional regulation by altering binding of one of the
family of MEF2 transcription factors. The MEF2 family comprises 4 transcription
factors that influence the development and differentiation of a wide range of cell
types[309]. However, there is no experimental evidence that a MEF2 factor binds in
vivo at the location of the SNP and no evidence that the region possesses
transcriptional regulatory activity such as enhancer activity, which is typically studied

using reporter gene assay systems.
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6.1.3 CAD risk SNP association with PHACTR]1 expression

Several studies have identified an association between expression of PHACTRI1
mRNA and genotype at CAD risk SNPs. The identification of such an expression
quantitative trait locus (eQTL) for a GWAS identified risk SNP supports the premise
that the mechanism of genetic risk at a given locus may operate by altering expression
of a particular gene. An eQTL for PHACTRI1 has been demonstrated in composite
right coronary artery tissue whereby the risk allele, G, of rs9349379 is associated with
reduced expression of PHACTR1[308]. An eQTL study of GWAS CAD associated
genes using PBMCs failed to detect significant overall expression of PHACTR1 and
was therefore unable to measure an eQTL effect. An eQTL study in endothelial cells
did not find a significant association with variants at the rs12526453 SNP, which is in
LD with 159349379 (R* with rs9349379 = 0.32). Thus the presently available eQTL
studies do not offer a clear mechanism that would account for the increased risk of

atherosclerosis with the risk genotype of the GWAS CAD SNP.

6.1.4 PHACTRI gene and protein

The PHACTR family comprises 4 genes that encode proteins which interact directly
with both actin and protein phosphatase 1 (PP1) [205]. PHACTRI1 was first identified
and cloned from a rat brain cDNA library using a yeast two-hybrid system with PP1
as bait[205]. In humans the PHACTRI1 gene is on chromosome 6 and a transcript with
a 1743 open reading frame has been cloned from human brain[310]. This transcript
encodes a 580 amino acid protein that possesses 4 highly conserved RPEL
domains[205]. The RPEL domain consists of repeats of the amino acid sequence

RPxxxEL and has been shown to bind to unpolymerized G Actin [311].
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6.1.5 PHACTRI actin binding

Both mouse and rat orthologues of PHACTRI1 have been shown to bind actin in a
RPEL dependent manner[205, 312]. PHACTRI also has two nuclear localization
signal (NLS) motifs at both ends of the protein[312]. Nuclear localization signals on
cargo proteins bind to importins. Importins are adapter proteins that facilitate
transport of cargo proteins between the cytoplasmic and nuclear compartments,
through the nuclear pore complex [313]. In the mouse ortholog, PHACTR1’s NLS
motifs have been shown to facilitate importin-dependent translocation into the nuclear
in response to serum stimulation. Although both NLS sites facilitate nuclear
importation, the N-terminal motif was shown to be more important than the C-
terminal motif in terms of facilitating importation[312]. Serum stimulation induced
translocation by causing Rho-dependent remodeling of actin from unpolymerized G
actin to filamentous F actin. Since the RPEL domains in PHACTRI only bind G-
actin, serum stimulation effectively releases PHACTR1 from being held in the

cytoplasm, allowing nuclear importation to proceed[312, 314].

6.1.6 PHACTRI and Protein Phosphatase 1 Binding

Protein Phosphatase 1 (PP1) is a ubiquitously expressed serine/threonine phosphatase
that is present in both the nucleus and cytoplasm [315]. PP1 enzymatic activity is
crucial in regulating signaling cascades by reversing phosphorylation at serine and
threonine residues in substrate proteins. The enzymatic specificity of PP1 is achieved

through the binding of unrelated accessory proteins, known as phosphatase binding

proteins (PIPs)[316]. Almost 200 PIPs have been identified that bind via PP1-docking
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motifs to multiple PP1 surface grooves [316]. Disordered PP1 activity is implicated in
a number of diseases that involve the introduction of exogenous PIPs, such as
Hepatitis B virus protein Hbx, or affect expression or functional endogenous PIPs
[317,318].

Screening of a rat brain cDNA library using a yeast two-hybrid system with catalytic
subunit of PPla as bait identified PHACTRI1 as a PIP[205]. Immunoprecipitation
using ectopically expressed PHACTR1 confirmed endogenous PP1 binding[205].
Additional in vitro PP1 enzymatic activity assays demonstrated that recombinant
PHACTRI inhibited PP1 activity[205]. Rat PHACTRI1 was expressed with a series of
deletions and removal of the last 10 amino acids was found to abolish PP1 binding

suggesting that the C-terminal end was where binding occurs [205].

6.1.7 Expression pattern and subcellular localization of PHACTR1

Northern blotting with a rat tissue cDNA library demonstrated expression of a 5kb
transcript in brain, lung, heart, kidney and testis [205]. Using ENSEMBL predicted
mouse transcripts for RPEL containing genes, three transcripts pertaining to
PHACTRI1 were cloned from mouse kidney tissue. The shortest transcript, about
500bp, termed RPEL-CS was expressed in kidney and to a lesser extent in mouse
heart lung and brain[319]. The longer transcript of about 2kb was present only in
kidney tissue and alternative splicing produced two transcripts differing by 200bp due
to variable inclusion of exon 5(termed RPEL-CL1 and RPEL-CL2) [319]. PHACTRI
mRNA was expressed in several breast cancer cell lines including MDA-MB-231,
SCP2, SUMI159PT and SUM149PT but was not expressed in MCF7 cells[320]. TGF-

B upregulated PHACTR1 expression in MDA-MB231, SCP2 and SUM159PT cells.

185



PHACTRI mRNA was not detected at a significant level using a Tagman RTqPCR
assay in human PBMCs[321]. HUVECs express PHACTRI at the mRNA level and
expression is upregulated 6 fold by VEGF-A¢s [322]. In human tissues PHACTR1
mRNA was detected using RTqPCR in heart, aorta, primary endothelial cells and
right coronary artery tissue[308].

Western blotting for PHACTRI1 in rat tissues demonstrated expression only in
brain[205]. PHACTRI1 is expressed in several breast cancer cell lines including
MDA-MB231, SCP2 and SUMIS9PT and is upregulated by TGF-B in these
cells[320]. Western blotting showed PHACTR1 was expressed in HUVECs with a
molecular weight of about 55kDa[322].

Using immunohistochemistry with rat brain, PHACTR1 was shown to be expressed in
the striatum and olfactory tubercle, with lesser expression in the cortex and
septum[205]. Staining was confined to the cytoplasm and fluorescent microscopy of
N-GFP tagged ectopically expressed PHACTRI in hippocampal neurons also showed
absence of PHACTRI1 from the nucleus[205]. N-terminal EGFP tagged mouse
PHACTRI transcripts cloned from mouse kidney were expressed ectopically in the
mouse myoblast cell line, C2C12[319]. The long forms of mouse PHACTR1 (RPEL-
CL1, RPEL-CL2) were expressed throughout the cells whereas in 50% of cells the
short form (RPEL-CS) was excluded from the nucleus[319]. In mouse NIH3T3
fibroblasts flag tagged PHACTR1 was predominantly cytoplasmic in serum starved
cells and predominantly nuclear in serum stimulated cells[312]. Similar findings were

elicited for endogenous PHACTR1 in CHL-1 human melanoma cells [312].
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6.1.8 Function of PHACTRI1

The precise role of PHACTRI1 remains unknown but likely involves it capacity to
bind actin and PP1. PHACTR1 may affect actin structure itself since siRNA-mediated
PHACTRI knockdown in HUVECs reduced F-actin filament numbers and
repartitioning as well as increasing cell protrusion dynamics[322]. Other studies using
a combination of overexpression and siRNA-mediated knockdown of PHACTRI1
have suggested roles in cell motility, vascular morphogenesis and tumor invasion[312,

319, 322]. The role of PHACTRI1 in atherosclerosis itself is unknown.

I hypothesized that PHACTR1 would be expressed in atherosclerosis related cells and

tissues and regulated by atherogenic stimuli. I tested whether expression of

PHACTRI1 was associated with genotype at the CAD SNP rs9349379.
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6.2 Results

6.2.1 PHACTRI expression is increased in human atherosclerotic lesions

To understand the role of PHACTRI1 in CAD we used immunohistochemistry to
evaluate human PHACTRI1 protein expression in vivo in atherosclerotic lesions in
arteries from patients with atherosclerosis (n=5) and in normal arteries from healthy
controls (n=5). In normal arteries PHACTR1 was expressed in endothelial cells and in
scantily present immune cells, but was absent from vascular smooth muscle cells
(Figure 6-1A). Atherosclerotic plaque lesions contained an abundance of infiltrating
macrophages and foam cells. These cells strongly expressed PHACTRI1 unlike
VSMCs where no expression was seen. (Figure 6-1B, C). In the peri-plaque
adventitial areas of atherosclerotic vessels we detected lymphocyte aggregates, which
expressed high levels of PHACTRI (Figure 6-1D). We therefore assessed secondary
lymphoid tissue itself and found that PHACTR1 was strongly expressed, but
predominantly in the cytoplasm, rather than the nucleus (Figure 6-1E). In the other
cell types mentioned above, PHACTRI staining was seen in both cytoplasmic and
nuclear locations. Given the inflammatory nature of atherosclerosis, we also studied
arteries from patients with the autoimmune vascular inflammatory disorder of giant
cell inflammatory arteritis (n=5). In arteries affected by giant cell arteritis there was
extensive infiltration by PHACTR1 expressing macrophages, lymphocytes and giant
cell cells in the sub-intimal space (Figure 6-1F). These cells all strongly expressed
PHACTRI in the nucleus and cytoplasm. Overall, these data highlight the marked

expression of PHACTRI in immune cells in atherosclerotic vessels.
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Figure 6-1. PHACTRI1 expressing cells are increased in atherosclerotic vessels
and in inflammatory arteritis.

(A) Healthy aorta demonstrates PHACTRI1-positive endothelium (arrowed) and
occasional positive sub-intimal macrophages. (B) Atherosclerotic plaque showing
endothelial positivity and positivity in the sub-intimal space, comprising

predominantly foam cells (C). Higher power view of foam cells in atherosclerotic
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plaque showing cytoplasmic and nuclear staining for PHACTR1. (D) Lymphocytic
aggregate in aortic adventitia of atherosclerotic vessel showing strong positivity for
PHACTRI in the cytoplasm and nuclei. (E) Germinal follicle in tonsillar secondary
lymphoid tissue showing cytoplasmic staining, but absence of staining in the nuclei of
most cells. (F) Temporal artery biopsy in giant cell arteritis showing dense infiltrate of
positively staining macrophages and giant cells. (Staining for human PHACTRI,
using HRP/DAB, section representative of data from 5 individuals per condition,
scale bars indicate 50um. IHC was performed by Dr E. Soilleux, Consultant
Histopathologist at the John Radcliffe Hospital, Oxford University NHS Hospitals

Trust)

6.2.2 PHACTRI is expressed as several transcripts from two separate
promoters in vascular and immune cells.

Given that PHACTRI1 was abundantly expressed in atherosclerotic vessels in vivo I
next sought to establish the expression of individual PHACTRI transcripts in the
major cell types comprising atherosclerotic plaques. Initial analysis of the
automatically generated ENSEMBL transcript database suggested he presence of
multiple PHACTRI1 transcripts [323].

To facilitate our experimental studies, I further analyzed a range of genomic data to
gain insights into the structure of the most likely underlying expressed transcripts. I
compared this analysis to the structure of the experimentally derived RefSeq
(NM_030948.2) transcript for PHACTRI1 that was cloned from human neuronal tissue

(I hereon refer to this transcript as the ‘long’ transcript).
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Our analysis of expressed human sequence tag data, chromatin state mapping based
on ChIP-seq data and cap analysis of gene expression with high throughput
sequencing (CAGE-seq) suggested the presence of a transcriptional start site (TSS)
around 240 kb downstream from that of the Refseq transcript (NM_030948.2)(Figure
6-2). Additionally there appeared to be a further TSS close to the 3’ end of this
transcript[216, 324].

I next mapped the TSS of PHACTRI transcripts in primary human macrophages,
aortic endothelial cells (HAEC), monocytes and peripheral blood mononuclear cells
(PBMC) depleted of CD14" monocytes using Rapid Amplification of cDNA Ends
(RACE) (Figure 6-2A, Figure 6-3). This demonstrated that the known TSS of the
human RefSeq transcript (NM_030948.2) was not used, but instead the RACE clones
confirmed a TSS 240 kb downstream (Figure 6-2A). I then designed primers to
amplify transcripts between the RACE TSS and the known 3’ end of the RefSeq
transcript. A 1674 bp open reading frame was cloned from primary human
macrophages and arterial endothelial cells. This transcript encodes a 557 amino acid
PHACTRI1 isoform that matches the predicted NCBI Reference Sequence:
XP_011512694.1 (Figure 6-2A, B, D). On the basis of its nucleotide length, I hereon
refer to this transcript as the ‘intermediate transcript’ (see appendix 9.4 for an
alignment of the complete long and intermediate transcript coding sequences). The
open reading frame of the intermediate transcript begins partway through exon 3 of
NM 030948.2 and contains all subsequent downstream exons. Additionally, the
intermediate transcript includes an extra exon (exon 6) that is not present in
NM _030948.2 (Figure 6-2B/C). In addition to the intermediate transcript, several
smaller transcripts were cloned that variously skipped exons 5-9, but invariably

retained the first 2 exons and the final 5 exons. In CD14 -depleted PBMCs, the
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transcriptional start site was around 600 bp upstream of that seen in both primary
arterial endothelial cells and CD14" cells, but this did not alter the open reading frame
(Figure 6-3).

The combined genomic analysis supported the presence of a distal TSS that matched
the beginning of ENSEMBL transcript ENST00000379335 (Figure 6-2A/B).
Additional analysis of chromatin mapping data from our published study of primary
human macrophages demonstrated an open chromatin site at the TSS that was flanked
by H3K27ac marked histones consistent with promoter activity (Figure 6-4)[246].
Using this information, I cloned a 435 bp transcript from macrophages that encoded a
144 amino acid protein. This ‘short’ transcript shares its last four 4 exons with the
longer transcripts, but begins with an extended version of exon 10 that starts 5’ to the
exon 10 start position seen in the longer transcripts (Figure 6-2B/C).

Overall, in atherosclerosis-related cells PHACTRI1 transcripts are expressed from two
distinct promoter regions transcribing two transcripts that share the final 4 exons.
These data have particular implications for expression based studies of PHACTRI1
since primers, microarray probes or antibodies would need to be designed to take into
account the unique or overlapping coding sequences. The antibodies used in this study
for detection of PHACTRI1 protein by immunohistochemistry and western blotting

were raised against a peptide mapping to all of the transcripts (Figure 6-6).
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Figure 6-2 The human PHACTRI1 gene expresses multiple transcripts from
alternative transcription start sites.

