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Abstract

Atherosclerosis and insulin resistance are globally prevalent metabolic diseases, primarily
driven by endothelial and hepatic inflammation, respectively. High density lipoprotein (HDL)
reduces the inflammation in models of atherosclerosis and insulin sensitivity, and in doing so,
improves these conditions. Our laboratory has demonstrated that in human coronary artery
endothelial cells (HCAECs), HDL’s suppression of the inflammatory response is a gene-
regulated process and that 3B-hydroxysteroid-A24 reductase (DHCR24) is one of the most
upregulated genes by HDL.

DHCR24 is a cholesterol biosynthesis enzyme however, recent work in various cell types shows
DHCR24 emerging as a potent multifaceted protein protecting against cellular stress. This
study commenced with confirming apolipoprotein | (apoA-lI) rHDL increases DHCR24
expression in HCAECs, while revealing for the first time that HDL also increases DHCR24

expression in human hepatoma 7 (HuH7) cells.

This study next questioned whether DHCR24 mimics apoA-l rHDL’s suppression of the
inflammatory response in these cell types. The data presented provides proof-of-principle that
DHCR24 replicates HDL's suppression of tumour necrosis factor-alpha (TNF-a)-induced
intracellular cell adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-

1) levels in HCAECs, and interleukin 8 (IL-8) levels in HuH7 cells.

Characterising DHCR24’s role was explored to learn more about how DHCR24 suppresses a
TNF-a-induced inflammatory response in HCAECs and HuH7 cells. This study showed that
DHCR24’s oxidoreductase region mediates DHCR24’s suppression of a TNF-a-induced
inflammatory response in these cell types. This effect occurred without DHCR24 increasing
cholesterol levels, despite the oxidoreductase site’s integral role in cholesterol biosynthesis.
These are exciting results as they indicate that DHCR24 is more than just a cholesterol

biosynthesis enzyme in HCAECs and HuH7 cells.

Elucidating the mechanisms by which DHCR24 suppresses a TNF-a-induced inflammatory
response in HCAECs and HuH7 cells highlighted a cell type-specific nature of DHCR24’s activity,
which is in keeping with reports in the literature. In keeping with this cell type-specificity, a
TNF-a-induced inflammatory response was suppressed, in part, by a decreased endoplasmic
reticulum (ER) stress response in HCAECs. Interestingly, this did not occur in HuH7 cells. The

work here suggests that this is attributed to the increased cholesterol content in HuH7 cells



Vi

compared to HCAECs. DHCR24’s cell type-specific effects are reinforced by the cellular
response of DHCR24 levels to TNF-a-activation — in HCAECs, DHCR24 levels were modestly
increased; conversely in HuH7 cells, TNF-a-activation markedly decreased DHCR24 levels.
Moreover, TNF-a-activation caused DHCR24’s translocation from its ER-localisation to the

cytoplasm and nucleus, while in HuH7 cells, DHCR24 remained localised peri-nuclearly.

This data provides novel mechanistic insight into DHCR24’s multifunctional role in two
different cell types, laying the foundation for potential DHCR24-based therapeutics, and

provides impetus for further investigation of DHCR24.
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1.1 General Introduction

Chronic inflammation underlies numerous lifestyle diseases including coronary artery disease,
insulin resistance, type 2 diabetes (T2D), and some cancers. Our laboratory has undertaken
investigations of high-density lipoprotein (HDL) and how these particles are anti-inflammatory.
A molecular dissection of signalling pathways involved suggested that the cholesterol synthesis
enzyme, 3B-hydroxysteroid-A24 reductase (DHCR24), may be having a role in mediating HDL's
protective effects [1]. Moreover, it led to the question whether DHCR24 alone can be

protective.

The following sections in this chapter will introduce the lifestyle diseases, atherosclerosis and
insulin resistance, and describe how the cellular stressors, inflammation and endoplasmic
reticulum stress, are involved in the pathogenesis of these conditions. This review will
introduce cardiovascular disease with a focus on atherosclerosis, and T2D with a focus on
insulin resistance. Currently available therapies for these conditions and the aim of this
project will also be discussed. The overall aim of this project was to characterise the protective
effects of DHCR24 in human coronary artery endothelial cells (HCAECs) and human hepatoma

(HuH7) cells against a TNF-a-induced inflammatory response.



1.2 Cardiovascular disease

Cardiovascular disease (CVD) is the name given to a group of disorders of the heart and blood
vessels that includes: hypertension (high blood pressure), coronary heart disease (heart
attack), cerebrovascular disease (stroke), peripheral vascular disease, heart failure, rheumatic
heart disease, congenital heart disease, and cardiomyopathies (WHO). CVD is a major
contributor to morbidity and mortality in Australia. CVD is attributed to approximately 40% of
all deaths in Australia. This alarmingly equates to a death attributed to CVD of an Australian
every 10 minutes (Heart Foundation Australia). Understandably, this is a major public concern
from a heath and financial perspective where CVD inflicts an immense burden on the health
care system. Additionally, beyond Australia, the WHO most recent mortality documentation
(2015) reports that CVD is the leading cause of mortality globally (Figure 1.1), particularly in

Western countries.

Cardiovascular

diszases
%

Other NCDs
13%

Injuries
L Communicable, maternal, perinatal

and nutritional conditions
1%

Figure 1.1 The global distribution of major causes of death (Source: Global Atlas on

Cardiovascular Disease Prevention and Control - WHO 2015) NCD: Non-communicable disease

A number of risk factors associated with the development of CVD are identified in Table 1.1
and Figure 1.2 [2-12]. While some of the risk factors of CVD are non-modifiable and
independent determinants, the disease can be prevented by maintaining healthy dietary and
lifestyle habits. In keeping with this, the majority of atherosclerosis cases are caused by
obesity. This effect of obesity, particularly sarcopenic obesity is especially apparent with

increases in rates of obesity paralleled with increased CVD [13-15].



Table 1.1 Modifiable cardiovascular disease risk factors

Modifiable risk factors Treatment

Hyperlipidaemia/
Elevated levels of low-density lipoprotein (LDL)

Dietary management

Pharmaceuticals

Low levels of high-density lipoprotein (HDL)

Dietary management

Pharmaceuticals

Hypertension

Dietary management

Pharmaceuticals

Hyperglycaemia/Diabetes mellitus

Dietary management

Pharmaceuticals

Smoking

Behaviour modification

Pharmaceuticals

Depression and mental illness

Behaviour modification

Pharmaceuticals

Physical inactivity

Exercise program suited to patient

Sedentary lifestyle

Exercise program suited to patient

Obesity/Elevated waist-to-hip ratio

Lower caloric intake below the amount of
expended energy

Exercise program suited to patient




Behavioural factors (e.g. stress) Reduce the amount of daily stress the patient
experiences daily

Excessive alcohol consumption Reduce or eliminate alcohol consumption

Chronic methamphetamine use Reduce or eliminate amphetamine use

Unmodifiable
Age <@ Cardiovascular sy
Disease Risk
Factors

Genetic
predisposition

Male
gender

Figure 1.2 Unmodifiable cardiovascular disease risk factors



1.2.1 Atherosclerosis

Atherosclerosis is the major form of CVD in Australia and the world (AIHW, WHO).
Atherosclerosis is an inflammatory disease of the arteries characterised by cholesterol-laden
atherosclerotic plaques as a result of lipid and connective tissue accumulation. Atherosclerotic
plaques lead to obstructions which impede blood flow, reduce arterial elasticity and the ability
to contract in response to hydrodynamic stress [17]. Blood vessel occlusion may cause limb
ischaemia and disruption of atherosclerotic plaques can lead to thrombus formation. Thrombi
may occlude arteries, compromising oxygen supply to organs such as the heart or brain,

causing a potentially fatal heart attack or stroke [18].

Atherosclerosis development is progressive, usually occurring over a period of decades and is
primarily regarded as a result of vascular injury or chronic endothelial injury [19, 20].
Inflammation, endoplasmic reticulum (ER) stress, and apoptosis are causally involved in the

pathogenesis of atherosclerosis and will be discussed in the following sections.



1.3 Type 2 Diabetes

Type 2 diabetes (T2D) is a condition characterised by persistent hyperglycaemia (Table 1.2), a
relative lack of response to insulin in controlling blood glucose (insulin resistance), and islet B-
cell dysfunction [21-23]. The lack of an insulin response is relative in T2D in contrast to the

absolute lack of insulin in Type 1 diabetes (T1D).

Type 2 diabetes is a major contributor to morbidity in Australia (AIHW) and is associated with
progression to conditions with a high incidence of mortality such as atherosclerosis [24, 25],
pancreatic cancer [26, 27], neuropathies [28, 29], stroke [24, 30], and renal failure [31].
Diabetes by itself comprises ~10% of total deaths in Australia (AIHW 2012) and is major
concern from both a health and financial perspective (WHO). In Australia, expenditure on
diabetes increased by 86% between 2000—-01 and 2008—09, while during the same time period,
the expenditure for all diseases increased by 60%, indicating the significant financial burden
attributable to the disease (AIHW 2013). While diabetes-associated and diabetes-caused
deaths comprise ~10% of total deaths in Australia (AIHW 2012), the related impact of diabetes
and its impact on the progression of other diseases is significant both in Australia and
worldwide [32-35]. The pivotal Framingham Heart Study indicated that while the morbidity
and mortality associated with CVD over the last 50 years has decreased (despite remaining the
leading cause of world-wide death), the relative CVD burden caused by diabetes mellitus (DM)
has significantly increased [36]. In addition, there is an increasing worldwide prevalence of T2D
cases which has reached epidemic levels affecting approximately 387 million people and set to
double over the next 20 years [37]. The disease is predominantly a consequence of a “modern”
sedentary lifestyle coupled with chronic overeating [33, 38, 39]. While the calculated burden
refers to all DM cases, it is T2D and gestational diabetes — both characterised by insulin
resistance, which make up the majority of diabetes mellitus cases (>85%) and cause the

majority of diabetes-associated morbidity and mortality (Diabetes Australia).

A number of risk factors associated with the development of T2D are identified in Table 1.3
and Figure 1.3 [9, 40-47]. The disease can mostly be prevented by maintaining healthy dietary
and lifestyle habits. In keeping with this, the majority of T2D cases are caused by obesity. This
is especially apparent with increases in rates of obesity paralleled with increased T2D [38-41,
48-56]. However, it is important to note that not all patients who develop T2D diabetes do so
through obesity or insulin resistance mechanisms. For example, AKT2 mutations significantly

affect insulin sensitivity and can cause T2D independent of obesity through impaired insulin



signalling, however this is rare [57]. Beta-cell failure is another mechanism through which T2D
can develop independent of obesity and/or insulin resistance, although through impaired
insulin secretion while maintaining normal insulin sensitivity [58, 59]. However, the
experiments in this thesis focus on the investigation of the inflammatory response in hepatic
cells, which is considered a primary driver of insulin resistance and subsequent T2D

development [60-62].

Table 1.2 Australian diagnostic criteria for diabetes

FBG 27.0 mmol/L (on two separate occasions)

2 hour postprandial 211.0 mmol/L on OGTT (on two separate
occasions)

HbA1c 26.5% (48 mmol/mol) (on two separate occasions)

FBG: Fasting blood glucose ~ OGTT: Oral glucose tolerance test HbAlc: Glycated

haemoglobin



Table 1.3 Modifiable insulin resistance risk factors

Modifiable risk factors Treatment

Hyperlipidaemia/ Dietary management
Elevated levels of low-density lipoprotein

(LDL) Pharmaceuticals

Dietary management
Low levels of high-density lipoprotein (HDL)

Pharmaceuticals

Dietary management
Hypertension

Pharmaceuticals

Hyperhomocysteinaemia Dietary management

Pharmaceuticals

Behaviour modification
Smoking

Pharmaceuticals

Physical inactivity Exercise program suited to patient

Sedentary lifestyle Exercise program suited to patient
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Obesity/Elevated waist-to-hip ratio

Lower caloric intake below the amount of

expended energy

Exercise program suited to patient

Sleep apnoea

Medical devices

Surgery

Behavioural factors (e.g. stress)

Reduce the amount of daily stress the

patient experiences daily

Environmental factors

Modify environment or change localisation
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Figure 1.3 Unmodifiable insulin resistance risk factors
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1.3.1 Insulin resistance

Insulin resistance is a precursor state to T2D and is classified as the body’s inability to
adequately respond to the secretion of insulin. One of the primary roles of insulin in the body
is to control blood glucose levels. As blood glucose levels are elevated and uncontrolled by
normal levels of insulin, the body attempts to restore levels to normal values through the
compensatory measure of increased insulin synthesis and secretion by the pancreatic B-islet
cells (termed B-cell compensation) [52, 53, 63, 64], paired with increased B-cell mass [65-67].
However, chronically increased insulin secretion can lead to hyperinsulinaemia which causes
chronic pathogenic inflammation and is ineffective in the long term ard when this state cannot
be maintained. B-cell mass also decreases through a combination of B-cell apoptosis and a
reduced rate of neogenesis [67]. A state of hyperinsulinaemia can also cause insulin resistance
through downregulation of insulin receptors and desensitisation of post-receptor pathways
[68]. Ultimately, the pancreatic B-cells producing compensatory insulin become dysfunctional
[67], insulin mRNA also decreases with increasing and prolonged hyperglycaemia thereby
reducing insulin secretion [69], euglycaemia cannot be persistently maintained, and

consequently insulin resistance progresses to T2D (as reviewed by [70]).

The chronic hyperglycaemia associated with insulin resistance/diabetes has many deleterious
effects. Chronically elevated glucose levels in the vasculature damage organs, especially the
eyes, nerves, kidneys, heart, and blood vessels [21, 71-73]. The consequent damage and
dysfunction of these various organs can lead to microvascular and macrovascular
complications, particularly in the presence of hypertension, which are potentially fatal (Table

1.4) [74-77).

The acute and chronic effects of this disease affect both financial and health systems in both
developing and developed nations (WHO). The prevalence of insulin resistance/T2D is steadily
increasing with some sources estimating the total number of people with the disease reaching
366 million by 2030 [35] and 592 million by 2035 [78]. It is obvious that with the burden of T2D
and its associated pathologies, management and treatment of insulin resistance is required to
prevent the complications associated with the disease and to halt its progression. New
approaches for the treatment of this disease state are required. Insulin resistance is a
progressive metabolic disorder which is driven primarily by the cellular stressors, inflammation
and ER stress [60, 62, 79, 80]. The link between these cellular stressors and the aetiology of

insulin resistance will be discussed in section 1.4.2.
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Table 1.4 Organ-specific complications associated with hyperglycaemia

Organ(s) Hyperglycaemic complication

Kidneys Diabetic nephropathy leading to renal failure
Eyes Diabetic retinopathy leading to blindness
Nerves

Diabetic neuropathy:
e Nerve entrapment
e Ulceration
e Diabetic amyotrophy
e Amputations

e Impotence

Heart Cardiovascular disease:
e Coronary heart disease
e Stroke
e Heart failure
e Cardiomyopathy
e Peripheral vascular disease
e Rheumatic heart disease

e Congenital heart disease

Central nervous system Stroke

Pancreas Pancreatic cancer
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Table 1.4 Organ-specific complications associated with hyperglycaemia (continued)

Organ(s) Hyperglycaemic complication

Muscular-skeletal system Increased risk of fractures
Adhesive capsulitis
Limited joint mobility
Dupuytren’s contracture
Carpal tunnel syndrome
Flexor tenosynovitis
Reflex sympathetic dystrophy
Ankylosing hyperostosis

Diabetic amyotrophy
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1.4 The NFkB-mediated inflammatory response

Inflammation plays an important physiological role as an adaptive response reacting to
harmful stressors and irritants such as infection and tissue injury. The process is characterised
by the orchestrated delivery of vascular and immune products (leukocytes and plasma
proteins) to the site of injury or infection [81]. The role of inflammation is usually considered
to be beneficial especially when dealing with challenges such as responding to bacterial
invasions or repairing damaged tissue. However, in some disease states such as gout and
obesity, the role of inflammation appears to be solely deleterious. Moreover, chronic
activation of inflammatory pathways causes cellular stress. Additionally, chronic inflammation,
even when sub-acute, can lead to the development of diseases such as cancer [82],

atherosclerosis [83], and insulin resistance [84].

The canonical NFkB pathway is implicated in inflammation (Figure 1.4). NFxB in its quiescent
state resides within the cytoplasm bound to the inhibitory kinase, IkBa.. Upon phosphorylation
of IkBa by IKK-B, NFkB translocates to the nucleus. This occurs because phosphorylated IxBa
is targeted for degradation by the proteosome, which frees NFkB. Subsequently, NFkB
increases gene transcription at the promoter regions of target genes. This increases NFkB-
regulated targets including proinflammatory cytokines such as TNF-a, IL-1B, IL-6 [85], and also
other NFkB-regulated genes. With increases in proinflammatory cytokines, ER stress [86], and
apoptosis can occur driving the pathogenesis of diseases such as atherosclerosis and insulin

resistance.
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Figure 1.4 The canonical IkB kinase (IKK)/nuclear factor kappa B (NF«kB) pathway

The figure above (adapted from [87]) depicts the canonical IKK/NFkB pathway. IKK-B attaches
to the inhibitory kinase IkB phosphorylating it, targeting it for degradation by the proteasome.
The phosphorylation of 1kB liberates NFkB (depicted as the RelA/p65 heterodimer and also
known as p50/p65) translocating it from the cytoplasm to the nucleus. Upon this translocation,
NFxB increases gene transcription at the promoter regions of target genes, and inflammatory

mediator release is increased.
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1.4.1 The role of inflammation in atherosclerosis

Inflammation is primarily responsible for the progression of atherosclerotic plaques, with
inflammatory processes being involved in every step of atheroma development [7].
Inflammatory stress caused by factors such as a high fat diet, hypertension, smoking,
hyperglycaemia, obesity, and insulin resistance, leads to the recruitment and transformation of

innate immune cells which, in turn, activate the adaptive immune system [88].

The development of atherosclerosis is understood to begin with injury to the endothelial cells
lining the blood vessel wall, causing endothelial dysfunction [7]. Endothelial dysfunction or
“activation” may occur in response to physical injury, such as that caused by the hydrodynamic
forces of circulating blood [17], or by exposure to toxic or infectious agents such as oxidised
low-density lipoproteins (oxLDL) in the intima (section 2.2.2) [89, 90]. Certain regions of the
vascular endothelium, such as the branch points in the arterial tree, are more prone to
dysfunction than others and are termed “lesion-prone” sites [91]. Lesion-prone sites are
characterised by thickened intima, increased permeability to plasma proteins such as albumin
and LDL, increased endothelial cell turnover, imbalances in thrombotic factors, growth factors
and vasoactive substances, as well as increased cell adhesion molecule (CAM) expression and

monocyte recruitment [17, 92-96].

Under physiological conditions, the endothelium serves as a selective permeable barrier
between the intima of the blood vessel and blood, while endothelial cells provide a relatively
non-adherent surface to leukocytes and monocytes (additional endothelium functions are
listed in Table 1.5) [7]. Together, this provides a non-thrombogenic surface to the blood [19].
The endothelium also maintains its own basement membrane by producing collagen,
proteoglycans and other matrix proteins. This facilitates the transduction of shear stress
signals from the lumen to smooth muscle cells (SMCs) in the media via production of small
molecules such as nitric oxide and prostacyclin (vasodilators), thromboxane, and endothelin
(vasoconstrictors) [19]. However, in response to injury, endothelial cells become dysfunctional
and alter their phenotype. They express CAMs on their cell surface, which allow monocyte
binding and capture, part of the first identifiable stage of atherosclerotic plaque formation, the
fatty streak (Figure 1.5) [97, 98]. Circulating monocytes are slowed down by selectins, such as
P-selectin and E-selectin, on endothelial cells, and corresponding L-selectin on leukocytes. This
causes them to roll across the endothelium via transient adhesion interactions, allowing other

CAMs such as intracellular cellular adhesion molecule-1 (ICAM-1) and vascular cellular
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adhesion molecule-1 (VCAM-1) to form firm bonds with the corresponding receptors, or

integrins, on monocytes [99-101].



Table 1.5 Arterial endothelium functions

General Function

19

Functional Properties of the Endothelium

Permeability

Surface charge and presence of glycocalyx

Tight junctions

Basement membranes

Thrombo-resistance

Thrombomodulin content of plasma

membrane

Rapid metabolism of platelet aggregating

agents

Synthesis and secretion of prostacyclin and

plasminogen activator

Mediation of vascular tone

Synthesis and section of prostacyclin,
endothelium-derived relaxing factors and

endothelin

Inflammatory and immune response

Expression of leukocyte adhesion molecule,
leukocyte chemotactic proteins, growth
factors, hematopoietic factors, major
histocompatibility complex (MHC) antigens,

and scavenger receptors
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Figure 1.5 Early fatty streak/atherosclerotic plaque formation. Endothelial dysfunction, which
is a response to injury, may be caused by response to physical injuries, or by exposure to toxic
or infectious agents such as oxidised low-density lipoproteins (oxLDL) in the intima. The
cascade of atherosclerotic events is initiated by accumulation of lipid in the intimal space and
the subsequent associated influx of inflammatory cells. Migration of monocytes is facilitated
by secretion of cytokines and chemoattractants in addition to induced expression molecules
on endothelial cells. Monocytes differentiate into macrophages (mature form) and in an
unregulated manner take up LDL that has been oxidised in the vessel wall, resulting in the

formation of lipid-laden foam cells that accumulate in the intimal layer.

oxLDL: oxidised low-density lipoprotein, MCP-1: monocyte chemotactic protein, VCAM-1:
vascular cell adhesion molecule-1, ICAM-1: intercellular cell adhesion molecule-1, M-CSF:

monocyte colony stimulating factor
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Endothelial cells are capable of secreting a range of growth factors, cytokines, chemokines,
and enzymes that act on other vascular cells in the vicinity of the extracellular matrix;
production of which can be upregulated in developing atherosclerotic lesions. Endothelial cells
can be stimulated to produce the inflammatory cytokines, interleukin-1, -6 and -8 (IL-1, IL-6, IL-
8), monocyte chemotactic protein (MCP-1) [102], as well as tumour-necrosis factor-a (TNF-a)
and colony stimulating factors (GM-/M-CSF) [103]. Growth factors such as platelet-derived
growth factor (PDGF), basic fibroblast growth factor (bFGF), transforming growth factor-p
(TGF-B), and insulin-like growth factor-1 (IGF-1) are also produced and are responsible, to
varying degrees, for the migration and proliferation of macrophages and smooth muscle cells

in developing lesions [19].

Macrophage infiltration of the tissue is quintessentially an immune response to cellular stress.
Macrophages also represent the dominant inflammatory cell type present in every
atherogenesis phase [7]. After the rolling, the monocyte adheres to the endothelium by
changing its morphology (stretching) [104], it can then undergo trans-endothelial migration
into the sub-endothelial space where it differentiates into its mature form, the macrophage
(Figure 1.6). Macrophages become foam cells, the principal cell type in atherosclerotic plaques
after accumulating excessive amounts of modified lipoproteins via phagocytosis and various
unregulated scavenger receptors [105]. The unregulated receptor expression on these
macrophages causes lipid uptake to continue until the cells becomes completely lipid-laden

with cholesterol esters [106].
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Figure 1.6 Intermediate lesion development. Foam cells and activated endothelial cells
produce growth factors and cytokines that stimulate smooth muscle cells (SMCs) in the
underlying medial layer. Stimulated SMCs produce matrix-degrading proteases (matrix-
metalloproteinases, MMPs) that allow migration into the intima. Mitogenic factors stimulate
SMC proliferation resulting in protrusion of the vessel wall into the lumen. Secretion of the
extracellular matrix proteins by SMCs results in formation of a fibrous cap over the lesion. IL-1:
Interleukin-1, PDGF: platelet-derived growth factor, TNF-a: tumour necrosis factor alpha, SMC:

smooth muscle cell, MMP: matrix-metalloproteinases
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Under normal conditions, macrophages phagocytose cell debris, apoptotic cells, or cytotoxic
substances from tissue before returning to the bloodstream ensuring that the injury causing
agent is cleared. In contrast, foam cells are immobilised by oxLDL in the matrix of lesion-prone
sites [107, 108]. Foam cells contribute their lipid-laden contents to the necrotic core of the
plague when they die (Figure 1.7). Additionally, macrophages secrete an assortment of factors
which contribute to SMC proliferation and recruitment of further inflammatory cells to the site
of injury enlarging the atheroma. These factors include cytokines (e.g. IL-1), proteolytic
enzymes (particularly metalloproteinases, see next section) and growth factors (e.g. platelet-

derived growth factor (PDGF)) [109].

The atherosclerotic plague becomes enlarged as the influx of macrophages, formation of foam
cells, the associated migration and proliferation of SMCs, and secretion of extracellular matrix
continues. This occurs in response to altered matrix components of the intima, such as a
fibronectin-rich environment rather than the laminin-rich environment of the medial
interstitial matrix [110]. PDGF produced by activated macrophages and endothelial cells is also
a potent mitogen for SMCs [111, 112]. Rapid proliferation of SMCs results in intimal thickening
characteristic of intermediate atherosclerotic lesions (Figure 1.6) [90, 113, 114]. In the more
advanced lesions, production of extracellular matrix proteins such as collagen, fibrin, and
proteoglycans, gives rise to the formation of a hard fibrous cap which can provide stability to a
growing lesion (Figure 1.7) [7]. This process causes occlusion of the artery, leading to altered or
impeded blood flow or potentially the fatal rupture of a plague causing a myocardial infarction

(heart attack) or stroke.

As the plaque develops, changes in fibrous cap thickness may occur, leading to plaque
instability and rupture. Inflammatory cells in the plaque release inflammatory cytokines,
including TNF-a, interferon-y (IFN-y) and cluster of differentiation 40L (CD40L), which induce
macrophages and SMCs to release metalloproteinases, specialised enzymes which degrade
elastin and collagen within the matrix [7, 19, 90, 115]. Degradation of the arterial extracellular
matrix enables SMCs to penetrate through the elastic laminae and collegenous matrix of the
growing plaque. This degradation of the extracellular matrix thins and subsequently weakens
the fibrous cap causing it to become susceptible to rupture. Rupture of the plaque leads to

spilling of the lipid core contents into the lumen, triggering thrombosis [116].



24

<
s g
j SMC-derived

foam cells

[Necrotic core AN
A J
P Extracellular lipid |

INTIMA

Macrophage
foam cell

Figure 1.7 Advanced atherosclerotic plaque. Apoptosis and necrosis of both macrophages and
smooth muscle cells (SMCs) results in the deposition of an unstable necrotic core of
extracellular lipid and cellular debris under the fibrous cap. Decreased matrix production by
remaining SMCs, combined with increased production of matrix metalloproteinases (MMPs) by
macrophages, results in weakening at the shoulder regions of lesions, which can lead to
rupture, exposing thrombogenic components to the blood. Advanced lesions may become
increasingly complex via vascularisation, calcification, and the continued infiltration of blood
components due to episodic thrombotic events. SMC: smooth muscle cell, MMP: matrix

metalloproteinase

Atherosclerosis development has also been alternatively suggested to occur prior to the
initiation of the inflammatory response. While the preceding mechanisms can be classified as
response-to-injury, the response-to-retention hypothesis proposes contribution of
proteoglycan-rich extracellular matrix [117]. Modified proteoglycans can bind and trap
atherogenic lipoproteins to the vessel wall [117, 118]. The binding of atherogenic lipoproteins
by proteoglycans is due to ionic interaction between the negatively-charged sulphate groups

on proteoglycans and basic amino acids in lipoproteins [119]. The affinity of apoB-containing
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LDL to bind to artery wall proteoglycans demonstrate that retention of lipoproteins prior to
initiation of the inflammatory response may be in an early initiating step in atherogenesis
[118]. Arterial retention of lipoproteins results in retarded lipoprotein egress, rather than
increased LDL movement into the arterial wall [120]. LDL is consequently aggregated or
modified by arterial proteoglycans before being taken up my macrophages and SMC ([121],

and develop into foam cells [122, 123], the principal cell type in atherosclerotic plaques [105].

1.4.2 The role of inflammation in insulin resistance

Inflammation drives the pathogenesis of insulin resistance [84]. Consumption of a high fat diet
(HFD), a sedentary lifestyle, and obesity are strongly associated with the aetiology of insulin
resistance as they all lead to inflammation. A HFD diet leads to increased levels of circulating
free fatty acids (FFAs). Adipose tissue possesses a role in preferably storing FFAs and
triglycerides [124, 125]. When the adipocytes’ threshold for lipid storage is met such as in the
case of insulin resistance, the adipocytes are no longer able to perform this crucial role. The
adipocytes become inflamed and release inflammatory mediators such as TNF-q, IL-6, or IL-1f3.
[60]. This leads to dysfunction of adipose tissue, inhibiting its storage activity. Consequentially
this causes increased FFAs and glucose levels in other tissues as they attempt to compensate
for this impaired storage activity of adipose tissue. The liver is one such tissue which
undertakes this compensatory role, although it too can become oversaturated and inflamed.
Hepatic inflammation directly participates in the onset of insulin resistance through activation
of the NFkB/IKK signalling pathway [60, 61]. Fat-fed C57BL/6 mice exhibiting raised levels of
circulating FFAs, triglycerides, and significantly increased hepatic NFkB activation develop
insulin resistance. Moreover, NFkB activation alone results in insulin resistance development
in these mice. IKK as an aetiological factor for insulin resistance is further supported by the
finding that attenuation of IKK-B activity leads to improved insulin sensitivity. Heterozygous
IKK-B knockout mice that were fed a HFD showed lower fasting glucose and insulin levels in
addition to improved FFA levels in comparison to IKK-B positive mice littermates. This provides

the link between hepatic inflammation and the onset of insulin resistance [60].

The inflammation associated with insulin resistance can also lead to the pathogenesis of other
diseases. Poorly controlled blood glucose is a consequence of insulin resistance which leads to
the characteristic feature of T2D — hyperglycaemia. Hyperglycaemia causes inflammation
damaging tissue and organ systems leading to various pathologies. For example, endothelial

cells that line blood vessels when exposed to high levels of glucose exhibit elevated expression
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of CAMs (inflammatory mediators) such as intracellular adhesion molecule-1 (ICAM-1),
vascular cell adhesion molecule-1 (VCAM-1), and endothelial-selectin (E-selectin) [126-131].
The combination of these CAMS can lead to the onset of atherosclerosis as described in
section 1.4.1. The release of the proinflammatory cytokine TNF-a by adipose tissue has
extensively demonstrated the link between obesity and IR in both experimental obesity

models [132-134].

1.5 ER Stress

The endoplasmic reticulum (ER) is an organelle surrounding the nucleus which synthesises,
modifies and delivers biologically active proteins to the appropriate intra- and inter-cellular
sites. The ER is involved in protein folding, the storage of calcium and the synthesis and
processing of cholesterol [135]. The protein folding role of the ER is crucial to ensure protein
function, as unfolded proteins cannot elicit biological effects. The calcium stored in the ER is
also important for protein folding as calcium enables calnexin and calreticulin to act together
as molecular chaperones for protein folding [136, 137]. Additionally, ER calcium stores enable
the trafficking of proteins from the ER to the Golgi apparatus for post-translational
modifications [138, 139]. The other major function of the ER is the synthesis of new cholesterol
and esterification of cholesterol (both newly synthesised and up-taken cholesterol).
Cholesterol is generated within the ER on the cytoplasmic side of the ER membrane [140], via
either the Bloch or Kandutsch-Russell cholesterol synthesis pathways (Figure 1.12), while
esterification is executed in the ER by the enzyme, acyl-CoA:cholesterol acyltransferase (ACAT)
[141]. Cholesterol is esterified for efflux by high-density lipoproteins (HDL) to prevent free

(unesterified) cholesterol accumulation [141-143].

A state of ER stress occurs when there is an accumulation of unfolded proteins and
unesterified cholesterol in the ER [135]. Within cell membranes, cholesterol serves to reduce
the permeability of various molecules. However, in order for the ER to facilitate the entry of
unfolded proteins, it has evolved to contain very low amounts of cholesterol [144]. ER stress
occurs when the capacity of protein folding and cholesterol esterification is exceeded resulting
in the accumulation of either unfolded proteins or unesterified cholesterol; both of which can

trigger the unfolded protein response (UPR) [145-147].

The UPR is a cellular protective mechanism which has evolved to correct and assist ER
function, particularly with impaired protein folding [135, 148]. It is the role of the UPR to

eliminate misfolded/unfolded proteins to control ER stress. This is important because ER stress
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will result in apoptosis if misfolded proteins or unesterified cholesterol are allowed to
accumulate unchecked [149]. Therefore, the UPR has dichotomous roles in the cell, protective
or apoptotic. The outcome of UPR activation, protective or apoptotic, depends on the duration
of its activation or the magnitude of the ER stress. When transiently activated, the UPR
improves the processing of proteins and the generation of esterified cholesterol [150]. By
contrast, prolonged UPR activation is characterised by caspase-3-mediated apoptosis [151,

152].