(A) The transcript structure for PHACTRI is shown for RefSeq curated transcripts
showing 5 different transcripts in blue. Shown below is human expressed sequence
tag data, which is suggestive of a transcription start site halfway along the gene and a
further possible site at the 3° end of the gene. These data were compared to chromatin
state data that uses multiple ChIP-seq markers to classify the genome into different
types of regulatory element or transcription state. Chromatin state maps are shown for

9 cell types with the chromatin state colored (red - promoter, orange - enhancer,
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yellow - weak enhancer, blue - insulator, green - transcribed, dark grey - not
transcribed). Red regions depicting active promoter elements are seen half way along
the gene coinciding with a TSS suggested by EST data. In one cell type a promoter is
also seen at the 3’ end. These sites coincide with precise TSS identified by CAGE-seq
in a variety of human cell types. Taken together these data suggest three main TSS in
three main promoter regions. The position of coronary artery disease risk variant,
1s9349379, is indicated by the red triangle (B) The transcript structure for the RefSeq
transcript is shown uppermost and is aligned to the intermediate transcript that was
cloned from macrophages and endothelial cells. The short transcript cloned from
macrophages is also shown below. Vertical lines indicate exons. (C) Coding structure
of PHACTRI transcripts with exons drawn to scale and motifs annotated [325]. Motif
locations were predicted using the Eukaryotic Linear Motif resource. The region of
experimentally proven PP1 binding is shown in green. (D) Sequence alignment of the

coding sequence of the long and intermediate PHACTRI transcripts.
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CLUSTAL 2.1 multiple sequence alignment

macrophage
aortic_endothelial

PBMC_depleted_of_CD14

macrophage
aortic_endothelial

PBMC_depleted_of_CD14

macrophage
aortic_endothelial

PBMC_depleted_of_CD14

macrophage
aortic_endothelial

PBMC_depleted_of_CD14

TTTTTTTTTTTTTTTTCTAGATTGGGGACGGCCGAGGCAGGTCGGGGGTC

TGGTTTGGATCCCCGGGTTACTTTCTGTTTCATTTTGAAATGTTCCCTGT

kkk Kk kkk shkkkk g

—-—-—-GGAAACAG--—-——-— ACCCAG-=—=—=——— AGAGGCGG--ATGCATGTG

--—-GGAAACAG--—-——— ACCCAG-——=—=——— AGAGGCGG--ATGCATGTG

TTCTGCAACCGGTTGCCTCCAATGTCAAGTAAAACGCAGGACTCCTTGGA

Kk kkk * skk Kk kok Kk K Kk Kkgkk
GGAGCAAAGAG—-——--— CTTTGGGCAG———-— CCTTTAAGCTGAGGAAGTG
GGAGCAAAGAG———--— CTTTGGGCAG——-—-— CCTTTAAGCTGAGGAAGTG

GACGCCAGCTGGGCTTCTAAGGACTGGGGCTCTGTGAAGCTGAGGAAGTG

kL kR K g% kkgakk Kkyk Kk k RkEKKKRKRK KK KKK

50

49

18

100

80

49

150

120

89

200

Figure 6-3 Aligned RACE clone sequences for PHACTRI1 transcription start site.
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Figure 6-4 Genomic annotations supportive of transcriptional activity at the start
site of the ENSEMBL predicted short PHACTRI1 coding transcript.

Peaks in the FAIRE-seq signal show open chromatin overlying the putative start site
and the zone has H3K27ac marks, that are consistent with promoter or enhancer
activity. A condensed view of different ENCODE ChIP-seq derived transcription
factor binding sites shows many binding events in this region, including POL2

binding.

6.2.3 PHACTRI transcripts display tissue-specific differential expression

I studied the mRNA expression in pattern primary human atherosclerosis-related cell
types in detail by leveraging our transcript structure data to design RT-PCR primers
specific for each of the three transcripts described (Table 16). The long transcript was
not expressed in any of the primary cell types tested (Figure 6-5A). The intermediate

transcript was expressed in monocytes, macrophages, arterial endothelial cells and
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vascular smooth muscle cells, but was barely detected in B cells and was absent from
T cells (Figure 6-5A). The short transcript was expressed in primary human
monocytes, macrophages, B cells, PBMC-depleted-of-CD14" cells, and to a lesser

extent in T cells, but not in endothelial cells or vascular smooth muscle cells.

I subsequently screened a panel of adult and fetal tissues and the long transcript was
only present in adult brain tissue (Figure 6-5B). The intermediate transcript was
expressed in colon, pancreas and fetal heart (Figure 6-5B). The short transcript was
expressed in adult spleen, PBMCs, colon, fetal spleen and at a low level in the thymus

(Figure 6-5B).

Finally, I tested for PHACTRI1 expression in a panel of 33 human cell lines that
included myeloid, T and B cell lineages (Figure 6-5C). The long transcript was only
present in the hypotriploid T47D breast cancer cell line. The intermediate transcript
was expressed in T47D, HCA7 (colonic adenocarcinoma), SuSa (testicular tumor),
U20S (osteosarcoma), 293T (human embryonic kidney), NK92C (natural killer cells),
Mo7e (megakaryoblastic), MDA435 (melanoma), U937 (histiocytic lymphoma) and
HT1080 (fibrosarcoma). The short transcript was expressed in myeloid (THP1, U937,
HL60, K562) and B cell tumor lines (Nalm6, Ramos, Raji, and weakly in Daudi) but
was absent from T cell (Jurkat, Molt4) or NK cell lines (NK92C). Lower level
expression of the short transcript was also seen in Susa cells and 786-0 clear cell renal
cancer cells. Overall, these findings indicate that expression of the short transcript is
restricted in primary and cell lines to myeloid and B-cells. The intermediate transcript

was expressed in immune cells, endothelial cells and a variety of cancer cell lines. By

197



comparison, the long transcript had the most restricted pattern of expression that was

limited to brain tissue and T47D cells.

Table 16 Summary of mRNA expression pattern of PHACTRI1 transcripts.

Cell type Long Intermediate Short
CD14" monocytes | No Barely detectable Yes
Macrophages No Yes Yes
Arterial endothelial | No Yes No
cells

Vascular ~ smooth | No Yes No
muscle cells

PBMC depleted of | No Yes Yes
CD14" cells

B cells (CD19") No Barely detectable Yes
T cells (CD3") No No Barely detectable
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Figure 6-5 PHACTRI transcript expression patterns in primary cells, tissues and
cell lines.

(A) Expression in purified primary human cells showed that the long transcript was
not expressed among the cells tested. By contrast, the intermediate transcript showed
robust expression in human monocytes, macrophages, arterial endothelial cells
(HAEC) and vascular smooth muscle cells (VSMC), but was not expressed by T cells
and was barely detectable in B cells and PBMC-depleted of monocytes. (B) Analysis
of a human tissue cDNA panel showed the long transcript exclusively expressed in
adult brain. The intermediate transcript showed strong expression in the pancreas, but
was also detectable in fetal heart. By contrast the short transcript was present in
PBMC and spleen, including fetal spleen. (C) A panel of 33 cell lines was tested for
PHACTRI expression. Only one cell line, T47D, an epithelial breast cancer line
expressed the long transcript. The intermediate and short transcripts were expressed
more widely, but only concurrently in U937 and Susa cells. These findings
demonstrate that the 3 transcripts differ markedly in their expression patterns,
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indicating that tissue-specific regulatory influences can affect each transcript
differently. Notably the short transcript was restricted to expression in immune cells,

excluding T cells.

6.2.4 PHACTRI protein is expressed in primary human macrophages and

endothelial cells

To assess PHACTRI1 protein expression in primary human cell types involved in
atherosclerotic lesions, western blotting was undertaken using an antibody raised

against a region of the protein shared by all PHACTRI1 isoforms (Figure 6-6).

Scale 200 kbt 1 h1g19
chr:l 12,750,000 | 12,800,000 1 12,850,000 1 12,900,000 | 12,950,000 13,000,000 13,050,000 13,100,000 13,150,0001 13,200,000 13,250,000 13,300,000 I

Antibody H+
Long

Intermediate

Short b+
Figure 6-6 Region of PHACTRI1 gene used to raise raise commercial rabbit

polyclonal Anti-PHACTRI1 antibody.

I also assayed ectopically expressed N-terminal myc tagged PHACTRI clones to help
confirm which endogenous transcripts were expressed at the protein level by
comparing their electrophoretic migration (Figure 6-7). The isoform encoded by the
long transcript, migrated with an apparent molecular weight of about 75 kDa
(predicted 66 kDa, pl 6.51) similar to that of the rat brain isoform (Figure 6-7A)[205].

The intermediate isoform is 23 amino acids shorter, but migrated with an apparently
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higher molecular weight, equivalent to about 80kDa (predicted 64 kDa, pl 6.81)
(Figure 6-7A). The intermediate transcript codes for exon 6 which is missing from the
long transcript. It is possible the apparent MW is higher for the intermediate transcript
protein because of structural rigidity conferred by the proline rich exon 6 (14 of 69
residues in exon 6 are proline) or additional post-translational modifications.
PHACTRI protein was completely absent from primary vascular smooth muscle cells
despite moderate level mRNA expression in these cells (Figure 6-7A). However, in
macrophages, foam cells, aortic endothelial cells and oxLDL-exposed aortic
endothelial cells, there was strong expression of the intermediate isoform (Figure
6-7A). I did not detect protein expression of the short transcript but detection of this
protein was difficult even following overexpression in 293T cells (Figure 6-7 A/B).
Although it was not possible to reliably assess the endogenous short isoform, these
findings are consistent with our transcript studies and indicate that primary
macrophages and aortic endothelial cells express the novel intermediate, but not the

long protein isoform.
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Figure 6-7 PHACTRI1 protein consistent with the intermediate transcript is
expressed in macrophages and endothelial cells but not vascular smooth muscle
cells.

(A) PHACTRI1 over-expression in 293T cells transfected with the long and
intermediate isoforms compared to endogenous PHACTRI1 in primary human cells.

The shorter intermediate isoform has an apparently greater size than the long isoform
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in 293T cells. Macrophages, foam cells and HAECs expressed PHACTR1 with a
similar size to the intermediate isoform. PHACTRI protein was absent from VSMC.
A band corresponding to endogenous expression of the short isoform was not seen in
any cell type. (B) Over-expression in 293T cells of the short transcript cloned from
macrophages. A cloned form of the intermediate transcript skipping exons 5-9 is also

shown for comparison.

6.2.5 PHACTRI isoforms differ in their subcellular distribution

The amino acid sequence of the long human PHACTRI isoform includes two nuclear
localization signal (NLS) motifs (one at each of the N- and C-termini), 4 RPEL actin-
binding domains, a predicted PP1-binding motif near the N-terminus, and a C-
terminal region that is implicated in PP1 binding (Figure 6-2B)[205]. By comparison
the intermediate form contains similar motifs apart from that it lacks the PP1-binding
motif near the N-terminus. The short transcript contains only the two C-terminal
RPEL domains and lacks the dominant nuclear localization signal motif, which is
present at the N-terminus of the longer transcripts (Figure 6-2B)[312]. The long
isoform of murine PHACTRI1 undergoes cytoplasmic to nuclear translocation in
response to a serum-induced transition from G- to F-actin[312]. Therefore, we
hypothesized that the intermediate PHACTR1 isoform would undergo similar nuclear

translocation in response to actin remodeling, but that the short isoform would not.

We expressed N-terminal myc-tagged PHACTRI1 constructs encoding the three

different human protein isoforms to assess their sub-cellular localization (Figure
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6-8A, B, C, D). The long isoform was present predominantly in the cytoplasm in
serum-starved cells, and accumulated in the nucleus in response to serum stimulation,
as expected from pre-existing studies using the murine equivalent (Figure 6-8A).
Inhibition of actin polymerization from G-actin to F-actin with latrunculin B caused
PHACTRI to remain in the cytoplasm. This is consistent with PHACTR1 binding to
cytoplasmic G-actin and so being restrained from moving into the nucleus (Figure
6-8A). The mycotoxin, cytochalasin D, prevents G-actin from binding to RPEL
domains in mouse PHACTRI1 and this effectively releases PHACTR1 from the
cytoplasm allowing enhanced nuclear accumulation [312, 326]. In keeping with this,
cytochalasin D induced nuclear localization of the long human PHACTRI1 isoform
(Figure 6-8A). With the intermediate isoform there was somewhat more PHACTRI1 in
the nucleus in serum-treated cells, but there was also considerable accumulation in the
peri-nuclear region (Figure 6-8B). As expected latrunculin B treatment was not
associated with movement of the intermediate isoform into the nucleus. In response to
cytochalasin D, the nuclear accumulation of the intermediate isoform did not increase
as might have been expected given the nuclear accumulation of the long isoform in
response to cytochalasin D. Instead there was concentration of the intermediate
isoform of PHACTR1 in the peri-nuclear region. The short transcript was
predominantly cytoplasmic with only a small amount present in the nucleus (Figure
6-8C). However, in contrast to the long and intermediate isoforms, serum failed to
induce nuclear or peri-nuclear accumulation and the localization of the short isoform

was unaffected by either latrunculin B or cytochalasin D.
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Figure 6-8 The subcellular localization of PHACTRI1 isoforms and response to
serum, cytochalasin D and latrunculin B.

(A) Long PHACTRI1 isoform — addition of serum or cytochalasin D causes nuclear
accumulation, which is prevented by latrunculin B. (B) Intermediate isoform —
addition of serum caused only minor nuclear accumulation, but with perinuclear
accumulation. Cytochalasin D did not increase nuclear accumulation. (C) Short
isoform — remained predominantly cytoplasmic under all conditions. (D) As a control
U20S cells were transfected with empty pCDNA3 vector and no myc staining was
observed, indicating that the antibody did not have a high level of non-specific

reactivity (FITC channel).
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6.2.6 PHACTRI expression is regulated by oxLDL and inflammatory stimuli in

macrophages and endothelial cells

We hypothesized that PHACTRI1 would be regulated by atherogenic and
inflammatory stimuli since our immunohistochemistry showed overall increased
expression in atherosclerotic plaque and in arteritis lesions compared to in normal
vessels. Lipopolysaccharide (LPS) treatment of primary human macrophages
increased expression of the intermediate transcript more than 4-fold, but had a counter
effect on the short transcript, which underwent more than a 10-fold reduction in
expression (Figure 6-9A). In contrast, oxLDL exerted an opposing effect by
increasing expression of the short transcript almost 6-fold and reducing expression of
the intermediate transcript slightly, but significantly (Figure 6-9B). To set the
expression changes in the context of global changes in gene expression, we analyzed
gene expression data from our existing whole genome study of human macrophages
[246]. Among 416 oxLDL-induced genes, PHACTR1 was the 36" most upregulated
gene. To corroborate our findings, we re-processed and re-analyzed two further
published microarray datasets in which human macrophages were treated with
oxLDL. In both studies PHACTR1 was within the top 20 most upregulated genes out
of over 500 differentially expressed genes [179, 181]. The microarray probes
annealed to all transcripts (e.g. Illumina HT12 platform probe ILMN 1736982,
sequence

AGATAAGCCGTGGACCCGCCTCACCGCTGCAGACAAAGCTGCCATCCGAA

, anneals to third from final exon) but our transcript-specific RT-qPCR data (Figure
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6-9B) suggest that the upregulation can be attributed to an oxLDL-induced increase in
expression of the short transcript. In human aortic endothelial cells, which only
express the intermediate transcript, exposure to either TNFa or oxLDL caused
increased expression of the intermediate PHACTRI transcript (Figure 6-9C, D).
Overall, these data suggest that in macrophages inflammatory pathways suppress the
short transcript and upregulate the intermediate transcript, whereas lipid-responsive
pathways upregulate the short transcript. The opposing regulation of the different
transcripts in macrophages in response to oxLDL and LPS suggests that each
promoter is responsive to different pathways. For example, the short transcript may
have a promoter or enhancers that are activated by lipid-based signaling pathways
such as by PPARG binding. By contrast LPS would be expected to activate NFKB
based pathways suggesting NFKB binding at the intermediate transcript promoter or
enhancer activates this transcript but NFKB binding relating to the short transcript
suppresses its transcription. Further studies using ChIP, luciferase reporter assays and
EMSA evaluating the promoters of each transcript, and enhancers identified by my
H3k27ac ChlP-seq may elucidate the precise mechanism governing the differential

effects of these stimuli on PHACTRI1 transcripts.
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Figure 6-9 PHACTRI1 transcripts are differentially regulated by atherogenic and
inflammatory stimuli.

(A) Effect of LPS on mRNA expression in primary human macrophages. The
intermediate transcript was upregulated, but the short transcript was suppressed. (B)
Exposure of macrophages to oxLDL caused modest down-regulation of the
intermediate transcript and strong upregulation of the short transcript. (C) The
intermediate transcript was upregulated by oxLDL in aortic endothelial cells. (D)
TNF-alpha caused upregulation of PHACTR1 at 6 and 48-hour time points in aortic
endothelial cells. The short transcript was not expressed in aortic endothelial cells

(n=3).
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We next tested whether there was a specific correlation between expression of the
intermediate and short transcripts in macrophages and foam cells. To explore the
relationship between the two transcripts, we determined the level of expression of the
intermediate and short transcripts in macrophages from 19 healthy individuals. We
found a significant inverse correlation (R>0.25, P value 0.029) such that a higher level
of the intermediate transcript was associated with reduced expression of the
downstream short transcript (Figure 6-10A). We further examined whether this
relationship was maintained in response to oxLDL. Treatment of macrophages with
oxLDL reversed the resting inverse correlation, producing a significant positive
correlation (R* 0.43, P value 0.002) between expression of each transcript, such that a
higher level of the intermediate transcript was associated with a higher level of the
short transcript (Figure 6-10B). These findings indicate that the atherogenic stimulus,
oxLDL, causes changes in the relationship between expression of each transcript and
so disrupts the normal steady state relationship between the two PHACTRI1

transcripts.
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Figure 6-10 The relationship between expression of the short and intermediate
PHACTRI transcripts.