The UPR is orchestrated by 3 quite distinct regulatory pathways called the PERK-elF2a-ATF4
pathway [153], ATF-6 pathway [154], and IRE1-XBP-1 pathway [155].

Activation of the PERK-elF2a-ATF4 pathway drives apoptosis [153]. This pathway is activated
when the PKR-like endoplasmic reticulum kinase (PERK) responds to free cholesterol
accumulation [153]. Once activated, PERK phosphorylates eukaryotic initiation factor 2a
(elF2a), which leads to the translation of activating transcription factor-4 (ATF-4). In turn, ATF-
4 promotes the activity of the cell death effector, CCAAT enhancer binding protein

homologous protein (CHOP), that serves as an inducer of apoptosis (Figure 1.8) [151, 156].
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Figure 1.8 Apoptosis is activated via the unfolded protein response (UPR). Free cholesterol or
unfolded protein accumulation within the ER causes activation of three UPR pathways - the
PERK-elF2a-ATF4 pathway, IRE1a-XBP-1 axis, and ATF-6 which together lead to ER stress-
induced apoptosis. ER stress stimulates PERK, which phosphorylates elF2a. Under chronic ER
stress, elF2a leads to the translation of ATF-4 and then the activation of CHOP. Once unfolded
proteins/unesterified cholesterol in the ER have been accumulated, ATF-6 translocates to the
Golgi apparatus. Here it is cleaved by S1P and S2P into its active nuclear form, ATF-6(n). ATF-
6(n) translocates to the nucleus to activate XBP-1 and CHOP. ER stress also activates IRE1aq,
which triggers the IRE1 effector, XBP-1. XBP-1, in turn, activates CHOP. ER stress stimulated
activation of IREla can also trigger the ASK1 and JNK apoptotic pathways. The PERK, ATF-6,

and IRE1 pathways can each activate CHOP, leading to the induction of apoptosis.

ER: endoplasmic reticulum, PERK: PKR-like endoplasmic reticulum kinase, elF2a: eukaryotic initiation
factor 2a, ATF-4: activating transcription factor 4, ATF-4(n): active nuclear form of ATF-6, CHOP: CCAAT
enhancer binding protein homologous protein, XBP-1: X-box binding protein-1, IRE1: inositol requiring

enzyme 1, UPR: unfolded protein response
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The second of the UPR pathways is the ATF-6 pathway. ATF-6 is an ER-resident transmembrane
protein that is involved in the packaging and delivery of unfolded proteins to the Golgi
apparatus [154]. Upon reaching the Golgi apparatus, ATF-6 is cleaved by site-1 protease (S1P)
[157] and by site-2 protease (S2P) [158] resulting in a free N-terminal cytosolic fragment [ATF-
6(n)] that translocates to the nucleus. In the nucleus, ATF-6 acts as a transcription factor that
drives the expression of gene products that function in protein folding, including BiP/glucose-
regulated protein 78 (GRP78) and protein disulfide isomerase [159]. If the ATF-6 pathway is
chronically activated, then the active nuclear form of ATF-6 activates the apoptotic effectors,

CHOP and XBP-1 [160, 161] (Figure 1.8).

The final UPR pathway is the IRE1-XBP-1 pathway. IRE1 is an ER transmembrane protein
kinase, which under severe ER stress, induces apoptosis [155]. Under conditions of severe ER
stress, IRE1 is phosphorylated by toll like receptor (TLR) 4 and TLR2 [162]. Following this
phosphorylation, IRE1 activates the IRE1 effector X-box binding protein-1 (XBP-1). XBP-1 then
leads to the synthesis of proinflammatory cytokines [163]. Under chronic ER stress, activated
IREla also interacts with tumour necrosis factor receptor-associated factor 2 (TRAF2) and
induces cell death via apoptosis signalling kinase 1 (ASK1) and c-Jun amino-terminal kinase

(JNK) [164].

All three of the UPR pathways culminate in the activation of CHOP. CHOP normally functions in
cholesterol transport into the ER, however under stress conditions, acts as an inducer of
apoptosis. This was shown in CHOP knockout (Chop”) mouse macrophages where cholesterol-
induced apoptosis, associated with caspase-3 activation was significantly reduced [151].
Furthermore, both Chop'/' ApoE'/' and Chop'/' LdIr’" mice (established atherosclerosis mouse
models) fed a high-fat (21.2%), high-cholesterol (0.2%) Western-type diet to promote
atherogenesis, have reduced lesion sizes, plaque necrosis, and lesional apoptosis in
comparison to Chop™”* ApoE”" and Chop™* LdIr’" mice controls [165]. However, knockout of
Chop only impairs 70% of free cholesterol-mediated apoptotic processes from occurring,
suggesting other pathways of cholesterol-loading ER stress-induced apoptosis exist [151].
CHOP can be induced by ATF-6 [166], ATF-4 [148, 167], or XBP-1 [168], although maximal

induction occurs when all three pathways are activated [166].

Regardless of the mechanism by which CHOP is activated during ER stress, the next step is a
transfer of calcium from the ER to the cytoplasm [74, 97]. Initially, CHOP stimulates ER oxidase
la (EROla) to hyperoxidise the ER lumen [169]. Then once the ER lumen is in this

hyperoxidised state, inositol 1,4,5-triphosphate-activated receptor (IP3R) is activated and
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calcium is released from ER stores. Knockout of Chop in mice significantly reduces the
activation of IP3-induced calcium release in comparison to wild type mice (both stressed with
the UPR activator tunicamycin). However, adenovirus-mediated restoration of ERO1a in ER-
stressed Chop'/' macrophages induces IP3-induced calcium release. This indicates that CHOP
stimulation of EROla is essential to the calcium release-induced activation of apoptotic
pathways. Chronically elevated cytoplasmic levels of calcium, as measured during chronic ER
stress, cause the activation of calcium/calmodulin-dependent protein kinase (CaMK)II, which
activates apoptotic pathways [170, 171]. These pathways include the Fas pathway, signal
transducer and activator of transcription-1 (STAT1) pathway, and the inflammatory NADPH
oxidase-mediated reactive oxygen species (ROS) pathway (Figure 1.9) [146, 171]. CaMK also
causes the release of cytochrome c from the mitochondria [171] which in combination with

BCL-2 protein imbalances, activates caspase-3.

A proteolytic cascade initiated by caspase-9 also activates caspase-3, via the classic BCL-
2/BAX/BAK pathway [172-174]. Under normal conditions, pro-apoptotic BCL-2 proteins are
inactivated by being bound to anti-apoptotic BCL-2 proteins. However, under conditions of ER
stress this balance is disturbed and the pro-apoptotic BCL-2 proteins, Bcl-2-associated X (BAX)
and Bcl-2 homologous antagonist/killer (BAK) are transcriptionally-induced. The
oligomerisation of BAX and BAK and their insertion into the ER membrane causes further
release of calcium, thus activating the apoptotic pathways mentioned in the previous section.
Once activated, these pro-apoptotic BCL-2 proteins oligomerise and insert themselves at the
mitochondrial membrane stimulating the release of cytochrome c [175, 176]. Cytochrome ¢
released from the mitochondria (or by CaMK), APAF1 and caspase-9 then form a caspase-9
activating apoptosome, which, in turn, stimulates a proteolytic cascade that triggers caspase-3

[135].
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Figure 1.9 Persistent calcium release stimulates apoptotic pathways. UPR activation triggers
CHOP to stimulate EROla release. Once the ER lumen becomes hyperoxidised by EROlaq,
ERO1a upregulates the release of calcium into the cytoplasm from the ER. The calcium channel
activity of IP3R1 is then activated, subsequently activating (CaMK)Il, which stimulates the
activation of assorted apoptotic effectors including NADPH-oxidase-mediated ROS, Fas, and
STAT1. Increased cytoplasmic calcium also stimulates mitochondrial ROS production and
mitochondrial cytochrome C release. The release of these factors depletes anti-apoptotic BCL-
2 proteins, which induce pro-apoptotic BCL-2 proteins. Pro-apoptotic BCL-2 proteins, in turn,

stimulate the caspase-3 apoptotic pathway.

UPR: unfolded protein response, CHOP: CCAAT enhancer binding protein homologous protein, EROla:
ER oxidase 1a, IP3R1: inositol 1,4,5-triphosphate-activated receptor, CaMK(ll): calcium/calmodulin-
dependent protein kinase 1, NADPH: nicotinamide adenine dinucleotide phosphate, ROS: reactive
oxygen species, STAT1: signal transducer and activator of transcription-1 BCL-2: B-cell lymphoma 2, BAX:

Bcl-2-associated X, BAK: Bcl-2 homologous antagonist/killer
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1.5.1 The role of ER stress and apoptosis in atherosclerosis

ER stress and its associated inflammatory and apoptotic pathways are intricately linked with
atherosclerosis [151, 177, 178]. This is evident because UPR activation is shown in models of
atherosclerosis [135, 148]. For example, apoE” Chop knockout mice show that CHOP
activation leads to increased lesion size and disturbed blood flow, a feature characteristic of
the occluded arteries. In cultured endothelial cells, tunicamycin induction of the UPR leads to
stress via ATF-4 and XBP-1 activation [179]. When ATF-4 and XBP-1 are inhibited, UPR
activation is suppressed in human aortic endothelial cells following exposure to tunicamycin,
preventing the induction of apoptotic pathways [180]. Oxidised phospholipids and cholesterol
accumulation, which are common in atherosclerotic lesions, also lead to activation of the UPR

[180].

The driving force behind ER stress, impaired protein folding, is associated with
hyperlipidaemia, hyperglycaemia, hyperhomocysteinaemia, and inflammation. These are all
established risk factors for atherosclerosis (Table 1.1) [177]. Together, with the in vitro and in
vivo work outlined above, it is becoming increasingly recognised that ER stress and the UPR are

significant in the aetiology of atherosclerosis.
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1.5.2 The role of ER stress in insulin resistance

Similar to atherosclerosis, ER stress and its associated inflammatory pathways are intricately
linked with insulin resistance [39, 79, 80, 181, 182]. Chronic overfeeding/overnutrition leads to
obesity, triggering ER stress which is an early contributor to the development of insulin
resistance (and inflammation). This link between a caloric surplus and ER stress leading to IR
has been demonstrated in ob/ob mice that were fed a HFD. In these mice the hepatic ER stress
markers including PERK and elF2a phosphorylation, and BiP expression were increased and
insulin sensitivity decreased [182]. When XBP-1 is reduced in HFD-fed mice, insulin sensitivity
is impaired as ER stress cannot be alleviated [79, 182]. ER stress as marked by elF2a
phosphorylation, paired with JNK activation also increases glucose-6-phosphatase activity and
glucose output in primary rat hepatocytes, a feature characteristic of insulin resistance and
T2D [183]. elF2a phosphorylation is required to maintain protein folding in the ER. PERK-
mediated elF2a phosphorylation increases ATF-4 translation to increase the folding capacity of
the ER [184]. However, chronic caloric excess can overwhelm the protein folding capacity of
the ER leading to persistent activation of PERK, causing inhibition of protein translation. This
leads to an impaired protein folding capacity due to the uncontrolled UPR disassociating
translational control of protein folding. Control of mRNA translation is essential to ensure
glycaemic control. A loss of this function has been demonstrated in elF2a mutant mice
resulting in impaired glucose tolerance due to reduced insulin secretion paired with abnormal

distension of the ER lumen [185].

Caloric restriction in ob/ob mice reduces levels of the ER stress markers, PERK, ATF-4, and
elF2a, improving hepatic insulin sensitivity through suppression of JNK-mediated IRS-1 serine-
phosphorylation [186]. In keeping with this, genetically impaired protein folding capacity, the
underlying cause of ER stress, leads to inflammation through JNK activation [80, 187]. In
contrast, overexpressing the ER chaperone gene oxygen-regulated protein 150 (ORP150)
reduces ER stress and improves insulin sensitivity in rodents [181] and in mice [188]. In obese
human subjects, the ER stress markers, calnexin and sXBP-1, are increased in subcutaneous fat
[189]. In addition, ATF-6 and phosphorylation elF2a are significantly correlated with BMI and
fat percentage [190]. Bariatric surgery in obese patients leads to reductions in the ER stress
markers, sXBP1 and GRP78, in adipose tissue associated with improved insulin sensitivity [191].
Together, this combination of animal and human work demonstrates the relationship between

obesity, ER stress, and the pathogenesis of insulin resistance.
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As with atherosclerosis, the driving force behind ER stress, impaired protein folding, is
associated with hyperlipidaemia, hyperglycaemia, hyperhomocysteinaemia, and inflammation.
These are all established risk factors for insulin resistance (Table 1.3) [42]. Together, with the
in vitro and in vivo work outlined above, it is becoming increasingly recognised that ER stress

and the UPR are significant in the aetiology of insulin resistance.
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1.6 Pharmacological therapies used to treat atherosclerosis and insulin
resistance

This section focuses on areas of interest for therapies used to treat atherosclerosis and insulin
resistance.

Inflammation, oxidative stress, and ER stress underlie the pathogenesis of atherosclerosis and
insulin resistance. A range of pharmaceuticals have been developed and are being used to
decrease the burden of atherosclerosis, insulin resistance, and their associated morbidities.

Some of the most effective and promising therapies are discussed below.

1.6.1 Cholesterol-lowering drugs

Statins are a very successful class of cholesterol-lowering drugs used to treat atherosclerosis,
providing up to 60% reductions in cardiac events [192]. The implementation of statin therapy
in the last 20 years has resulted in dramatic decreases in coronary events, cardiovascular

morbidity, and all-cause mortality [193].

The main mechanism of action of statins in the primary and secondary prevention of
cardiovascular events is the lowering of LDL cholesterol [194-198]. Statins lower cholesterol
synthesis via the inhibition of HMG-CoA reductase, the enzyme that catalyses the first step of
cholesterol biosynthesis [199, 200]. Inhibition of HMG-CoA reductase occurs primarily by
blocking substrate binding to the active site of the enzyme [200]. Statins were originally

derived from fungal sources, however, most modern statins are fully synthetic (Table 1.6).



Table 1.6 Statin classes and origins

Class

Type 1 statins
(fermentation-

derived)

36

Statin Origin/derived from
Mevastatin Penicillium citrinum
Lovastatin Secondary metabolite of

Aspergillus terreus

Pravastatin

Biotransformation of
mevastatin by Penicillium

citrinum

Type 2 statins (fully

synthetic statins)

Simvastatin

Chemical transformation of

lovastatin side chain

Fluvastatin

Fully synthetic

Cerivastatin

(withdrawn August 2001)

Fully synthetic

Atorvastatin

Fully synthetic

Rosuvastatin

Fully synthetic

(contains sulfur)
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One of the major effects of statins beside cholesterol-lowering ability are anti-inflammatory
effects. For example, in human hepatocytes, inflammation was reduced by treatment with
lovastatin via the reduction of high sensitivity C-reactive protein (hs-CRP). This is significant as
hs-CRP is an inflammatory marker associated with CVD [201]. hs-CRP is primarily produced in
the liver and predominately induces IL-6 secretion [202, 203] which indicates low-grade
systemic inflammation [204]. Hs-CRP also produces an environment which promotes
atherosclerotic development by down-regulating protective endothelial nitric oxide synthase
(eNOS) expression [205], while increasing production of endothelin-1, a vasoconstrictor [203].
Furthermore, hs-CRP upregulates the expression of VCAM-1, ICAM-1, E-selectin [206] and
MCP-1 [207], thereby augmenting monocyte adhesion and infiltration into the vessel wall.
Within the wall, hs-CRP facilitates macrophage uptake of LDL [208]. Therefore, statin
suppression of hs-CRP levels provides protection against numerous inflammatory events

associated with the initiation and progression of atherogenesis.

Statins also improve endothelial function by increasing the production of endothelial NO
through the increased expression and stabilisation of eNOS, independent of lipid lowering
[209, 210]. eNOS expression can be restored by statins in the presence of hypoxia [211] and
oxLDL [209], which are mediators of endothelial dysfunction. The mechanism of statin-induced
eNOS upregulation is dependent on prolonging eNOS mRNA half-life [212]. This is significant as
pro-atherogenic conditions such as hypoxia, oxLDL, and inflammatory cytokines such as TNF-a
decrease eNOS mRNA stability and consequently reduce its expression. Abrogation of
leukocyte adhesion in normocholesterolemic animals by endothelial NO production [213, 214]

is also dependent on the presence of eNOS [215].

Statins can also improve endothelial function through anti-oxidant protection. ROS levels are
decreased by statin treatment, enabling endothelium-dependent relaxation in the aortas of
cholesterol-fed rabbits [216]. This anti-oxidant protection is provided via both lipid-lowering-
dependent [217] and lipid-lowering-independent mechanisms [218]. One mechanism that is
independent of lipid-lowering is statin-mediated reduction of free radicals in vascular smooth
muscle cells produced by angiotensin Il. This reduction occurs through the inhibition of Racl-
mediated NADPH oxidase activity and the downregulation of angiotensin | receptor expression

[219].

The pro-apoptotic effect elicited by statins also contributes to their pleiotropic effects. For
example, apoptosis of transformed cells may protect against the development or progression

of cancer [220]. In keeping with this, statins are associated with reduced cancer risk and
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cancer-related mortality [221-225]. However, paradoxically while statin treatment can prevent
prostate cancer [225], statin treatment may prevent prostate cancer detection through its
serum cholesterol-lowering effect and as a result a significant increase in high grade prostate
cancer incidence has been reported in patients who normalised their serum cholesterol levels
using statins [226]. Statin use in cancer is complicated, and affected by many external factors.
Currently investigation into the link between statin use and cancer is ongoing. The pro-
apoptotic effect of statins may be beneficial in cardiovascular disease by abating cardiac
hypertrophy and remodelling in cardiac myocytes [227]. However, statin-induced apoptosis of

healthy myocytes is associated with myopathy (discussed below).

Statins may weakly induce ER stress within cells [228]. When cells are treated with fatty acids,
ER stress is significantly augmented (to a far greater extent than that induced by statins).
However, the addition of statins attenuates this fatty acid-induced ER stress, providing
therapeutic benefits while negating the slight increase of ER stress stimulated by the statins

[228]. Statins also downregulate the ER stress mediators, CHOP and GRP78 [229].

Statins stabilise atherosclerotic plaques by reducing their size [230, 231]. The lipid-lowering
effects of statins are suggested to stabilise plaques by modifying the composition of their lipid
core. However, reductions in plagque size occur over an extended time of lipid-lowering,
despite lipid-lowering occurring soon after the initiation of statin therapy. This indicates that
other processes are at work. The reduced size and improved stability of plaques is most likely
to be caused by lowered macrophage numbers and inhibition of matrix metalloproteinases

from activated macrophages, in addition to reduced lipid levels [232, 233].

Administration of statins can lead to systemic increases of HMG-CoA reductase as the targeted
cells and tissues attempt to restore normal regulation of the enzyme. As a consequence,
inhibition of whole body cholesterol biosynthesis is attenuated [234, 235]. Atorvastatin is an
exception to this compensatory response of the cells and tissues exposed to statins, as HMG-
CoA reductase activity is not increased thereby facilitating a stronger cholesterol-lowering
effect [236]. This effect has been attributed to atorvastatin binding more strongly to HMG-CoA
reductase thereby inhibiting its recovery and activity [237, 238]. The retarded release of
atorvastatin from HMG-CoA reductase exerts a more robust cholesterol-lowering effect [238].
While the compensatory response of cells to some statins occurs, this is not considered an
adverse effect rather it affects these statins’ efficacy. Reduced statin efficacy can be overcome

with higher dosages although this increases the risk of adverse effects (as reviewed by [239]).
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Statin adverse effects vary according to what statin is being used for treatment. The most
frequently recorded and most robust reports of adverse effects caused by statins are
myopathy and rhabdomyolysis. All statins can and have been reported to cause myopathy and
rhabdomyolysis [240-243]. These effects are due, in part, to elevations in cytoplasmic calcium
through depletion of isoprenoids. Isoprenoids are downstream lipid products of the HMG-CoA
reductase pathway and statins prevent their formation [244]. Statin-induced elevation of
calcium levels activates calpain, which leads to the translocation of Bax to the mitochondria,
activating caspase-3 and caspase-9 and thereby, apoptosis [245]. Mevalonate supplementation
in human skeletal muscle cells suppresses the statin-induced increase in cellular calcium levels
and therefore, prevents caspase-3 activation. In turn apoptosis and myopathy-related events
are blocked [244, 245]. The incidence of statin-induced myopathy and rhabdomyolysis is rare
[239, 241]. However, each statin has been linked to cases of rhabdomyolysis-induced deaths
[246]. A previously available statin, cerivastatin was voluntarily withdrawn from the market
[240, 247], in part due to being associated with approximately 100 rhabdomyolsis-induced
deaths [240]. The FDA reported a 16 to 80 times more frequent rate of fatal rhabdomyolysis
for cerivastatin compared to any other statin [248]. The incidence of myopathy-related
adverse effects is considered low and deaths are rare [239, 248]. The consensus is that the
benefits of therapy are considered to significantly outweigh the adverse risks [249]. However,
myopathy is still considered a major adverse effect of statins and its incidence is linked with

(increased) statin dosage and associated with select drug interactions [241, 250].

Statins have also been associated with the onset of incident diabetes [251-254]. As previously
mentioned, hyperglycaemia is a known risk factor for the development of atherosclerosis (as
reviewed by [255]). Statin-induced increases in haemoglobin Alc (HbAlc) and fasting plasma
glucose levels appear to dose-dependent, however, currently, to date, causality has not been
demonstrated, nor have mechanisms for this association been elucidated. For a review on the
potential mechanisms for statin-induced diabetes, see [256]. Despite the risk of developing
diabetes as an adverse effect of statin treatment, the benefits of statin therapy outweighs this

risk [251, 252].

Statin use is generally well tolerated although statin toxicity has been reported because of
drug interactions. Statins are primarily metabolised by CYP450 isoenzymes, with the exception
of pravastatin which undergoes sulfation [257]. CYP450 3A4 metabolises lovastatin,
simvastatin, atorvastatin, and pitavastatin, while CYP450 2C9 metabolises rosuvastatin and
fluvastatin [250, 258, 259]. In keeping with this, drugs which are CYP450 3A4 isozyme

substrates increase the risk of myopathy by decreasing statin metabolism thereby increasing
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statin plasma concentrations and increasing the risk of myopathy. CYP450 3A4 isozyme
substrates and inhibitors include macrolide antibiotics, azole anti-fungals, protease inhibitors,
and amiodarone [260]. Individual variation is significant as CYP3A4 levels can vary 10-fold
between patients [261] due to genetic polymorphisms [262] and consequently the effect of
dosage and drug interactions varies between patients. Other genetic polymorphisms that
affect the pharmacokinetics of different statins leading to potential toxicity include ABCG2
polymorphisms which affect atorvastatin, rosuvastatin [263], fluvastatin, and simvastatin
[264], in addition to SLCO1B1 ¢.521T>C single-nucleotide polymorphisms affecting simvastatin,
atorvastatin, pravastatin, and rosuvastatin [265-268]. These interactions can lead to a
significantly increased risk of adverse effects due to increased statin toxicity. For example,
patients with the SLCO1B1 c.521T>C SNP have on average a 3.2-fold increased plasma
concentration of the active acid of simvastatin, leading to a raised risk of developing statin-
induced myopathy (odds ratio 16.9 at a dosage of 80 mg simvastatin) [267], as it is dose-
dependent [269, 270]. Therefore, despite the generally well tolerated use of statins, drug
interactions and gene polymorphisms can be deleterious when combined with statin therapy,
and therefore the development of adverse effects should be monitored and contraindications

considered.



41

1.6.2 Anti-inflammatory therapies

1.6.2.1 Salicylates

Aspirin, the acetylated form of salicylate is used to treat atherosclerosis [271, 272] and insulin
resistance/T2D [273-277]. Aspirin suppresses inflammation by inhibiting the canonical kB
kinase (IKK)/nuclear factor kappa B (NFxB) signalling pathway, impairing activation of the
inflammatory cascade (Figure 1.4) [278-280] and elicits anti-thrombotic effects through
inhibition of thromboxane A,[281, 282].

Aspirin’s inhibition of NFkB activation decreases monocyte adhesion to endothelial cells and
smooth muscle cells [278, 279]. In keeping with this, there are fewer reports of myocardial and
cerebral infarctions reported in aspirin users [272, 283-286]. Aspirin also improves insulin
sensitivity through inhibition of IKK/NFkB activation [287, 288], the integral component of

insulin resistance pathogenesis (section 1.4.2).

Cardiovascular outcomes are also improved by aspirin through the effect of reduced platelet
aggregation which improves endothelial function [271, 289]. Aspirin inhibits production of the
platelet activator thromboxane A, [281, 282, 290]. Thromboxane A, inhibition by aspirin occurs
through covalent transacetylation of active site serine residues. This irreversibly inactivates the
cyclooxygenase (COX) enzymes, COX 1 and COX 2, subsequently preventing thromboxane A,
production (as reviewed by [291]). However, inhibition of COX enzymes is not the mechanism

through which aspirin improves insulin sensitivity [287].

The main adverse effect associated with aspirin use is gastrointestinal tract (GIT) discomfort. In
keeping with this, gastrointestinal bleeding is dose-dependent [292]. Further, aspirin use is
associated with increased risk of gastrointestinal or cerebral bleeding episodes [293]. As a
consequence, use of aspirin is contraindicated in some patients with high gastrointestinal risk,
particularly those with peptic ulcers [294]. Hepatotoxicity can also occur with aspirin use but
this adverse effect is mostly reported at higher dosages [295, 296]. Lack of aspirin efficacy in
atherosclerosis or insulin resistance may also be attributed to relatively common [297-299]
aspirin-resistance [300, 301]. Long-term administration of aspirin is also related to reduced

efficacy of the drug [302].
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1.7 Insulin sensitisation

1.7.1 Incretins

Glucagon-like peptide 1 (GLP-1) and glucose-dependent sulinotropic polypeptide (GIP) are
classified as incretins. Incretins are post-prandially released enteroendocrine hormones
secreted from the GIT into the bloodstream by K and L cells [303-305]. Glucose control is
achieved by incretins binding to their respective receptors which via G protein, activates
adenylate cyclase, stimulating increased intracellular cyclic AMP levels. Following this process,
protein kinase-A is activated which enables a series of processes to occur such as enhanced
exocytosis of insulin-containing granules by pancreatic B-cells [306, 307]. This increased insulin
secretion through activation of B-cells occurs in a dose-response, glucose-dependent manner.
Incretins also delay gastric emptying which prolongs nutrient transfer to the duodenum,
reducing postprandial glycaemia [308, 309]. Incretin use for control of hyperglycaemia is

beneficial as its natural release is severely dysregulated in T2D [310].

An example of a successfully used incretin is exendin-4. Exendin-4 is a GLP-1 receptor
agonist/mimetic with a 53% amino-acid sequence homology to mammalian GLP-1. Exendin-4
controls hyperglycaemia through increased glucose-dependent insulin secretion, reduced
postprandial secretion of glucagon, and slowed gastric emptying [311, 312]. The glucose-
dependent secretion stimulated by exenatide (synthetic exendin-4) does not increase the risk
of hypoglycaemia [313]. In vitro both exendin-4 and GLP-1 act on the GLP-1 receptor, binding
with equal affinity. Exendin-4 and GLP-1 also share similar glucose-regulatory mechanismes,
such as glucose-dependent enhancement of insulin secretion, glucose-dependent suppression
of abnormally high glucagon secretion and reduction of hyperglycaemia (as reviewed by [314]).
Additionally, in contrast to GLP-1, exendin-4 is unaffected by the enzyme that rapidly degrades
GLP-1, DPP-4 [315, 316] allowing it to act longer. From in vivo work, exendin-4 is also able to
increase B-cell proliferation and islet mass, prevent B-cell apoptosis by decreasing thioredoxin-
interacting protein levels [317], enhancing islet neogenesis [318, 319], and together improving
insulin secretion [313, 320]. Enhancing the proliferation and reducing the apoptosis of B-cells is
significant as impaired B-cell function is characteristic of T2D [67]. Exenatide use in T2D
patients leads to enhanced glycaemic control and improved cardiometabolic risk factors
without hypoglycaemia or weight gain [321, 322]. Exenatide also retains the ability to
stimulate insulin secretion during hyperglycaemia and euglycaemia, but not during

hypoglycaemia [313, 323, 324].
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The use of incretins is associated with a number of adverse effects. As incretins inhibit gastric
emptying they can cause GIT discomfort and nausea after meal ingestion [325], making it
unsuitable or intolerable in some patients [326]. The efficacy of incretins can be reduced due
to the development of antibodies. For example anti-exanatide are particularly problematic in
patients who develop a high antibody titre as they lead to diminished efficacy of the
therapeutic [327]. Furthermore, the use of GLP-1 receptor agonists increases the risk of
pancreatitis compared to other therapies 6-fold, and also increases the incidence of pancreatic
cancer [328]. Together, this indicates that the use of incretins is limited in some patient

populations, especially for long term use.
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1.7.2 Metformin

Metformin belongs to the biguanide class of drugs, and is the main drug used to manage T2D
and hyperglycaemia [329, 330]. Metformin improves insulin sensitivity by suppressing hepatic
glucose production [331], a defect in glucose control that is increased at least two-fold in T2D
patients [332]. The main mechanism of action for metformin is specific inhibition of
respiratory-chain complex 1. This inhibition results in decreased cellular respiration and occurs
without affecting any other mitochondrial pathways [333, 334]. This mechanism has been
extensively reported in many cell lines [335-338], including rat, mouse and human primary
hepatocytes [333, 334, 339], in addition to neurons [340], skeletal muscle homogenates [341],
pancreatic beta cells [342], cancer cells [343, 344], and peripheral blood mononuclear cells and
platelets [345]. The reduction in mitochondrial respiration causes a reduction of ATP levels and
accumulation of AMP through metformin increasing AMP-activated protein kinase (AMPK)
activity, [346], which in turn suppresses hepatic gluconeogenesis improving insulin sensitivity
[347]. AMPK also limits hepatic fatty acid synthesis by inhibiting acetyl-CoA carboxylase 1 and

2 (ACC1 and ACC2) [348]. Thus, metformin possesses pleiotropic effects on insulin resistance.

Other hyperglycaemic control mechanisms facilitated by metformin include increased
intestinal glucose utilisation, decreased fatty-acid oxidation, and increased insulin-mediated
glucose disposal [349-351]. Interestingly, metformin also improves HDL functionality by
inhibiting its glycation [352], increases lipoprotein particle size when combined with
pioglitazone [353], reduces LDL levels when combined with sulfonylurea [354], and when
apoA-| levels are attenuated, metformin’s efficacy is reduced [355] demonstrating a link

between metformin and HDL (discussed in the next section).

The use of metformin is successful [356-358], well tolerated [330, 359], and synergises well
with other drugs used to treat hyperglycaemia [354, 360]. Metformin improves insulin
sensitivity even at low doses [361], and rarely leads to hypoglycaemia [362] or weight gain
[363, 364]. Moreover, when metformin is combined with other anti-hyperglycaemic or insulin
sensitising drugs, additive effects are observed and in some cases synergistic effects are noted.
When combined with sulfonylurea, there is an additive effect on the improvement in insulin
sensitivity and inhibition of lipogenesis [360], while when combined with salicylates there are
synergistic effects on the same parameters [365]. Low doses of metformin assist in reducing
tumour mass and preventing relapse in a xenograft mouse model by inhibiting cellular
transformation and inducing apoptosis in cancer stem cells when combined with

chemotherapy [366] or 2-Deoxyglucose (2DG) [367, 368]. Additionally, cancer risk is reduced in
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diabetic patients treated with metformin (as reviewed by [369]). Metformin, as with all
biguanides, has the potential to induce lactic acidosis which is fatal [370, 371]. The safety of
metformin use and its relationship with the development of lactic acidosis is debated [372-
377] particularly in the context of its use in chronic kidney disease due to its decreased
excretion which can cause metformin levels to accumulate [372, 373]. However, metformin
use and the incidence of lactic acidosis in both non-diabetic and diabetic patients has been
demonstrated to be extremely low when used at therapeutic dosages and rather than
supratherapeutic dosages [378]. However, its use is suggested to be discontinued when serum
creatinine or the estimated glomerular filtration rate reach threshold levels rather than
adjusting the dosage (as reviewed by [377]). As the liver is associated with lactate processing,
metformin use is contraindicated in patients with severe liver failure [379]. In keeping with
this, it has been suggested that renal insufficiency merely leads to metformin accumulation,
although when this occurs combined with liver failure it is dangerous [377]. Metformin-
induced lactic acidosis is extremely rare <10 events per 100,000 patient-years of exposure
[380] although in the reported cases, mortality rates are 30 — 50% [371, 381]. However,
despite these risks the main adverse effects associated with metformin are associated with GIT
discomfort as a result of metformin inhibiting gastric motility subsequently delaying gastric

emptying [351, 382].



46

1.8 High-Density Lipoproteins (HDL)

The use of statins reduces the risk of major cardiovascular events by 21% for every 1 mM
decrease in LDL [383]. However, despite intensive high-dose statin therapy being used to lower
LDL levels below 2.6 mM, the risk of major cardiovascular events in patients with established
CVD remains significant at a level approaching an annual risk of 9% [384, 385]. Thus, there is a

need for novel treatment strategies for lowering cardiovascular risk.