(A) Scatterplot showing mRNA level expression of PHACTRI transcripts in human
macrophages in 19 individuals. Expression of the short transcript is inversely related
to the intermediate transcript (delta CT indicates difference between PHACTRI1 CT
and GAPDH CT). (B) Expression of PHACTRI1 transcripts in oxLDL-induced foam
cells from 19 individuals. OxLDL reversed the natural relationship causing a positive

correlation between expression of both transcripts.
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6.2.7 Genetic regulation of PHACTRI1 expression by CAD SNP rs9349379

GWAS have identified the single nucleotide polymorphism, rs9349379, as associated
with the risk of CAD[159, 270]. The mechanism by which alternative alleles of this
SNP influence CAD risk is unknown, but since it is within an intronic region of
PHACTRI, and is not in high LD with any coding SNPs, it may affect transcriptional
regulation of PHACTRI1 (Figure 6-2A). We tested for an association between the
alleles of rs9349379 and expression of the short and intermediate transcripts in
macrophages and CD14 -depleted PBMCs. The SNP has either A or G alleles with G
being the minor allele with a minor allele frequency of 0.3774 [119]. Transcript-
specific RT-qPCR was used to quantify the intermediate and short transcripts in
macrophages from individuals with different alleles at this SNP. This demonstrated a
significant allelic effect on expression of the short transcript with the A allele
associated with higher levels of the short transcript (Figure 6-11A). Macrophages
from individuals homozygous for the protective A allele had 2.5-fold higher
expression than macrophages from individuals homozygous for the G allele, which is
the coronary artery disease risk-associated allele. There was a trend towards reduced
expression of the intermediate transcript with the A allele, but this did not reach
significance (Figure 6-11). In CD14"-depleted PBMCs no association was detectable
between genotype and expression of either the short or intermediate transcript (Figure
6-11C, D). Overall, these results demonstrate that rs9349379 is both a CAD risk-
associated variant and an expression quantitative trait locus (eQTL) for PHACTRI in
macrophages, but not in CD14"-depleted PBMC. Therefore, decreased expression of
the short transcript in macrophages is associated with CAD. This genetic risk effect

recapitulates the effect of endotoxin, which also caused suppression of the short
214



transcript (Figure 6-9A). The mechanism whereby rs9349379 is associated with
changes in transcriptional regulation has not been extensively investigated. There are
no known open chromatin sites, or enhancer marks in macrophages or endothelial
cells at the rs9349379 location[216, 246]. Binding of transcription factor MEF2A/C to
the A allele but not the G allele has been observed using in vitro electrophoretic
mobility shift assays (EMSA) with nuclear extract from human umbilical vein
endothelial cells [308]. Given our findings of an eQTL in macrophages, we undertook
EMSA using nuclear extract from human macrophages and demonstrated differential
MEF2 binding to an oligonucleotide probes containing each of the SNP alleles
(Figure 6-12). The EMSA demonstrated protein binding, consistent with MEF2, to the
A allele but not to the G allele. To assess the transcriptional regulatory activity of the
genomic location and effects of the SNP alleles we performed luciferase assays in
human THP1 macrophages using reporter plasmids containing a 223 genomic DNA
segment varying only at the SNP. We did not detect significant enhancer activity with
either allele and did not detect a difference between the alleles (Fold increase A/G =
18.5%, P=0.26, n=4 biological replicates)(Figure 6-13). Overall, these findings
demonstrate that the CAD risk effect of genetic variants at rs9349379 may be
operational in macrophages by affecting expression of the short PHACTRI1 transcript
but it remains unclear whether the SNP itself operates by affecting enhancer function

through MEF2 binding.
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Figure 6-11 Genotype of CAD risk SNP rs9349379 affects expression of the short
PHACTRI transcript in macrophages.

PHACTRI expression in primary human macrophages relative to GAPDH. (A) A
significant genotype-expression level correlation was demonstrated in primary human
macrophages (n=19). Individuals with the AA genotype had the highest level of
expression of the short PHACTRI1 transcript and subjects with the GG genotype had
the lowest expression. (B) There was no significant correlation with the long
transcript (n=19). (C, D) Primary human CDI14"-depleted PBMCs did not show a

significant correlation between expression and genotype of 19349379 (n=20).
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Figure 6-12 Electrophoretic mobility shift assay for macrophage nuclear protein
binding at the rs9349379 SNP shows binding of MEF2 only to the A allele.

(A) Probes were designed to be 25bp in length with the SNP centrally positioned.
EMSAs were performed using THP1 macrophage nuclear extract. The motif for
MEF2 is shown aligned to the probe sequence and the SNP site is marked by a red
box. (B) An upper band indicates nuclear protein binding with the A allele that is

competed off with a cold probe comprising the MEF2 consensus sequence. With the
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G allele this band is absent. A smaller band is likely non-specific as it would indicate
a small protein, is not competed off by excess cold consensus probe and is not
replicated by the consensus probe. Equally it is possible that an alternative protein
binds to the G allele. When the consensus probe is radio-labelled it produces an
identical band to the probe containing the endogenous sequence with the A allele. The
cold probe with endogenous sequence at the SNP with the A allele is able to
completely compete off binding to the MEF2 consensus probe, whereas a cold probe
with the G allele has no effect. These findings indicate that nuclear extract from
macrophages binds to the A allele, but not the G allele with features indicating that

the bound species is MEF2.

pgl4.23

Plasmid
o)

0 0.005 0.01 0.015 0.02 0.025
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Figure 6-13 Transcriptional activity at the rs9349379 SNP region in assayed in
human THP1 macrophages.
The two plasmids containing the SNP region differ only at a single nucleotide

corresponding to the SNP alleles. There is a lack of enhancer activity with both alleles
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when compared to the control empty plasmid pgl4.23. There is no significant

difference between the two SNP alleles (n=4 biological replicates).
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6.3 Discussion

For CAD, one of the most robustly described GWAS risk loci is at the PHACTRI
gene locus where several studies have identified intronic SNPs associated with the
risk of myocardial infarction, coronary stenosis and coronary calcification [159, 270,
306, 307]. The precise role of PHACTRI in cellular physiology remains unknown but
an overall understanding of PHACTRI1 is beginning to emerge. PHACTRI1 is a G-
actin sensor that remains localized to the cytoplasm until cells receive a ‘serum’ type
stimulus. Serum induces remodeling of actin into filamentous F actin that leads to the
release of PHACTRI1. Unbound PHACTRI is then free to move into the nucleus
using the importin pathway[327]. Upon nuclear localization it likely binds to nuclear
protein phosphatase 1, thereby regulating its activity. Regulated protein phosphatase 1
activity may effect the phosphorylation status and activity of certain transcription
factors. Although the effect of PHACTRI nuclear translocation has not been
extensively studied I believe this is a plausible model to explain a cellular role for
PHACTRI. Thus far serum is the only physiological stimulus known to induce
nuclear accumulation of PHACTRI1. To understand better the role of PHACTRI1 in
atherosclerosis, we investigated PHACTRI1 expression, regulation, subcellular

localization and the relationship between allelic variation and expression.

Using immunohistochemistry, we demonstrated increased expression of PHACTRI1 in
atherosclerotic lesions in vivo. In human arteries the distribution was both nuclear and

cytoplasmic in macrophages, foam cells and adventitial lymphocytes, whereas in
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secondary lymphoid tissue lymphocytes, PHACTR1 was excluded from the nucleus.
Certain inflammatory lipids accumulate in atherosclerotic plaques, including
lysophosphatidic acid (LPA), which activates RhoA signaling causing G- to F-actin
polymerization and so might promote PHACTRI1 nuclear accumulation [295]. A
limitation of the immunohistochemistry data is that the antibody we used cannot
distinguish between the different isoforms and would potentially detect all of the

isoforms I have studied in this manuscript.

Alternative pre-mRNA splicing and alternative transcription start sites allow
individual genes to encode multiple isoforms. The previously reported PHACTR1
transcript was isolated from brain and encodes a 580 amino acid protein[205, 310].
We only detected the original PHACTR1 RefSeq transcript in brain and one tumor
cell line. Previous molecular and functional studies employing this transcript may
have limited relevance to understanding PHACTR1 beyond the nervous system. In
cell types involved in atherosclerotic lesions, we found PHACTR1 was transcribed
from a more distal TSS, giving rise to an uncharacterized transcript. This transcript
was the prevalent protein isoform in human immune and endothelial cells and the
encoded protein maintains the 4 previously characterized actin-binding RPEL
domains and NLS regions. Previous investigators noted the absence of a PP1 binding
motif in rat PHACTRI1, but using the Eukaryotic Linear Motif resource
(www.elm.eu.org) we identified a PP1C binding motif towards the N-terminus of the
human long isoform, but not the intermediate isoform [205]. However, previous
experimental work indicates that PP1 binding occurs near the C-terminus, which is
shared by both isoforms[205]. Thus the role of the predicted PP1 binding motif in the

long isoform remains unknown. Transcription of the intermediate transcript from the
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alternative TSS is differentially regulated across multiple cell types and this
expression is rarely associated with concordant expression of the short transcript in
non-immune cells. Interestingly, although PHACTR1 mRNA was present in vascular
smooth muscle cells, it was absent at the protein level suggesting additional post-
transcriptional regulation. The actin-binding capability of PHACTR1 may be

undesirable in these cells, which have specialized contractile functions.

In addition, we found transcription of a short transcript from an even more distal TSS.
The encoded protein would only contain two RPEL motifs and lack the N-terminal
NLS. The expression pattern of this transcript differed markedly from the longer
forms and expression was only detected in immune cells, principally macrophages
and B-lymphocytes. Macrophages were notable as the only cell type with high-level
expression of the intermediate and short transcript. This limited distribution in
immune cells is consistent with a role for the short transcript in immunity and
inflammation. We were unable to detect protein expressed from the endogenous short
transcript in the cell types studied despite using an antibody raised against peptides
encompassing most of its coding region. This may indicate post-transcriptional

effects, rapid turnover or technical limitations of the available antibodies.

The nuclear membrane separates nuclear transcription from cytoplasmic translation
and proteins can move across the nuclear membrane via nuclear pore complexes
[328]. Previous work demonstrated that the mouse long isoform translocates to the
nucleus in response to serum-induced actin remodeling [312]. The RPEL actin-
binding domains bind to G-actin [312, 314] and upon RhoA-dependent G-actin

remodeling to filamentous or F-actin, PHACTRI1 dissociates from actin and moves
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into the nucleus [312]. PHACTRI1 binds protein phosphatase 1 and inhibits its activity
in vitro suggesting a role in regulating the activity of nuclear phosphatases, with
possible consequences for transcriptional regulation[205]. We anticipated that the
intermediate isoform would undergo serum-induced nuclear accumulation as the long
1soform does, because both isoforms share identical nuclear localization motifs and
RPEL domains. However, serum failed to induce the profound nuclear accumulation
seen with the long isoform. It is possible that the use of the proline-rich exon 6 in the
intermediate transcript may partially inhibit nuclear localization. The short transcript
encodes a protein with a predicted size of less than 40 kDa and so potentially small
enough to enter the nucleus passively[328]. This protein was mainly cytoplasmic and
did not accumulate in the nucleus in response to either serum or cytochalasin D. This
is consistent with the lack of the N-terminal nuclear localization signal, which is the

dominant nuclear localization signal in the long mouse transcript [312].

Atherogenic stimuli can induce alternative transcripts of genes such as the HMGCR
lipid metabolism gene [329]. Similarly, oxLDL exposure caused upregulation of the
short transcript and suppression of the intermediate transcript in macrophages.
Lipopolysaccharide caused upregulation of the intermediate transcript and
suppression of the short transcript in macrophages. These findings demonstrate that
PHACTRI expression is responsive to inflammatory stimuli and to lipid or oxidative
stress pathways activated by oxLDL. Since macrophages express both short and
intermediate transcripts we examined the relationship between the two transcripts
across different individuals. There was an inverse relationship between levels of the
two transcripts, which was reversed following oxLDL treatment. As the transcripts

are expressed from different TSSs with distinct promoter elements, this relationship
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might arise from frans regulation of both promoters by a common pathway or cis

regulation, perhaps by transcriptional interference.

Knockdown of PHACTRI1 in endothelial cells impairs aspects of actin polymerization
and other cellular functions involved in angiogenesis [322]. In aortic endothelial cells
only the intermediate transcript was expressed and this was upregulated by both TNF-
alpha and oxLDL. In previous studies with umbilical vein endothelial cells TNF-alpha
had no effect on PHACTRI expression [308, 322]. However, we found that
PHACTRI was upregulated by TNF-alpha in primary aortic arterial endothelial cells,
emphasizing the importance of the choice of cell type for these experiments. These
findings raise the possibility that oxLDL and TNF-alpha could influence angiogenesis

or atherosclerosis by affecting PHACTR1 expression in arterial endothelial cells.

The rs9349379 SNP is robustly associated with CAD and a fine mapping study
highlighted it as the likely causal variant in the region [308]. We have established a
new association in macrophages between expression of the previously
uncharacterized, short PHACTRI1 transcript and genotype at 1s9349379. An eQTL for
PHACTRI expression has recently been demonstrated in right coronary artery tissue,
but the cellular origin of this effect is unclear due to the cellular heterogeneity of the
samples[308]. In addition, the different transcripts were not distinguishable because
the qPCR primers annealed to both the long and intermediate transcripts and the short
transcript was not studied [308]. An eQTL study in endothelial cells using primers
that would detect only the longer transcripts did not find a significant association with
variants at the rs12526453 SNP, which is in LD with rs9349379 (R? with rs9349379 =

0.32)[330]. The genotype-expression correlation that we have identified may only
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exist in macrophages, since we did not detect a correlation in CD14 "-depleted PBMCs
and the short transcript was not expressed in endothelial cells or vascular smooth
muscle cells. Two other large-scale eQTL studies in monocytes and macrophages
used microarray technology and in both cases the probe detecting expression would
have annealed to multiple PHACTRI transcripts and so not yielded specific
information about each transcript [136, 300]. An eQTL study in PBMCs of CAD
candidate genes, including PHACTRI, failed to detect significant PHACTRI1
expression, but the PHACTR1 Tagman assay used would only have measured the

long transcript which we have demonstrated is not expressed in these cells [331].

Motif analysis predicts that the minor G risk allele abolishes binding of the
transcription factor MEF2. Our microarray data indicate that MEF2A and C are
expressed in macrophages and foam cells [246]. Using human umbilical endothelial
cell nuclear extract the G allele was shown to disrupt MEF2A and B binding in vitro
using an EMSA [308]. We found a similar effect in vitro using macrophage nuclear
extract. To date, limited ENCODE MEF2A and MEF2C ChIP-seq data have not
demonstrated in vivo binding at this site and MEF2 ChIP has not been performed in
endothelial cells or macrophages. Whether MEF2 binding occurs in vivo is therefore
unknown. The lack of enhancer marks or open chromatin at the SNP in macrophages
and endothelial cells suggests that the site lacks regulatory activity [143, 246]. Our
luciferase reporter assays suggested the SNP site does not function as an enhancer in

human THP1 macrophages.

Suppression of the short PHACTRI1 transcript by pro-inflammatory stimuli mirrors

the effect of the CAD risk allele, which is associated with reduced expression of the
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short transcript compared to that seen with the protective allele. This suggests that
having the risk genotype is, in this sense, equivalent to persistent LPS stimulation. As
the short transcript was only expressed in immune cells, these data imply that the
short transcript could play a role in the macrophage inflammatory response in
atherosclerotic plaques. Up-regulation of the short PHACTRI transcript in response
to oxLDL exposure may be a protective response that could be attenuated in

individuals with the risk genotype.

Following up GWAS results in CAD to identify underlying mechanisms mediating
genetic risk is a major challenge of contemporary atherosclerosis research, especially
for loci containing poorly characterized genes. We establish PHACTRI as an
important gene expressed in atherosclerotic lesions and as the candidate gene at the
PHACTRI CAD locus by demonstrating genetic regulation of a novel transcript and
regulation by atherogenic stimuli. Our data show that previous molecular studies of
PHACTRI involved a transcript not expressed in cells involved in atherosclerotic
lesions. We have identified novel intermediate and short transcripts as the dominant
forms expressed in atherosclerosis. Our genotype-expression analysis suggests
macrophages as a site of action of the CAD associated genetic variant and
macrophages were the dominant cell type expressing PHACTRI in human

atherosclerotic plaques.
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7 Mincle: A receptor for lipid species on macrophages

7.1 Introduction

C-type lectin receptors (CLR) are a group of germ-line encoded pattern recognition
receptors (PRR) that contain at least one C-type lectin domain (CTLD). CLRs
variously recognize carbohydrate or lipid based pathogen-associated molecular
patterns (PAMPs), or self-antigens termed damage associated molecular patterns
(DAMPs)[332]. C-type lectins are predominantly expressed on myeloid immune cells
and have roles in both pathogen immune responses and in inflammation associated
with binding to endogenous ligands[333]. The C-type designation refers to the
requirement for calcium ions for carbohydrate binding[332]. C-type lectins have been
implicated in the pathogenesis of coronary artery disease. For example, lectin-type
oxidized LDL receptor 1 (LOX1) binds to and internalizes oxLDL[334]. LOX-1 mice
knockout models demonstrate reduced susceptibility to atherosclerosis s[335] and
polymorphisms in the 3 untranslated region of the OLR1 gene are associated with

angiographic CAD severity, though the precise mechanism is unknown[336].

Macrophage-inducible C-type lectin (MINCLE) is a member of the C-type lectin
super-family that binds to trehalose di-mycolate (TDM)—a major mycobacterial cell
wall glycolipid—and transduces activating signals[337, 338]. MINCLE is not known
to have a direct role in atherosclerosis but has been implicated in obesity-induced
inflammation and hypothesized to detect modified lipids in adipose tissue[339]. Our
genome-wide expression study showed that MINCLE was upregulated by oxLDL in

macrophages[246]. We hypothesized that MINCLE may recognize oxLDL-related
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lipid species and profiled the binding characteristics of MINCLE to modified

lipoproteins and a variety of systematically synthesized glycolipids.

Human MINCLE is a 219 single pass type II transmembrane protein encoded by the
MINCLE gene on chromosome 12[340, 341]. It contains a single carbohydrate
recognition domain (CRD). The transmembrane stalk region has a conserved,
positively charged arginine residue that allows it to couple with the immune tyrosine-
based activation motif (ITAM) containing protein,

Fc receptor common y-chain (FcRy), which has a negatively charged residue in its
transmembrane region[342]. Stimulation of MINCLE with an activating antibody
triggers FcRy-dependent induction of pro-inflammatory cytokines from mouse
macrophages[342]. The downstream activation pathway beyond the MINCLE-FcRy
complex involves phosphorylation of spleen tyrosine kinase (syk) and requires
Caspase recruitment domain-containing protein 9 (CARD9)[342]. Mincle does not
appear to be directly involved in phagocytosis[342].

The structures of the extracellular CRD domain of human and bovine MINCLE have
been solved using crystallography [343, 344]. These studies have provided insights
into the underlying mechanism by which MINCLE binds to its ligand TDM. TDM
itself consists of trehalose, a disaccharide, and two mycolyl chains, which consist of
branched acyl chains. Neither trehalose alone nor mycolate are sufficient to activate
Mincle suggesting that Mincle is specific for the ester bond between trehalose and
mycolic acid [337]. Crystallographic analysis of MINCLE has shown a hydrophobic
groove extending from the carbohydrate binding area that is thought to accommodate
a mycolyl chain of TDM [343, 344]. There is an additional area for binding of the

second sugar moiety in trehalose. Surface plasmon resonance experiments have
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suggested that only one acyl/mycolyl chain of at least 10 carbons in length is required
for efficient binding [343]. In addition to TDM, several other related synthetic
compounds have been shown to bind MINCLE; trehalose-6 6-dibehenate (TDB), a
synthetic analogue of TDM, glycerol monomycolate (GMM) which has a single
mycolyl chain and simple glycerol head[345] and trehalose monoesters with either a
22 and 26 length acyl chain[346]. Mincle is also a receptor for several fungal
pathogens including Candida albicans[347, 348], Malassezia[349], and Fonsecaea
pedrosoi[350].  For Malassezia the Mincle ligands are thought to be a
glyceroglycolipid termed 44-1 and a mannosyl fatty acid linked to mannitol termed

442 [351].

Expression studies have focused primarily on blood cells where Mincle is
predominantly expressed on macrophages, dendritic cells, neutrophils, B cells and to
some extent on mast cells [341, 348, 352, 353]. Mincle expression is upregulated by
inflammatory stimuli such as LPS, TDM, TLR ligand CpG [304, 341, 353] and
exposure to certain pathogens including Candida[347]. Mouse Mincle mRNA
expression was increased by exposure of macrophages to adipocytes as well as by
stimulation with palmitate, a saturated fatty acid[354]. Mincle expression was also
increased in human adipose tissue and circulating monocytes in people with obesity

[354].

In addition to the study of Mincle-ligand interactions, functional studies using animal
disease models have shown that Mincle is important in the response to tuberculosis,
albeit in a complex way, and fungal infections[337, 347, 355, 356]. TDB has been

developed as a vaccine adjuvant and refinement of synthetic Mincle ligands could
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further aid the development of potent and safe vaccines [357-359]. As well as being
important in the response to mycobacterial infection Mincle has been shown to bind
to Sin3A-Associated Protein, 130kDa (SAP130), which is released by dying
cells[342]. SAP130 triggers an inflammatory response through MINCLE, essentially
causing sterile inflammation[342]. The exact nature of how SAP130 binds Mincle has
not been described. Recent experiments in mouse models of obesity have suggested
that MINCLE is involved in adipose chronic inflammation—postulated to occur
through binding of MINCLE to an as yet unknown ligand produced or released by

adipose cells[332, 339].

Mincle has been indirectly associated with the genetic risk of myocardial infarction.
Several genome-wide association studies have identified common genetic variants at
the 9p21.3 locus that strongly affect the risk of developing coronary artery disease
[123]. The mechanism by which these variants mediate CAD risk remains unclear. A
recent study analyzed whole genome expression levels in monocytes from patients
with myocardial infarction who were homozygous for either the risk or protective
GWAS SNPs at the 9p21.3 locus [360]. Mincle expression was significantly higher in

patients with the risk genotype [360].

We studied the expression pattern of Mincle in human atherosclerosis, the ability of

oxLDL to act as a ligand and further defined the binding characteristics of MINCLE

using reporter assays.
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7.2 Results

7.2.1 Immunohistochemistry of Mincle

Immunohistochemistry was performed by Lucy Martin in the laboratory of Dr E.
Soilleux (for further details see her Masters thesis). We began by surveying Mincle
expression in human tissues by performing IHC in vascular tissues including healthy
vessels, atherosclerotic arteries and in arteritic lesions. In normal arteries Mincle was
expressed in scantily present macrophages and dendritic cells within the intima and
adventitia (Figure 7-1A). Aortic endothelial cells also expressed Mincle. In
atheromatous plaque lesions there was an abundance of macrophage-derived foam
cells expressing Mincle (Figure 7-1B) and in giant cell arteritis lesions Mincle was
expressed within giant cells as well as in macrophages and dendritic cells (Figure

7-1C).
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Figure 7-1 Immunohistochemistry staining for Mincle in human arteries.

(A) Normal human aorta showing endothelial positivity for Mincle but lack of Mincle
expressing cells in the media. (B) In atheromatous plaque Mincle is strongly
expressed in foam cells adjacent to an area of cholesterol clefts. (C) Transverse
section of temporal artery affected by giant cell arteritis demonstrates Mincle positive
macrophage and dendritic cells in the sub-intimal lymphoid aggregates, including in

giant cells.
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7.2.2 Mincle expression in macrophages is upregulated by oxLDL

Analysis of our microarray data of the effects of oxLDL on gene expression in
macrophages showed that oxLDL-induced foam cell formation was associated with a
26% upregulation of Mincle (adj P = 0.019). By contrast other differentially
expressed C-type lectins were downregulated by oxLDL (CLEC1A, CLEC4A, OLRI,
CD93). We performed RTqPCR to confirm the microarray findings using cDNA from
two additional individuals whose ¢cDNA was not used for the microarrays. Mincle
expression was increased 5.3 and 3.4 fold respectively. Additionally, Mincle was
upregulated in the THP1 monocytic cell line upon induction with PMA of an adherent
macrophage phenotype (18.2 fold, P=0.003) and was further upregulated by

subsequent addition of oxLDL (2.2 fold, P=0.012).

7.2.3 Genomic landscape at the Mincle locus

We examined the effect of oxXLDL on the open chromatin and enhancer landscape at
the Mincle locus in human macrophages to identify putative regulatory DNA sites
activated or suppressed by oxLDL (Figure 7-2). Additionally, since C/EBP-beta is
required for Mincle upregulation in response to inflammatory stimuli, we looked for
C/EBP-beta binding sites at the Mincle promoter or nearby enhancers[361]. In both
macrophages and foam cells Mincle appeared to be located in a region of the genome
where the FAIRE signal had a relatively low signal to noise ratio and no clear peak

was evident near the transcription start site suggesting a lack of open chromatin at the
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promoter. However, in the H3k27ac ChIP-seq dataset there was a clear peak in the
signal around the transcription start site of Mincle, suggesting that it is an active
promoter. Weak C/EBP-beta binding sites were identified at the promoter and in an
intron of Mincle. None of the three datasets showed a significant change in signal at
the TSS of Mincle in response to oxLDL. The nearest enhancer with high-level
C/EBP-beta binding was detected at an intron of CLEC6A, about 70kb downstream
from the Mincle TSS. This C/EBP-beta binding site was within a robust open
chromatin and enhancer site. C/EBP-beta binding was significantly increased by
oxLDL exposure although CLEC6A itself showed no change in expression upon
oxLDL stimulation. It is possible that C/EBP-beta binding could regulate Mincle
expression through this enhancer in response to oxLDL. C/EBP-beta is known to be
critical for upregulation of MINCLE in response to mycobacterial ligands since
C/EBP-beta knockout mouse macrophages failed to upregulate MINCLE in response
to mycobacterial ligands[361]. It is possible that oxLDL also upregulates MINCLE

expression through C/EBP-beta activation.
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Figure 7-2 Epigenomic lanscape at the Mincle gene locus.

Signal tracks are displayed for FAIRE-seq signal, H3k27ac ChIP-seq signal and
C/EBP-beta ChiP-seq signal in macrophages and foam cells. For each dataset a
subtraction signal track was produced by subtracting the normalized macrophage
signal from the foam cell signal. Black bars above each track identify significant
peaks in signal. Genes are shown at the bottom of the figure where CLEC4E (Mincle)
is shown running in the anti-sense direction. A striking oxXLDL regulated C/EBP-beta
binding site is seen to the left of the figure in an intron of CLEC6A. The promoter
region of CLEC4E has H3K27ac enhancer marks and a weak C/EBP-beta binding

site.

7.2.4 NFAT reporter assay response to oxLDL
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To study whether lipid compounds were ligands for Mincle we used a cellular
reporter assay that detects Mincle activation. A stably transfected clone of Jurkat cells
with an NFAT-luciferase reporter element was stably co-transfected with human
Mincle and FcRy. As a control cells were transfected with a similar vector that lacked
Mincle. In the system Mincle activation can be measured by assaying luciferase
activity in lyzed cells using a luminometer and the transfection efficiency can be
controlled for using the GFP reporter which is bi-cistronic with Mincle. A major
advantage of the system includes leveraging the wide dynamic signal range of
luciferase assays and the output quantitatively reflects the magnitude of ligand

binding on a per cell basis (Figure 7-3).

Substrate
Luciferin

NFAT Luciferase gene Lysis

L transcription + translation ———» luciferase

/\N\/ LIGHT
+

metabolites

DNA response element

Luminometer

Figure 7-3 Schematic of the Mincle luciferase reporter assay.

Mincle and FcR vy were co-transfected into a Jurkat cell clone that has an NFAT

DNA response element upstream of a luciferase gene. Binding of a ligand to Mincle
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activates a signaling cascade which results in an increase in NFAT binding to its
response element. This results in increased transcription of the luciferase gene and
increased translation of the luciferase enzyme. After a defined time period the cells
are lyzed and luciferin substrate is added. A luminometer is used to measure the light

output with the signal being proportional to the binding of Mincle to a ligand.

To study whether atherogenic lipids themselves contain Mincle ligands, we stimulated
reporter cells with LDL (50mcg/ml), oxLDL (50mc/ml) or an equivalent volume of
control buffer or PBS. We found that these lipids did not lead to a significant increase
in luciferase activity in Mincle expressing cells suggesting that LDL and oxLDL do
not contain Mincle ligands (Figure 7-4). By contrast the anti-Mincle antibody

produced a substantial increase in luciferase activity (3.2 fold, P=0.007, n=3).

237



Q] Sample -
~ 1- anti-Mincle :
— 2- PBS :
D 9 _| 3-Buffer
-] ™ 4-LDL
o 5-oxldl
- o | 9 %nthlncle
2« 8- buffer :
= 9- LDL '
= 9 | 10-oxLDL o
O
©
NI
G N
-
O v nE —_
?’(:) — L ! ==
3 T e =
J o _ ﬁ —
e i e
4 - -1
T

2 3 4 5 6 7 8 9 10

Control cells Mincle cells
Figure 7-4 Human LDL and oxLDL to not cause Mincle activation.
Luciferase reporter assay showing Mincle transfected and control transfected NFAT
reporter cells after stimulation with either anti-Mincle antibody, PBS, control buffer,
LDL or oxLDL. Only the anti-Mincle antibody stimulates luciferase activity and this

effect is specific to Mincle bearing reporter cells.

7.2.5 Human and mouse Mincle are receptors for several MTB strains

Although low-density lipoprotein and oxLDL did not trigger Mincle activation it
remains conceivable that an endogenous ligand may exist among the milieu of lipid
species present within atherosclerotic plaque, and in particular lipids that could be
released from dying cells. Rather than screening a panel of lipid species known to be
associated with atherosclerosis we continued our investigation by starting with the
known ligands TDM and TDB, and then testing a series of compounds which differ
iteratively and systematically in their head and tail regions. This approach allowed us

to define more precisely the binding requirements for Mincle and could provide a
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rationale basis for testing similar endogenous compounds for Mincle binding. It is
possible that a greater knowledge of what MINCLE ‘senses’ will lead to the discovery
of additional endogenous MINCLE ligands that promoter atherosclerosis through
MINCLE based inflammatory signaling. In addition, there is some evidence that
mycobacterial infection is itself pro-atherogenic since animal and human studies have
found high levels of mycobacterial proteins in atherosclerotic plaque and vaccination
of animals with this protein causes vascular wall changes[362]. It is not known
whether specific MINCLE ligands e.g. TDM are themselves involved in

atherosclerosis.

Heat killed MTB stimulated Mincle reporter cells in a dose-dependent manner
affirming Mincle’s critical role in recognizing ligands on Mycobacterium tuberculosis
(Figure 7-5). At the upper dose of 10 million MTB cells incubated with 0.5 million
reporter cells the stimulation was equivalent to that of our activating monoclonal anti-
Mincle antibody which is specific for human Mincle (n=3, Fold increase over PBS =
3.3 P=0.0013, compared with fold change of 0.6 in the control cells, P=0.1479). We
also found that MTB was capable of signaling through the mouse Mincle (whereas

our monoclonal anti-Mincle antibody does not).
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Figure 7-5 Human and mouse Mincle bind MTB.
Luciferase reporter assays showing dose dependent effect on Mincle activation by
MTB with highest dose shown equivalent to activation by an activating anti-Mincle
antibody. An equivalent reporter assay using mouse Mincle also shows a response to

MTB (n=3, vertical bars indicate standard deviation).