Low levels of HDL are associated with an increased risk of CVD, independent of LDL levels. For
every 0.026 mM increase of HDL the risk of CVD is reduced by 2-3% [386]. Epidemiological
studies have reported that over a 6 year period, patients with HDL levels 235 mg/mL are 70%
less likely to develop CVD in comparison to patients with HDL levels <0.9 mM [387]. Therefore,

it is promising to use HDL as a therapeutic strategy.

Raising HDL suppresses cytokine-induced CAM expression in endothelial cells [388] and
suppresses CRP-induced CAM expression in both endothelial cells in vitro and in vivo [389].
TNF-a and interleukin-1 (IL-1)-induced VCAM-1 expression is attenuated by HDL treatment in
HUVECs [388]. Similarly, CRP-induced CAMs are downregulated by HDL in human umbilical
vein endothelial cells (HUVEC) [389]. This inhibition of endothelial CAMs also prevents

downstream monocyte recruitment into the arterial wall [389, 390]

Patients with low levels of HDL have higher levels of soluble CAMs and MCP-1 as compared to
those with average or high levels HDL levels and an associated increased risk for
atherosclerosis and myocardial infarction [391-394]. Raising HDL inhibits the expression of
CAMs and MCP-1 expression in vivo [395, 396] improving atherosclerosis and therapeutic

outcomes [397].

The major apoplipoprotein in HDL is apoplipoprotein A-I (apoA-l), making up 70% of all HDL
protein [398]. Low levels of apoA-l are associated with strong risk of future Ml [6]. Thus,
treatments utilising apoA-l HDL have been investigated. ApoA-l HDL mediates anti-
inflammatory protection in endothelial cells by inhibiting CAM expression [388]. Both native
and reconstituted forms of HDL containing apoA-l inhibit inflammatory cytokine-induced
VCAM-1, ICAM-1, and E-selectin expression in HUVECs. This effect is observed at physiological
HDL levels in a dose-dependent manner [388, 399]. Furthermore, following pre-incubation of
endothelial cells with rHDL this anti-inflammatory protective effect persists for several hours,

even after rHDL has been removed [400].
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Regulation of HDL and apoA-I levels is also important in the context of insulin resistance. An
inverse correlation exists between HDL levels and insulin resistance [401, 402]. Bariatric
surgery and reducing BMI have a strong effect on the blood lipid profile, increasing HDL levels,
and subsequently improving insulin sensitivity [403]. A causal relationship in children between
adenotonsillectomy in obstructive sleep apnoea patients (an insulin-resistance risk factor[404])
has also been reported, with insulin resistance decreasing and HDL levels increasing following
surgery [405]. The presence of apoA-I is also important in regulating the effects of metformin.
In apoA-I-deficient mice (apoA™), the function of metformin to maintain peripheral sensitivity
insulin sensitivity to effectively control glucose following glucose challenges was abrogated
[355]. Moreover, apoA-I treatment suppresses hepatic inflammation in HFD-fed C57BL/6 mice
improving insulin resistance [406]. Together these studies show the relationship between HDL

and insulin resistance.

Work from clinical trials indicates that increasing HDL levels is not always beneficial. This lack
of direct relationship between HDL raising and beneficial cardioprotective effects is clear in
trials investigating the effects of cholesteryl ester transfer protein (CETP) inhibition. CETP is a
hydrophobic glycoprotein, primarily synthesized in the liver [407, 408]. Once secreted into the
plasma, the role of CETP is to facilitate facilitates bidirectional cholesterol ester and
triglyceride transfer between lipoproteins thereby redistributing these lipids, equilibrating
them between different lipoprotein fractions (as reviewed by [409]). HDL levels are increased
by CETP inhibitors indirectly by precluding cholesterol ester redistribution from plasma to
lipoproteins other than HDL. This increases HDL cholesterol levels while reducing cholesterol
ester concentration in pro-atherogenic lipoproteins such as LDL, VLDL, and chylomicrons.
While this process increases HDL the Investigation of Lipid Level Management to Understand
Its Impact in Atherosclerotic Events (ILLUMINATE) trial showed that the CETP inhibitor
torcetrapib, was not cardioprotective despite significantly increasing HDL levels [410]. Further
torcetrapib led to increased mortality and had off-target effects especially on blood pressure
[410]. The CETP inhibitors dalcetrapib and evacetrapib, while not eliciting off-target events,
also do not confer cardio-protective benefits despite increasing HDL levels by 31-40% [411]
and 54-129% respectively [412]. Evacetrapib also failed to improve cardiovascular outcomes,
and clinical trials have since been terminated [413]. Despite increasing HDL it can still be
modified, its composition altered and consequently become dysfunctional under cellular stress

[414-418].
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Therefore investigation into the mechanisms by which HDL facilitates its initial inhibition of
atherosclerosis and insulin resistance development before becoming dysfunctional may offer

new approaches to treating these disease states.

1.9 The novel discovery of DHCR24 in HCAECs - HDL upregulates
DHCR24 expression

Our laboratory’s investigation into the mechanisms underlying HDL's suppression of a TNF-a-
induced inflammatory response in HCAECs revealed a gene-regulatory effect [1]. HCAECs pre-
treated with rHDL suppressed a TNF-a-induced inflammatory response, as indicated by
decreases in NFkB and VCAM-1 mRNA levels. Intriguingly, the suppressive effect was retained
for up to 8 hours after HDL removal prior to TNF-a treatment. Moreover, this effect was
dependent on an increase in DHCR24 levels. It was also discovered that silencing DHCR24 in
HCAECs abrogates rHDL’s ability to suppress a TNF-a-induced inflammatory response.

Microarray data also showed that DHCR24 is one of the most upregulated genes by HDL [1].
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Figure 1.10 (A) DHCR24 levels were increased treated in HCAECs treated with apolipoprotein-
I reconstituted high-density lipoprotein (apoA-I rHDL). HCAECs were treated with 16 uM (0.45
mg/mL) (apoA-I rHDL) for 16 hours (B) Western blot analysis of protein lysate extracted from
HCAECs following 16 uM apoA-I rHDL treatment for 16 hours confirming the upregulation of
DHCR24. * P<0.05.
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1.10 What is DHCR24?

3B-hydroxysteroid-A24 reductase (DHCR24) is an enzyme essential for mammalian survival
that has a number of key cellular roles. DHCR24 was initially discovered for its vital role in
cholesterol biosynthesis, catalysing the conversion of desmosterol to cholesterol [419].
However, since then DHCR24 has also been shown to possess other roles in some cells types
including protecting against oxidant [420, 421] and inflammatory insults [1, 422], and
interacting with p53 [423, 424] or caspase-3 to prevent apoptosis [420, 421, 425-427].

DHCR24 is a 60.4kD flavin adenine dinucleotide (FAD)-dependent oxidoreductase [419] that is
primarily localised to the ER in an N-terminal luminal/C-terminal cytoplasmic orientation [140].
The dhcr24 gene includes 9 exons and 8 introns. The coding sequence is 1548 base pairs with
an open reading frame of 516 amino acids. The dhcr24 gene is localised to chromosome

1p31.1-p33 (Figure 1.11) [140, 419, 421, 428, 429].

The gene was identified and sequenced due to its similarity to sterol converting enzyme
diminuto-1 in the plants Arabidopsis thaliana and Caenorhabditis elegans [419, 421, 428].

Diminuto-1 produces brassinosteriods which are plant sterols [430].

3B-hydroxysteroid A24 reductase (DHCR24) 1p32.3
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Figure 1.11 Chromosomal location of DHCR24 (1p32.3)
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The encoded protein for dhcr24 was discovered to be identical to the neuroprotective enzyme,
Selective Alzheimer’s Disease Indicator 1 (Seladin-1). This homology was based on a mutation
analysis of the dhcr24 gene, expressed in Saccharomyces cerevisiae, using human cDNA
obtained from patients exhibiting various levels of desmosterolosis (a cholesterol deficiency

syndrome resulting in accumulated desmosterol) [419].
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Seladin-1 is expressed in pyramidal neurons of the brain particularly within cortical regions, the
substantia nigra, caudate nucleus, hippocampus, medulla oblongata, and the spinal cord.
Functional studies determined it was responsible for the biosynthesis and homeostasis of brain

cholesterol [431, 432].

Low levels of seladin-1 are associated with Alzheimer’s disease. Moreover, silencing of seladin-
1 expression leads to the hallmark features associated with Alzheimer’s disease [421, 428, 433,
434]. The discovery that dhcr24 was identical to seladin-1 set research into the protective

functions of DHCR24 in motion [427, 428, 435].

1.10.1 The role of DHCR24 in cholesterol biosynthesis

Enzyme studies in situ and expression in S. cerevisiae showed the role of DHCR24 in catalysing
the reduction of the A24 double bond of desmosterol to produce cholesterol [435]. DHCR24 is
an important enzyme for the synthesis of cholesterol, however it is not a rate limiting enzyme.
Instead, the amount of cholesterol produced is regulated by the availability of sterol
precursors that enter the Bloch or Kandutsch-Russell pathway (Figure 1.12). Therefore, merely
overexpressing DHCR24 is insufficient to increase cholesterol levels as DHCR24 serves as a
catalyst for cholesterol production. This is consistent with observations that overexpression of
DHCR24 increases cholesterol levels in some cells types while exerting no effect on others. This
is attributed to varying levels of precursor molecules and differing cholesterol requirements of

cells [420, 433].
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Figure 1.12 Cholesterol biosynthesis via the Bloch pathway and the Kandutsch-Russell
pathway

Figure 1.12 (adapted from [436]) depicts the synthesis of cholesterol via the Bloch pathway
and Kandutsch-Russell pathway. DHCR24 is identified by red boxes and is present during the
conversion of desmosterol directly to cholesterol via the Bloch pathway, and during the

conversion of desmosterol to lathosterol for further reactions to cholesterol.
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In all cell types tested, DHCR24 is localised to the ER [140, 421, 435, 437], although it is also in
the Golgi [421] and nucleus [438]. DHCR24 is located in the membrane facing the cytoplasmic
side of the ER, with the N-terminal transmembrane domain being required for localisation to
the ER membrane [140]. This ER localisation is in keeping with other enzymes involved in
cholesterol synthesis (e.g. HMG-CoA reductase) [439] because the de novo pathway of
cholesterol production is located on the cytoplasmic side of the ER membrane [140]. DHCR24
also possesses a FAD binding site and is a single-spanning protein [140, 429, 437], although it
lacks a common consensus sequence for an NADPH binding site in its amino acid sequence

despite its NADPH requirement for enzyme activity [435].

Patients demonstrating the multiple-congenital-anomaly syndrome, desmosterolosis that is
caused by the accumulation of desmosterol, show mutations in the dhcr24 gene [435, 440-
445]. Desmosterolosis also leads to a deficiency in plasma membrane cholesterol. This is
significant as cholesterol is essential to ensure the correct development of the human brain.

Cells also require cholesterol to develop, differentiate, and function correctly [446].

Patients with desmosterolosis exhibit profound multiple congenital anomalies. The
phenotypes observed in desmosterolosis patients vary yet share common features including

brain malformations, facial feature abnormalities, and skeletal deformities [441-443].

A patient heterozygous for two dhcr24 mutations who was spontaneously delivered after 34
weeks of gestation is described in the literature [441]. This patient exhibited the above-
mentioned abnormalities. To investigate the role of DHCR24, the exons and flanking intronic
sequences of the patient and her parent’s dhcr24 gene were sequenced. These revealed two
novel heterozygous mutations in the patient, p.R94H and p.E480K amino acid substitutions.
Using an evolutionary trace method, the p.R94H and p.E480K amino acid substitutions/dhcr24
mutations were predicted to have significant effects on enzyme function. Expression of these
mutants in S. cerevisiae confirmed this reduced enzyme activity, and showed that the p.R94H
mutation is more severe than the p.E480K mutation. This may be attributed to the predicted
localisation of p.R94H at the FAD binding site [441] and DHCR24 being a FAD-dependent
oxidoreductase [435]. Both mutations caused DHCR24 enzyme activity to be significantly
impaired resulting in lowered cholesterol levels, accumulation of desmosterol, as well as being

attributed to the above-mentioned deformities [441].
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In mice, complete knockout of the dhcr24 gene, in combination with impaired maternal
cholesterol transfer during embryonic development, is fatal [434]. Milder, non-lethal
phenotypes of desmosterolosis in mice have also been produced. These milder phenotypes are
attributed to maternal transfer of cholesterol aiding in embryonic development and reducing
the severity of desmosterolosis [447]. Human Smith-Lemli-Optiz syndrome patients, while
unable to synthesise cholesterol, have low levels of cholesterol in their tissues. This is
attributed to maternal transfer of cholesterol. There is a correlation between maternal levels
of cholesterol and fetal cholesterol levels [448, 449]. Furthermore, impaired maternal
cholesterol transfer leads to more severe pathologies. For example, if a mother possesses an
apo €2 allele, which decreases the efficacy of LDL cholesterol binding to the LDL receptor,
transfer is impaired and the foetus will have significantly reduced levels of maternal
cholesterol transferred to it and, therefore, a more severe phenotype will be produced [450].
This demonstrates the integral role of cholesterol in the development the foetus and

significance in the functions of the body.

High cholesterol levels in the membrane of DHCR24-expressing neuronal cells have been
shown to protect cells against oxidative stress toxicity [438] and experimental stroke models
by facilitating EAAT2’s association with lipid rafts and subsequently its uptake of glutamate
[451]. However, DHCR24 also facilitates directly protective effects, independent of cholesterol

synthesis.

1.10.2 DHCR24 as a biomarker

The level of DHCR24 has been associated with the diagnosis of numerous diseases and as a
stress marker in vitro. DHCR24 levels are low in the brain tissue of Huntington’s disease mouse
models [452] and in Huntington's disease post-mortem brain tissue [453]. DHCR24 levels are
low in the CNS tissue of dementia patients [454], in hyponatremia-induced neuronal distressed
in SH-SY5Y and SK-N-AS cells [455, 456] and in neuronal degeneration models. DHCR24 has
been also identified as being low in Alzheimer’s disease brain tissue as previously mentioned
[421, 428, 433]. However, this area is contentious with some reports of DHCR24 failing to be
differentially regulated in Alzheimer’s disease brains [457, 458], and with DHCR24/Seladin-1

polymorphisms in Alzheimer’s disease reported in some reports [459, 460] but not in all [461].
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Further, reduced levels of DHCR24 in Alzheimer’s disease tissues have been suggested to occur

secondary to the disease and to not occur causatively [458].

DHCR24’s involvement in various cancers is another area in which DHCR24 levels may be
useful for diagnosis and prognosis of disease. DHCR24 is recently being considered as a
molecular target for hepatitis C virus (HCV)-surface related hepatocellular carcinoma [462] and
DHCR24 antibodies have been suggested as serum markers for HCV [463]. The level of DHCR24
is reflected in prostate cancer severity. DHCR24 levels are significantly reduced in metastatic
castration-resistant prostate cancer in comparison to primary prostate cancer [464]. DHCR24 is
increased in early and low-risk prostate cancer, yet decreased in advanced prostate cancer and
metastasis [465, 466]. The decrease in DHCR24 levels in prostate cancer may be due to its
involvement in proliferation. Therefore restoration of DHCR24 levels is proposed to potentially
decrease cancer cell growth and steroid dependency in early and low-grade prostate cancer
[466]. Increased DHCR24 levels are also prognostic for non-muscle-invasive urothelial
carcinoma progression [467] while decreased DHCR24 levels have been associated with benign
adenoma malignancy [468]. The heterogeneity of assorted cancers complicates the use of
DHCR24 levels for diagnosis and each association between DHCR24 levels and cancer must be

independently addressed.

1.10.3 DHCR24’s effects against cellular stress

DHCR24 has been shown to facilitate suppression of stress responses in many cell types.
Research to date has concentrated primarily on studies of neuronal or neuronal-like cells,

because of its association with Alzheimer’s disease.

DHCR24 facilitates reduction in oxidative stress in neuronal cells and subsequent induction of
apoptosis, through the inhibition of caspase-3 [421, 425, 469]. DHCR24 (Seladin-1)-EGFP-
cloned cells exposed to the oxidant H,0, have significantly greater cell viability and rates of
survival in comparison to control-EGFP cells. Cell death measured after 10 hours of H,0,
exposure was comparable between the control and DHCR24-expressing cells. However,
following 16 hours of oxidant exposure, 80% of the DHCR24-expressing cells survived in
comparison to only 52% of the control cells. This reduction of oxidative stress-induced

apoptosis is facilitated by DHCR24 via caspase-3 inhibition. Initially both DHCR24-expressing
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cells and control cells after 2 hours of H,0, treatment show no caspase-3 activity in cell lysates,
as measured by a caspase-3 assay kit utilising a fluorogenic substrate. However, after 4 hours
of treatment, caspase-3 levels were significantly increased in control-EGFP cells in comparison
to the DHCR24-expressing cells. The addition of a caspase-inhibitor lowered caspase-3 levels
confirming that the observed reduction of oxidative stress-induced-apoptosis by DHCR24
expression is via caspase-3 inhibition [421]. The anti-oxidative and anti-apoptotic effects
mediated by DHCR24 are also shown in neuronal cells treated with B-amyloid, the major
oxidant in Alzheimer’s disease implicated in the aetiology of the neurodegenerative disorder.
DHCR24 is itself a substrate for caspases -3 and -6 [421], with caspase cleavage sites in its C-
terminus resulting in the generation of a p40 product (Figure 1.13). This caspase-mediated
cleavage releases DHCR24 into the cytoplasm, increasing free cytoplasmic DHCR24 levels
which are associated with decreased levels of cellular ROS (Figure 1.13) [140]. These anti-
oxidative and anti-apoptotic effects which are facilitated by DHCR24’s inhibition of caspase-3
have been demonstrated in neuronal cells [421, 426, 469], human neuroblast long-term cell

cultures [425], melanoma metastases [420], pituitary adenomas [427], and HUVEC [421].
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Figure 1.13 The activities of DHCR24. DHCR24 resides in the endoplasmic reticulum (ER), with
the FAD binding domain (blue box) on the cytoplasmic side of the ER membrane. DHCR24 is
tethered to the ER via its transmembrane region (red box). DHCR24 contains caspase cleavage
sites and it may be that via caspase activity a free form of DHCR24 is generated. The
membrane and free form potentially catalyse the catabolism of H,0,. Under oxidative stress,
DHCR24 has been shown to translocate to the nucleus where it interacts with p53 and

prevents apoptosis.
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DHCR24 also possesses H,0, scavenging ability, preventing apoptosis through the inhibition of
the stress activated protein kinase (SAPK) cascade, independent of cholesterol synthesis [437].
SAPK activation can be triggered by ROS production and is characterised by augmented p38
MAPK and JNK levels, which lead to the induction of apoptosis signal regulating kinase 1
(ASK1). ASK1 is integral to the persistent activation of p38 MAPK and JNK and for the activation
of apoptosis to occur in response to H,0, exposure. In its quiescent form, ASK1 is bound to
reduced thioredoxin. Oxidative stress causes the oxidation of thioredoxin which releases ASK1
from this bound inhibitory state. ASK1 is then activated through oligomer formation and auto-
phosphorylation and apoptosis is executed [470]. DHCR24”" mouse embryonic fibroblasts
(MEFs) undergo apoptosis in response to H,0, treatment as indicated by DNA fragmentation
and confirmed by TUNEL staining. p38 MAPK, JNK and ASK1 are also strongly induced.
However, wild type DHCR24-expressing MEFs resist oxidative stress-induced (H,0,) apoptosis,
and in keeping with this, have weak activation of p38 MAPK and JNK, and barely detectable
ASK1 activation. This anti-oxidative role of DHCR24 also occurs in MEF and pheochromocytoma
PC12 cells (a rat adrenal medulla tumour-derived cell line) challenged with tunicamycin (an
oxidative stress and ER stress inducer) [437]. Furthermore, these suppressive effects are
facilitated by DHCR24 independent of cholesterol activity [437], in contrast to the hypothesis
suggesting that increased cholesterol levels may suppress oxidative stress and the early stages
of apoptosis [153]. The DHCR247" MEFs described above were treated with serum to prevent
the influence of cholesterol depletion when exposed to H,0, [437] as cholesterol withdrawal in
MEFs causes susceptibility to apoptosis [471]. In the above experiments, apoptosis is
prevented by treating with cholesterol, as indicated by no changes in proliferation occurring in
DHCR24”" MEFs as compared to wild type DHCR24"* MEF [437]. This confirms that the anti-
oxidant and anti-apoptotic activity facilitated by the presence of DHCR24 in these cells is

cholesterol independent.

In all cell types investigated, DHCR24 is localised to the ER (Figure 1.13) [140, 421, 435, 437],
although studies have shown that DHCR24 can also translocate to the nucleus in response to
chronic oxidative stress stimuli in fibroblasts, suggesting a soluble isoform of the protein can
be generated under appropriate conditions [472]. Furthermore, recombinant DHCR24 protein
has been demonstrated to detoxify H,0, with an activity approximately 7-fold less than that
measured for catalase [437], providing evidence for a direct mechanism by which DHCR24 may
decrease oxidative stress. In addition, the ER-localisation of DHCR24 is dependent on its N-

terminal [421] while N-terminal deleted mutants of DHCR24 retain the ability to scavenge H,0,
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in vitro [437] and H,0,-generated intracellular ROS in vivo following migration to the cytoplasm
[140]. This indicates that it is the C-terminus which facilitates the anti-oxidative effects of the
enzyme and provides scientific impetus in the potential to develop mimetic compounds for the

treatment of oxidative stress.

Within the nucleus, DHCR24 binds to the tumour suppressor p53 and displaces the E3
ubiquitin ligase Mdm2 from p53, which allows p53 to accumulate in cells [423], serving to
suppress oxidative stress and prevent cell transformation. This process of p53 accumulation
occurs independently of DHCR24’s oxidoreductase activity [423, 424]. In cases of chronic
oxidative stress, DHCR24 levels diminish however, the suppressive effect is maintained
through increased p53 ubiquitination stimulated by DHCR24 [473]. In cells exposed to
oxidative and inflammatory stress, p53 activates DNA repair enzymes and induces growth
arrest by holding cell cycle at G1/S so that the DNA repair enzymes can act [423]. Thus,
DHCR24 through p53 can prevent cell death by activating p53-induced senescence and DNA
repair (Figure 1.13). In acute responses, attenuation of DHCR24 in rat embryonic fibroblasts
results in Ras-induced cell transformation as p53 accumulation is prevented. These cells exhibit
condensed cellular morphology and form tumours two weeks after treatment with Ras. This
demonstrates the role of DHCR24 in controlling oncogenic signalling is through control of p53.

This activity is also replicated in human WI38 fibroblasts [423].

DHCR24-overexpression in HCAECs inhibits the activation of the key inflammatory mediator,
nuclear factor kappa B (NFkB) [1, 422] and in a recent study it is proposed that this occurs
through activation of the PI3K/Akt signal transduction pathway and induction of heme
oxygenase-1 (HO-1) [422]. In addition to reproducing increased levels of DHCR24 in apoA-I-
treated HCAECs, as reported during the novel discovery of DHCR24 in HCAECs [1], it was
demonstrated that apoA-l increases HO-1 levels. Furthermore, when DHCR24 levels are
knocked down with siDHCR24, there are significant reductions in both DHCR24 and HO-1
levels, while siHO-1 only reduces HO-1 levels following apoA-I treatment. This indicates that
HO-1 induction is dependent on DHCR24. This is further supported by in vivo studies using New
Zealand White rabbits with surgically implanted silastic carotid collars (to promote vascular
inflammation). When DHCR24 levels are knocked down, apoA-I treatment is unable to increase
the expression of HO-1. This upregulation of HO-1 is, at least in part, dependent on the
phosphorylation of Akt by DHCR24 and the subsequent activation of PI3K [422]. Importantly

activation of the PI3K/Akt prevents endothelial cell apoptosis [474]. In keeping with this, Akt
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phosphorylation is also significantly attenuated in DHCR247 MEF in comparison to wild type
MEFs [471].

The apoA-I upregulation of DHCR24 and HO-1 is also dependent on SR-B1 and its adaptor
protein PDZK1. This is apparent as HCAECs transfected with siRNA for SR-B1 and PDZK1 before
being treated with apoA-l do not have increased levels of DHCR24 or HO-1. The metabolic
product, bilirubin formed by HO-1, also reduces levels of inflammation (VCAM-1, ICAM-1) and
the translocation of the NFkB p65 subunit, thereby mediating the protective effects of apoA-I.
However importantly, the induction of HO-1 (and therefore its metabolic products), by apoA-I
treatment is dependent on increased DHCR24 expression [422]. This establishes an important

interaction between DHCR24 and HO-1 in the protection against inflammatory insults.

Atherosclerosis and insulin resistance are strongly associated with the features and markers
that DHCR24 has been reported to reduce — inflammation [1, 422], oxidation, ER stress and
apoptosis [420, 421, 437, 471, 475]. Currently, there has been no published research on
characterising DHCR24's potential role in suppressing in vitro cellular stress in HCAECs or HuH7
cells. Therefore, this project aims to delineate the mechanisms behind DHCR24’s suppressive
effects in HCAECs and HuH?7 cells. This basic knowledge is essential for advancing DHCR24 as a
therapeutic target and perhaps using the DHCR24 protein as the foundation for an

oxidoreductase mimetic.
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1.11 Summary, Aims, and Hypotheses

The work presented initially set out to examine if DHCR24 suppresses a TNF-a-induced
inflammatory response in HCAECs. This investigation was based on the protective effect of HDL
and its upregulation of DHCR24 levels in HCAECs [1]. This thesis shows that DHCR24 plays an
important role in HCAECs replicating the effect of apoA-I rHDL. The mechanisms behind this
effect were then investigated and identified. Insulin resistance is also an inflammatory
condition [60, 62, 84] and can lead to the development of atherosclerosis. Arising from the
positive findings in HCAECs, and the protective effect of HDL against hepatic inflammation
which improves insulin sensitivity [406], DHCR24 was investigated in HuH7 cells. DHCR24 was
shown to be upregulated by, and to replicate apoA-I rHDL’s effects against a TNF-a-induced
inflammatory response in HuH7 cells. The mechanisms underlying DHCR24’s effect in HuH7
cells were investigated and are interestingly shown to be slightly different to the mechanisms
in HCAECs. The differences reported may be potentially due to the higher cholesterol content
of HuH7 cells. The overall aim of this project was to characterise the role of DHCR24 against a

TNF-a-induced inflammatory response in HCAECs and HuH7 cells.
The encompassing hypothesis of this thesis is:

“DHCR24 coordinates suppressive mechanisms against a TNF-a-induced inflammatory

response in HCAECs and HuH7 cells”

The data in Chapter 3 show that DHCR24 suppresses a TNF-a-induced inflammatory response
in HCAECs. This is evidenced by reducing monocyte adhesion to HCAECs. This shows that
DHCR24, at least in part, can replicate the effect of rHDL. Chapter 4 explores the mechanisms
underlying DHCR24’s suppressive effects against cellular stress in HCAECs. This study shows
that DHCR24 suppresses TNF-a-induced VCAM-1 levels in a fashion that is independent of
cholesterol biosynthesis. However, the effect does require the oxidoreductase site present in
the N-terminal region of DHCR24. Interestingly, DHCR24 is an ER-associated protein and the
mechanisms through which DHCR24 exerts protection involves suppressing an ER stress
response, but yet under TNF-a-stimulated conditions, DHCR24 can be found in the cytoplasm

and in the nucleus.

In Chapter 5, DHCR24's role in HuH7 cells was pursued. The data presented show that DHCR24
mediates HDL’s suppression of TNF-a-induced IL-8 levels. Further, DHCR24 overexpression

alone suppressed TNF-a-induced IL-8 expression showing that DHCR24, at least in part, can
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replicate the effect of rHDL. In Chapter 6, the mechanisms through which DHCR24 mediates
suppressive effects against cellular stress in HuH7 cells were pursued. DHCR24’s suppression of
TNF-a-induced IL-8 levels was demonstrated to be independent of cholesterol biosynthesis,
yet the effect requires the oxidoreductase site present in the N-terminal region of DHCR24.
Additionally, the work showed that despite DHCR24’s association with the ER, its suppression
of TNF-a-induced IL-8 levels was independent of DHCR24 regulating a TNF-a-induced ER stress
response. Further, DHCR24 was found to move to the nucleus following cytokine activation,

and a role preventing TNF-a-induced apoptosis was identified.