We extended our observations of the effects of MTB on Mincle signaling by testing
whether less pathogenic strains of Mycobacteria were as capable as MTB in
stimulating Mincle signaling (Figure 7-6). We found that M. bovis, BCG and M.
Smegmatis at a dose of 1x10’ heat killed organisms produced a similar 4-fold
induction of reporter activity in Mincle bearing cells (10" Bovis P<0.0001, 10’
smegmatis P<0.0001). The RDI1 strain lacks a 9.5kb virulence factor region and
elicited a similar response to smegmatis and bovis at the 10° dose. It is unclear why a
higher dose did not elicit a greater response. Heat killed E. coli at a dose of 10’
produced a small fold induction in luciferase activity in both control cells and Mincle
bearing cells (control cells fold 1.24, P=0.066, Mincle cells fold 1.6, P=0.0008). This

effect reached statistical significance in Mincle bearing cells. It is unclear whether E.
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coli indeed possesses a ligand capable of activating Mincle or whether the large

endotoxin dose could have triggered non-specific activation.

& Control cells

& hMincle cells

Normalized luciferase activity (RLU)
w
|

Figure 7-6 Several different strains of MTB activate Mincle.

Luciferase reporter assay shows that the upper dose of BCG and smegmatis produces
a similar response to the antibody whereas RD1 produce a lesser response and E. coli
does not produce a significant response. The upper dose of RD1 does not produce a
significant response suggesting the possibly of cellular death caused by the
preparation tested interfering with the assay (n=3, vertical error bars indicate standard

deviation).
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7.2.6 Signaling through MINCLE is triggered by an extensive repertoire of
trehalose dimycolate related compounds

Given that the Mincle ligand within MTB is known to be TDM we systematically

synthesized an iterative range of compounds deviating from TDM in chain length,

number of chains, intra-chain bonds and alteration of the head trehalose moiety

(compounds were the generous gift of Del Besra).

We began by further validating the assay system by demonstrating that TDM caused
significant Mincle activation in the luciferase assay (fold increase at 1000pmol dose
2.7, P=0.0002)(Figure 7-7). The threshold for an effect was greater than 250pmol
TDM per 0.5M reporter cells since no activation was seen with this dose. Escalating
the dose to 10,000 pmol did not increase the response further possibly due to subtle
toxicity to the cells. Trehalose 6,6'-dibehenate (TDB) is a synthetic analogue of TDM
that is known to be a potent adjuvant and Mincle agonist. TDB possesses two acyl
chains but these are not branched like mycolyl chains and are shorter (22 carbons in
the acyl chains). TDB produced significant Mincle activation in a dose dependent

manner (fold increase at 1000pmol dose 2.9, P= 0.0094)(Figure 7-7).

Trehalose-6-monomycolate (TMM) is a mycobacterial glycolipid that differs by only
having one mycolyl chain. Interestingly it showed a strikingly similar efficacy to
TDM, demonstrating that two mycolyl chains are not required for Mincle binding and
activation (Figure 7-8). To determine the optimal chain length for Mincle stimulation
we synthesized compounds with a trehalose head and either one or two acyl chains
with lengths varying from 8 to 24 carbon atoms (Figure 7-11). Trehalose with two 16

carbon chains had the greatest activity. Two chain compounds with 12 or 8 showed no
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significant increase in Mincle stimulation compared to the control cells, which lack
Mincle (Figure 7-8). Two of the synthetic compounds with a single acyl chain (16 and
18 carbons) caused rapid cell death and therefore their activities could not be tested
(Figure 7-8). It is unclear whether the cell death was caused by a leftover contaminant
or whether the compounds are intrinsically lethal. Single acyl chain compounds with
12 and 20 carbons showed significant activity whereas the compound with 8 carbons

showed no Mincle stimulation.

Glucose mono-mycolate GMM is a mycobacterial glycolipid produced when
mycobacteria couple endogenous mycolic acid to exogenous glucose within infected
tissues[363]. It therefore differs in that the carbohydrate moiety is composed of a
single glucose unlike trehalose, which has two glucoses. We synthesized GMM
compounds with acyl chain lengths varying from 8 to 24. A strong effect was seen in
our reporter assay showing that trehalose itself is not necessary to activate Mincle as
only one parent glucose molecule is present within GMM (Figure 7-9). We found that
each of the GMM compounds was able to activate Mincle demonstrating that with a
single carbohydrate moiety a short acyl chain of just 8 carbons is enough to produce a

potent response.

We next tested whether kinks in the acyl chain—made by adding additional double
carbon bonds—would alter Mincle binding and activation. We synthesized
compounds with a trehalose carbohydrate moiety and either one or two carbon chains
containing either oleic or linoleic carbon to carbon bonds. With a single oleic chain,

we found that there was no Mincle stimulation. In the case of linoleic bonds, which
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maintain a more linear structure to the acyl chain, both the single and double chain

compounds stimulated Mincle.

Monomycolyl glycerol (MMG) is an endogenously occurring mycobacterial lipid
which has been found to have greater stimulatory effects on dendritic cells than TDM
[364]. A synthetic analogue (32 carbon chain length) was found to exert similar
effects and use as an adjuvant in mice immunized with a TB subunit vaccine produced
robust immune responses. MMG lacks a hydrophilic carbohydrate moiety since it is
composed of just a glycerol head moiety and an acyl chain. MMG has recently been
shown to bind to human Mincle but not mouse Mincle[345]. However, these studies
utilized a reporter assay, which uses the proportion of GFP positive cells as an output
measure and is therefore susceptible to saturation in the number of GFP positive cells.
Our assay, which quantifies the average signal for each cell, demonstrated that MMG
was capable of activating Mincle to a level that was similar to our activating antibody
and to TDM(Figure 7-10). Finally, we tested a mycobacterial sulpholipid analogue
that possesses a sulphate group attached to one of the sugar moieties and the lipid
chains derive from neighbouring carbon atoms 3 and 4. This compound had no effect
on Mincle stimulation indicating that the position of the acyl chain most likely caused

steric hindrance in binding to Mincle (Figure 7-10).
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Figure 7-7 TDM and its synthetic analogue, TDB, activate Mincle.
Luciferase assay showing that 1000pmol doses of TDM and TDB are similar in
potency to the anti-Mincle antibody (n=3 biological reps, error bars indicate standard

deviation).
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Figure 7-8 TMM is a Mincle ligand.

Luciferase reporter assay shows that compounds with only one acyl chain can bind to
Mincle although compounds with only 8 carbons in the acyl chain failed to bind
Mincle. Certain compounds induced cell death including C16 mono, C18 mono and

trehalose di-C8 (n=3 biological reps, error bars show standard deviation).
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Figure 7-9 Effect of additional carbon-carbon and sugar head moiety on Mincle
binding.

Introduction of additional carbon-to-carbon bonds within the acyl chains of trehalose
compounds does not impair Mincle binding except for trehalose with one oleic acyl
chain (Oleic mono). Oleic residues introduce a kink into the acyl chain which could
cause steric hindrance to Mincle binding. A double carbohydrate moiety is not
required for Mincle binding since a glucose carbohydrate head group attached to one
acyl chain is capable of binding to Mincle (C8-C25 GMM) (n=3 biological replicates,

error bars indicate standard deviation).
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Figure 7-10 Monomycolyl glycerol (MMG) is a ligand for Mincle but a
Mycobacterial sulpholipid is not.

MMG contains a simple glycerol head moiety instead of a carbohydrate. Sulpholipids
contain a trehalose like head moiety but two acyl chain originate from the same

glucose moiety and likely cause steric hindrance to Mincle binding.

Taken together our results demonstrate that Mincle binding is not dependent on the
presence of two lipid chains or a paired parent sugar molecule. Mincle activation was
possible with a chain length of as little as 8 carbon atoms. Sulpholipid compounds
bearing the lipid chains on contiguous carbon atoms were not capable of Mincle

activation. MMG was confirmed as a ligand for Mincle.
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Figure 7-11 Structure of Trehalose-related compounds used to stimulate Mincle
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Table 17 Chemical formula and calculated molecular weights of compounds

tested in Mincle luciferase assays.

Formula Molecular weight
(g/mmol)
TDM Ci72H328 O 2,636.47
TDB CseHi06013 987.43
Trehalose di-C8 C3Hs50O13 594.6888
Trehalose di-C12 C36He6O13 706.9014
Trehalose di-C16 C44HgyO13 819.1141
Trehalose di-C18 CasHoO13 875.2204
Trehalose di-C20 Cs2HogO13 931.3267
Trehalose di-C24 CooH114013 1043.5394
Trehalose mono-C8 C20H36012 468.4926
Trehalose mono-C12 C24H44012 524.5990
Trehalose mono-C16 C2sHs52012 580.7053
Trehalose mono-C18 C30Hs56012 608.7584
Trehalose mono-C20 C32Hg0O12 636.8116
Trehalose mono-C24 Cs6HesO12 692.9179
Sulpholipid C27H73016 658.9
Trehalose di-oleic CagHs6O13 871.1886
Trehalose mono-oleic C30Hs54012 606.7426
Trehalose di-linoleic C4sHg2013 867.1569
Trehalose mono-linoleic C30H52012 604.7267
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MMG C35H700s 593.5121
Glucose C8 Ci4H2607 306.3520
Glucose C12 CisH3407 362.4584
Glucose C16 C2oH4207 418.5647
Glucose C20 Ca6Hs5007 474.6710
Glucose C24 C30H5307 530.7773
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7.3 Discussion

Innate immune cells including macrophages express a diverse range of pattern
recognition receptors that allow a naive immune system to immediately respond to
certain pathogens by recognizing conserved pathogen associated molecular patterns.
Mincle is one of only two receptors for trehalose di-mycolate, a major cell wall
component and PAMP that is unique to mycobacteria[365, 366]. As well as being
involved in the host response to mycobacterial infection Mincle also has a role in
vaccine development since TDM and its synthetic analogue TDB are potent
adjuvants[367]. Damage associated molecular patterns are endogenous molecules that
can bind innate immune receptors and initiate or perpetuate immune responses and
inflammation. One such molecule is SAP130, a protein that forms part of the histone
deacetylase corepressor complex. SAP130, an endogenous Mincle ligand, is released
from dying cells and causes an inflammatory response that is abrogated by using an
antibody to block Mincle-SAP130 binding[342]. We sought to establish whether
Mincle might have a role in atherosclerosis and further define the ligand attributes

necessary for Mincle binding.

We found that whereas Mincle expressing cells are scantily present in healthy human
arteries, both atherosclerotic arteries and arteries affected by giant cell arteritis have
an abundance of Mincle expressing macrophages. The abundance of Mincle in
atherosclerotic lesions raises a number of questions as to whether it might be directly

involved in disease development or progression. These questions include whether
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Mincle binds oxidized lipoproteins, and whether Mincle induces inflammatory
responses through binding to SAP130 released from dying cells within atherosclerotic
plaques. Our mRNA data suggest that oxLDL does indeed upregulate Mincle
expression in macrophages, albeit at a relatively modest level. Another study has
found that Mincle was also upregulated by the fatty acid palmitate and in monocytes
of obese individuals[354]. Palmitate-induced Mincle expression was in part dependent

on TLR4 signaling[354].

We tested whether LDL or oxLDL contained a ligand for Mincle using a Mincle-
luciferase reporter assay. Overall neither compound produced a significant response
in the assay. Subsequent to our study it was reported that cholesterol itself is an
endogenous ligand for Mincle although the precise nature of the interaction remains
unknown[368]. If cholesterol is a ligand for Mincle then clearly Mincle would be a
key activating receptor within atherosclerotic plaques. Mincle may also senses

SAP130 released from dying cells within atherosclerotic plaques.
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7.3.1 Regulation of Mincle by C/EBP beta in human macrophages and foam

cells

The transcription factor C/EBP-beta has dual role in Mincle associated inflammatory
responses. Firstly, TDB increased expression of C/EBP-beta in a Mincle dependent
manner in mouse macrophages[361]. Secondly, C/EBP-beta was required for high
level Mincle expression and induction of inflammatory responses in reaction to
Mincle ligands [361]. In human macrophages we found that Mincle and C/EBP-beta
were simultaneously upregulated by oxLDL and there was a low level C/EBP-beta
ChIP-seq binding site near the transcription start site. Additionally, there was a robust
enhancer site within 75kb of the Mincle gene with oxLDL increased C/EBP-beta

binding.

A higher level of Mincle expression on monocytes of patients with myocardial
infarction is associated with the genetic risk haplotype at the 9p21.3 locus[360]. Our
finding of high levels of Mincle expressing macrophages and foam cells in
atherosclerotic plaques, coupled with upregulation by atherogenic lipid suggest that
the genetic risk could operate within lipid laden plaques by further increasing Mincle

expression leading to enhanced inflammatory responses.

To refine our knowledge of the necessary structural requirements of ligands for
Mincle binding, we tested an extensive range of compounds that differed iteratively

and systematically from TDM. TDM comprises a trehalose carbohydrate moiety made
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up from two glucose residues with a lipid chain attached to each glucose residue. We
tested compounds with chain lengths as short as 8 carbon atoms and as long as 24
carbon atoms. The carbohydrate head ranged from the full trehalose moiety to a
simple glycerol head. In almost all cases, these molecules were able to bind Mincle
since they produced an effect comparable to both a stimulating antibody and TDM, in
our Mincle luciferase assays. These data demonstrate the relative tolerance of the
Mincle binding site for various permutations of TDM-related ligands and these
compounds could all be tested as vaccine adjuvants. A limitation of our data is that
three compounds caused rapid cellular death and we could not therefore derive
meaningful results from these. A non-cellular binding study using recombinant
Mincle protein could be used to test these compounds. Alternatively, refinement of
the production process of these compounds may remove unknown adulterants that
could be toxic to cells. Another limitation of a cell based experiment is that the overall
signal to noise ratio of the assay varied over time likely due to changes in the
population of Mincle transfected cells which did not have a positive selection marker.
In the future, selection of individual clones and using plasmids with selection markers
could allow greater consistency between experiments. Nevertheless, we performed
adequate positive and negative controls with each experiment to determine the
dynamic range of the assay and allow comparison of the effect of compounds between
individual assays. A few of the ligands we have tested have also been tested in other
published studies and these results are in keeping with our results. Trehalose
compounds with one acyl chain with either 22 or 26 carbon atoms triggered Mincle
dependent IL-6 release and NO production from mouse bone marrow macrophages

[346].
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MMBG is a recently discovered mycobacterial lipid, which together with a synthetic
analogue, has been shown to activate human dendritic cells [364].

The synthetic MMG analogue posses the simplest structure of the compounds we
have tested, being composed of just an acyl chain and glycerol head moiety. Our
finding of it being a ligand for human Mincle are similar to a recent study in which
MMG was shown to bind human Mincle but not mouse Mincle [345]. Using our
reporter assay we have also found that mouse Mincle does not bind MMG (personal
communication - Anita Mistry). Further studies comparing the structure of human and

mouse Mincle may reveal why MMG uniquely only binds human Mincle.

7.3.2 Conclusions

Numerous lines of evidence inculpate Mincle in the pathophysiology of
atherosclerosis, including oxLDL-regulated expression, high level expression in
atherosclerotic plaque, and a trans-eQTL for common genetic variants associated with
CAD. Our experiments have refined our knowledge of the ligand binding abilities of
Mincle which may aid the rational development of Mincle stimulating vaccine

adjuvants as well as the search for further endogenous ligands.
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8 General Discussion

In this study I investigated a fundamental aspect of atherosclerosis—foam cell
formation in response to atherogenic lipid. We focused on how macrophages are re-
programmed into foam cells at the epigenetic level. Preventing foam cell formation is
already a key strategy in the treatment of atherosclerosis—namely the use of lipid
lowering agents such as statins. Since the development of statins there has, however,
been limited progress in developing new classes of athero-protective drugs. If
macrophages or foam cells could be reprogrammed to respond less harmfully to
atherogenic lipid, then atherosclerosis may be ameliorated. Simple inspection of
macrophages down a microscope shows the profound effect of atherogenic lipid on
their conformation. We know from developmental studies that marked cellular
changes are accompanied by epigenetic changes—the alterations in proteins in
proximity to DNA that both govern and reflect changes in the utilization of DNA for
gene expression[221]. I hypothesized that the effect of oxXLDL on macrophages would
include epigenetic changes and that these alterations would both reflect the upstream
pathways activated by oxLDL stimulation and would reveal the parts of the genome
where a response to oxLDL controls altered gene expression. In this study I went
beyond simply describing an ‘epigenetic signature of disease’. I integrated it with the
recently discovered CAD genetic risk variants to identify their role in the process of
foam cell formation. This important work was recently published[246] and
established for the first time a plausible mechanism by which the heritable CAD risk

may in part be mediated through altered PPAP2B expression in response to oxLDL—
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PPAP2B as an enzyme is clearly established as an immediate priority for the
development of specific activators and inhibitors.

In addition to this work I provide a wealth of data that is freely available for use by
other researchers who desire to know the epigenomic landscape and regulation of
gene expression during foam cell formation, or who wish to study the role of C/EBP-

beta in response to oxLDL.

8.1 Lipid-induced epigenomic changes in macrophages

These results show that epigenetic changes accompany the striking macroscopic
changes associated with foam cell formation. Epigenetic changes were closely

correlated with expression of the nearest differentially expressed gene.

FAIRE-seq as a tool has certain benefits and limitations in the study of foam cell
formation. The most striking benefit is the ease with which cells can be effectively
‘frozen’ in time by cross-linking with formaldehyde. On the other, optimizing the
signal to noise ratio required multiple titrations of crosslinking time and phenol-
chloroform extractions, often yielding very small quantities of DNA for sequencing.
We achieved a greater signal to noise ratio than ENCODE FAIRE-seq data viewable
in the UCSC genome browser, partly by pooling biological triplicate samples.
Nevertheless, there remained areas of the genome with relatively poor signal. Another
disadvantage of FAIRE-seq is that the signal is not sharp enough to perform
transcription factor foot-printing. Foot-printing has proved to be useful approach with

DNAse-seq data but these experiments require far larger biological samples that are
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not readily feasible with primary cells and require a depth of sequencing which is
substantially costlier[369]. ChIP-seq for H3K27ac proved to be highly useful since it
gave both an excellent signal and high reproducibility, eliminating the need to pool
biological replicates for any of the analysis. Numerous lines of evidence have shown
that H3K27ac ChIP-seq is an excellent surrogate for enhancer activity[245, 370]. Our
enhancer and open chromatin maps provide a highly useful platform for researchers

looking for the regulatory elements governing individual genes of interest.

To connect oxLDL with changes in open chromatin and enhancer activity we looked
for what was different about the DNA sequences in the genome where oxLDL affects
the open chromatin structure. We expected to find that the main enrichment would be
for transcription factors with known roles such as PPARG and LXR-alpha[261]. The
pattern of enrichment for transcription factor binding motifs did however show that
AP1 was by some margin the most enriched factor, closely followed by C/EBP-beta.
It may be that a refined approached to dividing the 1000s of dynamic chromatin sites
would delineate patterns of enrichment for PPARG and LXR-alpha. Given that AP1
and C/EBP-beta are both pioneer factors whose binding can activate processes that
lead to further ‘chromatin opening’ it is perhaps not surprising that they are most
closely associated with dynamic sites[219, 371]. In both cases, my analysis suggests
these factors warrant further study as transcription factors mediating the response to
oxLDL. Based on these results I went on to identify C/EBP-beta binding sites using
ChIP-seq and confirmed that oxLDL does indeed regulate C/EBP-beta binding.
Inhibition of C/EBP-beta activity is a potential strategy to ameliorate foam cell
formation and knockdown of C/EBP-beta may reduce inflammation since its binding

sites were enriched for immune genes.
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In my hands, foam cells existed for many days in culture after treatment with oxLDL.
It would be interesting to perform a similar epigenomic analysis at a later time-point
when the foam cells have been presented with the opportunity to process and expel
the excess lipid. This analysis would determine to what extent the epigenetic changes
we have seen are reversible if the pathogenic stimulus is removed and what capacity

foam cells have for recovery to a normal state.

I have used a model of foam cell formation. I sought to use the highest grade of model
possible by only using primary human cells and by isolating our own fresh LDL from
human blood. A major concern in producing the LDL for these experiments is
endotoxin contamination. The most commonly used assay for endotoxin detection in
academic laboratories is the limulus test. Plasma contains an inhibitor of the limulus
reaction that can provide falsely reassuring results. A close study of the literature
revealed that an extra heating step was required to degrade this inhibitor without
affecting the endotoxin concentrations. To our knowledge, no previous published

work with human LDL and the limulus test has described using this method.

8.2 Integrating the macrophage-foam cell epigenome with CAD heritable

risk

Genome-wide association studies have opened up the exploration of genetic risk for
common, complex diseases by identifying relatively precisely areas of the genome

harboring risk-associated polymorphisms and candidate genes. Though thousands of
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risk SNPs for hundreds of human traits and diseases have been published, their
biological effects are for the most part completely unknown[372]. Our study helps to
unlock this bottleneck for CAD by attempting to identify which of the many variants
might be functional in macrophages. Overall, of the 45 loci we found that 22 loci have
SNPs in regulatory DNA identified by our open chromatin and enhancer maps. Given
the possibility of chance associations we used a robust method to determine whether
there was enrichment of CAD variants in these regulatory DNA sites. Finding
enrichment is a major pointer to a particular cell type or tissue being the site of action
for a set of variants. Surprisingly we did not find statistically significant enrichment
for CAD SNPs compared to a background of other GWAS SNPs in either
macrophages or foam cells. At face value this suggests macrophages or foam cells do
not convey the majority of the GWAS CAD risk. For the first time we looked for
enrichment of SNPs in the subset of regulatory elements that are involved in the
pathogenic process of foam cell formation. Notably we did find statistically
significant enrichment in this subset of sites. We suggest that there are SNPs that are
in effect brought into play during the pathogenic transformation of healthy cells into
diseased cells. Future studies can test this hypothesis in other cell types, for example,
healthy endothelial cells and those undergoing shear stress. It is also possible that
assaying a broader range of chromatin marks, using additional techniques for open
chromatin mapping, and performing the studies in more individuals will identify
additional regulatory elements harboring risk SNPs. The PHACTRI analysis is a
potential case in point. I find that PHACTRI is expressed in macrophages, regulated
by oxLDL and inflammatory stimuli, has an eQTL in macrophages; all pointers to a
role in the genetic CAD risk at this locus. I did not find however, that any of the

disease associated SNPs mapped to an open chromatin site or enhancer site in
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macrophages and foam cells. The PPAP2B locus proved highly interesting since
PPAP2B was a hit across all our datasets—oxLDL regulated expression, enhancer
activity, open chromatin, C/EBP-beta binding and SNPs in regulatory DNA. From
this data and additional functional testing of the rs72664324 SNP I propose a model

whereby r$7264324 may in part account for the CAD risk at this locus (Figure 8-1).

OxLDL—»| C/EBP beta Enhancer activity

rs72664324
PPAP2B | — LPP3 }

Enzymatic activity

Pro-inflammatory Receptor inactive
rs72664324-A - protective lipids e.g. LPA metabolites

C/EBP beta i l
Inflammation, f Inflammation, ;
cellular rfcruitment

rs72664324-G - risk cellular recruitment

Atherosclerosis f Atherosclerosis +
Figure 8-1 Model showing the interplay between oxLDL, C/EBP-beta and
rs72664324 on expression of PPAP2B.
OxLDL-induced C/EBP beta binding is greater to the A allele and leads to increased
induction of PPAP2Bin response to oxLDL compared to the G
allele. PPAP2B encodes LPP3 whose enzymatic activity reduces pro-inflammatory

signaling mediated by LPA.

The IL6R CAD risk locus shares many similarities with the PPAP2B locus. IL6R is
upregulated by oxLLDL and some risk SNPs are in an oxLDL-induced, intronic
enhancer that is also part of a super-enhancer. IL6R encodes the receptor for the pro-

inflammatory cytokine interleukin-6 and circulating levels of a soluble form of IL6R
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have been associated with coronary artery disease[250, 251]. Modulators of II6R
function are in development and future studies may also investigate the role of the

subset of SNPs implicated by our study[373].

8.3 Mincle

Relatively few C-type lectins are known to have a direct role in atherosclerosis. The
LOXI1 receptor recognizes and internalizes oxLDL and mutations in its coding
sequence are associated with CAD [334]. Mincle has been indirectly linked with
atherosclerosis because macrophages carrying the risk haplotype at the 9p21.3 locus
have higher Mincle expression—a trans eQTL—and macrophage Mincle expression
is induced by an interaction with adipocytes[354, 360]. Our study supports a role for
Mincle in atherosclerosis by demonstrating increased expression in atherosclerotic
plaque and upregulation upon foam cell formation. Mincle is a major receptor for the
MTB associated glycolipid, TDM but in our study oxLDL did not appear to contain
endogenous ligands for Mincle. Emerging data suggest that cholesterol itself may be a
ligand for Mincle[374]. Our study has helped to define the ligand repertoire of Mincle
by finding a range of new synthetic derivatives of TDM that bind to Mincle. These

will be helpful in future vaccine development as adjuvants.
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8.4 Conclusions

Overall, this study establishes a link between CAD genetic susceptibility, the
macrophage response to atherogenic lipid and receptor active lipid signaling. This
study demonstrates the utility of chromatin and enhancer mapping in primary human
cells before and after a pathogenic environmental stimulus and this approach may

have applications in the study of other diseases.

Our high throughput sequencing and microarray datasets are freely available and
provide a wealth of primary human cell data for further analysis. Further studies may
involve development of myeloid specific mouse knockouts for PPAP2B, PHACTRI,
MINCLE and CEBPB to assess their functional role in atherosclerosis. The
development of specific inhibitors and activators of PPAP2B would also be a useful
tool. Similarly, the interaction of PHACTR1 with actin or PP1 might be specifically
targeted and the effects of PHACTRI1 disruption on gene expression studied. Our
enhancer and open chromatin data provide a platform for exploring the transcriptional

pathways that that regulate the oxLDL mediated induction of these genes.
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9 Appendix

9.1 Published work

A substantial part of the work in this thesis formed the basis for my first author paper
in Plos Genetics. The abstract is shown below. The PDF version of the manuscript is

attached as an addendum at the end of this thesis.

PLoS Genet. 2015 Apr 2;11(4):e1005061. doi: 10.1371/journal.pgen.1005061.
eCollection 2015.

Lipid-induced epigenomic changes in human macrophages identify a coronary artery
disease-associated variant that regulates PPAP2B Expression through Altered C/EBP-
beta binding.

Reschen ME1, Gaulton KJi, Lin D1, Soilleux EJ2, Morris AJ3, Smyth SS3,

O'Callaghan CAI.

Author information

Abstract

Genome-wide association studies (GWAS) have identified over 40 loci that
affect risk of coronary artery disease (CAD) and the causal mechanisms at the

majority of loci are unknown. Recent studies have suggested that many causal
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GWAS variants influence disease through altered transcriptional regulation in
disease-relevant cell types. We explored changes in transcriptional regulation
during a key pathophysiological event in CAD, the environmental lipid-
induced transformation of macrophages to lipid-laden foam cells. We used a
combination of open chromatin mapping with formaldehyde-assisted isolation
of regulatory elements (FAIRE-seq) and enhancer and transcription factor
mapping using chromatin immuno-precipitation (ChIP-seq) in primary human
macrophages before and after exposure to atherogenic oxidized low-density
lipoprotein (oxLDL), with resultant foam cell formation. OxLDL-induced foam
cell formation was associated with changes in a subset of open chromatin and
active enhancer sites that strongly correlated with expression changes of nearby
genes. OxLDL-regulated enhancers were enriched for several transcription
factors including C/EBP-beta, which has no previously documented role in
foam cell formation. OxLDL exposure up-regulated C/EBP-beta expression
and increased genomic binding events, most prominently around genes
involved in inflammatory response pathways. Variants at CAD-associated loci
were significantly and specifically enriched in the subset of chromatin sites
altered by oxLDL exposure, including rs72664324 in an oxLDL-induced
enhancer at the PPAP2B locus. OxLDL increased C/EBP beta binding to this
site and C/EBP beta binding and enhancer activity were stronger with the
protective A allele of rs72664324. In addition, expression of the PPAP2B
protein product LPP3 was present in foam cells in human atherosclerotic

plaques and oxLDL exposure up-regulated LPP3 in macrophages resulting in
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increased degradation of pro-inflammatory mediators. Our results demonstrate
a genetic mechanism contributing to CAD risk at the PPAP2B locus and
highlight the value of studying epigenetic changes in disease processes

involving pathogenic environmental stimuli.

PMID: 25835000
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9.2 Example Scripts

9.2.1 Heat map of intersections between different samples of a genomic feature

This script takes a a directory of files with genomic coordinates in bed file format and
computes the Jaccard statistic for all possible comparisons including comparison of a
file against itself to give a Jaccard of 1 (I do not include an example of the heat map
generated in this thesis—but it is in essence a more simple version of Figure 4-15).
The data are output as a space delimited text file and a symmetrical, hierarchically
clustered heat map is produced in R which illustrates the Jaccard statistic for all
possible comparisons. This program is useful for getting an overall view of the
similarity between a particular genomic feature in multiple cell types or conditions.
Critically, the genomic coordinate files must first be sorted. This is typically
performed at the Unix command line by first sorting by chromosome and then by start
position of the genomic feature using: sort —k1,1 —k2,2n <file>. This script was tested

with Ubuntu 12.04.

#! /usr/bin/env perl
use warnings; use strict; use File::Slurp; use Getopt::Long; use Statistics::R;

my $usage = "usage: supergenie.pl <arguments...>
options:

--directory <path to bed file directory>

--output <path and name of output file>

",
)

die $usage unless $ARGV[1];
die $usage unless $ARGV[2];
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my $directory;
my $output_file;

# get command line arguments
GetOptions(
"directory=s" => \$directory,
"output=s" =>\$output file,

)

# get file names in directory
my @files = read_dir "$directory"”;

# variable for results - in this case Jaccard statistic
my @overall_counts;

# get the Jaccard number for each file compared against the others

for my $file ( @files ) {
push (@overall_counts, $file, " ");
for my $file_bed (@files) {
my $intersection_count = ‘bedtools Jaccard -a "$directory/$file" -b
"$directory/$file_bed";
chomp $intersection_count;
my ($Jaccard) = "$intersection_count" =~ m/\d+\s+\d+\s+(\d.*)$/;
push (@overall_counts, $Jaccard, " ");

}

push (@overall_counts, "\n");

}

# output results to screen
#print "Sample @files", "\n", @overall_counts;
# output results to file. filename and path specified on the command line

open(my $out, ">$output_file") or die "error creating $output_file. $!";
print $out "Sample @files\n", @overall_counts;
close $out;

# output a heat map of the results. note the columns need to be renamed.

my $R = Statistics::R->new();
$R->startR;
$R->send("datal = read.delim('$output_file', sep ="', header=T, row.names=1)");
$R->send("no_rows=nrow(datal)");
$R->send("no_cols=ncol(datal)");
$R->send("no_colsminone = no_cols - 1");
$R->send("data2=datal[1:no_rows, 1:no_colsminone]");
$R->send("new_col_names= c()");
foreach my $name (@files) {
$R->send("new_col_names=c(new_col_names, '$name")");

}
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$R->send('colnames(data2)=new_col_names');

$R->send('data3 = as.matrix(data2)");

$R->send('font_size= 2/ sqrt(no_rows)');

$R->send("pdf(file = '$output_file.pdf')");

$R->send("heat map (data3, symm=T, cexRow=font_size, cexCol=font_size)");
$R->send("dev.off()");

$R->stopR;

# typical command heatmap_intersections.pl -directory

/Users/michaelreschen/Dropbox/chipseq/super_enhancers/rose_super_enhancers -
output /Users/michaelreschen/Documents/test_heatmap

9.2.2 Heat map of two different genomic feature sets

This script produces a slightly more advanced heat map derived from two different
types of genomic feature. This was used to produce figure Figure 4-15. The main use
is in for example comparing the ENCODE ChIP-seq data with another type of feature
such as open chromatin to look for patterns of similarity between different samples

and types of feature. The script was used in Ubuntu 12.04.