Finally, Chapter 7 discusses the results in the context of the wider scientific literatures and
then presents a general conclusion of the results. Finally several limitations of the study are

discussed, as well as potential future work and questions arising from this thesis.
Specific aims:
Chapter 3

e To determine if DHCR24 replicates the effect of apoA-I rHDL against a TNF-a-induced
inflammatory response in HCAECs

e To determine whether DHCR24 overexpression reduces monocyte adhesion to HCAECs

e To determine whether DHCR24 overexpression suppresses TNF-a-induced ICAM-1 and
VCAM-1 protein levels in HCAECs

e To determine whether DHCR24 overexpression suppresses TNF-a-induced VCAM-1
mRNA levels in HCAECs

Chapter 4

e To determine the mechanisms by which DHCR24 overexpression suppresses a TNF-a-
induced inflammatory response in HCAECs

e To determine whether DHCR24 overexpression increases cholesterol levels in HCAECs

e To determine whether DHCR24’s oxidoreductase site is required for the suppression of
a TNF-a-induced inflammatory response in HCAECs

e To determine whether DHCR24 translocates from the ER to the cytoplasm and nucleus
in response to TNF-a-activation in HCAECs

e To determine the effect of TNF-a treatment on DHCR24 levels in HCAECs
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e To determine whether DHCR24 mediates suppression of a TNF-a-induced

inflammatory response through suppression of a ER stress response in HCAECs

Chapter 5

e To determine if DHCR24 mRNA levels are increased in HuH7 cells following apoA-I
rHDL treatment

e To determine if DHCR24 mediates HDL's suppression of TNF-a-induced IL-8 levels in
HuH7 cells

e To determine the effect of TNF-a treatment on DHCR24 levels in HUH7 cells

e To determine whether DHCR24 can replicate the suppressive effect of rHDL against

TNF-a-induced IL-8 expression in HUH7 cells

Chapter 6

e To determine the mechanisms by which DHCR24 overexpression suppresses a TNF-a-
induced inflammatory response in HuH7 cells

e To determine whether DHCR24 overexpression increases cholesterol levels in HuH7
cells

e To determine whether DHCR24’s oxidoreductase site is required for the suppression of
a TNF-a-induced inflammatory response in HuH7 cells

e To determine DHCR24’s localisation in DHCR24 following TNF-a-activation

e To determine whether DHCR24 inhibits apoptosis in HuH7 cells and if so, is its
oxidoreductase region required.

e To determine if DHCR24 mediates suppression of a TNF-a-induced inflammatory

response through suppression of a ER stress response in HuH7 cells.
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Reagent Manufacturer Origin
18S primer (human) GeneWorks Thebarton, SA, Australia
1-bromo-3-chloropropane Sigma-Aldrich Castle Hill, NSW, Australia

1-palmitoyl-2-linoleoyl-sn-glycero-
3-phosphatidylcholine (PLPC)

Avanti Polar Lipids

Alabaster, AL, USA

2,2'-Azinobis [3-
ethylbenzothiazoline-6-sulfonic
acid]-diammonium salt (ABTS)

Kirkegaard & Perry Lab
(KPL)

Gaithersburg, Maryland,
USA

3,3’-diaminobenzidine (DAB)

Dako

Botany, NSW, Australia

4',6-diamidino-2-phenylindole
(Dapi)

Life Technologies

Carlsbad, CA, USA

ABTS solution

Kirkegaard & Perry Lab
(KPL)

Gaithersburg, Maryland,
USA

ABTS stop solution

Kirkegaard & Perry Lab
(KPL)

Gaithersburg, Maryland,
USA

Agar

Sigma-Aldrich

Castle Hill, NSW, Australia

Alexa Fluor 568 anti-GRP78 goat
primary antibody

Invitrogen

Mulgrave, VIC, Australia

AlexaFluor488 Phalloidin

Life Technologies

Carlsbad, CA, USA

Amplex Red Cholesterol Assay

Life Technologies

Carlsbad, CA, USA

Anti-goat secondary antibody

Life Technologies

Carlsbad, CA, USA

Autologously donated human

Gribbles Pathology

Adelaide, South Australia

plasma

BCA protein assay kit Bio-Rad CA, USA

Beta-2 Microglobulin (B2M) primer | GeneWorks Thebarton, SA, Australia
(human)

Bis-Tris Polyacrylamide Gel Invitrogen Mulgrave, VIC, Australia

Bovine anti-goat IgG conjugated to

HRP

Santa Cruz Biotechnology

Dallas, Texas, US
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BSA Sigma-Aldrich Castle Hill, NSW, Australia
Cell Death Detection ELISA PLUS Roche Basel, Switzerland
CellTrace™ Calcein Green-AM Invitrogen Mulgrave, VIC, Australia

DH5a competent E. coli cells

Thermo Fisher Scientific

MA, USA

DHCR24 primer (human)

GeneWorks

Thebarton, SA, Australia

DHCR24 siRNA (siDHCR24)

Santa Cruz Biotechnology

Dallas, Texas, US

DPX mountant

Merck Millipore

Carlsbad, CA, USA

Dulbecco’s minimum essential Sigma-Aldrich Castle Hill, NSW, Australia
medium (DMEM)

EDTA-Na, Sigma-Aldrich Castle Hill, NSW, Australia
Experion RNA StdSens Analysis Kit | Bio-Rad CA, USA

Falcon Tubes Corning Corning, NY, USA

FD3510 fluorodishes WPI Europe Hitchin, United Kingdom
Fetal Bovine Serum (FBS) Sigma-Aldrich Castle Hill, NSW, Australia
GAPDH primer (human) GeneWorks Thebarton, SA, Australia
GenElute Endotoxin-Free Plasmid Sigma-Aldrich Castle Hill, NSW, Australia

Midi-Prep Kit

Goat polyclonal anti-DHCR24 I1gG

Santa Cruz Biotechnology

Dallas, Texas, US

Hank’s buffered salts solution Sigma-Aldrich Castle Hill, NSW, Australia
(HBSS)

HBSS (phenol-red free) Sigma-Aldrich Castle Hill, NSW, Australia
HiPerfect transfection reagent Qiagen Hilden, Germany

HuH7 cells

Health Science Research
Resources Bank

Osaka, Japan

Human coronary artery endothelial
cells (HCAECs)

Cell Applications

San Diego, CA, USA

Human IL-8 ELISA kit

Invitrogen

Mulgrave, VIC, Australia
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iBlot Dry Blotting System

Invitrogen

Mulgrave, VIC, Australia

ICAM-1  antibody (anti-human
CD54)

BD Biosciences

North Ryde, NSW,
AUSTRALIA

IL-8 primer (human) GeneWorks Thebarton, SA, Australia
Interferon gamma (IFN-y) Sigma-Aldrich Castle Hill, NSW, Australia
Interleukin 1-beta (IL-1P) Sigma-Aldrich Castle Hill, NSW, Australia
iQ SYBR Green | Supermix Bio-Rad CA, USA

iQ SYBR Green | supermix Bio-Rad CA, USA

iScript cDNA Synthesis Bio-Rad CA, USA

Kaleidoscope Protein Ladder Bio-Rad CA, USA

Lab-Tek Il chamber slides Lab-Tek Naperville, IL, USA
Loading buffer Bio-Rad CA, USA

Lymphoprep

Nycomed Pharma

Roskilde, Denmark

MesoEndo Cell Growth Medium

Cell Applications

San Diego, CA, USA

Mouse monoclonal anti-B-actin IgG

Amersham Biosciences

Little Chalfont, United
Kingdom

NaCl Sigma-Aldrich Castle Hill, NSW, Australia
NH;HCO; Sigma-Aldrich Castle Hill, NSW, Australia
Nonidet P-40 Sigma-Aldrich Castle Hill, NSW, Australia
n-propyl gallate (NPG) Sigma-Aldrich Castle Hill, NSW, Australia
Nuclease-free water Bio-Rad CA, USA

NuPAGE MES SDS Running Buffer Invitrogen Mulgrave, VIC, Australia

Optima LE-80K Ultracentrifuge

Beckman Coulter

Fullarton, CA,USA

PBS

Astral Scientific

Taren Point, NSW, Australia

pcDNA 3.1A(-)/myc-His

Invitrogen

Mulgrave, VIC, Australia
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pEGFP-N1

Clontech—Takara Bio

Otsu, Japan

Peripheral blood

Australian Red Cross
Blood Service

Sydney, NSW, Australia

Protein dye reagent Bio-Rad CA, USA

PureZol Bio-Rad CA, USA

PVDF (polyvinylidene fluoride) Invitrogen Mulgrave, VIC, Australia
membrane

RPMI powder Sigma-Aldrich Castle Hill, NSW, Australia

SDS-polyacrylamide PhastGels

Amersham Biosciences

Little Chalfont, United
Kingdom

Sheep anti-mouse IgG conjugated
to HRP

GE Healthcare

Uppsala, Sweden

SiRNA Qiagen Hilden, Germany
Sodium dodecyl sulfate (SDS) Sigma-Aldrich Castle Hill, NSW, Australia
T75 cm” tissue culture flasks Corning Corning, NY, USA

TransPass HUVEC Transfection
Reagent

New England Biolabs

Ipswich, MA, USA

Trypsin-EDTA

Thermo Fisher Scientific

MA, USA

Tryptone Sigma-Aldrich Castle Hill, NSW, Australia
Tumour necrosis factor alpha (TNF- | Sigma-Aldrich Castle Hill, NSW, Australia
a)

Tween 20 Sigma-Aldrich Castle Hill, NSW, Australia
VCAM-1 antibody (anti-human | BD Biosciences North Ryde, NSW, Australia
CD106)

VCAM-1 primer (human)

GeneWorks

Thebarton, SA, Australia

Western blot stripping buffer

Thermo Fisher Scientific

MA, USA

Western Lightning Plus — ECL
(Enhanced Chemiluminescence)
Substrate

Perkin Elmer

Rowville, VIC, Australia
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White blood cell concentrates

Australian Red Cross
Blood Service

Sydney, NSW, Australia

Wright's stain

Diff-Quik, Laboratory Aids

NSW, Australia

Yeast Extract

Sigma-Aldrich

Castle Hill, NSW, Australia

B2-mercaptoethanol

Bio-Rad

CA, USA
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2.1 Cell culture

2.1.1 Cell culture conditions and cell maintenance

Human coronary artery endothelial cells (HCAECs) purchased from Cell Applications were
cultured in MesoEndo Cell Growth Medium (Cell Applications) at 37 °C and 5% CO, humidity.

For HCAECs, cell passages used were limited between 4 and 7 as HCAECs are primary cells.

Human hepatoma (HuH7) cells obtained from the Health Science Research Resources Bank,
Osaka, Japan were cultured in Dulbecco’s minimum essential medium (DMEM) (Sigma-Aldrich)
supplemented with 10% (v/v) FBS (Sigma-Aldrich) at 37 °C and 5% CO, humidity. For HuH7

cells, cell passages used were limited between 20 and 25 (cell line).

Cells were grown in T75 cm? flasks to a confluency of 80-90% before being passaged into fresh
flasks. Passaging the cells involved removing the existing media and performing a brief wash
using phosphate buffered saline (PBS). This was followed by a 5 minute incubation with
trypsin-EDTA (Thermo Fisher Scientific) (enough to cover the flask surface) at 37 °C and 5% CO,
in order to dislodge the cells from the flask surface. The trypsin-EDTA was then inactivated by
the addition of an equal or greater amount of serum-containing media. The detached cells
were then transferred to 50 mL centrifuge tubes and centrifuged at 2500 RPM over 5 minutes
into a pellet. The supernatant was aspirated while the retained cell pellet was carefully
resuspended using media. The cells were either passaged or adjusted to an appropriate
concentration before seeding onto plates (section 2.1.2) for RT-qPCR, ELISA, western blot, flow

cytometry, cholesterol quantitation, and microscopy experiments.
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2.1.2 Cell counting

Cells were counted for the purposes of seeding appropriate cell amounts into wells. HCAECs
cells were adjusted to a concentration of 1x10> cells/mL (using MesoEndo Cell Growth
Medium) 24 hours prior to being transfected or treated. HuH7 cells were adjusted to a
concentration of 1.5x10° cells/mL (using DMEM + 10% (v/v) FBS) 24 hours prior to being

transfected or treated.

Cell suspensions were seeded into 6-well, 12-well, or 96-well plates dependent on the
experiment (detailed in subsections). For microscopy, cell suspensions were seeded onto 4-
well Lab-Tek Il chamber slides (Lab-Tek) or FD3510 fluorodishes (WPI Europe). Cells were
maintained at the cell culture conditions described in section 2.1.1 (37 °C at 5% CO, humidity).

Cell counting was undertaken using a Neubauer haemocytometer (Figure 2.1).

Number of cells per mL = Average number of cells

counted from 4 corners (grey area) of the counting
chamber X 10*

R HH—————  E.g. If an average of 10 cells were present in all 4

squares, the number of cells would then be 1.0x10°

T —  cells/mL.

Figure 2.1. Counting cells using the Neubauer haemocytometer. The shaded regions in the
figure above represent the boxes that were counted and averaged out to calculate the

concentration of the cells.
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2.2 Plasmids

2.2.1 Wild type DHCR24

To overexpress DHCR24, DHCR24 cDNA (1.55 kb) was cloned into pcDNA 3.1A(-)/myc-His
(pcDNA3.1A) (Invitrogen) plasmid vector at restriction sites EcoRl and Xhol and transformed
into DH5a competent E. coli cells (Figure 2.2) (Thermo Fisher Scientific). The entire coding
sequence of human DHCR24 cDNA was amplified by PCR using sense primer 5’-
GAATTCGCCACCATGGAGCCCGCCGTGTCGCTGGCC-3’ and antisense primer 5’-
CTCGAGGTGCCTGGCGGCCTTGCAGATCTTGTC-3’ (EcoRl site, translation start site, and Xhol site
are underlined). A Kozak sequence was introduced in the sense primer. The stop codon was
deleted in the antisense primer. The amplified cDNA was cloned into the EcoRI-Xhol site of

pcDNA3.1A plasmid.

o ootore JF]_enis_[)

pcDNA™3.1/

myc-His

pcDNA™3.1/myc-His A

Figure 2.2 pcDNA 3.1A(-)/myc-His plasmid vector. DHCR24 cDNA (1.55 kb) was cloned into
pcDNA 3.1A(-)/myc-His vector at restriction sites EcoRI and Xhol and transformed into DH5a
competent E. coli cells. (Figure adapted from Invitrogen pcDNA™ user manual, catalog no.

V800-20, page 3.)
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2.2.2 DHCR24-EGFP

For fluorescent microscopy, a DHCR24-EGFP fusion plasmid was produced by Genscript based
on [140]. Briefly, the entire cloning sequence of human DHCR24 cDNA was amplified and
cloned into the Xhol-EcoRlI site of plasmid pEGFP-N1 (Clontech—Takara Bio) (Figure 2.3) using:

PCR sense primer 5’-CTCGAGGCCACCATGGAGCCCGCCGTGTCGCTGGCC-3’

Antisense primer 5’-GAATTCGGTGCCTGGCGGCCTTGCAGATCTTGTC-3’

Additionally, a KOZAK sequence was introduced in the sense primer, and stop codon deleted in

the anti-sense primer.

Asel
.ﬂ. ﬂLl T S.I'IHB |
h (341)
4362) ~,_— '
P MCS
e p (591-671)
uc CMV IE ~—
Eco01091 pmi
(3B56) ™
N
I HSV TK
| EGFP
| | poly A
PR pEGFP-N1
— 4.7 kb BsrG 111389
\ , ;’;Norlum:m
Xba 1™ 11412
Afl N 520,
Dra ll nare
=41 B0l El1 [+ | Bl E&1 BE! BT EEEP
& CTA GG CTA COE GAC TCABAT CTC GAG CTC AAG CTT CEA ATT CTG CAG TCE ACG ETA CCE CGE GCC CGE GAT CCA CCB GTC GCC ACC ATG 616
Nhel Ecotlil Bglll Xhol s}slﬂindlll EcoR| Pstl  Sail - Kpnl 7" Apsl ~ BamHl Agel
ol Accl d$l1ﬂls}slf$1MI Yma |

Figure 2.3 pEGFP-N1 plasmid vector. DHCR24 c¢DNA (1.55 kb) was cloned into pEGFP-N1
plasmid vector at restriction sites EcoRI and Xhol and transformed into DH5a competent E. coli
cells. (Figure adapted from CLONTECH Laboratories, Inc user manual, version PR93631, page

1.)
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2.2.3 DHCR24 oxidoreductase mutant

From the pcDNA3.1A-DHCR24 clone, a double mutant (N294T/K306N) was generated by
Genscript from the wild type DHCR24 template using site-directed mutagenesis and cloned
into the pcDNA 3.1A(-)/myc-His plasmid vector (Figure 2.4) based on [435]. The coding strand

primer sequences to generate the mutant are:

N294T: 5'-GAGCCCAGCAAGCTGACTAGCATTGGCAATTAC-3’

K306N: 5-GCCGTGGTTCTTTAACCATGTGGAGAACTATCTG-3’

pcDNA™3.1/
myc-His
A B,C

pcDNA™3.1/myc-His A

Figure 2.4 pcDNA 3.1A(-)/myc-His plasmid vector. Using site-directed mutagenesis DHCR24-
double mutant (N294T/K306N) cDNA (1.55 kb) was generated, cloned into pcDNA 3.1A(-
)/myc-His vector at restriction sites EcoRI and Xhol and transformed into DH5a competent E.

coli cells. (Figure adapted from Invitrogen pcDNA™ user manual, catalog no. V800-20, page 3.)
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2.3 Plasmid purification for transfection

2.3.1 Materials

LB-medium (ampicillin/kanamycin)

NacCl 10g
Tryptone 10g
Yeast extract 5g

Dissolved in 1 L deionised water, autoclaved, and cooled to 55 °C before adding ampicillin (100

ug/mL) or kanamycin (50 pg/mL) and left to cool at room temperature.

LB-agar (ampicillin/kanamycin)

NacCl 10g
Tryptone 10g
Yeast extract 5g

Agar 15g

Dissolved in 1 L deionised water, autoclaved, and cooled to 55 °C before adding ampicillin (100

ug/mL) ) or kanamycin (50 pg/mL) and left to cool at room temperature.
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2.3.2 Plasmid preparation

All of the vectors were purified using the GenElute Endotoxin-Free Plasmid Midi-Prep Kit
(Sigma-Aldrich), following the manufacturer’s instructions. Briefly, transformed DH5a
competent E. coli cells were grown on LB agar with ampicillin (100 pg/mL) (wild type DHCR24
and DHCR24 oxidoreductase mutant) or kanamycin (50 pg/mL) (DHCR24-EGFP). Single colonies
were grown for 16 hours in 50 mL of LB broth at 37 °C, 225 RPM. The next morning cells were
pelleted at 3000 RPM for 10 minutes. Supernatant was discarded and the cell pellet
resuspended with resuspension solution (1.2 mL) before being incubated in lysis solution (1.2
mL) for 5 minutes. Following the lysis step, neutralization solution (0.8 mL) was added and
mixed by gentle inversion, before pelleting debris at 15000 RPM for 15 minutes. Cleared lysate
was transferred to a clean tube and endotoxin removal solution (300 pL) was added, mixed,
and chilled on ice for 5 minutes to remove endotoxins. The solution was then incubated in a 37
°C water bath for 5 minutes, and centrifuged at 5000 RPM for 5 minutes. The separated clear
upper phase was transferred to a clean tube and the endotoxin removal step was repeated.
The resulting solution was then mixed with DNA binding solution (800 pL), transferred into a
midi binding column inserted in a collection tube, and centrifuged at 5000 RPM for 2 minutes
to bind plasmid DNA to the column. To remove contaminants from the plasmid preparation,
flow through was discarded and the optional wash solution (2 mL) added to the column before
being centrifuged at 5000 RPM for 5 minutes, and discarding flow through. Following the
optional wash, wash solution (3 mL) was added to the column and centrifuged at 5000 RPM for
5 minutes. Flow through was discarded and the column transferred to a new collection tube.
Endotoxin-free water was added to the column and centrifuged at 5000 RPM for 5 minutes to
elute purified plasmid DNA. Plasmid DNA concentration was then quantified and quality
assessed using a UV spectrophotometer at A,g/Az50 nm (Nanodrop 1000, Thermo Scientific). A
260/280 ratio of approximately 1.8 was accepted for downstream applications of the purified

plasmid. gPCR was used to confirm successful plasmid DNA purification.
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2.4 Transfection

2.4.1 Overexpression of DHCR24 by transient transfection using TransPass HUVEC
Transfection Reagent

Twenty-four hours prior to transfection, cells were seeded at a cell density of 1x10° cells/mL in
MesoEndo Growth Medium for HCAECs, and 1.5x10° cells/mL in DMEM + 10% (v/v) FBS for
HuH7 cells (section 2.1.2). Before each transfection was performed, a qualitative assessment
of the seeded cells using a light microscope was performed, ensuring the cells displayed
normal morphology. According to the manufacturer’s protocol (New England Biolabs), cells
were transiently transfected with pDHCR24 (inserted into pcDNA3.1A), pControl (empty
pcDNA3.1A vector), pDHCR24-N294T/K306N, or pDHCR24-EGFP expression vectors using
TransPass HUVEC Transfection Reagent (New England Biolabs). A mixture of plasmid DNA and
TransPass reagents were prepared in serum-free medium in accordance with the
manufacturer’s protocol in Table 2.2. This mixture was added drop-wise onto the cells and
incubated for 24 hours (37 °C and 5% CO, humidity). Following this incubation period, the
culture medium was changed and the cells were allowed to recover for a further 24 hours in

which time DHCR24/dhcr24 expression is increased.

Table 2.2 Transfection with pDHCR24 using TransPass HUVEC Transfection Reagent

Components Amount in 1 mL of growth medium
Plasmid DNA 1.6 pg

Serum-free DMEM 150 plL

HUVEC Reagent Component 1pl

TransPass V 2L

Total transfection volume 153 pL
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2.4.2 Suppression of DHCR24 by transient transfection using siRNA HiPerfect
transfection reagent

DHCR24 knockdown using HiPerfect transfection reagent (Qiagen) involved creating separate
mixtures of the silencing DHCR24 siRNA (siDHCR24) (Santa Cruz Biotechnology) or silencing
control siRNA (siControl) (Qiagen) and adding them to serum-free DMEM (Table 2.3). To
knockdown DHCR24, siDHCR24 consisting of a 10 umol siRNA pool of 19-25 nucleotides
targeted against 3-5 targets specific to DHCR24 was purchased from Qiagen. Knockdown of
DHCR24 was then achieved using HiPerfect transfection reagent (Qiagen). A silencing control
siRNA (siControl) of a 10 umol siRNA pool of 20-25 mixed nucleotides consisting of scrambled
sequences which do not lead to specific degradation was used for sham transfection. HiPerfect
transfection reagent was added and following vortexing, the transfection mix was incubated
for 10 minutes. The transfection mix was then added onto cells drop-wise. After a 6 hour
incubation, cells were rinsed with PBS, before the addition of fresh growth medium. Cells were

incubated for a further 24 hours in which time DHCR24 expression is decreased.

Table 2.3 siDHCR24 in HuH7 cells using HiPerfect Transfection Reagent

Components Amount in 1 mL of growth medium
siRNA 20 pL

Serum-free DMEM 80 pL

HiPerfect 9 uL

Total transfection volume 109 uL
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2.5 Treatments

2.5.1 Preparation of Bovine Serum Albumin (BSA)-conjugated free fatty acids (FFA)

Free fatty acids (FFA) (oleic acid, palmitic acid, stearic acid) were dissolved using appropriate
solvents (Table 2.4) and conjugated to 10% (w/v) bovine serum albumin (BSA) (Sigma-Aldrich)
in DMEM. Each FFA was first prepared to a working stock concentration of 100 mM. The FFAs
were alternated between vortexing and heating the solutions to 55 °C in a water bath until
they were completely dissolved. A 10% (w/v) solution of BSA was prepared in DMEM and
syringe filtered through 0.4 um filter. The FFAs were then conjugated to 10% (v/v) BSA in
DMEM making up a working stock concentration of 10 mM using the heating and vortexing

methodology described above and syringe filtration was repeated (0.4 um).

Table 2.4 FFA diluents

Free Fatty Acid (FFA) Solvent
Oleic acid Isopropanol
Palmitic acid Water

Stearic acid Ethanol
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2.5.2 Cytokine cocktail preparation

Working stocks of tumour necrosis factor alpha (TNF-a), interferon gamma (IFN-y) and
interleukin 1-beta (IL-1B) (Sigma-Aldrich) were freshly prepared in nuclease free water (Bio-
Rad) before each treatment. The cytokine stocks were diluted to 0.1 ng/mL (working stock

concentration). Table 2.5 shows the dilutions carried out for each cytokine.

Table 2.5 Cytokine dilutions

Cytokine Stock conc (ng/mL) Dilution
TNF-a 10 1:10
IL-1B 10 1:10

IFN-y 200 1:2000
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2.5.3 Preparation of apolipoprotein I (apoA-I) reconstituted high-density
lipoproteins (rHDL)

Using pooled samples of autologously donated human plasma (Gribbles Pathology) apoA-I was
isolated and purified through sequential isopycnic ultracentrifugation (Beckman Coulter), and
anion exchange chromatography as described by [476]. Plasma density was adjusted using KBr
and sequential isopycnic ultracentrifugation at the upper limit density range was performed at
55000 RPM at 4 °C in a 55.2Ti rotor (Optima LE-80K Ultracentrifuge) (Beckman Coulter) to
ensure the dissociation of higher density proteins. The collected d<1.21 g/mL fraction was
dialysed against 5 mM NH4HCO3/1 mM EDTA-Na, (Sigma-Aldrich) before being lyophilised for 5

hours. The HDL was then dried in N,, dissolved in 20 mM Tris (pH 8.2), pooled, and lyophilised.

ApoA-I was isolated using the Q-Sepharose Fast Flow column (GE Healthcare) attached to a
FPLC/AKTA system (Amersham Biosciences). ApoA-l was reconstituted in 20 mM Tris/6 M Urea
(pH 8.5, Buffer A) and loaded into the Buffer A pre-equilibrated column. The apolipoproteins
were eluted at a flow rate 3 mL/min using a continuous gradient of Buffer B (20 mM Tris/6 M
Urea/0.2 M NaCl; 0.40% Buffer B over 5 min, 40-48% Buffer B over 70 min, 48-70% Buffer B
over 110 min). Following on, the collected fractions were electrophoresed on homogenous
20% (w/v) SDS-polyacrylamide PhastGels (Amersham Biosciences). ApoA-l and apoA-Il showed
a single band after Coomassie R-350 staining (Amersham Biosciences). Purified apoA-l and
apoA-Il were dialysed against 20 mM NH,HCO;, and then again in endotoxin-free PBS for 2
days ensuring that the reconstituted apolipoproteins were endotoxin-free. ApoA-l was then

lyophilised and stored at -20 °C until needed.

Prior to use, apoA-l was reconstituted in 10 mM Tris-HCl, 3.0 M guanidine-HCl, 0.01% (w/v)
EDTA-Na, (pH 8.2) and dialysed against Tris Buffered saline (TBS), pH 7.4 (5 x 1 L), containing
10 mM Tris HCl, 150 mM NaCl, 0.006% (w/v) NaN3, and 0.0005% (w/v) EDTA-Na,.

Discoidal rHDL containing apoA-l was complexed to 1-palmitoyl-2-linoleoyl-sn-glycero-3-
phosphatidylcholine (PLPC) (Avanti Polar Lipids) using the cholate dialysis method [477].
Briefly, PLPC was reconstituted in chloroform:methanol (2:1 v/v) before being dried in glass
test tubes under N, and lyophilised overnight. Following lyophilisation, the PLPC was dissolved
in sodium cholate (30 mg/mL in TBS, pH 7.4) and made up to a volume of 500 pL using TBS.
The dissolved solution was subsequently vortexed (every 15 minutes) and kept on ice until the

solution became clear. ApoA-I was then added to the PLPC:cholate tubes at a 100:1 molar ratio
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of PLPC:apoA-I and then left on ice for 2 hours before being pooled and dialysed against TBS (5
x 1 L) over 5 days to remove the cholate. Prior to use in experiments, rHDL preparations were

dialysed extensively against endotoxin-free PBS (pH 7.4) (Sigma-Aldrich).
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2.6 Cell treatment conditions

2.6.1 Treatment conditions in HCAECs

Following transient transfection of HCAECs with pcDNA3.1A (pControl), pcDNA3.1A-DHCR24
(pDHCR24), or pDHCR24-N294T/K306N (pN294T/K306N) using TransPass HUVEC reagent, cells
were activated with TNF-a. 2.5 ng/mL for 4 hours for protein analysis using ELISA (section 2.8),

and mRNA analysis using RT-qPCR (section 2.10 — 2.14).

To assess the effect of DHCR24 on monocyte adhesion (section 2.7), pControl or pDHCR24-
transfected HCAECs were treated with H,0, (100 uM) or TNF-a (1 ng/mL) for 4 hours.

To analyse DHCR24 localisation using immunocytochemistry (section 2.16), HCAECs were
treated with PBS (control) or TNF-a (1 ng/mL) for 4 hours, and apoA-l rHDL (16 uM/0.45

mg/mL) for 16 hours.

For DHCR24 localisation experiments using fluorescent microscopy (section 2.17), HCAECs

were transfected with pDHCR24-EGFP and treated with TNF-a (2.5 ng/mL).

Cells treated with PBS or no treatment were also included for each experiment as vehicle
controls for comparison with the treatment groups. Cells were incubated with treatments at

37 °C under 5% CO, for 4 hours before analysis as described in section 2.1.1.

2.6.2 Treatment conditions in HuH7 cells

Following transient transfection of HuH7 cells with pcDNA3.1A (pControl), pcDNA3.1A-DHCR24
(pDHCR24), or pDHCR24-N294T/K306N (pN294T/K306N) using TransPass HUVEC reagent, cells
were activated with TNF-o. 5 ng/mL for 4 hours for protein analysis using ELISA (section 2.8),

and mRNA analysis using RT-qPCR (section 2.10 — 2.14).

To analyse DHCR24 localisation using immunocytochemistry (section 2.16), HuH7 cells were

treated with PBS (control) or TNF-a (5 ng/mL) for 4 hours.

Apoptosis was induced in HuH7 cells transfected with pControl, pDHCR24, or pDHCR24-
N294T/K306N by treating with TNF-a (15 ng/mL) for 18 hours (section 2.18).

Cells treated with PBS or no treatment were also included for each experiment as vehicle
controls for comparison with the treatment groups. Cells were incubated with treatments at

37 °C under 5% CO, for 4 hours before analysis as described in section 2.1.1.
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2.6.2.3 Treatment of DHCR24 knocked down HuH?7 cells

To elucidate whether DHCR24 mediates the anti-inflammatory effects of apoA-I rHDL in HuH7
cells, knockdown of DHCR24 expression was carried out. siDHCR24 HuH7 (HiPerfect) were
treated for 3 hours with FFAs and the cytokine cocktail (TNF-a, IFN-y, IL-1B) (1 ng/mL) and with
FFAs and TNF-a (5 ng/mL). Cells were treated with A-l rHDL at half-physiological

concentrations (16 uM) 16 hours prior to the addition of the inflammatory stimuli.

2.6.2.4 ApoA-I rHDL treatment of HuH7 cells

HuH7 cells were treated with 16 uM apoA-I rHDL (half-physiological concentrations) for 16

hours. PBS was used as vehicle control.

2.6.2.5 Cell treatment of transfected HuH7 cells using cytokine cocktail and FFA

Following transient transfection of HuH7s with pcDNA3.1A-DHCR24 (pDHCR24) or pcDNA3.1A
(pControl) using TransPass HUVEC reagent, cells were exposed to inflammatory conditions.
Free fatty acids (FFA) (oleic, palmitic, stearic) at lipid loading ratios/concentrations (3:1:1) (300
mM, 100 mM, 100 mM) were used to treat the cells with a cytokine cocktail (TNF-a, IFN-y, IL-
1B) (1 ng/mL) or FFAs were used with TNF-a (5 ng/mL) over 3 hours in 12-well plates. Total
RNA was subsequently extracted using PureZol (Bio-Rad) (section 2.10). To assess DHCR24
MRNA levels, reverse transcription real time PCR (RT-gPCR) was used (section 2.11 — 2.14).

Cells transfected with pControl acted as the control.
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2.7 Monocyte adhesion assay

2.7.1 Materials

Phenol-red free RPMI Medium (pH 7.5)

Modified RPMI powder (Sigma-Aldrich) 10.4 g
NaHCO; 2g

Dissolved in 1 L of Baxter water and filtered through a VacuCap 90 Filter with a 0.22 um

Supor Membrane (Pall Corporation).

2.7.2 Method

2.7.2.1 Isolation and labelling of human monocytes with Calcein Green-AM

Peripheral blood from healthy donors from the Australian Red Cross Blood Service was used to
obtain white blood cell concentrates. Monocytes were isolated by density gradient
ultracentrifugation using Lymphoprep (Nycomed Pharma), followed by counterflow
centrifugation elutriation at 20 °C using a centrifuge equipped with an elutriation chamber
(Beckman Instruments) within 24 hours of obtaining peripheral blood. Elutriation tubes and
the rotor were both rinsed with 250 mL each of 70% (v/v) ethanol, 6% (w/v) hydrogen
peroxide, elutriation buffer, and endotoxin-free water. The elutriation buffer contained Hank’s
buffered salts solution (HBSS) (Sigma-Aldrich) supplemented with EDTA (0.1 g/L) and 1% (w/v)

heat-inactivated human serum.

The separated mononuclear cell fraction was subsequently loaded into the elutriation
chamber before being centrifuged at 2000 RPM at 20 °C, with the tubing flow rate set at 9
mL/min. Every 10 minutes, the flow rate was increased by 1 mL/min. The effluent was then
collected between 15-18 mL/min in separate fractions. Wright’s stain-Diff Quik (Laboratory
Aids) and Cytospin system was used to examine the collected monocyte fractions for purity.
Monocyte fractions with purity >90% were considered as acceptable provided that cell viability

exceeded 95% as assessed by Trypan blue exclusion. Monocytes were resuspended in phenol
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red-free RPMI and ready for adhesion assay. Prior to use in the monocyte adhesion assay,
monocytes were loaded with CellTrace™ Calcein Green-AM (5 uM) (Invitrogen) for 30 minutes
at 37 °C. Following incubation, cells were washed with PBS to remove excess compound and

resuspended using RPMI medium to cell density of 3x10° cells/mL.

2.7.2.2 Monocyte adhesion assay procedure

HCAECs were seeded (1x10° cells/mL) as per the conditions described in section 2.1.2 24 hours
prior to transfection. The cells were then transfected as per section 2.4.1 with pcDNA3.1A
(pControl), pcDNA3.1A-DHCR24 (pDHCR24), or pDHCR24-N294T/K306N (pDHCR24-
N294T/K306N) expression plasmids. Transfectants were then stimulated with TNF-a (2.5
ng/mL) or H,0, (100 uM) for 4 hours. Following incubation, media was removed and the cells
were washed twice with PBS. Monocytes (1 mL) loaded with Calcein Green were then to each
well containing a HCAECs monolayer and incubated for 1 hour at 37 °C. After incubation, the
cells were gently washed using the medium contained in each well to remove unattached
monocytes. Then the medium containing unattached monocytes was then aspirated before
the addition of fresh RPMI medium (1 mL). Plates were read at an excitation wavelength of 494
nm and an emission wavelength of 517 nm using Flexstation 3 plate reader (Molecular
Devices). The amount of fluorescence emitted from each well was proportional to the amount

of monocytes adhered to the endothelial cell layer.
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2.8 Enzyme-linked immunosorbent assay (ELISA)

2.8.1 Materials

Hank’s buffered salts solution (HBSS)

HBSS (phenol-red free) (Sigma-Aldrich) was mixed additionally with:

Na,CO; 0.35g

EDTA 0.10 g

Dissolved in a total volume of 1 L deionised water (pH 7) and filtered through a VacuCap 90

(Pall Corporation) and filtered with a 0.22 um Supor Membrane (Pall Corporation).