# sample command

# heatmap_intersections_two_features.pl -directory1 /path/enhancers.bed -directory?2
/path/ChiPseq.bed -output /path/enhancers_vs_chip.txt

#! /usr/bin/env perl

# this program makes Jaccard heat map for comparing two feature types e.g super
enhancers and chip-seq

use warnings; use strict; use File::Slurp; use Getopt::Long; use Statistics::R;

my $usage = "usage: supergenie.pl <arguments...>
options:

--directory1 <path to bed file directory e.g. enhancers>
--directory2 <path to bed file directory e.g. chip>
--output <path and name of output file>

",
)
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die $usage unless $ARGV[1];
die $usage unless $ARGV[2];
die $usage unless $ARGV[3];

my $directory_enhancer;
my $directory_chip;
my $output_file;

# get command line arguments

GetOptions(
"directoryl=s" =>\$directory_enhancer,
"directory2=s" => \$directory_chip,
"output=s" =>\$output_file,

)

# get file names in directory
my @files_enhancer = read_dir "$directory_enhancer";
my @files_chip =read_dir "$directory_chip";

# variable for results - in this case Jaccard statistic
my @overall_counts;

# get the Jaccard number for each file compared against the others

my $num_enh_files = @files_enhancer;
my $num_chip_files = @files_chip;

my $total_bedtools = $num_enh_files * $num_chip_files;
my $counter = 0;

for my $file_enhancer ( @files_enhancer ) {
push (@overall_counts, $file_enhancer, " ");
for my $file_chip (@files_chip) {
my $intersection_count = ‘bedtools Jaccard -a "$directory_enhancer/$file_enhancer"
-b "$directory_chip/$file_chip";
chomp $intersection_count;
my ($Jaccard) = "$intersection_count” =~ m/\d+\s+\d+\s+(\d.¥)$/;
push (@overall_counts, $Jaccard, " ");
$counter = $counter + 1;
my $remaining = $total_bedtools - $counter;
print "remaining = ", $remaining, "\n";
}

push (@overall_counts, "\n");

}

# output results to screen
#print "Sample @files", "\n", @overall_counts;
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# output results to file. filename and path specified on the command line

open(my $out, ">$output_file") or die "error creating $output_file. $!";
print $out "Sample @files_chip\n", @overall_counts;

close $out;

# output a heat map of the results. note the columns need to be renamed.
my $R = Statistics::R->new();

$R->startR;

$R->send("datal = read.table('$output_file’, header=T, row.names=1)");
$R->send('no_rows=nrow(datal)");

$R->send('no_cols=ncol(datal)’);

$R->send('data2 = as.matrix(datal)");

$R->send('font_size_row = 2/ sqrt(no_rows)");

$R->send('font_size_col = 2/ sqrt(no_cols)");

$R->send("pdf(file = '$output_file.pdf')");

$R->send("heat map (data2, cexRow=font_size_row, cexCol=font_size_col)");

$R->send("dev.off()");
$R->stopR;

9.2.3 Correlating differential gene expression with dynamic genomic features.

Changes in cellular gene expression may occur in response to stimuli or development.
There may be simultaneous changes in histone marks and transcription factor binding.
How these relate to gene expression changes is often unclear. This tool was written to
help detect correlations between changes in gene expression between two conditions
and concurrent changes in histone marks or transcription factor binding events. This
script was used to produce the underlying data points for Figure 4-13A

The user supplies three files.

1. A tab delimited file of gene expression with HUGO gene symbol in the first
column and fold change (typically log base 2) in the second column.

2. A bed file of genomic sites showing dynamic signal between the two conditions

used for gene expression testing, with fold change in signal in the 4th column.
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3. A bed file of the genomic coordinate of genes with a HUGO gene symbol in the 4th
column. Dynamic sites from file 2 are then annotated to the nearest gene. Potentially

using TSS instead of whole gene body can help.

#!/usr/bin/perl -w

# perl program to correlate fold changes in chromatin marks with gene expression
change between two conditions.

use strict;
use Getopt::Long;
use List::Util qgw(sum max min);

# print user instructions

my $usage = "usage: chromgenie.pl <arguments>

options:

--gene_expression <path to gene expression data - gene symbol col1 and fold change
col2>

--chrom_change <path to bed file with fold change in col4>

--genes <path to bed file of genes each annotated with gene symbol in col4>

",
)

die $usage unless @ARGV;
my $gene_expr;
my $chrom_expr;

my $genes;

# get user input file names

GetOptions(
"gene_expression=s" => \$gene_expr,
"chrom_change=s" =>\$chrom_expr,
"genes=s" =>\$genes,

);

my %expr;

my %hash_chrom_fold_for_gene;

open(EXPR, "< $gene_expr") or die "Can't open '$gene_expr'": $!";
while(my $expr_line = <EXPR>) {
chomp($expr_line);
my @expra = split (/\t/, $expr_line);
$expr{$expra[0]} = $expra[1];
}
close(EXPR);
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my @anno_chrom = “closestBed -a $chrom_expr -b $genes -t first’;

foreach my $line (@anno_chrom) {

chomp ($line);

my @anno_chrom_split = split(/\t/, $line);

my @chrom_gene_fold = @anno_chrom_split[8,3];

my $fold = $chrom_gene_fold[1];

my $gene_name = $chrom_gene_fold[0];

push (@{$hash_chrom_fold_for_gene{$gene_name}}, $fold);
}

my $gene_based_group_of_chrom_fold_change;
my @super_final_result;

for $gene_based_group_of_chrom_fold_change ( keys %hash_chrom_fold_for_gene ) {

my @pre_average = @{
$hash_chrom_fold_for_gene{$gene_based_group_of _chrom_fold_change} };

my $average =sum (@pre_average) / @pre_average;

my $maxi = max (@pre_average);

my $mini = min (@pre_average);

my $num_chrom = @pre_average;

if (exists $expr{$gene_based_group_of_chrom_fold_change}) {

push (@super_final_result, $gene_based_group_of_chrom_fold_change,

"\t",$expr{$gene_based_group_of_chrom_fold_change},"\t",$average,"\t", $maxi,"\t",
$mini,"\t", $num_chrom,"\n");

}
}

my $outfile = "$chrom_expr.output”;

open(my $out, ">$outfile") or die "error creating $outfile. $!";

print $out
"gene_name\tgene_change\tmean_chromatin_change\tmax_chrom_change\tmin_chrom
_change\tnum_of_chrom_sites\n",@super_final_result;

close $out;

9.2.4 Correlating gene expression with super-enhancer status

This script is used to expression of genes overlapping or near enhancers with super
enhancer status compared to genes that are near enhancer without super enhancer
status. This script was used to generate the box plots and statistics for Figure 4-14.
The expectation is that genes which are overlapping or near super enhancer will have

higher expression overall compared to those that are not near super enhancers. The
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script requires several input files including a gene expression file with the gene name
in the first column and numerical expression value in another column (the number of
the column is input to the script as a command line argument—NB the first column is

numbered column 1.)

Example gene expression file (tab-delimited, each gene should only appear once):

name D foam mean macro mean difference absolute difference

LDLR 1440736 8.23336360167639  11.3233003347604 -3.08994
3.08994

F13A1 2230241 8.9964997225946  11.8093080177823  -2.81281
2.81281

PLIN2 1400446 12.3854596082269  9.6884521324441  2.69701

2.69701

The super-enhancer data is the output from the ROSE program with the header lines

manually removed. Example 3 lines of tab-delimited file:

37 MACS_peak 25454 lociStitchedchr20 48753100 49192307 37
321117 379957.9757 1 1

3 MACS peak 41758 lociStitched chr9 137215311 137353426 3
128191 296974.873 2 1

5 MACS_peak 41706 lociStitched chr9 134450101 134623161 5

169103 257894.012 3 1
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22 MACS peak 36297 lociStitchedchr7 2641365 2885111 22

177665 254470.824 4 1

The user also supplies a file of gene coordinates in bed format. The gene name can be
repeated if there are different transcripts as each gene hit will only be counted once.

Example 3 lines of tab-delimited file:

chr19 58858171 58864865 NM 130786 AI1BG
chr19 58863335 58866549 NR 015380 AIBG

chr10 52559168 52645435 NM 001198820 AICF

Typical command used to run the script:

super_genie_with_R_v1.1l.pl -genes /path/RefSeq.txt -enhancers
/path/enhancers.txt -gene_expression /path/expression.txt -

output macro —-column_expr 3 -stats yes —-nearest yes

The script was run on Ubuntu 12.04.

Script:

#!/usr/bin/env perl -w

# perl program to correlate super enhancer status with gene expression of genes
overlapping the super enhancer

# the three inputs are:

# gene position file e.g. refseq

# output from ROSE program with all enhancers and their super status

# gene expression file
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use strict;

use Getopt::Long;

use List::Util qw(sum max min);
use List::MoreUtils qw( uniq );
use Statistics::R;

my $usage = "usage: supergenie.pl <arguments...>

options:

--gene_expression <path to gene expression data>

--enhancers <path to enhancer file>

--genes <path to bed file of gene start and end coordinates>

--output <name to append to gene expression file name to make output filename>
--column_expr <numerical value of column with gene expression data. NB first column
is zero>

--nearest <type 'yes' if want to included nearest gene to enhancer, not just overlapping
genes>

--stats <type 'yes' or leave blank. if yes then will draw boxplot and print basic stats>

",
)

die $usage unless @ARGV;

my $gene_expr;

my $sup_enhancer;

my $gene_bed;

my $output_name;

my $col_expr_value;
my $stats ="empty";
my $nearest = "empty";

GetOptions(
"gene_expression=s" =>\$gene_expr,
"enhancers=s" => \$sup_enhancer,
"genes=s" => \$gene_bed,
"output=s" => \$output_name,
"column_expr=i" =>\$col_expr_value,
"nearest:s" => \$nearest,
"stats:s" => \$stats,

);

# now get the gene position data

# condense if there are multiple transcripts with the same gene name

# by making hash of arrays with gene symbol = key

# and for each the array is just the all the start and and positions for that gene

# then just take the smallest and largest number to define the max width of the gene.

# open the file first - path given at command line
open(GENE_POS, "< $gene_bed") or die "Can't open '$gene_bed": $!";

# then make hash of gene name and chromosome
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my %gene_chr;
my %gene_pos;

while (my $gene = <GENE_P0OS>) {

chomp $gene;

my @gene = split(/\t/, $gene);

$gene_chr{$gene[4]} = $gene[0];

push (@{$gene_pos{$gene[4]}}, $gene[1], $gene[2]);
b

close(GENE_POS);

# then make a hash of gene positions, get min and max and write a final array of
amalgamated positions for each gene symbol

my @condensed_gene_bed;

foreach my $gene_symbol ( keys %gene_pos ) {
my @positions = @{ $gene_pos{$gene_symbol} };
my $maxi = max (@positions);
my $mini = min (@positions);
my $final = join("\t", $gene_chr{$gene_symbol}, $mini, $maxi, $gene_symbol, "\n");
push(@condensed_gene_bed, $final);
b

my $outfile = "$gene_bed.output”;

open(my $out, ">$outfile") or die "error creating $outfile. $!";
print $out "@condensed_gene_bed";

close $out;

# nb note the process above was technically not necessary as the script is just looking
for genes hit.
# so if a gene was hit 10 times it wouldn't have mattered as it is count once only.

# use bedtools to get all the genes which overlap a super enhancer or a non super
enhancer

# first get the ROSE super enhancer output and split into stitched enhancers with and
without super status

my @super_enh_bed;
my @not_super_enh_bed;

open(SUP_ENH, "< $sup_enhancer") or die "Can't open '$sup_enhancer": $!";

while (my $line = <SUP_ENH>) {
chomp $line;
my @line = split (/\t/, $line);
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if ($line[8] == 1) {
my $super_enh_bed = join("\t", $line[1], $line[2], $line[3], "\n");
push (@super_enh_bed, $super_enh_bed);
}else {
my $not_super_enh_bed = join("\t", $line[1], $line[2], $line[3], "\n");
push (@not_super_enh_bed, $not_super_enh_bed);
}
}

close (SUP_ENH);

my $outfile2 = "$gene_bed.output.not_sup_enh_bed";

open(my $out2, ">$outfile2") or die "error creating $outfile2. $!";
print $out2 "@not_super_enh_bed";

close $out2;

my $outfile3 = "$gene_bed.output.sup_enh_bed";

open(my $out3, ">$outfile3") or die "error creating $outfile3. §!";
print $out3 "@super_enh_bed";

close $out3;

# now get the gene expression data as a hash

my %gene_expr;
open(GENE_EXPR, "< $gene_expr") or die "Can't open '$gene_expr' $!";
while (my $linel = <GENE_EXPR>) {
chomp $linel;
my @linel = split (/\t/, $linel);
$gene_expr{$line1[0]} = $line1[$col_expr_value];
}
close (GENE_EXPR);

# now use bedtools intersect to get all genes overlapping a stitched enhancer

my @sup_enh_intersection ="bedtools intersect -wa -a $gene_bed.output -b
$gene_bed.output.sup_enh_bed’;
my @not_sup_enh_intersection ="bedtools intersect -wa -a $gene_bed.output -b

$gene_bed.output.not_sup_enh_bed;

my @gene_list_overlap_super;
my $name_gene;
my @final_result = ("gene\texpression\tstatus\n");

foreach my $line3 (@sup_enh_intersection) {
chomp $line3;
my @line3 = split (/\t/, $line3);
$name_gene = $line3[3];
push (@gene_list_overlap_super, $name_gene);
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}

if ($nearest eq 'yes') {
my @sup_enh_intersection_closest = bedtools closest -a
$gene_bed.output.sup_enh_bed -b $gene_bed.output’;

foreach my $line_3 (@sup_enh_intersection_closest) {
chomp $line_3;
my @line_3 = split (/\t/, $line_3);
$name_gene = $line_3[6];
push (@gene_list_overlap_super, $name_gene);
}
}

my @unique_super_gene = uniq @gene_list_overlap_super;

# now extract gene expression values for subset of genes associated with a super
enhancer

foreach my $unique_super_gene (@unique_super_gene) {
if (exists $gene_expr{$unique_super_gene}) {
push (@final_result, $unique_super_gene, "\t", $gene_expr{$unique_super_gene},
"\tsuper\n");
}
}

# perform the same process for genes associated with stitched non-super-enhancers.
my @gene_list_not_overlap_super;

foreach my $line4 (@not_sup_enh_intersection) {
chomp $line4;
my @line4 = split (/\t/, $line4);
my $name_gene = $line4[3];
push (@gene_list_not_overlap_super, $name_gene);

}

if ($nearest eq 'yes') {
my @not_sup_enh_intersection_closest = "bedtools closest -a
$gene_bed.output.not_sup_enh_bed -b $gene_bed.output’;

foreach my $line_4 (@not_sup_enh_intersection_closest) {
chomp $line_4;
my @line_4 = split (/\t/, $line_4);
my $name_gene = $line_4[6];
push (@gene_list_not_overlap_super, $name_gene);
}
}

my @unique_not_super_gene = uniq @gene_list_not_overlap_super;
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# ensure the gene cannot be counted twice if it was in proximity to a super enhancer.