HBSS/0.05% (v/v) Tween 20 (for washing)

HBSS 100 mL

Tween 20 50 uL

HBSS/10% (v/v) Human Serum (HS) (Primary antibody diluent)

HBSS 9mL

Human serum (HS) 1mL

HBSS/10% (v/v) Human Serum/0.05% (v/v) Tween 20 (Secondary antibody diluent)

HBSS 9mL

Human serum (HS) 1mL

Tween 20 50 pL
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2.8.2 Method

2.8.2.1 VCAM-1, ICAM-1 ELISA protocol

HCAECs were seeded as per the conditions described in section 2.1.2 24 hours prior to
transfection. The cells were then transfected as per section 2.4.1 with pcDNA3.1A (pControl),
pcDNA3.1A-DHCR24 (pDHCR24), or pDHCR24-N294T/K306N (pDHCR24-N294T/K306N)
expression plasmids. Transfectants were then stimulated with TNF-a (5 ng/mL) for 4 hours.
Following cell treatment, media was removed and cells were washed three times with HBSS
(Sigma-Aldrich). VCAM-1 antibody (anti-human CD106) (BD Biosciences)/ICAM-1 antibody
(anti-human CD54) (BD Biosciences) was diluted in HBSS/10% (v/v) HS (1:500) and added to
cells (100 pL per well). IgG control was diluted with HBSS/10% (v/v) HS and added to separate
wells (100 pL). Cells were next incubated on ice for 30 minutes. Following incubation cells were
washed with HBSS/0.05% (v/v) Tween 20 three times before adding the secondary antibody
(sheep anti-mouse-HRP (GE Healthcare) (diluted 1:500 in HBSS/10% HS (v/v)/Tween 20; 100
uL), and incubating on ice for a further 30 minutes. Following incubation with the secondary
antibody, cells were washed with HBSS/0.05% (v/v) Tween 20 three times. Finally, 2,2'-
Azinobis [3-ethylbenzothiazoline-6-sulfonic acid]-diammonium salt (ABTS) (KPL) (150 pL) was
added and cells incubated at room temperature for approximately 10-15 minutes for colour to
develop. The reaction was stopped by the addition of 10% (v/v) acetic acid (50 pL). Absorbance

was measured using with a Tecan Infinite 200 plate reader (Tecan) at wavelength of 405 nm.
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2.8.2.2 IL-8 ELISA protocol

HCAECs were seeded as per the conditions described in section 2.1.2 24 hours prior to
transfection. The cells were then transfected as per section 2.4.1 with pcDNA3.1A (pControl),
pcDNA3.1A-DHCR24 (pDHCR24), or pDHCR24-N294T/K306N (pDHCR24-N294T/K306N)
expression plasmids. Transfectants were then stimulated with TNF-a (5 ng/mL) for 4 hours.)
Following completion of cell treatment, supernatant was collected from HuH7 cells, and IL-8
protein levels were measured using the Human IL-8 ELISA kit (Invitrogen) following
manufacturer’s instructions (Invitrogen). Briefly, 50 pL of collected sample supernatant
(diluted 1:4), IL-8 standards (for a standard curve), and chromogen control were added to
microtitre wells. Biotinylated anti-IL-8 solution (50 pL) was then added to each of the wells
(except the chromogen). The plate was tapped gently to mix the solutions, covered with a
plate cover and incubated for 1 hour and 30 minutes at room temperature. Following the
incubation period, solution was removed and the wells washed four times with wash buffer
before addition of streptavidin-HRP working solution (100 pL) to each of the wells (except the
chromogen). The plate was then covered and incubated for a further 30 minutes at room
temperature. After the streptavidin-HRP working solution incubation, solution was removed
and the wells washed four times with wash buffer before stabilised chromogen (100 pL) was
added to each of the cells. The plate was incubated at room temperature in the dark for 30
minutes for colour to develop. Once colour was developed, stop solution (100 pL) was added
to the wells and gently mixed by tapping. Absorbance was measured with a Tecan Infinite 200
plate reader (Tecan) at wavelength of 450 nm. Background absorbance was subtracted from
the obtained O.D. values, and IL-8 protein levels were determined using the IL-8 standard

curve.
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2.9 Protein extraction

2.9.1 Materials

RIPA lysis buffer
Nonidet P-40 1% (w/v)
Sodium dodecyl sulfate (SDS)  0.1% (w/v)

Deoxycholate 0.5% (w/v)
NaCl 150 mM
Tris (pH 8) 50 mM

Dissolved in a total volume of 1 L deionised water (pH 7) and stored at 4 °C. Protease inhibitor

(1 pg/mL) (Sigma-Aldrich) was added to the buffer at 1:100 dilution prior to use.

5x Protein loading buffer

Tris-HCI (pH 6.8) 62.5 mM
SDS 2% (w/v)
B2-mercaptoethanol 5% (w/v)
Glycerol 20% (w/v)
Bromophenol blue 0.05% (w/v)

Dissolved in a total volume of 1 L deionised water (pH 7).

1x Protein electrophoresis buffer

Tris 3g
Glycine 144¢g
SDS lg

Dissolved in a total volume of 1 L deionised water (pH 7).
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2.9.2 Method

2.9.2.1 Protein extraction

Whole cell protein lysate was extracted using RIPA lysis buffer (Sigma-Aldrich). Briefly, the
culture medium was aspirated, the wells were washed twice with cold PBS and an appropriate
volume of RIPA lysis buffer (200 pL per well for a 12-well plate) was added to the wells. Cells
were scraped into a lysate using sterile scrapers and transferred into sterile polypropylene
tubes. Following a 30 minute incubation on ice, the cell lysates were briefly vortexed and then
the tubes were centrifuged at 14000 RPM at 4 °C for 10 minutes. After centrifugation, the
protein retained in the supernatant was collected and transferred into new sterile
polypropylene tubes for protein quantification or stored at -80 °C for downstream

applications.

2.9.2.2 Protein quantification

Protein concentrations were quantified using the BCA protein assay kit (Bio-Rad). A standard
curve was formed using 1:2 serial dilutions of 10 mg/mL BSA (Sigma-Aldrich). Aliquots (10 L)
of each BSA standard and protein lysate sample were then pipetted into the individual wells of
a clear 96-well plate. Protein dye reagent (Bio-Rad) was prepared by diluting 1 part dye
concentrate with 4 parts deionised water. The dye was added into each well (190 uL/well),
followed by incubation at room temperature for 5 minutes for the colour to develop.
Absorbance was measured with a Tecan infinite 200 plate reader at a wavelength of 595 nm.

To determine the protein concentrations of the samples, a standard curve was produced using

the absorbance of the samples against the BSA standards.

2.9.2.3 Polyacrylamide gel electrophoresis (PAGE)

After quantifying the protein samples, 10 pg of total protein lysates were run in
polyacrylamide gel electrophoresis (PAGE). Each protein sample was diluted with 5x protein
sample loading buffer before being denatured by heating at 95 °C for 5 minutes and
immediately after placed onto ice. Proteins were then separated by molecular weight by

loading sample into separate wells of a 10% w/v Bis-Tris Polyacrylamide Gel (Invitrogen). The
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gel was used to separate proteins between 30 to 100 kDa. Kaleidoscope Protein Ladder (10 ulL)
of (Bio-Rad) was also added into one of the wells. Finally, gels were run by electrophoresis
loaded with 11x NUPAGE MES SDS Running Buffer (Invitrogen) for 1 hour at ~120-150V until

separation of the ladder was observed.

2.9.2.4 Western blot analysis

Following PAGE, proteins were transferred onto a PVDF (polyvinylidene fluoride) membrane
(Invitrogen) using the iBlot™ Dry Blotting System (Invitrogen) for 7-minute transfers according
to the manufacturer’s instructions. After transferring to the membrane, non-specific sites on
the membrane were blocked using 5% (w/v) skim milk solution for 1 hour at room
temperature. After blocking, skim milk solution was removed and the membrane washed three
times with 1x TBST (5 minutes each wash). The membrane was then incubated overnight with
primary antibody at 4 °C (see Table 2.6 for antibody dilutions). Following the incubation
period, the primary antibody was removed and then the membrane was washed three times
with 1x TBST (5 minutes each wash). After washing, the membrane was then incubated with
the secondary antibody conjugated to horseradish peroxidase (HRP) for 2 hours at room
temperature. The membrane was washed again three times with 1x TBST (5 minutes each
wash) and then incubated with Western Lightning Plus — ECL (Enhanced Chemiluminescence)
Substrate (Perkin Elmer) protected from light for 1 minute. Excess ECL reagent was drained

and placed into a sample bag.

Protein bands were detected and their densities quantified using a ChemiDoc XRS (Bio-Rad)
imaging system using the Quantity One™ software (Bio-Rad). The membrane was re-probed
for B-actin expression to control for protein loading. Briefly, the membrane was incubated in
Western Blot Stripping Buffer (Thermo Fisher Scientific) for 30 minutes at room temperature
while rocking and then washed three times in 1x TBST (5 minutes each wash). The membrane
was then blocked with 5% (w/v) skim milk. Immunoblotting was performed as described

above.



Table 2.6 Primary and secondary antibody dilutions used for Western blotting
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Primary Size (kDa) Dilution Secondary Dilution
Antibody Antibody
Goat polyclonal 60 1:500 Bovine anti-goat 1:10000
anti-DHCR24 IgG IgG conjugated to
(Santa Cruz HRP (Santa Cruz
Biotechnology) Biotechnology)
Mouse 43 1:1000 Sheep anti- 1:10000
monoclonal anti- mouse IgG

B-actin IgG
(Amersham Life
Sciences)

conjugated to
HRP (GE
Healthcare)
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2.10 Total RNA isolation

Total RNA was isolated using PureZol (Bio-Rad). Briefly, the medium was aspirated and an
appropriate volume of PureZol was added to the wells (1 mL for a 6-well plate or 0.5 mL for a
12-well plate). Cells were scraped into a lysate using sterile scrapers and transferred into
sterile polypropylene tubes. Following a 5-minute incubation at room temperature (to allow
complete dissolution of nucleoprotein complexes), 1/10 volume (100 pL for 6-well plates, 50
uL for 12-well plates) of 1-bromo-3-chloropropane (Sigma-Aldrich) was added to each tube
and then vortexed for at least 15 seconds. The mixture was incubated for 5 minutes at room
temperature with vigorous vortexing every 2-3 minutes. The tubes were then centrifuged at
14000 RPM at 4 °C for 15 minutes. Centrifugation separated out the RNA into the aqueous top
phase, DNA into the interphase (middle phase) and protein into the organic bottom phase. The
aqueous top phase was immediately transferred into fresh tubes and 0.5 volume of
isopropanol added (500 pL for 1 mL PureZol used — 6-well plate, 250 pL for 0.5 mL PureZol
used — 12-well plate). Each tube was vigorously vortexed for at least 15 seconds and stored
overnight at -20 °C to allow precipitation of the RNA. After the overnight precipitation step,
the tubes were centrifuged at 14000 RPM at 4 °C for 10 minutes. The supernatant was then
removed and the pellet was washed with 0.5 volume of ice-cold 75% (v/v) ethanol. The pellet
was then vortexed and centrifuged again at 14000 RPM at 4 °C for 5 minutes. The supernatant
was discarded and the RNA pellet briefly air-dried (5-10 minutes). The RNA pellet was then
resuspended in 25 plL of nuclease-free water (Bio-Rad). RNA was quantified using a UV
spectrophotometer at A,s;o/As50 NMm (Nanodrop 1000, Thermo Scientific). The RNA was then

stored at -80 °C for downstream applications.
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2.11 RNA quality check using the Experion System

Total RNA quality was assessed prior to further analysis using the Experion RNA StdSens
Analysis Kit (Bio-Rad) (an automated electrophoresis system) according to the manufacturer’s
instructions. Briefly, an aliquot of RNA ladder (Bio-Rad) or RNA sample (3 pL) was denatured by
heating at 70 °C for 3 minutes and then an immediate 5-minute incubation on an ice block. The
Experion RNA StdSens Chip (Bio-Rad) was primed by loading 9 L of filtered gel-strain into the
appropriately labeled gel priming well on a StDSens Chip and placed into a priming station at
setting 1B for thirty seconds. After this priming step, gel stain was added to another gel stain
well and then each remaining well was loaded with 5 plL of loading buffer (Bio-Rad). After
adding the loading buffer, 1 pL of denatured RNA ladder and each RNA sample was added into
the marked wells. The loaded chip was placed onto an automated vortex station (Bio-Rad) for

1 minute and then transferred onto the electrophoresis station (Bio-Rad) for analysis.

Results from this analysis are represented as a virtual gel and an electropherogram showing
the bands and peaks of the RNA ladder and samples (Figure 2.5). The electropherogram of the
RNA ladder generates nine individual peaks, each indicative of the various sizes of the RNA
ladder. The first peak represents 18S ribosomal RNA and the second (higher peak) represents
28S ribosomal RNA. A peak with two separate individual peaks and a low baseline is
characteristic of a good quality RNA sample. The virtual gel will also have two bands, with the

18S band being double the thickness of the 28S band when RNA quality is good.
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Figure 2.5. An Experion generated virtual gel of a total RNA sample. a) The representative
virtual gel generated by the Experion software analysis system shown above, depicts the sizes
of total RNA and qualitatively indicates the condition of the extracted RNA. b)
Electropherogram showing two distinct peaks representing good quality 28S and 18S

ribosomal RNA.



97

2.12 Reverse transcription

All RNA samples were normalised to 200 ng/uL +10 ng prior to reverse transcription to cDNA.
RNA samples were reverse transcribed into cDNA in triplicate using the iScript cDNA Synthesis
Kit (Bio-Rad). Table 2.7 outlines the components and quantities used for the reaction. In order
to prevent dilution errors, a master mix was made. Following the manufacturer’s protocol, the
reaction mix (Table 2.7) was incubated for 5 minutes at 25 °C, 30 minutes at 42 °C, 5 minutes
at 85 °C, and then held at 4 °C. The cDNA was then diluted 1:3 using nuclease-free water (Bio-

Rad) before amplification by real-time PCR (gPCR) (section 2.13).

Table 2.7 Reagents and volumes used for the iScript cDNA Synthesis Kit

Components Volume Per Reaction (1x)

5x iScript reaction mix 0.5 pL

iScript reverse transcriptase 2ul

Nuclease-free water 7.5 pL — (RNA template volume)
RNA template (200 ng/ul) 1ul

Total volume 10 pL




2.13 Real time PCR

PCR amplification of cDNA was performed in triplicate using iQ SYBR Green | supermix (Bio-
Rad) and target gene specific primers as shown in Table 2.8. (All primers used were designed

against human sequences using the NCBI database.)

Table 2.8 Primer sequences

Primer Forward/Reverse Primer Sequence

primer

Glyceraldehyde-3- F 5’-TTCAACAGCGACACCCSCT-3’
phosphate dehydrogenase R 5-TTCCTCTTGTGCTCTTGCT-3’
(GAPDH)

18S F 5’-CCAATCACTTCCGACCTGCTG-3’
R 5’-GCTTTGTATCCCTGCCCTGAG-3’

Interleukin 8 (IL-8) F 5’-GCAGCTCTGTGTGAAGGTGCAGTTT-3’

R 5-GTTGGCGCAGTGTGGTCCACTC-3’
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The components of the iQ SYBR Green | Supermix (Bio-Rad) are listed in Table 2.9. A master
mix was made and the appropriate amounts of master mix and cDNA were pipetted into the
individual wells in the PCR plate. The protocol for PCR reaction cycling settings used was an
initial 3 minute denaturation step; 30 seconds at 95 °C, 30 seconds at 60 °C, 30 seconds
incubation at 72 °C. A melt curve was then generated by 1 minute incubation at 95 °C for 1
cycle; 1 minute incubation at 55 °C for 1 cycle; and finally 10 seconds incubation at 60-94.5 °C
for 70 cycles. Relative quantification of gene expression was relative to the reference genes

GAPDH, 18S, and B2M.

Table 2.9 iQ SYBR Green Supermix reagents for Real-Time PCR

Components Volume (pL)
iQ SYBR Green Mix 7.5
Sense primer (20 pmol/uL) 0.6
Anti-sense primer (20 pmol/uL) 0.6
Nuclease-free water 3.3
cDNA (diluted) 3.0
Total volume 15

2.14 PCR data analysis

RT-gPCR data was analysed using the AAC; method [478]. The threshold value (C;) refers to the
first point that significant gene expression is detected. The difference between threshold
values (AC;) for the gene of interest (GOI) and reference gene was used. The average C; value
observed for the reference gene (f2M, 18S, GAPDH) was then subtracted from the average C;
value of the gene of interest (GOI) (e.g. DHCR24, VCAM-1, IL-8). This average result was then
set as the baseline AC;. The comparative expression level of the GOI was then assessed using

-AACT

the formula 2 . mRNA levels were then expressed as a percentage of the control treatment

group.
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2.15 Quantifying cellular cholesterol levels

2.15.1 Delipidation of cells

Cells were seeded as per the conditions described (section 2.1), 24 hours prior to transfection.
The cells were then transfected as per section 2.4.1 with pcDNA3.1A (pControl) or pcDNA3.1A-
DHCR24 (pDHCR24) expression plasmids. After 24 hours of transfection, media was changed
and the cells were rested for a further 24 hours (in which time DHCR24 expression is
increased). After this rest period, cells were delipidated for cholesterol content analysis by
adding a mixture of hexane:isopropanol (3:2) to the cells incubating on ice. Following
incubation with hexane:isopropanol, the solvent was added to glass tubes and evaporated

overnight. The desiccant was resuspended in 80% (v/v) ethanol.

To confirm DHCR24 overexpression, RNA was extracted from the delipidated cells. Cells were
first washed with PBS three times and then the RNA isolation protocol described in 2.10 was

followed.
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2.15.2 Amplex Red Cholesterol Assay

Cholesterol extracted from transfectants was quantified using an Amplex Red Cholesterol
Assay following the manufacturer’s instructions (Life Technologies). Briefly, samples were
diluted 1:4 with 1x reaction buffer for a final volume of 50 uL. Samples were then transferred
to separate wells of a 96-well plate before 50 uL of a reaction mix containing Amplex Red
reagent, HRP, cholesterol oxidase, cholesterol esterase, and reaction buffer was added. The
microplate was then incubated covered for 30 minutes at 37 °C before fluorescence was
measured with a Tecan infinite 200 plate reader at an excitation wavelength of 530 nm and

emission detection wavelength of 590 nm.

A resorufin standard curve was prepared to ensure that the reaction took place. A 10 uM H,0,
positive control and no-cholesterol control were also used. Cellular cholesterol levels were
quantified against a prepared cholesterol standard curve standard. For each point, values were
corrected for background fluorescence by subtracting the measured values from the no-

cholesterol control.
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2.16 Immunocytochemistry

2.16.1 Materials

TBST
Tris Base 139¢g
Tris HCL 60.6 g
NaCl 60.6 g
Tween 20 5mL

A 10x stock solution was made up to 1 L with deionised H,0.

0.3 % (w/v) Hydrogen peroxide solution

30% (w/v) Hydrogen peroxide 0.05 mL

Methanol 50 mL

2.16.2 Staining method

HCAECs were seeded into 4-well Lab-Tek Il chamber slides (Lab-Tek) in 1 mL of MesoEndo
growth media as per section 2.1. 24 hours prior to being treated. HCAECs were treated with
PBS (control) or TNF-a (1 ng/mL) for 4 hours, and apoA-I rHDL (16 uM/0.45 mg/mL) for 16

hours.

HuH7 cells were seeded into 12-well plates in 1 mL of DMEM + 10% (v/v) FBS media per well as
per section 2.1.2, 24 hours prior to being treated. HuH7 cells were treated with PBS (control)

and TNF-a for 4 hours

Following treatment, cells were fixed in 4% (w/v) paraformaldehyde, blocked with a 0.3% (w/v)
hydrogen peroxide solution (made up in methanol) for 20 minutes and incubated with anti-
DHCR24 rabbit monoclonal IgG (1:200 dilution in 5% (w/v) goat serum) (Cell Signalling
Technology) overnight and then with goat anti-rabbit IgG conjugated to horseradish

peroxidase (HRP) (1:200 dilution in 5% (w/v) goat serum) (Cell Signalling Technology) for 30
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minutes. To visualise the cells, cells were stained with 3,3’-diaminobenzidine (DAB) (Dako) for
5 minutes, counterstained in haemotoxylin, mounted with DPX mountant (Merck Millipore),
and then cover-slipped. Cell images were obtained using a BH-2 Olympus microscope at 20x

magnification (HCAECs) and 40x magnification (HuH7 cells).

2.17 Fluorescent microscopy

HCAECs seeded in FD3510 fluorodishes (WPl Europe) and transiently transfected with
pDHCR24-EGFP as per section 2.4.1 were treated with 2.5 ng/mL TNF-a, following treatment
were fixed with 4% (w/v) paraformaldehyde (20 minutes, room temperature), blocked with 1%
(w/v) BSA, 2% (w/v) FBS before being washed with TBST. The endoplasmic reticulum was
stained by incubating cells with anti-GRP78 goat primary antibody (1:1000 dilution in 1% (w/v)
BSA, 2% (w/v) FBS) (Invitrogen) for 1 hour and then with anti-goat secondary antibody (1:200
in 1% (w/v) BSA, 2% (w/v) FBS) (Life Technologies) for 1 hour. The nucleus was stained with
4',6-diamidino-2-phenylindole (Dapi) (1:1000 dilution in PBS) (Life Technologies), and actin
with AlexaFluor488 Phalloidin (1:200 dilution in 1% (w/v) BSA, 2% (w/v) FBS) (Life
Technologies) (20 minutes each). Cells were covered in glycerol/n-propyl gallate (NPG)
mounting media (Sigma-Aldrich) and imaged at 60x magnification under oil immersion with a
Nikon Ti inverted epifluorescent microscope. NIS elements software (Nikon) was used to

collect cell images.
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2.18 Apoptosis Assay

HuH7 cells were seeded a cell density of 1x10° cells per mL in 12-well plates and transfected as
per section 2.2.1. Following transfection, apoptosis was induced by treating cells with TNF-a
(15 ng/mL) for 18 hours. Apoptosis was measured using Cell Death Detection ELISA PLUS
(Roche) following the manufacturer’s instructions. Briefly, cells were lifted from the plate using
trypsin, centrifuged at 10000 RPM for 10 minutes, and then the supernatant was removed. The
cell pellet was resuspended using 200 uL cell lysis buffer and incubated for 30 minutes at room
temperature allowing lysis to occur. After the lysate was centrifuged for 10 minutes at 10000
RPM, the supernatant (20 uL) was added to streptavidin-coated microplates. Next, 80 uL of
immunoreagent was added to each well and then the plate was covered with adhesive foil
before incubating on a plate shaker for 2 hours at room temperature and 250 RPM. Following
incubation, the solution was removed and the plate was rinsed three times using 300 pL of
incubation buffer. After rinsing, 100 uL ABTS solution (KPL) was added to each well and
incubated on a plate shaker at room temperature and at 250 RPM until colour developed. The
reaction was terminated by adding 100 pL ABTS stop solution (KPL) to each well. Absorbance
was measured with a Tecan infinite 200 plate reader at a wavelength of 405 nm against ABTS

solution + 100 pL ABTS stop solution as a blank (reference wavelength ~490nm).

Apoptosis was measured as the specific enrichment of mono- and oligonucleosomes released

into the cytoplasm using the formula:

mU of sample
mU of corresponding negative control

Enrichment factor =

mU = absorbance [107]
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2.19 Statistical Analysis

Data are expressed as mean + SEM. Direct comparisons between two treatments were
performed using unpaired t-test, while significant differences between multiple treatments
were determined by one-way ANOVA with Sidak’s post hoc test analysis. GraphPad Prism 6.0
was used for analysis. Significance was set at P<0.05. To show the effect size, P values lower

than P <0.05 were specified.
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3.1 Introduction

Cardiovascular disease (CVD) is the primary cause of death worldwide [479]. The main form of
CVD is atherosclerosis due to the accumulation of lipids and connective tissue producing
cholesterol-laden atherosclerotic plaques. Atherosclerotic plaques formation affects arteries,
reducing their elasticity, leads to obstructions which impede blood flow, and diminishes their
ability to contract in response to hydrodynamic stress [17]. Disruption of the plaques leads to
thrombus formation. Thrombi may occlude arteries, compromising oxygen supply to organs

such as the heart or brain, causing potentially fatal heart attack or stroke [18].

Atherosclerosis is considered an inflammatory disease [83, 88, 480]. Obesity caused by a
sedentary lifestyle and chronic overfeeding is one of the main drivers of inflammation.
Increased adiposity causes secretions of numerous proinflammatory cytokines such as TNF-q,
IL-6, IL-B, CRP, and IL-8, that drive inflammation [481-486]. In the context of atherosclerosis,
inflammation causes endothelial cells to increase levels of cell adhesion molecules (CAMs)
such as vascular cellular adhesion molecule-1 (VCAM-1) and intracellular cellular adhesion
molecule-1 (ICAM-1) [487]. Increased CAMs allow circulating monocytes to bind to the
endothelium, contributing to the first identifiable stage of atherosclerotic plaque formation,
the fatty streak (Figure 1.5) [97, 98]. Selectins, such as P-selectin and E-selectin, on endothelial
cells slow down circulating monocytes allowing them to roll across the endothelium via
transient adhesion interactions. This process allows CAMs such as ICAM-1 and VCAM-1 to form
firm bonds with the corresponding receptors, or integrins, on monocytes [99, 488, 489]. The
tethered monocytes then differentiate into macrophages, take up cholesterol, become lipid-
laden and develop into foam cells [105]. These foam cells undergo apoptosis leading to tissue

injury and increase the risk of plaque rupture.

Extensive evidence indicates that high-density lipoprotein (HDL) levels are inversely related to
development and progression of atherosclerosis, independent of LDL levels [490-493]. For
every 1 mg/dL increase of HDL, the risk of CVD is reduced by 2-3% [490]. Epidemiological
studies have reported that over a 6 year period, patients with HDL levels 235 mg/mL are 70%

less likely to develop CVD in comparison to patients with HDL levels <35 mg/dL [491].

Raising HDL levels through HDL infusions has been successful in many studies. The positive
effects of HDL infusion against atherosclerosis include reducing C-C chemokine receptor type 2

(CCR2) and CX3C chemokine receptor 1 (CX3;CR1) expression in plaques, in addition to
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chemokine ligand 2 (CCL2)/MCP-1) and chemokine ligand 5 (CCL5) in the plasma [494],
reducing aortic ICAM-1 and VCAM-1 mRNA levels [495, 496], removing lipid from fatty streaks
[497], and reducing atherosclerotic lesion size [498-500]. HDL infusions of reconstituted and
recombinant forms of apolipoprotein A-lI (apoA-I) rHDL both elicit the abovementioned
protective effects following even single HDL infusions [495, 496, 499, 501, 502]. Additionally,
pharmaceutical approaches for raising HDL have presented positive effects against
atherosclerotic plaque formation and facilitated plaque regression. ApoA-I mimetic peptides
attenuate ICAM-1, VCAM-1, p65 [496, 503, 504], NOX4 [496], O, [496, 505] and reduce plaque
size [504, 506-509] and atheroma progression [510] some without alterations to total plasma
or HDL cholesterol [511]. Thus it is promising to use HDL as a therapeutic strategy. The link
between HDL levels and the prevention of cardiovascular disease is referred to as the HDL

cholesterol hypothesis [512].

HDL improves cardiovascular outcomes/atherosclerotic risk through a number of mechanisms.
These mechanisms include: cholesterol efflux/reverse cholesterol transport (RCT) by
increasing expression of ATP binding cassette transporter A1 (ABCA1) [513-515], ATP binding
cassette transporter G1 (ABCG1) [515, 516], and scavenger receptor class B type 1 (SR-B1)
[517-519]; decreasing inflammation via modulation of inflammatory mediators particularly
CAMs (such as VCAM-1 and ICAM-1) through suppression of nuclear factor transcription factor
(NFkB) levels [1]; anti-thrombotic mechanisms by increasing levels of the vasodilator nitric
oxide (NO) via increased activity of eNOS as a result of HDL binding to SR-B1 and activating the
PI3-kinase-Akt kinase pathway and MAP kinase; inhibition of factor X activation, tissue factor
expression, and plasminogen activator inhibitor secretion [492]; anti-oxidative effects by
inhibiting low-density lipoprotein (LDL) oxidation through transferring oxidation products from
LDL to HDL, which in turn prevents free radical production [520], and reactive oxygen species
(ROS) scavenging; anti-apoptotic effects by increasing endothelial cell proliferation and
migration [521], and inhibiting oxLDL-induced apoptosis by making contact with the particles
leading to inhibition of its associated cytotoxic Ca** peak [522] and scavenging oxidised LDL-
released ROS [523], preventing TNF-a-induced CPP32-like protease activity [524], activation of
phosphoinositide 3-kinase (P13K)/Akt, and upregulation of Bcl-2-like protein 1 [525].

Despite the link between high levels of HDL and decreased atherosclerosis/CVD, HDL
molecules are a heterogeneous mix of particles and function differently leading to varying
clinical outcomes [526]. The relationship between HDL particle size and composition, with

cholesterol transfer is particularly relevant. Treatment for atherosclerosis focuses on altering
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the lipid profile by lowering LDL and increasing HDL. Two of the main pharmaceuticals

developed with these goals of improving the lipid profile are statins and CETP inhibitors.

Statins are a very successful class of cholesterol-lowering drugs used to treat atherosclerosis
and are considered a frontline therapy, providing up to 60% reductions in cardiac events [527].
Dramatic decreases in coronary events, cardiovascular morbidity, and all-cause mortality have

occurred as a result of the implementation of statin therapy in the last 20 years [193].

The lowering of LDL cholesterol is the main mechanism of action of statins in the primary and
secondary prevention of cardiovascular events [194-198]. Statins lower cholesterol synthesis
via the inhibition of HMG-CoA reductase, the enzyme associated with the first step of
cholesterol biosynthesis inhibition of HMG-CoA occurs primarily by blocking substrate binding
to the active site of the enzyme [200]. Statins also modestly increase HDL levels while reducing

LDL [528].

Besides the cholesterol-lowering function of statins, another major effect is anti-inflammatory
function. It is well established that statins reduce inflammation. For example, in human
hepatocytes, inflammation was reduced by treatment with lovastatin via the reduction of high
sensitivity C-reactive protein (hs-CRP) levels. Highlighting this effect as pleotropic and
specifically independent of cholesterol-lowering, monotherapy with ezetimibe, a non-statin
lipid-lowering drug, reduces LDL levels, however does not elicit any effects on CRP levels [529].
This pleiotropic effect is significant as hs-CRP is an inflammatory marker associated with CVD
[201]. hs-CRP is primarily produced in the liver and predominately induces IL-6 [202, 203]
which indicates low-grade systemic inflammation [204]. CRP also produces an environment
which promotes atherosclerotic development by down-regulating protective eNOS expression
[205], while increasing production of endothelin-1, a vasoconstrictor [203]. Furthermore, CRP
upregulates the expression of VCAM-1, ICAM-1, E-selectin [206], and MCP-1 [207], thereby
augmenting monocyte adhesion and infiltration into the vessel wall. Within the wall, CRP
facilitates macrophage uptake of LDL [208]. Therefore, statin suppression of CRP levels
provides protection against numerous inflammatory events associated with the initiation and
progression of atherosclerosis. Despite the cholesterol-lowering and anti-inflammatory effects,
patients on statins still have residual risk of atherosclerotic-associated cardiovascular events

[383, 530-535]. Therefore, other therapies and targets are required.
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A therapeutic avenue for improving HDL levels indirectly is cholesteryl ester transfer protein
(CETP) inhibition. CETP is a hydrophobic glycoprotein, primarily synthesized in the liver [407,
408]. Following secretion into the plasma, circulating CETP facilitates bidirectional cholesterol
ester and triglyceride transfer between lipoproteins. This process redistributes these lipids,
equilibrating them between different lipoprotein fractions (as reviewed by [409]). Cholesterol
esters predominately originate in HDL and are transferred into the plasma. The cholesterol
esters in a mass net transfer, move from the non-atherogenic HDL to potentially pro-

atherogenic lipoproteins such as LDL, VLDL, and chylomicrons.

Genetic CETP inhibition alters plasma lipoprotein levels in humans. CETP-deficient subjects
have increased HDL cholesterol and lower cholesterol concentrations in non-HDL lipoprotein
fractions [536-539]. Moreover, humans treated with CETP inhibitors exhibit increased HDL
cholesterol and apoA-I concentrations [412, 540-542]. The goal of therapeutic CETP inhibition
is prevention of cholesterol ester redistribution from plasma to lipoproteins other than HDL.
This increases HDL cholesterol levels while reducing cholesterol ester concentration in non-

HDL.

The effectiveness of CETP inhibitors for atherosclerosis treatment is under investigation. The
Investigation of Lipid Level Management to Understand Its Impact in Atherosclerotic Events
(ILLUMINATE) trial showed that torcetrapib, the first CETP inhibitor used in a large-scale clinical
trial, was not cardioprotective [410]. Moreover, the trial was stopped following increased
mortality in patients administered torcetrapib. The increased mortality associated with
torcetrapib administration is suggested to be a result of off-target effects, particularly on blood
pressure [410]. The CETP inhibitors dalcetrapib and evacetrapib do not exhibit off-target
effects but also do not confer cardio-protective benefits despite increasing HDL levels by 31-
40% [411] and 54-129% respectively [412]. Evacetrapib also failed to improve cardiovascular
outcomes, and clinical trials have since been terminated [413]. However, despite these results
it is argued that even if increased HDL concentration is not protective against atherosclerosis,

the reduction in levels of non-HDL lipoproteins may reduce atherosclerosis risk [543].

New approaches are required to address atherosclerosis to provide more clinical options for
treating a variety of patients. In the pursuit of investigating new approaches to treat
atherosclerosis our laboratory investigated how HDL regulates genes associated with
inflammation. Our laboratory led an investigation into the ability of HDL to upregulate genes

with the potential to protect against mediators of inflammation in human coronary artery
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endothelial cells (HCAECs) [1]. The study revealed that HDL protects against increases in
VCAM-1 mRNA expression, and NFkB activity via suppression of the classical IKK/lkxBa/NFxB
signalling pathway by increasing IkBa levels and decreasing NFkB regulated transcription in
HCAECs treated with TNF-a (5 hours). This effect was sustained even when the HDL was
removed from the cells several hours prior to the TNF-a treatment. This is in keeping with in
vivo observations; with the anti-inflammatory effect of HDL persisting after injected HDL had
been removed by the circulation [501]. Using a microarray approach the mRNA of HCAECs pre-
incubated with rHDL for 16 hours was analysed revealing 3B-hydroxysteroid-A24 reductase

(DHCR24) as one of the most upregulated genes [1].

3B-hydroxysteroid-A24 reductase (DHCR24) is an enzyme essential for mammalian survival
that has now been shown to have a number of key cellular roles. DHCR24 was initially
discovered for its vital role in cholesterol biosynthesis, catalysing the conversion of
desmosterol to cholesterol [435]. However, since then DHCR24 has also been shown to
possess other roles in some cells types including protecting against oxidant [420, 421] and
inflammatory insults [1, 544] and interacting with p53 [423, 424] or caspase-3 to prevent
apoptosis [420, 421, 425-427].

The encoded protein for dhcr24 was discovered to be identical to the neuroprotective enzyme,
Selective Alzheimer’s Disease Indicator 1 (Seladin-1). This homology was based on a mutation
analysis of the dhcr24 gene, expressed in Saccharomyces cerevisiae, using human cDNA
obtained from patients exhibiting various levels of desmosterolosis (a cholesterol deficiency

syndrome resulting in accumulated desmosterol [419].

Seladin-1 is expressed in pyramidal neurons of the brain particularly within cortical regions, the
substantia nigra, caudate nucleus, hippocampus, medulla oblongata, and the spinal cord.
Functional studies determined it was responsible for the biosynthesis and homeostasis of brain

cholesterol [431, 432].

Low levels of seladin-1 are associated with Alzheimer’s disease. Further, silencing of seladin-1
expression causes the hallmark features associated with Alzheimer’s disease to develop [421,
433, 434, 545]. The discovery that dhcr24 was identical to seladin-1 set research into the
protective functions of DHCR24 in motion [419, 426, 545].

High levels of functional HDL have been demonstrated to protect against atherosclerosis [546].

Our laboratory has focused on determining the mechanisms by which HDL suppresses markers
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of inflammation in HCAECs. From this work our laboratory revealed that HDL's protective
effects are through gene regulation and that DHCR24 is one of the most upregulated genes in
HCAECs by HDL. Moreover, it was discovered that silencing DHCR24 in HCAECs results in an
abrogation of HDL’s ability to suppress TNF-a-induced inflammation [1]. Consequently, this
work aims to determine whether increased DHCR24 can mimic HDL’s protective effects in
HCAECs. The first aim of this work was to ascertain if increased DHCR24 reduces monocyte to
HCAEC adhesion stimulated by TNF-a and H,0,. The second aim was to elucidate if increased
DHCR24 levels result in the suppression of ICAM-1 and VCAM-1 levels following inflammatory
activation by TNF-a. The overall hypothesis for this work is that increased DHCR24 can

replicate, in part, the protective effect of HDL in HCAECs.
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3.2. Methods

3.2.1 Transient transfection using TransPass HUVEC Transfection Reagent

HCAECs were seeded at a cell density of 1x10’ cells/mL in EGM + 10% (v/v) FBS (section 2.1).
According to the manufacturer’s protocol (New England Biolabs), HCAECs were transiently
transfected with pDHCR24 (inserted into pcDNA3.1A) or pControl (empty pcDNA3.1A)
expression vectors using TransPass HUVEC Transfection Reagent (New England Biolabs) as
described in section 2.4.1. Following a 24-hour incubation period, the culture medium was

changed and the cells were allowed to recover for a further 24 hours.

3.2.2 Monocyte-to-endothelial cell adhesion assay

HCAECs were cultured in 12-well plates (1x10° cells/mL) and transfected with pControl or
pDHCR24 as described in section 2.1. Following transfection, the transfectants were left for 24
hours before activation with TNF-a (2.5 ng/mL) or H,0, (100 uM) for 4 hours prior to
measuring the amount of fluorescently labelled monocytes adhered to endothelial cells by

performing a monocyte adhesion assay as described in section 2.7.

3.2.3 ELISA

HCAECs were cultured in 96-well plates (1x10° cells/mL) and transfected with pControl or
pDHCR24 as described in section 2.1. Following transfection, the transfectants were left for 24
hours before the cells were treated with TNF-a (2.5 ng/mL, 4 hours). Following TNF-a
activation, ICAM-1 and VCAM-1 protein levels were measured using ELISA as described in

section 2.8.
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3.2.4 Western Blot

HCAECs were cultured in 12-well plates (1x10° cells/mL) (section 2.1) and transfected with
pcDNA3.1A (pControl) or pcDNA3.1A-DHCR24 (pDHCR24) as described in section 2.4. Following
transfection, the transfectants were left for 24 hours before protein was extracted (section
2.9.2.1), quantified (section 2.9.2.2), and subjected to western blot analysis as described in

section 2.9.2.4.

3.2.5 Real Time PCR

HCAECs were cultured in 12-well plates (1x10° cells/mL) (section 2.1) and transfected with
pcDNA3.1A (pControl) or pcDNA3.1A-DHCR24 (pDHCR24) as described in section 2.4. Following
transfection, the transfectants were left for 24 hours before being treated. Total RNA
extracted from HCAECs using PureZol (Bio-Rad) was normalised to 200 ng/uL using a UV
spectrophotometer at 260/280nm (Nanodrop 1000, Thermo Scientific) (section 2.10).
Normalised mRNA was reverse transcribed into cDNA using the iScript cDNA Synthesis Kit (Bio-
Rad) (section 2.12). iSCRIPT/iQ SYBR Green Supermix was used to perform RT-PCR in a Bio-Rad
iQ5 thermocycler (section 2.13). Relative changes in mRNA levels were determined by the AAC;
method [478], using B2-microglobulin (B2M) and 18S levels as reference genes (section 2.14).

Primer pair sequences are listed in Table 3.1.
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Table 3.1. Primer sequences

Primer Forward/Reverse primer Primer Sequence
Human DHCR24 F 5’-CTCGCCGCTCTCGCTTATC-3’
R 5’-GTCTTGGCTACCCTGCTCCTTCC-3’
VCAM-1 F 5’-GGGACCACATCTACGCTGACA-3’
R 5’CCTGTCTGCATCCTCCAGAAA-3’
Beta-2 Microglobulin F 5’-CATCCAGCGTACTCCAAAGA-3’
(B2Mm) R 5’-GACAAGTCTGAATGCTCCAC-3’
18S F 5’-CCAATCACTTCCGACCTGCTG-3’
R 5’-GCTTTGTATCCCTGCCCTGAG-3’

3.2.6 Statistical analysis

Data are expressed as mean + SEM. Direct comparisons between two treatments were
performed using unpaired t-test, while significant differences between multiple treatments
were determined by one-way ANOVA with Sidak’s post hoc test analysis. GraphPad Prism 6.0
was used for analysis. Significance was set at P<0.05. To show the effect size, P values lower

than P <0.05 were specified.
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3.3 Results

3.3.1 Transient transfection of pcDNA3.1A-DHCR24 increases DHCR24 levels in
human coronary artery endothelial cells (HCAECs)

To confirm that transient transfection of pcDNA3.1A-DHCR24 (pDHCR24) increased DHCR24
levels in HCAECs, cultured HCAECs were transfected with pcDNA3.1A (pControl) or pDHCR24
expression vectors using TransPass V reagent (New England Biolabs) with the optimised
conditions described in section 2.4.1. pcDNA3.1A vector (pControl) was the vehicle control for
transfection because DHCR24 was cloned into pcDNA3.1A vector for overexpression analysis.
Following transfection, cells were left for 24 hours prior to extraction of total RNA and
subsequent analysis of DHCR24 mRNA levels by real-time RT-gPCR and protein levels by

Western blotting.

From the RT-qPCR results shown in Figure 3.1 (A), transfection using TransPass V (New England
Biolabs) was successful with DHCR24 mRNA levels significantly increased by 1760-fold
(P<0.0001 vs pControl), compared to the empty vector control. The increased mRNA level also

led to increased DHCR24 protein levels as shown in Figure 3.1 (B).
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Figure 3.1 Transient transfection of HCAECs with pcDNA3.1A-DHCR24 successfully increased
DHCR24 levels. HCAECs cells were transfected with pcDNA3.1A (pControl) or pcDNA3.1A-
DHCR24 (pDHCR24) for 24 hours. (A) Total RNA was isolated and RT-qPCR used to measure
DHCR24 mRNA levels. (B) Protein was isolated and western blot was used to determine protein

levels (representative of 3 replicates) **** P<0.0001 (n = 4).
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3.3.2 Increased DHCR24 levels suppresses TNF-a-activated monocyte adhesion to
HCAECs

Increased monocyte adhesion to the endothelium is one of the first detectable stages of
atherosclerotic plaque formation [97, 98]. HDL inhibits monocyte adhesion to endothelial cells
preventing atheroma development [547, 548]. To ascertain whether DHCR24 is able to
similarly prevent monocyte adhesion to HCAECs, cells were transfected with pcDNA3.1A vector
(pControl) or pcDNA3.1A-DHCR24 (pDHCR24). After 24 hours during which DHCR24 levels
increase (Figure 3.1), transfected cells were activated with (2.5 ng/mL) TNF-a or H,0, (100uM)
for 4 hours. Fluorescent-labelled monocytes were added to HCAECs after activation by TNF-a
and incubated for 1 hour. Non-adhered monocytes were removed and the total fluorescence

emitted by the adhered monocytes was measured using a Flexstation 3 plate reader.

Figure 3.2 shows that inflammatory activation with TNF-a at 2.5 ng/mL significantly increased
monocyte adhesion to HCAECs by 13% (P<0.001) compared to empty vehicle treated cells.
Increased DHCR24 reduced monocyte adhesion to HCAECs by 16% below baseline when
treated with 2.5 ng/mL TNF-a (P<0.05) (Figure 3.2).

Hydrogen peroxide (H,0,) is another active player in the inflammatory milieu, associated with
the activation of endothelial cells in an atherosclerotic environment. Therefore it was
investigated whether DHCR24 could suppress H,0,-induced monocyte adhesion. To investigate
whether overexpression of DHCR24 in HCAECs also suppressed H,0,-induced monocyte
adhesion, cells were exposed to H,0, at 100 uM for 4 hours before monocytes were exposed
to the activated HCAECs. H,0, markedly increased the level of adhered monocytes by 41%
above the baseline control (P<0.0001) (Figure 3.3). By contrast, overexpression of DHCR24
protected against monocyte binding by 9% below baseline control and by 50% compared to

H,0,-activated pControl-transfected cells (P<0.0001) (Figure 3.3).
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Figure 3.2 DHCR24-overexpression reduced monocyte to HCAECs adhesion in TNF-a-
activated HCAECs. HCAECs were transfected with pcDNA3.1A (pControl) or pcDNA3.1A-
DHCR24 (pDHCR24) before activation with 2.5 ng/mL for 4 hours. Fluorescent-labelled
monocytes were added to HCAECs after activation by TNF-a and incubated for 1 hour. Non-
adhered monocytes were removed and the total fluorescence emitted by the adhered
monocytes was measured using a Flexstation 3 plate reader. pControl and pDHCR24 were set

as vector controls at 100%. All data are shown as mean + SEM (n = 3) **** P<0.001.
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Figure 3.3 DHCR24-overexpression reduced monocyte to HCAECs adhesion in H,0,-activated
HCAECs. HCAECs were transfected with pcDNA3.1A (pControl) or pcDNA3.1A-DHCR24
(pDHCR24) before activation with 100 uM in H,0, for 4 hours. Fluorescent-labelled monocytes
were added to HCAECs after activation by H,0, and incubated for 1 hour. Non-adhered
monocytes were removed and the total fluorescence emitted by the adhered monocytes was
measured using a Flexstation 3 plate reader. pControl and pDHCR24 were set as vector

controls at 100%. All data are shown as mean + SEM (n = 4) *** P<0.001, **** P<0.0001.
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3.3.3 Increased DHCR24 suppresses TNF-a-activated ICAM-1 and VCAM-1 levels

Expression of cell adhesion molecules (CAMs) is intricately associated with atherosclerosis risk
and development [549, 550]. As monocytes roll across the endothelium, CAMs form firm
bonds with integrins on monocytes causing attachment to the endothelium. HDL reduces the
expression of CAMs both in vivo and in vitro [1, 501, 551-554]. The effect of increased DHCR24
levels on expression of the two major CAMs associated with atherosclerosis, intracellular cell
adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) was
investigated. It was hypothesised that increasing DHCR24 levels would mimic the effects of

HDL.

HCAECs were transfected with pcDNA3.1A (pControl) or pcDNA3.1A-DHCR24 prior to TNF-a
(2.5 ng/mL) treatment for 4 hours. ICAM-1 and VCAM-1 protein levels were measured using
ELISA. TNF-a treatment increased ICAM-1 protein levels by 18.6% compared to vehicle control
(P<0.01), a result that was abrogated in pDHCR24-transfected HCAECs (19.6% reduction)
(P<0.01) (Figure 3.4). TNF-a treatment increased VCAM-1 protein levels by 114% compared to
vehicle control (P<0.0001), while pcDNA3.1A-DHCR24-transfectants showed a 33% suppression
of VCAM-1 protein levels (P<0.05) (Figure 3.5).

Previously, our laboratory has shown that HDL mediates its effects on VCAM-1 expression at
the level of gene transcription. Therefore, investigation as to whether the effect of increased
DHCR24 levels affected VCAM-1 mRNA levels was undertaken. HCAECs were transfected with
pcDNA3.1A (pControl) or pcDNA3.1A-DHCR24 prior to TNF-a (2.5 ng/mL) treatment for 4
hours. VCAM-1 mRNA levels were measured using RT-qPCR using B2M as a reference gene.
TNF-a treatment increased VCAM-1 mRNA levels by 59-fold compared to vehicle control
(P<0.001), and HCAECs transfected with pcDNA3.1A-DHCR24 suppressed VCAM-1 mRNA levels
compared to TNF-a-activated pcDNA3.1A HCAECs by 35-fold (P<0.05) (Figure 3.6).
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Figure 3.4 DHCR24-overexpression suppressed TNF-a-activated ICAM-1 protein levels in
HCAECs. HCAECs were transfected with pcDNA3.1A (pControl) or pcDNA3.1A-DHCR24
(pDHCR24) before activation with 2.5 ng/mL TNF-a for 4 hours. ICAM-1 protein levels were

measured using the ELISA. Data are shown as mean + SEM (n = 3) ** P<0.01.
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Figure 3.5 DHCR24-overexpression suppressed TNF-a-activated VCAM-1 protein levels in
HCAECs. HCAECs were transfected with pControl or pDHCR24 before activation with 2.5 ng/mL
TNF-a for 4 hours. VCAM-1 protein levels were measured using the ELISA. Data are shown as

mean + SEM (n = 5) * P<0.05, **** P<0.0001.
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Figure 3.6 DHCR24-overexpression suppressed TNF-a-activated VCAM-1 mRNA levels in
HCAECs. HCAECs were transfected with pcDNA3.1A (pControl) or pcDNA3.1-DHCR24
(pDHCR24) before activation with 2.5 ng/mL TNF-a for 4 hours. VCAM-1 mRNA levels were
measured using RT-qPCR with $2M as a reference gene. Data are shown as mean + SEM (n = 3)

* P<0.05, *** P<0.001.
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3.4 Discussion

The work presented in this chapter provides for the first time, proof-of-principle that DHCR24
replicates HDL’s ability in HCAECs to reduce monocyte adhesion (to endothelial cells) and its
ability to suppress levels of the inflammatory mediators ICAM-1 and VCAM-1 following
stimulation by TNF-a and H,0,. HDL has been extensively reported to reduce monocyte-
endothelial cell adhesion [547, 548, 555, 556] and to attenuate inflammatory marker levels,
specifically ICAM-1 and VCAM-1, both in vitro and in vivo, events integral to the development

of early atherosclerosis [1, 501, 551-554, 557].

Impetus into investigating the ability of DHCR24 to replicate the effects of HDL was provided
following work from our laboratory. The work showed that HCAECs pre-incubated with HDL
(16 uM/0.45 mg/mL, half-physiological concentration) for 16 hours before activation with the
inflammatory cytokine TNF-a (0.1 ng/uL) for 5 hours decreased levels of NFkB-regulated
inflammatory mediators and that this effect was retained even when HDL was removed prior
to TNF-a exposure. This indicated a gene regulatory effect as HDL was not present to directly
interact with TNF-a. Using a microarray approach, it was determined that one of the most
upregulated genes by HDL treatment (16 uM, 16 hours) in HCAECs was dhcr24 [1].
Subsequently it was shown that silencing DHCR24 abrogated the ability of HDL to suppress
TNF-a-induced ICAM-1 and VCAM-1 expression, key atherosclerotic inflammatory mediators.
This suggested that DHCR24, at least in part, plays a role in HDL's ability to decrease
inflammatory mediator levels [1]. DHCR24 was of major interest because in addition to its
known role as a cholesterol biosynthesis enzyme, DHCR24 also facilitates suppressive or
inhibitory effects against cellular stress. DHCR24 elicits anti-apoptotic [425, 437, 471] and anti-
oxidative [421, 423, 438] functions in a variety of cells including fibroblasts and neuronal cells.
Therefore, it was hypothesised that DHCR24 would be responsible for performing some of the

anti-inflammatory effects of HDL in HCAECs.

The effect of increased DHCR24 on monocyte adhesion to HCAECs was investigated first,
elucidating the effect of DHCR24 and determining whether it replicates this well-established
HDL function [547, 548, 555, 556]. Monocyte adhesion to the endothelium is a critical
component of atherosclerotic plaque formation [2, 88, 558]. In response to injury and
inflammatory conditions, endothelial cells are activated thus altering their phenotype. The

endothelial cells express cell adhesion molecules (CAMs) on their cell surface, allowing
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monocyte binding and capture, the first identifiable stage of atherosclerotic plague formation
[97, 98]. Preventing monocyte adhesion significantly decreases the formation of
atherosclerosis [559, 560] and this protective effect is facilitated by HDL [547, 548, 555]. In this
chapter the effect of DHCR24 on monocyte to endothelial cell (HCAECs) adhesion was
investigated against challenges using TNF-a and H,0,. Monocyte to endothelial cell adhesion
was significantly reduced by increased DHCR24 expression (Figure 3.2). Our laboratory has
previously shown that both native and reconstituted forms of HDL upregulate DHCR24 mRNA
levels and that this effect is sustained for hours after HDL are removed [1]. Further,
independent of HDL exposure, increased DHCR24 levels in HCAECs reduce monocyte to
endothelial cell adhesion. Therefore, DHCR24 may be a central player in mediating the

protective effects of HDL.

Showing that increased DHCR24 expression alone can elicit this effect of reduced monocyte to
endothelial cell adhesion is important not only because it shows that it occurs independent of
HDL, but because HDL loses this ability under pathogenic conditions [561]. In keeping with this,
HDL from CVD patients has a reduced effect on inhibiting monocyte migration in vitro [562].
The next experiments sought to investigate whether the reduced monocyte binding to HCAECs
facilitated by DHCR24 overexpression was attributed to reductions in the levels of the cell

adhesion molecules (CAMs) ICAM-1 and VCAM-1.

As mentioned, TNF-a is a major player involved in atherosclerosis [563-566], driving expression
of inflammatory markers particularly ICAM-1 and VCAM-1 — the main inflammatory markers
associated with atherosclerosis [549, 567-571]. Increased DHCR24 levels caused attenuation of
these markers indicating there may be merit in pursuing DHCR24 as a therapeutic target for
the treatment of atherosclerosis. Human epidemiological studies indicate that increased HDL
levels are associated with a decreased risk of developing atherosclerosis [490], however this
relationship may not be causal. In keeping with this, HDL can be modified, its composition
altered and consequently become dysfunctional under cellular stress [414-418]. Therefore,
increasing HDL levels may not necessarily reflect their protective properties for supporting
cardiac function [572]. DHCR24 can perform some of the anti-inflammatory effects of HDL in
HCAECs and could be used as a therapeutic to replicate ‘healthy HDL. DHCR24’s ability to
inhibit monocyte adhesion to HCAECs and to suppress ICAM-1 and VCAM-1 levels in HCAECs
activated by TNF-a, provides impetus into its investigation as a therapeutic target and also
indicates that DHCR24 serves a multifaceted role in HCAECs, being involved in more than just

cholesterol biosynthesis.
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DHCR24’s multifaceted role in HCAECs is in keeping with its effects in other cell types.
DHCR24’s facilitation of cellular stress suppression has been predominately reported in
neuronal cells [421, 423, 438, 573] and MEF [140, 437, 471]. The effects DHCR24 has displayed
in these cells have been anti-apoptotic and anti-oxidative. However, DHCR24’s ability to
directly suppress inflammatory markers has not been previously reported in the literature in

any cell type to date and no work exists for the role of increased DHCR24 in HCAECs.

The data presented in this chapter show for the first time, that DHCR24 overexpression alone
can prevent monocyte to endothelial cell adhesion, and reduces ICAM-1 (protein) and VCAM-1
(protein and mRNA) levels in HCAECs. This work provides proof-of-principle that DHCR24
replicates, in part, the protective effect of HDL in HCAECs and builds upon the current reported
knowledge of DHCR24'’s potentially protective abilities (anti-oxidative [421, 423, 438] and anti-
apoptotic effects [421, 425, 437, 471]) adding inflammatory mediator modulation to its
repertoire. Building upon this proof-of-principle study, the next chapter focuses on
investigating the mechanisms involved in DHCR24’s ability to modulate levels of inflammatory

mediators in HCAECs.
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4.1 Introduction

In the previous chapter, it was established for the first time, that increasing DHCR24 levels in
human coronary artery endothelial cells (HCAECs) mimics HDL’s protective effect of
suppressing TNF-a-induced ICAM-1 and VCAM-1 levels. The decrease in TNF-a-induced ICAM-1
and VCAM-1 levels facilitated by DHCR24, was associated with reduced monocyte to
endothelial cell adhesion. These observations are significant although they do not point to the
mechanism by which DHCR24 mediates these effects. DHCR24 is reported to have multiple
roles in various cell types however, it is unknown which of these roles, DHCR24 plays in
HCAECs. This study focuses on investigating the mechanisms by which DHCR24 mediates the
effect of suppressing TNF-a-induced ICAM-1 and VCAM-1 levels in HCAECs, building upon the
novel discoveries of the work in the previous chapter. This study set out to characterise in
HCAECs, DHCR24’s cholesterol biosynthesis role, the significance of its oxidoreductase site, and

its potential ability to translocate throughout the cell following TNF-a-activation.

DHCR24 was initially discovered and is primarily known as a cholesterol biosynthesis enzyme.
DHCR24 catalyses the final step of cholesterol biosynthesis — the conversion of desmosterol to
cholesterol, via the oxidoreductase site [419]. The presence of cholesterol is essential to all
mammalian organisms, with an absence of cholesterol being fatal [419, 440, 443]. In keeping
with this, patients demonstrating the multiple-congenital-anomaly syndrome desmosterolosis,
that is caused by the accumulation of desmosterol, show mutations in the dhcr24 gene [419,
440-443, 574]. Desmosterolosis also leads to a deficiency in plasma membrane cholesterol.
This leads to death shortly after birth in humans [443] and in mice [434, 575, 576]. Patients
with milder forms of the disease, where DHCR24 is partially functional and produces small
amounts of cholesterol, exhibit profound disability with impaired learning ability and multiple
physical anomalies. The phenotypes observed in desmosterolosis patients vary yet share
common features including, brain malformations, facial feature abnormalities, and skeletal
deformities [419, 440-442, 574]. DHCR24’s cholesterol biosynthesis role is integral to the
correct development and functioning of the body but also facilitates protection against cellular
stressors. For example, the protection brought on by DHCR24 occurs in a cholesterol-
dependent manner in neuroblastoma cells when exposed to oxidative stress [433, 473], by
modulating amyloid beta (AB) peptide production and clearance [433, 438]. DHCR24 also
reduces ER stress in neuroblastoma cells via cholesterol elevation mechanisms [469].

Conversely, in W138-TERT fibroblasts and mouse embryonic fibroblasts (MEF), DHCR24 directly
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scavenges ROS preventing H,0,-induced apoptosis, independent of cholesterol synthesis [140,

423, 437] indicating that the mechanisms of DHCR24's protective effects are cell type-specific.

Increased DHCR24 levels are consistently associated with protective effects in assorted cells.
Increased DHCR24 confers resistance against ER stress in neuronal cells and MEF, apoptosis in
neuronal cells [421], fibroblasts [469], melanoma cells [420], pituitary adenomas [427], and in
adrenal cells [577], and resistance against oxidative stress in neuronal cells [421, 469] and
fibroblasts [140, 437]. The mechanisms through which DHCR24 elicits protective effects are
emerging as being cell type-specific. Interestingly in MEF, DHCR24’s ability to elicit protection
against oxidative stress is dependent on its oxidoreductase site albeit independent of its
cholesterol biosynthesis role instead serving as a direct ROS-scavenger preventing apoptosis
[437]. In neuronal cells, DHCR24 translocates from the ER to the nucleus following

inflammatory activation to prevent apoptosis [469].

Given the recent discoveries of DHCR24’s cell type-specific multifaceted protective abilities,
this study set out to investigate the mechanisms through which DHCR24 elicits suppression
against a TNF-a-induced inflammatory response in HCAECs. It was hypothesised that DHCR24
would reduce a TNF-a-induced inflammatory response in an oxidoreductase site-dependent
manner, independent of its cholesterol biosynthesis role. The localisation of DHCR24 following
TNF-a-activation and the potential role of ER stress control in HCAECs to regulate inflammation
were also investigated. The aim of this study was to characterise the mechanisms through

which DHCR24 suppresses a TNF-a-induced inflammatory response in HCAECs.
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4.2 Methods

4.2.1 Cell culture

HCAECs were cultured in Endothelial Cell Growth Medium (EGM, Cell Applications) at 37 °Cin a
5% CO, incubator. For the experiments determining whether DHCR24 overexpression
increases cellular cholesterol levels, HCAECs were seeded in 6-well plates at a cell density of
1x10° cells/mL and grown 24 hours to 80% confluency prior to transient transfection (section
2.1). Following the manufacturer’s protocol (New England Biolabs), HCAECs were transiently
transfected with pDHCR24 (inserted into pcDNA3.1A) or pControl (empty pcDNA3.1A)
expression vectors using TransPass HUVEC Transfection Reagent (New England Biolabs) as
described in section 2.4.1. Following a 24-hour incubation period, the culture medium was
changed and the cells were allowed to recover for a further 24 hours before cholesterol was

extracted (section 4.2.3) and quantified (section 4.2.4)

For the experiments exploring the role of DHCR24’s oxidoreductase site and DHCR24’s effect
on ER stress markers, HCAECs were cultured and transiently transfected as above but with the
addition of HCAECs transfected with pDHCR24-N294T/K306N plasmid [oxidoreductase mutant
— (section 4.2.2)]. Following a 24-hour incubation period, the culture medium was changed
and the cells were allowed to recover for a further 24 hours before being treated with 2.5
ng/mL TNF-a for 4 hours. Following treatment, protein and total RNA were extracted and RT-

gPCR performed (sections 4.2.5 and 4.2.6 respectively).

To determine whether DHCR24 changes location in HCAECs following TNF-a-activation,
HCAECs were cultured in EGM in FD3510 fluorodishes (WPI Europe) at a cell density of 1x10°
cells/mL 24 hours prior to being transfected with pDHCR24-EGFP plasmid (section 4.2.2).
Following a 24-hour incubation period, the culture medium was changed and the cells were
allowed to recover for a further 24 hours in which time DHCR24 expression is increased before
being treated with 2.5 ng/mL TNF-a for 4 hours. Following treatment, cells were stained and

images obtained (as described in section 2.16).
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4.2.2 Site-directed mutagenesis and plasmid constructions

4.2.2.1 pDHCR24-N294T/K306N (oxidoreductase mutant)

Using a DHCR24-pcDNA3.1A clone, a DHCR24 double mutant (N294T/K306N) was generated by
Genscript Inc based on [419]. The oxidoreductase mutant was produced from a wild type
DHCR24 template using site-directed mutagenesis and cloned into the pcDNA 3.1A plasmid
vector to inactivate the known active site. This was followed by two rounds of PCR to
introduce the two mutations in sequence. The resulting mutant DNA was then cloned into the

pPAL expression vector.
The coding strand primer sequences to generate the mutant are:
N294T: 5'-GAGCCCAGCAAGCTGACTAGCATTGGCAATTAC-3’

K306N: 5-GCCGTGGTTCTTTAACCATGTGGAGAACTATCTG-3’

4.2.2.2 pDHCR24-EGFP

A DHCR24-EGFP fusion plasmid was produced by Genscript by cloning the entire cloning
sequence of human DHCR24 cDNA into the Xhol-EcoRlI site of plasmid pEGFP-N1. Using PCR
sense primer 5’-CTCGAGGCCACCATGGAGCCCGCCGTGTCGCTGGCC-3’ and antisense primer 5’-
GAATTCGGTGCCTGGCGGCCTTGCAGATCTTETC-3’, the correct restriction enzyme sites,

translation start site, KOZAK sequence, and deleted stop codon were obtained.
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4.2.3 Cholesterol extraction

HCAECs were seeded (1x10° cells/mL) in 6-well plates were transiently transfected with
pcDNA3.1A (pControl) or pcDNA3.1A-DHCR24 (pDHCR24) before cholesterol was extracted

using hexane/isopropanol (section 2.15.1).

4.2.4 Quantifying cellular cholesterol levels - Amplex Red Cholesterol Assay

Extracted cholesterol was quantified using the Amplex Red Cholesterol assay according to the
manufacturer’s instructions (Life Technologies) against cholesterol and resorufin fluorescence

standards (section 2.15.2).

4.2.5 ELISA

HCAECs were cultured in 96-well plates (1x10° cells/mL) and transfected with with pcDNA3.1A
(pControl), pcDNA3.1A-DHCR24 (pDHCR24), or pDHCR24-N294T/K306N plasmids as described
in section 4.2.1. Following transfection, the transfectants were left for 24 hours before the
cells were treated with TNF-a (2.5 ng/mL, 4 hours). Following TNF-a-activation, ICAM-1 and

VCAM-1 protein levels were measured using ELISA as described in section 2.8.2.1.
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4.2.6 Real time PCR

Total RNA was extracted using PureZol (Bio-Rad) and normalised to 200 ng/uL using a UV
spectrophotometer at 260/280nm (Nanodrop 1000, Thermo Scientific). For RT-qPCR, cDNA
was synthesised using a iScript cDNA Synthesis Kit (Bio-Rad) and iQ SYBR Green | supermix
(Bio-Rad) was used to amplify cDNA in a Bio-Rad iQ5 thermocycler. RT-qPCR data was analysed
using the AAC; method [478], using B2M GAPDH, and 18S as reference genes. Primer pair

sequences are listed in Table 4.1.

Table 4.1 Primer sequences

Primer Forward/Reverse primer Primer Sequence
Human DHCR24 F 5’-CTCGCCGCTCTCGCTTATC-3’

R 5’-GTCTTGGCTACCCTGCTCCTTCC-3’
VCAM-1 F 5’-GGGACCACATCTACGCTGACA-3’

R 5’CCTGTCTGCATCCTCCAGAAA-3’
Beta-2 Microglobulin F 5’-CATCCAGCGTACTCCAAAGA-3’
(B2Mm) R 5’-GACAAGTCTGAATGCTCCAC-3’
18S F 5’-CCAATCACTTCCGACCTGCTG-3’

R 5-GCTTTGTATCCCTGCCCTGAG-3’
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4.2.7 Immunocytochemistry

HCAECs were seeded as per section 4.2.1 in 4-well Lab-Tek Il chamber slides (Lab-Tek) (1x10°
cells/mL). Cells were treated with PBS (control) and TNF-a (1 ng/mL) for 4 hours, and apoA-I
rHDL (16 uM/0.45 mg/mL) for 16 hours. As per section 2.16, cells were fixed in 4% (w/v)
paraformaldehyde, blocked with a 0.3% (w/v) hydrogen peroxide solution (made up in
methanol) for 20 minutes and incubated with anti-DHCR24 rabbit monoclonal IgG (1:200
dilution in 5% (w/v) goat serum) (Cell Signalling Technology) overnight and goat anti-rabbit IgG
conjugated to horseradish peroxidase (HRP) (1:200 dilution in 5% (w/v) goat serum) (Cell
Signalling Technology) for 30 minutes. Cells were visualised using 3,3’-diaminobenzidine (DAB)
(Dako) for 5 minutes, counterstained in haemotoxylin, mounted with DPX (Merck Millipore),
and then cover-slipped. Cell images were obtained using a BH-2 Olympus microscope at 20x

magnification.