Super enhancers take priority to remove any gene from the non-super enhancer list
which has already been associated with a super enhancer.

my %hash;
$hash{$_}++ for (@unique_super_gene);

foreach my $unique_not_super_gene (@unique_not_super_gene) {
if (exists $gene_expr{$unique_not_super_gene}) {
unless (exists $hash{$unique_not_super_gene}) {
push (@final_result, $unique_not_super_gene, "\t",
$gene_expr{$unique_not_super_gene}, "\tnot_super\n");
}
}
}

# produce the output file with gene, expression value and enhance status.

my $outfile4 = "$gene_bed.output.final_result.$output_name";
open(my $out4, ">$outfile4") or die "error creating $outfile4. $!";
print $out4 "@final_result";

close $out4;

# calculate t.test statistic for expression difference between genes assigned or not
assigned to super enhancers. Produce boxplot of the output.

if ($stats eq 'yes') {

my $R = Statistics::R->new();
$R->startR;
$R->send('library(ggplot2)");
$R->send("datal = read.delim('$gene_bed.output.final_result.$output_name")");
$R->send('ggplot(datal, aes(x=status, y=expression)) + geom_boxplot() +
theme_bw()");
$R->send("ggsave('$gene_bed.output.final_result.$output_name.pdf’, width=8,
height=8, units='cm")");
$R->send('test = t.test(datal$expression ~ datal$status)');
$R->send('print(test)");
my $ret = $R->read;
print $ret;
$R->send('print(test$p.value)');
my $ret2 = $R->read;
print "The exact P value is: ", $ret2;
$R->stopR;
}
print "\nCompleted ok, goodluck!\n\n";
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9.3 Appendix of transcription factor motif enrichment in dynamic

chromatin sites.

In addition to the transcription factor enrichment motif finding in double dynamic
enhancer chromatin sites (i.e. non-promoter dynamic chromatin site, within 300bp of a
dynamic h3k27ac site) we repeated the analysis after separating the sites into those that
had increased FAIRE-seq signal in response to oxLDL and those with less signal.

1270 sites were identified with oxLDL induced FAIRE-seq signal. These were submitted
to SeqPos in the Cistrome computing environment using the Cistrome custom database

of transcription factor motifs. Enriched transcription factor motifs were clustered based
on a similarity cut-off of 0.6 and the output is shown below. Overall the enrichments are
broadly similar to that when using all the double dynamic sites.

clu collap cu zsc #NA similari mean_
ste sed_i DNA binding hi tof or ME tyto positio
rs d factor domain ts f e ?  top n
MCO00 Leucine Zipper 4. 26. 690
1 456 JUND  Family 43 04 .78 -0.20
deno 4. 25. 690
1 vol0 None 69 27 .78 0.91 -0.21
MCO00 Leucine Zipper 4. 25. 690

1 371 JUNB Family 67 10 .78 0.90 -0.21

MCO00 Leucine Zipper 6. 24. 690
1 349 Jun Family 21 79 .78 0.90 -0.20
MCO00 Transcription 6. 24. 690

1 356 Tbx21  Factor T-Domain 05 54 .78 0.87 -0.21

deno 6. 24. 690
1 voO None 72 45 78 0.94 -0.22
MCO00 Leucine Zipper 4. 24. 690

1 351 FOSL1  Family 80 34 .78 0.88 -0.21

4. 24. 690
93 02 .78 0.91 -0.22

MCOO0 Leucine Zipper
1 330 FOS Family

N OO O WO OOOONNDPPUTOOOWOWOPPONWNNNNNORLO

deno 4, 23. 690
1 vo21l None 99 50 .78 0.90 -0.18
1 MCOO0 JUN Leucine Zipper 5. - 690 0.90 -0.20
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CP2 Transcription

Factor Domain
Family

Helix-Loop-Helix

Family

Homeodomain
Family

Hormone-nuclear

Receptor Family

W o WWwWwUuINEFEFOWOLVOLOLOLOWEKF EFEF OUNEOO

11

92

50

33

20

4
3.7 9l
1 82
3.4 83.
9 25
3.1 71
7 92
3.2 75.
8 63
3.1 69.
1 67

-0.04

-0.03

0.84 -0.04

-0.03

-0.06

The analysis was repeated using the subset of double dynamic chromatin sites which
had oxLDL-suppressed FAIRE-seq signal (473 sites) and the corresponding data output
is shown below. In contrast to the upregulated sites there was little enrichment for
transcription factor motifs in these sites apart from for ETS transcription factors.

clus
ters

collaps
ed_id

MCO003
85

MC004
27

MCO003
37

MO0067
MC001
68

MC001
60

MCO003
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factor

Etsl

ETV1

lkzf3

ETV7

ERG

ETV3

GABP

DNA binding domain

Ets Domain Family

Ets Domain Family

BetaBetaAlpha-zinc

finger Family

Ets Domain Family

Ets Domain Family

Ets Domain Family

Ets Domain Family

hi
ts

O N WOoOONPPDWOWE OO E WNWWLOWNWRAW

cut
off

4.8
09

5.0
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4.6
03

4.8
86

5.5
09

3.0
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2.4
86

ZSC
ore

5.5
77

4.4
02

4.3
32

4.0
62

3.9
27

3.6
01

6

-logl0 P
value

182.167

121.342

118.144

106.228

100.537

87.498

82.167

similarity mean_p
to top osition
-0.087
0.939 -0.088
0.911 -0.07
0.875 -0.094
0.928 -0.093
0.878 -0.058
0.906 -0.06
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None
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47
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79.101
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72.687
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169.514

146.791
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112.742

93.998

105.971

80.074

75.163

93.626

93.264

71.443

0.89

0.689

0.813

0.907

0.83

0.91

0.775

-0.053

-0.068

-0.058

-0.055

-0.126

-0.106

-0.094

-0.068

-0.101

-0.061

-0.055

-0.054

-0.063

-0.061

-0.051
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9.4 PHACTRI long and intermediate transcript alignment

Sequence alignment of the coding sequence of the long and intermediate PHACTR1

transcripts.
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long
intermediate
long
intermediate
long
intermediate
long
intermediate
long

intermediate

long

intermediate

long

intermediate

long

intermediate

long

intermediate

long

intermediate

long

intermediate

long

intermediate

long
intermediate
long
intermediate
long

intermediate

long

intermediate

long

intermediate

long

intermediate

ATGGATTATCCCAAAATGGATTATTTTCTGGATGTAGAGTCTGCTCACAGACTCTTGGAT

GTTGAGTCAGCTCAAAGATTCTTCTACAGTCAAGGAGCTCAAGCTCGCCGGGCGACCCTG

CTCCTGCCTCCCACATTAATGGCGGCATCCTCGGAGGATGATATAGACCGGCGGCCCATC

CGGAGAGTGCGCTCCAAGAGCGACACGCCGTACCTCGCAGAGGCCAGGATCTCCTTTAAC

CTGGGGGCAGCTGAGGAAGTGGAGAGGCTGGCGGCGATGCGTTCTGACTCCCTCGTCCCA

ATGCGTTCTGACTCCCTCGTCCCA

Fhkkkkhkkkkkkhkkkkhkhkkkk

GGCACCCACACCCCACCCATCCGCAGGAGAAGTAAGTTTGCCAACCTGGGAAGGATTTTC

GGCACCCACACCCCACCCATCCGCAGGAGAAGTAAGTTTGCCAACCTGGGAAGGATTTTC

P R R L

AAGCCTTGGAAATGGAGGAAGAAGAAAAGCGAAAAGTTCAAACACACGTCAGCAGCCCTG

AAGCCTTGGAAATGGAGGAAGAAGAAAAGCGAAAAGTTCAAACACACGTCAGCAGCCCTG

D R L

GAAAGGAAAATATCTATGAGGCAAAGCAGAGAAGAGCTGATAAAGCGAGGAGTCCTGAAG

GAAAGGAAAATATCTATGAGGCAAAGCAGAGAAGAGCTGATAAAGCGAGGAGTCCTGAAG

Fokkkkkkkkkkkkkhkkkkkkhkkkkkkhkkkkkkhkkkkkkhkkkkkkhkhkkkkhk Kk

GAAATCTATGATAAAGATGGGGAACTCTCTATATCCAATGAAGAGGACTCCCTAGAAAAT

GAAATCTATGATAAAGATGGGGAACTCTCTATATCCAATGAAGAGGACTCCCTAGAAAAT

Fokkkkkkkkkkkk Rk ok kkkkkhkkk ko k ok khkkkhkkkkkkhkkkkkkhkhkkhkhk Kk

GGGCAGTCCCTGAGCTCCAGCCAGCTGTCTCTGCCTGCCCTGTCCGAAATGGAGCCAGTC

GGGCAGTCCCTGAGCTCCAGCCAGCTGTCTCTGCCTGCCCTGTCCGAAATGGAGCCAGTC

Fokkkkkkkkkkkkkhkkkkkkhkkkkkkhkkkkkkhkkkkkkhkkkkkkhkhkkkkhk Kk

CCAATGCCCAGGGATCCCTGCTCATATGAGGTGCTCCAACCGTCAGACATCATGGATGGG

CCAATGCCCAGGGATCCCTGCTCATATGAGGTGCTCCAACCGTCAGACATCATGGATGGG

D L 2

CCAG

CCAGTGTCTGAAGAGAGTCCCTCTGCCAGTGAGTCTGGAGTCCTCCTGTCCCAAGATCCT

kK ok

TCAGCCAAACCAGTCCTGCTACTGCCCCCCAAAAAACCTGCTGCTTTCCCTGGAGACCAT

GAAGAGACCCCAGTGAAGCAGCTGCCCCTTCTCAAGCAGCCCCCGGCCCTGCCTCCCAAA

ATCCTGGCGCCCCTGTGAAATTGCCTTGT

CCCACTACCAGGATTGCCAACCACTTAACAGATCCTGGCGCCCCTGTGAAATTGCCTTGT

Fokkkkkkhkkkkhkkhkkkkhkkhkhkkhk*

CTGCCAGTGAAACTGTCGCCTCCGCTACCTCCAAAGAAAGTCATGATCTGTATGCCCGTG

CTGCCAGTGAAACTGTCGCCTCCGCTACCTCCAAAGAAAGTCATGATCTGTATGCCCGTG

D R R L 22

GGGGGGCCAGACCTCTCACTGGTGTCCTACACAGCCCAGAAGAGTGGCCAGCAGGGTGTG

GGGGGGCCAGACCTCTCACTGGTGTCCTACACAGCCCAGAAGAGTGGCCAGCAGGGTGTG

D R R Y

GCCCAGCACCACCACACTGTCCTGCCCTCCCAGATCCAGCACCAGCTGCAGTACGGCAGC

GCCCAGCACCACCACACTGTCCTGCCCTCCCAGATCCAGCACCAGCTGCAGTACGGCAGC

P R Y
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long

intermediate

long

intermediate

long

intermediate

long

intermediate

long

intermediate

long

intermediate

long

intermediate

long

intermediate

long

intermediate

long

intermediate

long

intermediate

long

intermediate

long

intermediate

long

intermediate

long

intermediate

CACGGCCAGCACCTCCCCTCCACCACCGGCTCCCTCCCCATGCACCCCTCGGGCTGCAGA

CACGGCCAGCACCTCCCCTCCACCACCGGCTCCCTCCCCATGCACCCCTCGGGCTGCAGA

Fokkkkkkkkkkk ok khkkkkkkhkk ok ko khkkkkkkhkkkkkkhkkkkkkhkhkkkkhk Kk

ATGATAGACGAGCTCAACAAAACGCTGGCCATGACCATGCAGAGGCTGGAAAGCTCTGAG

ATGATAGACGAGCTCAACAAAACGCTGGCCATGACCATGCAGAGGCTGGAAAGCTCTGAG

Fokkkk ko kkkkk kR ok kkkkkhkkk ko khkkkkkkhkhkkkkhkkkkkkhkhkkkkh kK *k

CAGCGGGTCCCCTGTTCCACTTCTTACCACAGCTCTGGGTTGCACTCGGGTGATGGGGTC

CAGCGGGTCCCCTGTTCCACTTCTTACCACAGCTCTGGGTTGCACTCGGGTGATGGGGTC

Fokkkkkkkkkkkkk ok kkkkkhkk ok kkkhkkkk ok k ok hkkkkhkkkkkkhkkkkkkh kK *k

ACCAAAGCAGGACCTATGGGCCTTCCAGAAATAAGACAAGTGCCAACTGTTGTGATTGAA

ACCAAAGCAGGACCTATGGGCCTTCCAGAAATAAGACAAGTGCCAACTGTTGTGATTGAA

D

TGTGATGACAATAAAGAAAATGTGCCTCATGAGTCAGACTACGAAGACTCTTCTTGCCTG

TGTGATGACAATAAAGAAAATGTGCCTCATGAGTCAGACTACGAAGACTCTTCTTGCCTG

Fokkkk ko kkkkkkkhkkkkkkhkkkkkkhkkkkkkhkhkkkkhkkkkkkhkkkkkkh kK *k

TATACAAGAGAAGAGGAGGAAGAGGAGGAGGACGAAGACGACGACAGCTCATTATACACC

TATACAAGAGAAGAGGAGGAAGAGGAGGAGGACGAAGACGACGACAGCTCATTATACACC

P T

AGCTCCCTGGCCATGAAGGTCTGCAGGAAGGACTCCTTAGCCATCAAACTCAGCAACAGG

AGCTCCCTGGCCATGAAGGTCTGCAGGAAGGACTCCTTAGCCATCAAACTCAGCAACAGG

D T

CCCTCCAAGCGAGAGCTGGAAGAAAAGAACATCCTTCCCAGGCAGACGGATGAGGAGCGG

CCCTCCAAGCGAGAGCTGGAAGAAAAGAACATCCTTCCCAGGCAGACGGATGAGGAGCGG

Fokkkk kR ko kkk kR ok kkkkkhkhkkkkhkkkkkkhkkkkkkhkkkkkkhkhkkkkhk Kk

CTGGAGCTGAGGCAACAGATTGGCACCAAGCTCACCAGGCGGCTGAGCCAGAGGCCAACT

CTGGAGCTGAGGCAACAGATTGGCACCAAGCTCACCAGGCGGCTGAGCCAGAGGCCAACT

Fokkkkkkkkkkk kR ok kkkkkhkk ok ko khkkkkkkhkhkkkkhkkkkkkhkhkkkkhk Kk

GCAGAGGAACTGGAACAGAGGAACATTTTGAAACCTCGGAATGAACAAGAGGAACAGGAG

GCAGAGGAACTGGAACAGAGGAACATTTTGAAACCTCGGAATGAACAAGAGGAACAGGAG

Fokkkk kR ko kkk kR ok kkkkkhkhkkkkhkkkkkkhkkkkkkhkkkkkkhkhkkkkhk Kk

GAGAAGAGAGAGATCAAGAGGAGGCTAACCCGAAAGCTCAGTCAAAGGCCCACGGTGGAA

GAGAAGAGAGAGATCAAGAGGAGGCTAACCCGAAAGCTCAGTCAAAGGCCCACGGTGGAA

Fokkkkkkkkkkk kR ok kkkkkhkk ok ko khkkkkkkhkhkkkkhkkkkkkhkhkkkkhk Kk

GAGCTTCGGGAAAGAAAGATCCTCATCCGCTTCAGTGACTACGTGGAGGTGGCTGACGCT

GAGCTTCGGGAAAGAAAGATCCTCATCCGCTTCAGTGACTACGTGGAGGTGGCTGACGCT

Fokkkk kR ko kkk kR ok kkkkkhkhkkkkhkkkkkkhkkkkkkhkkkkkkhkhkkkkhk Kk

CAGGACTATGACCGCAGGGCAGATAAGCCGTGGACCCGCCTCACCGCTGCAGACAAAGCT

CAGGACTATGACCGCAGGGCAGATAAGCCGTGGACCCGCCTCACCGCTGCAGACAAAGCT

Fokkkk ko kkkkk kR ok kkkkkhkkkkkkhkkkkkkhkhkkkkhkkkkkkhkhkkkkhk Kk

GCCATCCGAAAGGAGCTCAATGAATTCAAAAGCACTGAGATGGAAGTTCATGAATTGAGT

GCCATCCGAAAGGAGCTCAATGAATTCAAAAGCACTGAGATGGAAGTTCATGAATTGAGT

D T

AGACACTTAACAAGGTTTCACCGACCTTAA 1743

AGACACTTAACAAGGTTTCACCGACCTTAA 1674

Fokkkkkkkkkhkhkhkkhkkhkhkkkkhkkk

1113

1044

1173

1104

1233

1164

1293

1224

1353

1284

1413

1344

1473

1404

1533

1464

1593

1524

1653

1584

1713

1644
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