4.2.8 Fluorescent microscopy

HCAECs were seeded in FD3510 fluorodishes (WPl Europe) and transiently transfected with
pDHCR24-EGFP as per section 4.2.1. Cells were treated with 2.5 ng/mL for 4% (w/v)
paraformaldehyde (20 minutes, room temperature), blocked with 1% (w/v) BSA, 2% (w/v) FBS
before being washed. The ER was stained by incubating cells with ER specific anti-GRP78 [578]
goat primary antibody (1:1000 dilution in 1% (w/v) BSA, 2% (w/v) FBS) (Invitrogen) for 1 hour
and then with anti-goat secondary antibody (1:200 in 1% (w/v) BSA, 2% (w/v) FBS) for 1 hour.
The nucleus was stained with 4',6-diamidino-2-phenylindole (Dapi) (1:1000 dilution in PBS) and
actin with AlexaFluor488 Phalloidin (1:200 dilution in 1% (w/v) BSA, 2% (w/v) FBS) (20 minutes
each). Cells were covered in NPG mounting media and imaged at 60x magnification under oil
immersion with a Nikon Ti inverted epifluorescent microscope. NIS elements software was

used to collect cell images.



136

4.2.9 Statistical analysis

Data are expressed as mean + SEM. Direct comparisons between two treatments were
performed using unpaired t-test, while significant differences between multiple treatments
were determined by one-way ANOVA with Sidak’s post hoc test analysis. GraphPad Prism 6.0
was used for analysis. Significance was set at P<0.05. To show the effect size, P values lower

than P <0.05 were specified.
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4.3 Results

4.3.1 DHCR24 overexpression does not increase the cholesterol content of HCAECs

To determine whether the mechanism by which DHCR24 facilitates decreasing TNF-a-induced
ICAM-1 and VCAM-1 levels is cholesterol-dependent, cultured HCAECs were transfected with
pcDNA3.1A (pControl) or pcDNA3.1A-DHCR24 (pDHCR24) expression vectors using TransPass V
reagent (New England Biolabs) with the optimised conditions described in section 2.4.1.
pcDNA3.1A was the vehicle control for transfection because DHCR24 was cloned into
pcDNA3.1A vector for overexpression analysis. Following transfection, the transfectants were
left for 24-hours prior to delipidating the cells using hexane/isopropanol and measuring
cellular cholesterol levels using the Amplex Red Cholesterol Assay (Life Technologies) as
described in section 2.15. Total RNA was then extracted from the delipidated cells as per [579]

to verify DHCR24 overexpression.

Figure 4.1 shows that there was no significant increase in cellular cholesterol levels in

pDHCR24-overexpressing HCAECs compared to pControl-transfected cells.
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Figure 4.1 DHCR24 overexpression did not increase HCAECs cholesterol content. HCAECs
were transfected with pcDNA3.1A (pControl) or pcDNA3.1A-DHCR24 (pDHCR24) plasmids for 4
hours before cholesterol was extracted using hexane/isopropanol. Cholesterol levels were
measured using the Amplex Red Cholesterol Assay (Life Technologies). Data are shown as

mean £ SEM (n = 3)
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4.3.2 Transient transfection of DHCR24 oxidoreductase mutant (pN294T/K306N)
increases DHCR24 levels in human coronary artery endothelial cells (HCAECs)

To confirm the transient transfection of the DHCR24 oxidoreductase mutant (ORM)
(PDHCR24-N294T/K306N) increased DHCR24 levels in HCAECs, cultured HCAECs were
transfected with pcDNA3.1A (pControl), pDHCR24 or pN294T/K306N expression vectors using
TransPass V reagent (New England Biolabs) with the optimised conditions described in section
2.4.1. pcDNA3.1A vector (pControl) was the vehicle control for transfection because DHCR24
was cloned into pcDNA3.1A vector for overexpression analysis, and pDHCR24 was the wild
type positive control. Following transfection, cells were left for 24 hours prior to extraction of

total RNA and subsequent analysis of DHCR24 mRNA levels by real-time RT-gPCR.

From the RT-gPCR results shown in Figure 4.2, transfection of the ORM and wild type DHCR24
using TransPass V (New England Biolabs) was successful with DHCR24 mRNA levels significantly

increased (P<0.0001 vs pControl), compared to the empty vector control.
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Figure 4.2 Transient transfection of HCAECs with pDHCR24-N294T/K306N successfully
increased DHCR24 levels. HCAECs cells were transfected with pcDNA3.1A (pControl),
pcDNA3.1A-DHCR24 (pDHCR24), or pN294T/K306N for 24 hours. Total RNA was isolated and
RT-gPCR used to measure DHCR24 mRNA levels with GAPDH as a reference gene. Data are

shown as mean + SEM (n = 4) **** p<0.0001 vs pControl.
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4.3.3 The DHCR24 oxidoreductase mutant does not suppress TNF-a-induced ICAM-1
or VCAM-1 levels in HCAECs

DHCR24’s oxidoreductase site is responsible for catalysing the conversion of desmosterol to
cholesterol [419] and is considered the enzyme’s active site [580]. To investigate whether
DHCR24’s effect of reducing TNF-a-induced ICAM-1 and VCAM-1 levels in HCAECs is dependent
on the oxidoreductase site, a DHCR24 oxidoreductase mutant (ORM) was produced using site-
directed mutagenesis. It was tested whether ORM overexpression could protect against a TNF-
a-induced (2.5 ng/mL, 4 hours) inflammatory response as measured by ICAM-1 and VCAM-1
protein levels in HCAECs in a similar fashion to wild type-DHCR24, replicating its effects. The
mMRNA level of VCAM-1 was also measured to determine if the effect at the protein level was
due to an effect on gene expression. Similar to the previous experiment, HCAECs were treated

with TNF-a (2.5 ng/mL, 4 hours).

Figures 4.2 and 4.3 show that cytokine activation of HCAECs increased ICAM-1 and VCAM-1
protein levels. Figure 4.4 also shows that VCAM-1 mRNA levels were increased by cytokine
activation. pDHCR24-overexpression reduced TNF-a-induced ICAM-1 and VCAM-1 protein
(Figures 4.3, 4.4) and mRNA levels (Figure 4.5).

The ORM did not replicate wild type-DHCR24’s effects of suppressing TNF-a-induced ICAM-1
and VCAM-1 levels. Figures 4.3 and 4.4 show there was no difference in TNF-a-induced ICAM-1
and VCAM-1 levels between ORM and pControl at the protein level. There was no difference in

VCAM-1 mRNA levels between ORM and pControl (Figure 4.5).
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Figure 4.3 DHCR24 oxidoreductase mutant (pN294T/K306N) did not suppress TNF-a-
activated ICAM-1 protein levels in HCAECs. pcDNA3.1A-DHCR24 (pDHCR24)-overexpression
suppressed ICAM-1 protein levels in TNF-a-activated HCAECs in comparison to pcDNA3.1A
(pControl) and pDHCR24-N294T/K306N (pN294T/K306N). HCAECs were transfected with
pControl, pDHCR24, or pN294T/K306N plasmids before activation with 2.5 ng/mL TNF-a for 4
hours. ICAM-1 protein levels were measured using the ELISA. Data are shown as mean + SEM

(n =3) ** P<0.01, *** P<0.001.
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Figure 4.4 DHCR24 oxidoreductase mutant (N294T/K306N) did not suppress TNF-a-activated
VCAM-1 protein levels in HCAECs. pcDNA3.1A-DHCR24 (pDHCR24)-overexpression suppressed
VCAM-1 protein levels in TNF-a-activated HCAECs in comparison to pcDNA3.1A (pControl) and
pDHCR24-N294T/K306N (pN294T/K306N). HCAECs were transfected with pControl, pDHCR24,
or pN294T/K306N plasmids before activation with 2.5 ng/mL TNF-a for 4 hours. ICAM-1
protein levels were measured using the ELISA. Data are shown as mean + SEM (n = 5) * P<0.05,

** P<0.01, **** P<0.0001.
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Figure 4.5 DHCR24 oxidoreductase mutant (pN294T/K306N) did not suppress TNF-a-
activated VCAM-1 mRNA levels in HCAECs. pcDNA3.1A-DHCR24 (pDHCR24)-overexpression
suppressed VCAM-1 mRNA levels in TNF-a-activated HCAECs in comparison to pcDNA3.1A
(pControl) and pDHCR24-N294T/K306N (pN294T/K306N). HCAECs were transfected with
pControl, pDHCR24, or pN294T/K306N plasmids before activation with 2.5 ng/mL TNF-a for 4
hours. Total RNA was extracted and VCAM-1 mRNA levels were measured using RT-qPCR with
B2M as a reference gene. Data are shown as mean * SEM (n = 3) * P<0.05, *** P<0.001.

Dotted line represents untreated control.
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4.3.4 DHCR24 translocates from the ER to the cytoplasm and nucleus in response to
TNF-a-activation in HCAECs

DHCR24 is primarily localised and tethered to the ER membrane facing the cytoplasm [140,
581]. The ER localisation of DHCR24 is in keeping with other cholesterol biosynthesis enzymes
such as HMG-CoA as de novo cholesterol production primarily occurs on the cytoplasmic side
of the ER membrane [582]. As DHCR24 catalyses the production of cholesterol, it was originally
proposed that DHCR24 would mediate protection in TNF-a-activated HCAECs against the
inflammatory response through a cholesterol-mediated process as this mechanism has been
demonstrated in other cell types [433, 438]. However, section 4.3.1 shows that DHCR24
overexpression does not increase cholesterol levels and that the protection against TNF-a-
activation elicited by DHCR24 in HCAECs does not appear to be cholesterol-dependent.
DHCR24 protects fibroblasts (mouse and rat) by translocating from its endogenous,
unstimulated location to interact with other proteins and inhibiting stress responses. In MEF,
transmembrane domain-deleted DHCR24 translocates from the ER into the cytoplasm
following H,0,-exposure where it scavenges ROS, consequently preventing apoptosis [140].
Wild type DHCR24 prevents apoptosis in MEF by inhibiting caspase-3 [140], while in rat
fasciculata cells, DHCR24 is cleaved by caspase-3 releasing the catalytic domain from the ER
membrane preventing apoptosis but also allowing it to translocate to the nucleus. This latter
study however did not investigate a role for this translocation subsequent to DHCR24’s
cleavage by caspase-3 [577]. DHCR24 also inhibits caspase-3 activation by serving as a caspase
substrate in neuroglioma H4 cells preventing apoptosis [421]. In rat embryonic fibroblasts,
DHCR24 translocates to the nucleus, following H,0, treatment. DHCR24’s nuclear translocation
in rat embryonic fibroblasts blocks degradation of the tumour suppressor p53 through
ubiquitination, leading to accumulation of its active form. p53 is an important tumour
suppressor gene which prevents cell proliferation under conditions of cellular stress. DHCR24
displaces E3 ubiquitin ligase Mdm2 from p53 allowing it to accumulate, which in turn enables it
to activate DNA repair enzymes, arrest the cell cycle at G1/S and enable DNA repair enzymes
to function [423]. These functions of caspase-3 interaction and p53 accumulation both require
DHCR24 to translocate to the nucleus. As a first step in exploring DHCR24’s multi-functional
role and potential interaction with other proteins in HCAECs, it was investigated if it changed

localisation following TNF-a-activation.
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To investigate the localisation of DHCR24 protein in HCAECs, in quiescent and TNF-a-activated
states, HCAECs were treated with PBS or TNF-a and imaged using immunocytochemistry.
Detecting DHCR24’s localisation and translocation using immunocytochemistry involved
treating cells with PBS (control) or TNF-a (1 ng/mL) for 5 hours. Endogenous DHCR24 levels
were below the detection sensitivity of the immunocytochemistry used (Figure 4.6 A), and so
apoA-| rHDL (16 uM/0.45 mg/mL, 16 hours) was used to increase DHCR24 levels in order to
observe DHCR24's localisation in unstressed HCAECs. Following treatment, cells were fixed on
slides and stained for immunocytochemistry as described in section 2.16 using rabbit anti-
DHCR24 monoclonal antibody (Cell Signalling Technology). Images of the slides were obtained

using a BH-2 microscope mounted with a camera.

Figure 4.6 (A) demonstrated that DHCR24 was below detection in HCAECs treated with PBS as
a control. However, following apoA-l rHDL pre-incubation for 16 hours DHCR24 levels (as
indicated by brown-coloured staining) increased in the cytoplasm (Figure 4.6 B). Moreover,
pre-incubation with apoA-I rHDL prior to subsequent TNF-a-activation for 5 hours stimulated
increased DHCR24 levels in the cytoplasm (Figure 4.6 C). Additionally, HCAECs treated with
only TNF-a for 5 hours showed a mild increase in cytoplasmic DHCR24 protein levels. The
increased DHCR24 levels in cells treated with TNF-a alone (Figure 4.6 D), were noticeably lower
than the levels induced by cells stimulated with apoA-I rHDL (Figure 4.6 B) or apoA-I rHDL with
TNF-a (Figure 4.6 C).

Immunocytochemistry showed that in HCAECs, DHCR24 is localised around the nucleus,
possibly on the ER, however this did not provide complete evidence for whether or not
DHCR24 was localised to the ER and whether it translocated to the nucleus following TNF-a.-
activation. Therefore fluorescent microscopy was used to further interrogate DHCR24’s

localisation using EGFP-tagged DHCR24 (DHCR24-EGFP) transfected HCAECs.

Using EGFP-tagged DHCR24 (pDHCR24-EGFP) transfected HCAECs, fluorescent microscopy was
used to investigate DHCR24’s localisation in HCAECs, in quiescent and TNF-a activated states.
DHCR24-EGFP transfectants were treated with PBS (control) or TNF-a (2.5 ng/mL) for 4 hours.
Following treatment, cells were subjected to fluorescent stains colouring the ER, nucleus, and
actin - GRP78 with Alexa Fluor 568 for the ER (red), Dapi for the nucleus (cyan), Phalloidin 647

for actin (purple) (section 2.16).
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Figure 4.7 shows that in HCAECs, DHCR24 localises to the ER under normal conditions while
Figure 4.8 shows that following TNF-a-activation, DHCR24 translocates from the ER throughout

the cell to the cytoplasm and nucleus.
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Figure 4.6 Localisation of DHCR24 protein in cultured non-transfected HCAECs by
immunocytochemistry staining. Non-transfected HCAECs treated with: (A) PBS for 24 hours;
(B) apoA-I rHDL at 16 uM (0.45 mg/mL) for 16 hours; (C) HCAECs pre-incubated with apoA-I|
rHDL (16 uM) for 16 hours, followed by stimulating with TNF-a at 1 ng/mL for 5 hours; and (D)
HCAECs stimulated only with TNF-a (1 ng/mL) for 5 hours. The presence of DHCR24 protein in
HCAECs was detected by rabbit anti-DHCR24 monoclonal antibody (Cell Signalling Technology).
The slides were stained by haematoxylin and eosin (H&E) with the nucleus stained purple and
the cytoplasm stained light blue. DHCR24 proteins (dark brown granules) as shown in B-D were
mostly localised in the cytoplasmic region. All images obtained using 20x magnification with a

BH-2 Olympus microscope.
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Figure 4.7 DHCR24 localises to the endoplasmic reticulum (ER) in HCAECs. HCAECs were

transfected with pDHCR24-EGFP plasmid were fixed with 4% (w/v) paraformaldehyde, and
stained with GRP78 with Alexa Fluor 568 for the ER (red), Phalloidin 647 for actin (purple), Dapi
for the nucleus (cyan). Images obtained using 60x magnification under oil immersion using a

Nikon Confocal microscope.
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Figure 4.8 DHCR24 translocates from the ER to the cytoplasm and nucleus following TNF-a-
activation in HCAECs. HCAECs were transfected with pDHCR24-EGFP plasmid and exposed to
TNF-o. (2.5 ng/mL) for 4 hours. HCAECs were fixed with 4% (w/v) paraformaldehyde, and
stained with GRP78 with Alexa Fluor 568 for the ER (red), Phalloidin 647 for actin (purple), Dapi
for the nucleus (cyan). Images obtained using 60x magnification under oil immersion using a

Nikon Confocal microscope.
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4.3.5. DHCR24 downregulates TNF-a-induced sXBP-1 and ATF-6 levels in HCAECs

The results in section 4.3.4 confirmed that DHCR24 is an ER-resident in HCAECs, however
despite this localisation, consistent with other cholesterol biosynthesis enzymes [582], DHCR24
overexpression does not significantly increase cholesterol levels (section 4.3.1). This result
indicated that DHCR24's protective effects against a TNF-a-induced inflammatory response in
HCAECs are not cholesterol-dependent. In tandem with the observation of DHCR24’s
localisation to the ER, the hypothesis that DHCR24 may interact with the ER suppressing TNF-
a-induced markers of ER stress, in turn facilitating reductions in the associated inflammatory
response [86] was formed. To investigate whether DHCR24 suppresses a TNF-a-induced ER
stress response and consequently suppresses the inflammatory response, HCAECs were
treated with the same conditions used to elicit the inflammatory response in section 4.3.3 (2.5
ng/mL, 4 hours). The DHCR24 oxidoreductase mutant (ORM) was also tested to investigate
whether DHCR24’s oxidoreductase site is required for protection against TNF-a-induced

increases in ER stress marker levels.

Figures 4.9, 4.10, and 4.12 show that as expected in HCAECs, TNF-a-activation leads to
significantly increased sXBP-1, XBP-1 and ATF-6 mRNA levels. pDHCR24 overexpression leads
to suppression of TNF-a-induced sXBP-1 and ATF-6 mRNA levels (Figure 4.9 and 4.12). The
ORM did not replicate wild type DHCR24’s ability to suppress TNF-a-induced levels of sXBP-1
(Figure 4.9).

There was no significant difference between the ORM and wild type DHCR24’s ability to
suppress TNF-a-induced levels of ATF-6 (Figure 4.12) although there was a trend of a reduced

suppressive effect exhibited by the ORM.

TNF-a-induced XBP-1 mRNA levels were not significantly suppressed by DHCR24 although a
downward trend was observed. The ORM did not follow this trend with a significantly higher
level of XBP-1 compared to wild type DHCR24 (Figure 4.10). TNF-a-activation at the
inflammatory conditions employed did not significantly increase ATF-4 levels although levels in
the TNF-a-activated ORM-transfectants were significantly increased compared to TNF-a-

activated wild type DHCR24 (Figure 4.11).
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Figure 4.9 pcDNA3.1A-DHCR24 (pDHCR24)-overexpression suppressed sXBP-1 mRNA levels in
TNF-a-activated HCAECs in comparison to pcDNA3.1A (pControl) and pDHCR24-
N294T/K306N (pN294T/K306N). HCAECs were transfected with pControl, pDHCR24, or
pPN294T/K306N plasmids before activation with 2.5 ng/mL TNF-a for 4 hours. Total RNA was
extracted and sXBP-1 mRNA levels were measured using RT-gPCR with GAPDH as a reference

gene. Data are shown as mean + SEM (n = 4) * P<0.05, ** P<0.01.
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Figure 4.10 pcDNA3.1A-DHCR24 (pDHCR24) and pDHCR24-N294T/K306N (pN294T/K306N)
did not suppress XBP-1 mRNA levels in TNF-a-activated HCAECs. XBP-1 mRNA levels were
significantly higher in pN294T/K306N cells in comparison to pDHCR24. HCAECs were
transfected with pControl, pDHCR24, or pN294T/K306N before activation with 2.5 ng/mL TNF-
a for 4 hours. Total RNA was extracted and XBP-1 mRNA levels were measured using RT-gPCR

with GAPDH as a reference gene. Data are shown as mean + SEM (n =4) * P<0.05.
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Figure 4.11 ATF-4 mRNA levels were not significantly increased in TNF-a-activated HCAECs.
ATF-4 mRNA levels were significantly higher in pDHCR24-N294T/K306N (pN294T/K306N) cells
in comparison to pcDNA3.1A-DHCR24. HCAECs were transfected with pcDNA3.1A (pControl),
pDHCR24, pN294T/K306N before activation with 2.5 ng/mL TNF-a for 4 hours. Total RNA was
extracted and XBP-1 mRNA levels were measured using RT-gPCR with GAPDH as a reference

gene. Data are shown as mean + SEM (n = 4) ** P<0.01.
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Figure 4.12 pDHCR24 suppressed ATF-6 mRNA levels in TNF-a-activated HCAECs.
Oxidoreductase mutant pDHCR24-N294T/K306N (pN294T/K306N) did not significantly
suppress ATF-6 mRNA levels. ATF-6 mRNA levels were not significantly suppressed in
pcDNA3.1A-DHCR24 (pDHCR24) cells in comparison to pN294T/K306N. HCAECs were
transfected with pcDNA3.1A (pControl), pDHCR24, or pN294T/K306N before activation with
2.5 ng/mL TNF-a for 4 hours. Total RNA was extracted and ATF-6 mRNA levels were measured
using RT-gPCR with GAPDH as a reference gene. Data are shown as mean * SEM (n = 4) *

P<0.05, ** P<0.01.
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4.4 Discussion

Elucidating the mechanisms through which DHCR24 elicits protection against a TNF-a-induced
inflammatory response in HCAECs is vital for the understanding of the protein and for the
development of potential downstream applications. In this chapter, DHCR24 was
demonstrated to suppress a TNF-a-induced inflammatory response as measured by ICAM-1
and VCAM-1 levels independent of cholesterol biosynthesis, but still through the enzyme’s
oxidoreductase site, and by attenuating mRNA levels of the ER stress markers sXBP-1 and ATF-
6 in HCAECs. This work also revealed that DHCR24 translocates from its endogenous
localisation of the endoplasmic reticulum freely throughout the cytoplasm and nucleus of

HCAECs following TNF-a-activation.

The most novel finding of this study was DHCR24’s ability to suppress a TNF-a-induced
inflammatory response independent of increased cholesterol levels. It was originally
hypothesised that DHCR24 overexpression would lead to increased cholesterol levels, as
DHCR24 is an integral cholesterol biosynthesis enzyme in all mammalian organisms [419, 434,
442, 443, 576] and because DHCR24 also facilitates anti-apoptotic activity in human
neuroblastoma SH-SY5Y cells (neuronal cells) [433, 438] through a cholesterol-dependent
mechanism. In neuroblastoma SH-SY5Y cells DHCR24 also increases cholesterol levels,
modulating amyloid beta (AB) peptide production and clearance, in addition to reducing pre-
fibrillar aggregates and neurotoxicity [433, 438]. Moreover, elevated cholesterol levels are the
mechanism through which DHCR24 reduces ER stress in neuroblastoma cells [469]. Conversely,
in W138-TERT fibroblasts and mouse embryonic fibroblasts (MEF) DHCR24 directly scavenges
ROS, preventing H,0,-induced apoptosis, independent of cholesterol biosynthesis [140, 423,
437]. The results presented in this study show that DHCR24-overexpression in HCAECs does
not increase cellular cholesterol levels. This may be in part attributed to the availability of
sterol precursors and cholesterol requirements of specific cell types [420, 433]. DHCR24 is also
not a rate-limiting enzyme, instead catalyses the conversion of desmosterol to cholesterol
[419]. Despite the significance of DHCR24’s cholesterol biosynthetic role, and published
reports of DHCR24 increasing cholesterol levels in response to cellular stress [433, 438, 469],
this was surprisingly not the mechanism through which DHCR24 suppresses a TNF-a-induced

inflammatory response in HCAECs.
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As DHCR24 was not shown to protect against a TNF-a-induced inflammatory response in
HCAECs through a cholesterol-dependent mechanism, other mechanisms were investigated.
DHCR24 is considered an endoplasmic reticulum (ER) resident protein [437, 581], and so it was
hypothesised that in HCAECs it may interact with the ER and consequently mediate reductions
in a TNF-a-induced inflammatory response through reductions in (TNF-a-induced)-ER stress
markers as ER stress also stimulates inflammation [86]. Further impetus to study this
mechanism comes from work reporting that DHCR24 facilitates reductions in tunicamycin-
induced ER stress-mediated apoptosis in MEF [469]. The results presented, show that DHCR24
suppresses the mRNA levels of the ER stress markers sXBP-1 and ATF-6 following TNF-a-
activation. It is worth noting that while ATF-4 mRNA levels were not significantly increased by
TNF-a-activation, an upward trend was observed. Further, there was a downward trend in this
marker evident in DHCR24-overexpressing HCAECs. TNF-a-activation increased XBP-1 mRNA
levels and revealed that DHCR24 overexpression did not significantly suppress the TNF-a-
induced increase but similar to DHCR24’s effect on ATF-4 mRNA levels, there was also a
downward trend. This lack of significant differences between control-transfectants and
DHCR24-overexpressing HCAECs may be attributed to low levels of XBP-1 and ATF-4 mRNA
levels, making detecting differences difficult. However, DHCR24-overexpression did lead to a
downward trend in each of the ER stress markers. Further as XBP-1 levels are under the control
of ATF-6 [583, 584] the suppressive effect of DHCR24 may be evident with a longer treatment
time as ATF-6 levels were significantly suppressed and XBP-1 levels exhibited a downward
trend. The cytokine treatment conditions selected for this work to induce increases in the ER
stress response were the same as those used to induce a TNF-a-driven inflammatory response.
Consequently, these results are associated with DHCR24 suppressing a TNF-a-induced
inflammatory response, at least in part, by suppressing TNF-a-induced sXBP-1 and ATF-6 mRNA
levels. Moreover, with the protective trends exhibited by DHCR24, future experiments solely
focusing on the ER stress response rather than the ER stress response as a mediator of the
inflammatory response, a greater role for DHCR24 against the ER stress response may be

elucidated.

Continuing the study of DHCR24’s interaction with the ER, DHCR24’s localisation before and
after TNF-a-activation in HCAECs was investigated using immunocytochemistry and
fluorescent microscopy. Interestingly, immunocytochemistry first revealed that DHCR24 levels
were low in unstressed HCAECs as DHCR24 was below detection level. However, following

TNF-a-activation DHCR24 levels were increased. This indicates that in HCAECs, TNF-a-



158

activation leads to an endogenous increase in DHCR24 levels but at these levels it is insufficient
to confer protection against TNF-a-activation. This is supported by Chapter 3’s results which
showed that DHCR24-overexpression was required to significantly suppress a TNF-a-induced
inflammatory response. Microscopy showed that pre-incubation of HCAECs with apoA-I rHDL
increased DHCR24’s protein levels replicating Chapter 3’s result, but also provided information
about localisation, showing that DHCR24 levels increase throughout the cytoplasm. As DHCR24
levels in untreated HCAECs were below detection level using immunocytochemistry,
fluorescence microscopy was used to show that DHCR24’s endogenous localisation was to the
ER, in keeping with observations in neuronal cells [421], adrenal cells [577] and fibroblasts
[140, 437]. DHCR24’s translocation from the ER to the cytoplasm and nucleus in TNF-a-
activated HCAECs was revealed by fluorescent microscopy and similar to DHCR24's effect in
other cell types [140, 423, 577]. DHCR24 translocates from the ER to the nucleus in rat
fasciculata cells but not in human fasciculata cells, in response to ACTH-induced ROS
production protecting against apoptosis [577] demonstrating the enzyme’s cell-specific
activity. In MEFs, DHCR24 scavenges H,0,-induced ROS while tethered to the ER. However
when a DHCR24-transmembrane mutant form of DHCR24 is formed it can also scavenge ROS in
the cytoplasm [437]. DHCR24 in MEF can also translocate when cleaved by caspase-3 at
DHCR24’s caspase cleavage motif sites, releasing it from the ER [140]. Additionally, DHCR24
serves as a caspase death substrate preventing apoptosis with caspase cleavage sites located
in its C-terminus [421]. DHCR24’s translocation from the ER to the nucleus may suggest activity
against apoptosis as seen in rat embryonic fibroblasts [423]. When DHCR24 translocates to the
nucleus in rat embryonic fibroblasts following H,0, treatment, it binds to p53, displacing E3
ubiquitin ligase Mdm2 from p53, allowing p53 to accumulate in cells in turn activating DNA
repair enzymes and inducing growth arrest by holding the cell cycle at G1/S to enable DNA
repair enzymes to function [423]. DHCR24’s movement into the cytoplasm may also indicate a
role against oxidative stress as reported in MEF cells, in which it directly scavenges

tunicamycin-induced H,0, via the enzyme’s N-terminal region [437].

The next potential mechanism for facilitating suppression of a TNF-a-induced inflammatory
response in HCAECs investigated, was the role of DHCR24’s oxidoreductase site. DHCR24's
oxidoreductase site is located in the enzyme’s N-terminal and considered its active site as it is
involved in the reducing the A24 bond of desmosterol to produce cholesterol [419]. In addition
to this cholesterol biosynthesis role, as mentioned in the previous paragraph, DHCR24’s

oxidoreductase site has been reported to elicit protection against tunicamycin-induced
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oxidative stress in MEF, directly serving as a ROS-scavenger preventing apoptosis, independent
of cholesterol biosynthesis [437]. Similarly in HCAECs, it was shown that DHCR24’s suppression
of a TNF-a-induced inflammatory response was dependent on its oxidoreductase site with
suppression of TNF-a-induced ER stress marker sXBP-1 mRNA levels being oxidoreductase site-
dependent. While in the previous section it was mentioned that DHCR24 did not significantly
suppress XBP-1 and ATF-4 mRNA levels, ORM-overexpression led to significant increases in
XBP-1 and ATF-4 levels in comparison to wild type DHCR24. Moreover, TNF-a-activation also
led to a trend of increased ATF-6 levels in ORM-transfectants vs wild type DHCR24. These
findings show that DHCR24 loses some of its protective ability when its oxidoreductase site is
not functional. Following TNF-a-activation, ATF-4 and XBP-1 mRNA levels were also
significantly higher in ORM-transfectants than in vector-control transfected HCAECs indicating
a loss of protection by DHCR24. This may be a consequence of DHCR24 being unable to
compete with the significantly increased ORM levels. Additionally, these ER stress marker
levels may also be higher in ORM-transfectants than in control-transfectants as DHCR24 may
not be scavenging superoxide due to the loss of the oxidoreductase site functioning in the
ORM-transfectants. This work provides support for the significance of DHCR24’s
oxidoreductase site, adding to the published work in MEF [140] and providing novel
information enhancing the understanding of DHCR24’s activity in HCAECs. The understanding
of DHCR24’s oxidoreductase site is particularly valuable for the development of potential
downstream therapeutic applications using mimetic forms of the enzyme to suppress

inflammation and/or ER stress.

In conclusion, DHCR24 has been shown to suppress TNF-a-induced inflammatory response
through suppression of the ER stress markers sXPB-1 and ATF-6 in HCAECs. This work also
shows that DHCR24 mediates this activity through its oxidoreductase site, however
independent of cholesterol synthesis activity. Endogenous levels of DHCR24 in unstressed
HCAECs were shown to be low and localised to the ER. Following TNF-a-activation, DHCR24
translocates to the cytoplasm and nucleus indicating potential roles in H,0,-scavenging and
the inhibition of apoptosis respectively. The elucidation of these mechanisms provides
valuable information about DHCR24’s activity in HCAECs, especially given the cell-specific
activity of the enzyme, and for the potential development of a DHCR24 mimetic for reducing
endothelial cell inflammation if DHCR24 is considered as a novel therapeutic avenue following

positive future studies.
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5.1 Introduction

Insulin resistance is a state in which the body is unable to effectively utilise insulin to control
circulating blood glucose levels. This is due to insufficient insulin secretion or the body’s
inadequate response to glucose levels. Initially, this insufficient response leads to the
compensatory measure of increased insulin secretion therefore resulting in high levels of
insulin within the body (hyperinsulinaemia). However, hyperinsulinaemia creates an
inflammatory environment [585] and is not able to be sustained [70, 586]. Following prolonged
hyperinsulinaemia, insulin-producing pancreatic B-cells become dysfunctional through a
combination of impaired insulin secretion and decreased [B-cell mass reducing insulin
production [66, 67, 587]. The resultant uncontrolled blood glucose levels or development of
insulin resistance leads to the characteristic feature of type 2 diabetes mellitus —
hyperglycaemia. Hyperglycaemia is deleterious as it damages tissues and organ systems
leading to various pathologies. For example, when endothelial cells that line blood vessels are
exposed to high levels of glucose this leads to elevated expression of cell adhesion molecules
(CAMs) such as intracellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1
(VCAM-1), and endothelial-selectin (E-selectin). The combination of these CAMs can lead to
the onset of atherosclerosis (as reviewed by [588]). Insulin resistance is therefore considered

an inflammatory disease [84].

Hepatic inflammation is one of the primary drivers of insulin resistance [60, 84]. Hepatic
inflammation is often caused by obesity precipitated by a sedentary lifestyle and consumption
of a high fat diet (HFD) [60, 589]. These factors are implicated in the aetiology of insulin
resistance as they increase circulating non-esterified/free fatty acid (FFA) levels which are
proinflammatory [84]. Adipose tissue has a role in storing FFAs and triglycerides. However,
adipocytes reach a threshold for lipid storage and then lose their FFA uptake capacity. The
adipocytes consequently become proinflammatory, releasing FFAs and inflammatory
mediators such as TNF-a, IL-6, CRP, IL-8, SAA, and IL-1 [132, 481-486, 590-595]. Consequently,
the inhibited FFA storage capacity/activity of the adipocytes leads to increased levels of FFAs,
glucose, and proinflammatory mediators in the circulation and in other tissues as they attempt
to compensate for the dysfunctional adipose tissue. Liver tissue is one of the FFA storage sites
that serve this compensatory role, however, the liver can also become oversaturated with FFA

and become inflamed [60, 596].
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Hepatic inflammation directly drives insulin resistance pathogenesis through activation of the
canonical 1kB kinase (IKK)/nuclear factor kappa B (NFkB) signalling pathway [60, 61, 84]. Fat-
fed C57BL/6 mice exhibiting raised levels of circulating FFAs, triglycerides, and significantly
increased hepatic NFkB activation develop insulin resistance [60]. Further NFkB activation
alone (normal chow diet) results in insulin resistance development in these mice [60]. Chronic
IKK activity as an aetiological factor for insulin resistance is further supported by the discovery
that attenuation of IKK-B activity leads to improved insulin sensitivity — heterozygous IKK-B
knockout mice that were fed a HFD showed lower fasting glucose and insulin levels in addition
to reduced FFA levels in comparison to IKK-B positive mice littermates [60, 61]. This helps
provide a strong link between hepatic inflammation and the onset of insulin resistance [60, 61,

84].

Our laboratory has demonstrated that HDL improves insulin sensitivity in HFD-fed mice, and
also reduces TNF-a-induced NFkB activation in HuH7 cells [406]. C57BL/6 mice fed a HFD for
16 weeks to induce insulin resistance, were administered saline or lipid-free apoA-l as a
component of reconstituted rHDL for the final 2 or 4 weeks during the HFD regime. Following
both the 2 and 4 week apoA-| treatment periods, insulin sensitivity was improved as evidenced
by a reduced homeostatic model assessment for insulin resistance (HOMA-IR) score and
reduction in associated NFkB-regulated [597, 598] systemic and hepatic inflammatory
markers, namely IL-6, TNF-a, IFN-y, IL-1B, and serum amyloid Al (SAA-1) [406] — all known
drivers of insulin resistance [599]. In TNF-a-activated HuH7 cells, treatment with apoA-I rHDL
also suppressed NFkB levels [406]. Similar to HDL’s relationship with cardiovascular disease,
low levels of HDL are independently related to increased risk of insulin resistance and type 2
diabetes development [600-603], although HDL is not currently used therapeutically for insulin
resistance. Further, HDL's apoA-I component is glycated under the hyperglycaemic conditions
associated with insulin resistance and type 2 diabetes proportional to blood glucose
concentrations, thereby reducing its efficacy [604-606]. Instead of HDL, there are a number of

other therapeutics used to treat the disease including salicylates, incretins, and metformin.

Salicylates have long been observed to reduce hyperglycaemia [607] and have been used for
the treatment of insulin resistance [274, 608, 609], improving insulin sensitivity while also
reducing cardiovascular risk factors [275]. Salicylates suppress inflammation by inhibiting the
canonical IKK/NFkB signalling pathway [280]. In the context of insulin resistance, salicylates

reduce hepatic inflammation by inhibiting the NFkB signalling pathway, which is directly
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implicated in the pathogenesis of insulin resistance [60, 61, 84]. However, while salicylate
treatment has been extensively proven to facilitate improvements in insulin resistance [60, 62,
274, 287, 610], its use is associated with adverse effects. The main adverse effects include
gastrointestinal (GIT) discomfort [611], which in some patients renders its use intolerable or
necessitates reduced dosage, particularly after long term usage as it is associated with a
significant increase in the incidence of gastrointestinal haemorrhage [612]; Hepatotoxicity is
the other main adverse effect associated with salicylate use, especially at higher doses [287,

613].

Incretins are post-prandially released enteroendocrine hormones secreted from the GIT into
the bloodstream by K and L cells [614, 615] which increase insulin secretion by activating B-
cells in a dose-response glucose-dependent manner. Glucagon-like peptide 1 (GLP-1) and
glucose-dependent insulinotropic polypeptide (GIP) are classified as incretins and are targeted
to improve insulin sensitivity. An example of a GLP-1R agonist mimetic is exenatide/exendin-4.
From in vivo work, in addition to the aforementioned effects, exendin-4 is also able to increase
B-cell proliferation and islet mass, prevent B-cell apoptosis, enhance islet neogenesis, and
together improve insulin secretion [318, 319, 616]. However, incretins have been noted to
cause GIT discomfort as a side effect of the drug’s mechanism of action which involves
inhibition of gastric emptying, making their administration unsuitable for some patients [327].
The use of incretin mimetics such as exendin-4, also leads to the induction of anti-exenatide
antibodies, which leads to reduced efficacy of the drug in patients who develop a high
antibody titre [617]. An analysis of data from the FDA adverse event reporting system
database alarmingly revealed that administration of exenatide also significantly causes and
enhances the severity of pancreatitis, and significantly increases the incidence of pancreatic
cancer compared to use of control drugs [328]. However, the specific mechanisms of action
and adverse effects of various incretin compounds differ. For example long-acting acting GLP-1
receptor agonists exhibit stronger effects on fasting glucose levels mediated by their
insulinotropic and glucagonostatic actions, while short-acting forms elicit postprandial blood
glucose-lowering predominately by inhibiting gastric emptying. Work to personalise incretin-
based therapeutics for treatment of insulin resistance and type 2 diabetes mellitus is ongoing

[618].

Metformin is the main drug used to manage T2D and hyperglycaemia, and belongs to the
biguanide class of drugs [619, 620]. Metformin reduces insulin resistance by suppressing

hepatic glucose production [331], increasing intestinal glucose use, decreasing fatty-acid
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oxidation, and increasing insulin-mediated glucose disposal [349-351]. Metformin also
increases AMP-activated protein kinase (AMPK) activity, which limits hepatic fatty acid
synthesis through inhibition of acetyl-CoA carboxylase 1 and 2 (ACC1 and ACC2) [348], by
increasing AMP levels and preventing mitochondrial respiration [346]. Use of metformin also
increases HDL levels [621] and improves glycation impaired-HDL-mediated cholesterol efflux
by inhibiting advanced glycation end products [352]. However, as with incretins and salicylates,
metformin can cause GIT discomfort, leading to limited dosage or discontinuation of the drug
[622]. The primary concern with metformin administration is the development of lactic
acidosis in those with impaired renal function as metformin’s inhibition of hepatic
mitochondrial respiration increases plasma lactate levels (as reviewed by [380]). As a result of
this risk, metformin is associated with a number of contraindications including renal
impairment, coronary artery diseases, respiratory diseases, hepatic diseases, old age, use of
contrast media, and surgery [351, 623]. However, metformin remains a frontline therapy for
the treatment of insulin resistance and T2D [620], with its effects on blood glucose-lowering
being strong and its positive effects on HDL levels and function also being particularly valuable

[620].

Currently, despite HDL's ability to improve insulin sensitivity in vivo, and its suppression of
TNF-a-induced inflammatory markers in cultured hepatocytes [406], it is not used
therapeutically, although it is in development. New approaches are required to treat insulin
resistance to provide more therapeutic avenues for a variety of patients. The previous
chapters demonstrated that apoA-I rHDL increases DHCR24 levels and that DHCR24 suppresses
a TNF-a-induced inflammatory response in HCAECs. In this work it was hypothesised that

apoA-I rHDL incubation of HuH7 cells would increase DHCR24 levels.

Additionally to date, there has been no published research on DHCR24’s potential role in
mediating protection or in mimicking HDL's protective role against a TNF-a-induced
inflammatory response in hepatocytes. The work in Chapters 3 and 4, have provided impetus
into investigation of DHCR24 in other cell types after demonstrating the enzyme’s ability to
suppress a TNF-a-induced inflammatory response in HCAECs. To investigate this link, the FFAs
(oleic, palmitic, stearic fatty acids) at lipid loading conditions (3:1:1) in combination with TNF-a
or a cytokine cocktail (TNF-a, IFN-y, IL-1B) were used to increase IL-8 (CXCL8) mRNA levels in
HuH7 cells. The inflammatory marker IL-8 was investigated in this work as it is an inflammatory
mediator which is increased in obese [481], insulin resistant, and diabetic patients [624, 625],

as well as in hepatocytes in vitro following TNF-a-activation [626]. The aim of this work was to
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determine whether apoA-l rHDL increases DHCR24 mRNA levels in HuH7 cells. Silencing
experiments were conducted to ascertain whether DHCR24 is involved in the protective effect
of apoA-lI rHDL against a TNF-a-induced inflammatory response in HuH7 cells. DHCR24
overexpression was also investigated to see if it protected against a TNF-a-induced
inflammatory response. The overall aim was to determine if DHCR24 replicates HDL's

protective effects in HUH7 cells.
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5.2 Methods

5.2.1 Cell culture

HuH7 cells were cultured in Dulbecco’s minimum essential medium (DMEM) (Sigma-Aldrich)
supplemented with 10% (v/v) Fetal Bovine Serum (FBS) (Sigma-Aldrich) at 37 °C in a 5% CO,

incubator (section 2.1.1).

For the experiments determining whether apoA-lI rHDL pre-incubation increases DHCR24
MRNA levels, HuH7 cells were seeded in 6-well plates at a cell density of 1.5x10° cells/mL

(section 2.1) and grown 24 hours prior to treatment with apoA-I rHDL (section 5.2.3).

To elucidate whether DHCR24 mediates the protective effect of HDL against a TNF-a-induced
inflammatory response, HuH7 cells were cultured as described in section 2.1, seeded in 12-well
plates at a cell density of 1.5x10° cells/mL and grown 24 hours to 80% confluency prior to
transient transfection with siRNA according to the manufacturer’s protocol (section 5.2.4) and

FFA/cytokine treatment (section 2.6.2.5).

For the experiments determining whether DHCR24 overexpression replicates the suppressive
effect of apoA-l rHDL, HuH7 cells were seeded in 12-well plates at a cell density of 1.5x10°
cells/mL and grown 24 hours prior to treatment to 80% confluency. Following a 24-hour
transfection period, the transfection culture medium was replaced with fresh culture medium.
The cells were then allowed to recover for a further 24 hours to increase DHCR24 expression,

before total RNA were isolated and RT-gPCR performed (sections 2.10 — 2.14).

5.2.2 ApoA-l isolation method

Using pooled samples of autologously donated human plasma (Gribbles Pathology) ApoA-I was
isolated and purified through sequential isopycnic ultracentrifugation (Beckman Coulter), and

anion exchange chromatography as described by [627].
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5.2.3 ApoA-I rHDL pre-incubation

HuH7 cells were incubated for 16 hours with 0.45 mg/uL apoA-I rHDL (half-physiological
concentration) before cell treatment (section 5.2.6). Phosphate buffered saline (PBS) was used

as the vehicle control.

5.2.4 DHCR24 knockdown in HuH7 cells

After seeding HuH7 cells at a cell density of 1.5x10° cells/mL into tissue culture plates in DMEM
+ 10% (v/v) FBS (section 2.1.2), DHCR24 knockdown was performed using siControl/siDHCR24
(Santa Cruz) and HiPerfect transfection reagents (Qiagen) (Table 5.1) according to the

manufacturer’s instructions (Qiagen) as described in section 2.4.2.

Table 5.1 siDHCR24 in HuH7 cells using HiPerfect Transfection Reagent

Components Amount in 1 mL of growth medium
siControl/siDHCR24 20 L

Serum-free DMEM 80 pL

HiPerfect 9 uL

Total transfection volume 109 pL

5.2.5 Transient transfection using TransPass HUVEC Transfection Reagent

HuH7 cells were seeded at a cell density of 1.5x10° cells/mL in Dulbecco’s minimum essential
medium (DMEM) (Sigma-Aldrich) supplemented with 10% (v/v) Fetal Bovine Serum (FBS)
(Sigma-Aldrich) (section 2.1.2). According to the manufacturer’s protocol (New England
Biolabs), HuUH7 cells were transiently transfected with pDHCR24 (inserted into pcDNA3.1A) or
pControl (empty pcDNA3.1A) expression vectors using TransPass HUVEC Transfection Reagent
(New England Biolabs) as described in section 2.4.1. Following a 24-hour incubation period, the

culture medium was changed and the cells were allowed to recover for a further 24 hours.
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5.2.6 ELISA

HuH7 cells were cultured in 96-well plates (1.5x10° cells/mL) and transfected with pcDNA3.1A
(pControl) or pcDNA3.1A-DHCR24 (pDHCR24) as described in section 2.1. Following
transfection, the transfectants were left for 24 hours before the cells were treated with TNF-a
(5 ng/mL, 4 hours). Following TNF-a-activation, supernatant was collected, and IL-8 protein
levels were measured according to the manufacturer’s protocol (Life Technologies)) using

ELISA as described in section 2.8.
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5.2.7 Real Time PCR

Total RNA was extracted from HuH7 cells using PureZol (Bio-Rad) and normalised to 200 ng/uL
normalised using a UV spectrophotometer at 260/280nm (Nanodrop 1000, Thermo Scientific).
Normalised mRNA was reverse transcribed into cDNA using iScript cDNA Synthesis Kit (Bio-
Rad). iQ SYBR Green | supermix (Bio-Rad) was used to amplify RT-PCR in a Bio-Rad iQ5
thermocycler. Relative changes in mRNA levels were determined by the AAC; method [478],
using P2-microglobulin (B2M) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

MRNA levels as reference genes. Primer pair sequences are listed in Table 5.2.

Table 5.2. Primer sequences

Primer Forward/Reverse Primer Sequence
primer

Human DHCR24 F 5’-CTCGCCGCTCTCGCTTATC-3’
R 5’-GTCTTGGCTACCCTGCTCCTTCC-3’

Glyceraldehyde-3- F 5’-CCAATCACTTCCGACCTGCTG-3’

phosphate R 5’-GCTTTGTATCCCTGCCCTGAG-3’

dehydrogenase (GAPDH)

Beta-2 Microglobulin F 5’-CATCCAGCGTACTCCAAAGA-3’
(B2m) R 5’-GACAAGTCTGAATGCTCCAC-3’
Interleukin 8 (IL-8) F 5-CAGCTCTGTGTGAAGGTGCAGTTT-3’

R 5 -GTTGGCGCAGTGTGGTCCACTC-3’
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5.2.8 Statistical analysis

Data are expressed as mean + SEM. Direct comparisons between two treatments were
performed using unpaired t-test, while significant differences between multiple treatments
were determined by one-way ANOVA with Sidak’s post hoc test analysis. GraphPad Prism 6.0
was used for analysis. Significance was set at P<0.05. To show the effect size, P values lower

than P <0.05 were specified.
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5.3 Results

5.3.1 ApoA-I rHDL increases DHCR24 mRNA levels in HuH7 cells

Previously, our laboratory demonstrated that HDL improves insulin sensitivity in mice in
addition to inhibiting a TNF-a-induced inflammatory response in HuH7 cells [406]. In Chapter 3
it was shown that incubation with apoA-I rHDL significantly increases DHCR24 levels and that
DHCR24 mediates at least in part, the protective effect of apoA-I rHDL against a TNF-a-induced
inflammatory response in HCAECs. The following series of experiments aimed to determine
whether DHCR24 replicates this effect in HuH7 cells, and mediates HDL's suppression of a TNF-
a-induced inflammatory response through apoA-I rHDL-mediated increases in DHCR24 mRNA
levels. First, to investigate whether apoA-I rHDL increases DHCR24 mRNA levels in HuH7 cells,
cells were treated with apoA-I rHDL (16 uM/0.45 mg/mL) for 16 hours prior to analysis by RT-
gPCR. Figure 5.1 shows an increase of DHCR24 mRNA levels following apoA-I rHDL treatment
(P<0.005).
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Figure 5.1 DHCR24 mRNA levels are increased in HuH7 cells following 16 hour apoA-I rHDL
treatment. HuH7 cells were treated with 16 pumol/L (0.45mg/mL) apoA-I rHDL for 16 hours
compared to a PBS control. After treatment, total RNA was isolated and RT-qPCR used to
measure DHCR24 mRNA levels using B2M as a reference gene. Data are shown as mean + SEM

(n=3) **P<0.01.
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5.3.2 Transient transfection with siDHCR24 reduces DHCR24 mRNA levels in HuH7
cells

Section 5.3.1 showed that incubation of HuH7 cells with apoA-I rHDL significantly increased
DHCR24 levels. For the next experiments, it was investigated whether apoA-lI rHDL’s
suppressive effect against TNF-a-activation in HuH7 cells was a DHCR24-mediated process. To
determine whether DHCR24 mediates apoA-l rHDL’s effect of attenuating a TNF-a-induced
inflammatory response, HuH7 cells were first transfected using HiPerfect transfection reagents
(Qiagen), with siDHCR24 to reduce DHCR24 mRNA levels, and with siControl serving as a

control.

The RT-gPCR results shown in Figure 5.2 confirm that transfection using siDHCR24 significantly

reduced DHCR24 mRNA levels compared to the siRNA scrambled sequence vector control.
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Figure 5.2 DHCR24 mRNA levels are decreased following transfection with siRNA against
DHCR24. HuH7 cells were transfected with siControl or sibHCR24. Total RNA was isolated and
using RT-gPCR DHCR24 mRNA levels were measured with B2M as a reference gene. Data are
shown as mean + SEM (n = 3) **** p<0.0001.
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5.3.3 TNF-a-activation reduces DHCR24 mRNA levels in HuH7 cells

To determine whether the reduction of DHCR24 mRNA levels achieved in section 5.3.2 was
similar to the effect of TNF-a-induced inflammatory activation in HuH7 cells, the effect of TNF-
a-activation was analysed. HuH7 cells were treated with TNF-a (5 ng/mL) for 4 hours. Figure
5.3 indicates that DHCR24 mRNA levels in HuH7 cells were reduced compared to control

following TNF-a-activation.
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Figure 5.3 DHCR24 mRNA levels are decreased in TNF-a-activated HuH7 cells. HuH7 cells
were transfected with pcDNA3.1A-DHCR24 and then activated with 5 ng/mL TNF-a for 4 hours.
DHCR24 mRNA levels were measured using RT-qPCR with B2M as a reference gene. Data are

shown as mean + SEM (n = 3) ** P<0.01.
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5.3.4 The suppressive effect of apoA-I rHDL against TNF-a-induced IL-8 mRNA levels
in HuH?7 cells is lost when DHCR24 is knocked down

The inflammatory marker IL-8 was investigated in this study as it is an inflammatory mediator
which is increased in obese [481, 483, 486], insulin resistant, and diabetic patients [482, 624,
625]. In this work with HuH7 cells, and previously in human umbilical vein endothelial cells,
HDL has been demonstrated to suppress TNF-a-induced IL-8 levels [628]. As apoA-lI rHDL
incubation of HuH7 cells was demonstrated to significantly increase DHCR24 levels, it was
investigated whether apoA-I rHDL's suppressive effect against TNF-a-activation in HuH7 cells
was a DHCR24-mediated process. To determine this, HuH7 cells were transfected with
siDHCR24 to reduce DHCR24 mRNA levels, and siControl serving as a control, prior to
treatment with cytokine cocktail/FFA or TNF-o/FFA compared to treated controls pre-

incubated with apoA-I rHDL.

Results in Figures 54 A and 5.5 A show that inflammatory activation using cytokine
cocktail/FFA or TNF-a/FFA treatments increased IL-8 mRNA levels. Figure 5.4 A shows that the
cytokine cocktail/FFA treatment significantly increases IL-8 mRNA levels and that apoA-I pre-
incubation significantly suppresses TNF-a-induced IL-8 mRNA levels in siControl-transfected
HuH7 cells. Figure 5.5 A demonstrates that activation with TNF-a/FFA raises IL-8 mRNA levels

and that apoA-I rHDL pre-incubation suppresses IL-8 mRNA levels siControl HuH7 cells.

The effect of apoA-l rHDL attenuating IL-8 mRNA levels following FFA/cytokine-activation is
abrogated in siDHCR24 HuH7 cells. Figure 5.4 B shows that in HuH7 cells pre-incubated with
apoA-I rHDL and treated with cytokine cocktail/FFA, IL-8 mRNA levels in siDHCR24-transfected
HuH7 cells are significantly increased compared to siControl-transfected HuH7 cells. Figure 5.5
B shows that in HuH7 cells pre-incubated with apoA-I rHDL and treated with TNF-o/FFA, IL-8
MRNA levels in siDHCR24-transfected HuH7 cells are significantly increased compared to

siControl-transfected HuH7 cells.
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Figure 5.4 The suppressive effect of apoA-I rHDL against cytokine cocktail/FFA treatment-
induced IL-8 mRNA levels in HuH7 cells is lost when DHCR24 is knocked down (A) IL-8 mRNA
levels are suppressed by apoA-I rHDL 16-hour pre-incubation following cytokine cocktail /FFA
treatment in siControl HuH7 cells (B) IL-8 mRNA levels are increased following cytokine
treatment in apoA-l rHDL 16-hour pre-incubated siDHCR24 HuH7 cells. HuH7 cells were
transfected with siControl and siDHCR24 then treated with cytokine cocktail/FFA or apoA-I
rHDL/cytokine cocktail/FFA. Total RNA was extracted and IL-8 mRNA levels were measured
using RT-gPCR with GAPDH as a reference gene. Data are shown as mean + SEM (n = 6) **

P<0.01, **** P<0.0001.
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Figure 5.5 The suppressive effect of apoA-l rHDL against TNF-o/FFA treatment-induced IL-8
mRNA levels in HuH7 cells is lost when DHCR24 is knocked down (A) IL-8 mRNA levels are
suppressed by apoA-I rHDL 16-hour pre-incubation following TNF-a/FFA treatment in siControl
HuH7 cells (B) IL-8 mRNA levels are not decreased by apoA-l rHDL 16-hour pre-incubation
following TNF-o/FFA treatment in siDHCR24 HuH7 cells. HuH7 cells were transfected with
siControl and treated TNF-a,/FFA or apoA-l rHDL/TNF-a,/FFA. Total RNA was extracted and IL-8
mRNA levels were measured using RT-qPCR with GAPDH as a reference gene. Data are shown

as mean + SEM (n = 6) * P<0.05, **** P<0.0001.
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5.3.5 Transient transfection of pcDNA3.1A-DHCR24 increases DHCR24 levels in
HuH?7 cells

In order to determine whether DHCR24-overexpression mimics HDL’s ability to suppress TNF-
a-induced IL-8 mRNA levels in HuH7 cells, DHCR24 levels were first increased using transient
transfection. To confirm that transient transfection of pcDNA3.1A-DHCR24 increased DHCR24
levels in HuH7 cells, cultured HuH7 cells were transfected with pcDNA3.1A (pControl) or
pcDNA3.1A-DHCR24 (pDHCR24) expression vectors using TransPass V reagent (New England
Biolabs) with the optimised conditions described in section 2.4.1. pcDNA3.1A vector was the
vehicle control for transfection because DHCR24 was cloned into pcDNA3.1A vector for
overexpression analysis. Following transfection, cells were left for 24-hours prior to extraction

of total RNA and subsequent analysis of DHCR24 mRNA levels by real-time RT-qPCR.

From the RT-gPCR results shown in Figure 5.6, transfection using TransPass V was successful

with DHCR24 mRNA levels significantly increased compared to the vector control.
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Figure 5.6 Transient transfection of HuH7 cells with pcDNA3.1A-DHCR24 successfully
increased DHCR24 levels. HuH7 cells were transfected with pcDNA3.1A or pcDNA3.1A-DHCR24
for 24 hours. Total RNA was isolated and RT-gPCR used to measure DHCR24 mRNA levels with

B2M as a reference gene. Data are shown as mean + SEM (n = 3) **** p<0.0001.
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5.3.6 Increased DHCR24 suppresses TNF-a-activated IL-8 levels in HuH7 cells

In the next experiments, it was hypothesised that increasing DHCR24 levels would mimic apoA-
| rHDL’s effect of suppressing TNF-a-induced 1I-8 expression. HuH7 cells were transfected with
pcDNA3.1A (pControl) or pcDNA3.1A-DHCR24 (pDHCR24) for 24 hours prior to TNF-a (5 ng/mL)
treatment for 4 hours. IL-8 protein levels were measured using ELISA. TNF-a treatment
increased IL-8 protein levels compared to vehicle control (P<0.0001), a result that was

abrogated in pDHCR24-transfected HuH7 cells (P<0.01) (Figure 5.7).

It was next assessed whether increased DHCR24 levels also suppressed TNF-a-induced IL-8
mRNA levels, mimicking apoA-I rHDL's effect at the level of gene transcription. HUH7 cells were
transfected with pcDNA3.1A vector (pControl) or pcDNA3.1A-DHCR24 prior to TNF-a (5 ng/mL)
treatment for 4 hours. IL-8 mRNA levels were measured using RT-qgPCR with B2M as a
reference gene. TNF-a treatment increased IL-8 mRNA levels compared to vehicle control
(P<0.0001), and HuH7 cells transfected with pcDNA3.1A-DHCR24 demonstrated suppressed IL-
8 mMRNA levels compared to TNF-a-activated pcDNA3.1A vector HCAECs (P<0.01) (Figure 5.8).



185

%k
150 4 * ok 5k %k
D =
— O 100 -
&
30
o ©
o X 50
m "
-
0-
TNF-a - + +
pControl + + -
pDHCR24 - - +

Figure 5.7 DHCR24-overexpression suppressed TNF-a-activated IL-8 protein levels in HuH7
cells. HuH7 cells were transfected with pcDNA3.1A (pControl) or pcDNA3.1A-DHCR24
(pDHCR24) before activation with 5 ng/mL TNF-a for 4 hours. IL-8 protein levels were

measured using the ELISA. Data are shown as mean £ SEM (n = 3) ** P<0.01, **** P<0.0001.
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Figure 5.8 DHCR24-overexpression reduced IL-8 mRNA levels in TNF-a-activated HuH7 cells.
HuH7 cells were transfected with pcDNA3.1A (pControl) or pcDNA3.1A-DHCR24 (pDHCR24)
before activation with 5 ng/mL TNF-a for 4 hours. IL-8 mRNA levels were measured using RT-
gPCR with B2M as a reference gene. Data are shown as mean + SEM (n = 3) ** P<0.01, ****

P<0.0001.
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5.4 Discussion

The work in this chapter demonstrates the novel discovery that half physiological
concentration of apoA-I rHDL increases DHCR24 levels in HuH7 cells. It was also revealed that
DHCR24 mediates, at least in part, apoA-lI rHDL’s suppression of FFA/cytokine-induced IL-8
mRNA levels. Moreover, this study provides proof-of-principal that DHCR24 mimics HDL’s
effect of suppressing FFA/cytokine-induced IL-8 mRNA levels. HDL has been reported to
improve insulin sensitivity and reduce hepatic NFkB levels [406] providing impetus into
investigating the ability of DHCR24 to replicate the effects of HDL in HuH7 cells. Further the
results in Chapters 3 and 4, which showed that DHCR24 is increased by HDL and that DHCR24
mediates HDL's protective effects against a TNF-a-induced inflammatory response in HCAECs,

also stimulated investigation of DHCR24's effect in HuUH7 cells.

The effect of apoA-I rHDL treatment on DHCR24 mRNA levels in HuH7 cells was investigated
first, elucidating whether HDL increases DHCR24 levels. The data obtained from this study
showed that treatment with 0.45 mg/mL (half physiological concentration) apoA-I rHDL for 16
hours produced significant increases in DHCR24 mRNA levels in HuH7 cells (Figure 6.1). The
effect of apoA-I rHDL treatment on DHCR24 mRNA levels was investigated in HuH7 cells as our
laboratory’s previous work showed that HDL treatment in HFD-fed mice improves insulin
sensitivity (as demonstrated by glucose tolerance test and HOMA-IR) [406]. The result of
increased DHCR24 mRNA levels following apoA-l rHDL treatment in HuH7 cells is also
consistent with the effect of HDL on DHCR24 levels in HCAECs presented in Chapter 3. This
result of increased DHCR24 levels by apoA-I rHDL treatment in HuH7 cells led to the hypothesis
that DHCR24 may be mediating the suppressive effect of apoA-I rHDL in HuH7 cells against the

cytokine-induced inflammatory response.

The next experiment led on from the result that apoA-I rHDL increases DHCR24 mRNA levels in
HuH7 cells and our laboratory’s previous work which determined HDL treatment in HFD-fed
mice improves insulin sensitivity [406]. To assess whether DHCR24 mediates regulation of the
cytokine-induced inflammatory response, IL-8 mRNA levels were stimulated in HuH7 cells using
oleic, palmitic and stearic fatty acids at physiological lipid loading concentrations (3:1:1), and
the cytokines TNF-a, IL-1B, and IFN-y using previously optimised treatment conditions. The
FFAs and cytokines utilised in this work were selected to replicate the inflammatory conditions

associated with insulin resistance. The FFA used directly induce inflammation leading to insulin
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resistance [591, 592]. Reductions in fatty acids and adipose load are also known to improve
insulin sensitivity in humans [629, 630], and reduce associated proinflammatory cytokine levels
[629-631]. Measurement of IL-8 mRNA levels was selected in this work as it is strongly
associated with insulin resistance, diabetes [625], and adiposity [481, 632]. Further, IL-8 levels
are reported to be stimulated in hepatocytes in vitro in response to inflammatory activation
[626]. A silencing experiment was carried out to identify if DHCR24 is involved in the effect of
apoA-| rHDL to suppress cytokine-induced IL-8 mRNA levels in hepatocytes. Using an siRNA
approach in HuH7 cells, it was shown for the first time that DHCR24 mediates at least in part,
suppressive effect of apoA-I rHDL against cytokine-induced IL-8 mRNA levels. While complete
DHCR24 silencing was not achieved in these experiments, at the level of DHCR24 reduction
achieved (46.7% reduction, P<0.0001), the change was sufficient to demonstrate dramatic
effects showing that the IL-8 mRNA regulatory role of apoA-I rHDL is at least in part, DHCR24-
mediated. Furthermore, the DHCR24 mRNA level decrease achieved using siRNA was also
greater than the level of DHCR24 reduction caused by the TNF-a treatment conditions used in
these experiments, which significantly increase IL-8 mRNA levels. As a future direction it would
be valuable to observe if complete DHCR24 silencing would further augment cytokine-induced
IL-8 mRNA levels. However, these results demonstrate that small although significant,
decreases in DHCR24 mRNA levels elicit strong effects on cytokine-induced IL-8 mRNA levels,

abrogating apoA-I rHDL’s IL-8 mRNA regulatory effect.

Following on from the observation that DHCR24 contributes to the suppressive effect of apoA-I
rHDL on cytokine-induced IL-8 mRNA levels, the effect of DHCR24 overexpression on the
cytokine-induced inflammatory response was investigated. DHCR24 overexpression in HuH7
cells showed that DHCR24 can mimic the suppressive effect of apoA-I rHDL on the cytokine-
induced inflammatory response. This protective effect of DHCR24 is in keeping with DHCR24's
effect in HCAECs reported in Chapter 3, and further provides proof-of-principle that DHCR24
suppresses the cytokine-induced inflammatory response in HuH7 cells, indicating a potentially

protective role of DHCR24 in hepatocytes.

Interestingly, while DHCR24 overexpression is able to suppress the cytokine-induced
inflammatory response, incrementally increasing or restoring DHCR24 mRNA levels back to
physiological values, rather than overexpressing DHCR24, may be sufficient to significantly
suppress IL-8 mRNA levels in activated HuH7 cells. The results presented show that HuH7 cell
DHCR24 levels are reduced approximately 20% when activated with TNF-a, and that using this

treatment condition, TNF-a significantly increases IL-8 mRNA levels. Further, while TNF-a
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treatment decreased DHCR24 mRNA levels, DHCR24 mRNA levels were augmented by apoA-I
rHDL incubation by approximately 2-fold. At the half physiological concentrations of apoA-|
rHDL used in this experiment, the 2-fold DHCR24 mRNA level increase was sufficient to
significantly decrease cytokine-induced IL-8 mRNA levels as demonstrated in the siRNA
experiments. Using siRNA against DHCR24, the suppression mediated by apoA-I rHDL against
cytokine-induced IL-8 mRNA levels was lost even when DHCR24 mRNA levels were reduced by
only approximately 50%. Together this shows that restoring or incrementally increasing
DHCR24 levels (using apoA-I rHDL) is sufficient to significantly attenuate cytokine-induced IL-8
MRNA levels in HuH7 cells.

Restoring or incrementally increasing DHCR24 levels in the liver would be particularly valuable
as a potential therapeutic avenue for hepatic inflammation or insulin resistance, as DHCR24-
overexpression has been associated with (hepatitis C virus-associated) hepatic tumour
development [462, 633, 634]. The approach for treating hepatic inflammation to attenuate
inflammation and potentially improve insulin sensitivity would therefore be to restore normal
physiological DHCR24 levels rather than to create potentially pathological overexpression. This
would eliminate concerns associated with the formation of hepatic tumours which occurs at
supra-physiological DHCR24 levels [462, 633]. As the results presented indicate, small
increases in DHCR24 mRNA levels significantly suppressed cytokine-induced IL-8 mRNA levels.
As a future direction it would also be valuable to determine to what extent DHCR24 levels in
the livers of insulin resistant patients are decreased comparing them to the in vitro DHCR24
mMRNA reductions in HuH7 cells presented in this work and to provide data to ascertain the
extent DHCR24 levels would need to be increased to restore DHCR24 to a normal physiological

range in humans.

As mentioned previously, TNF-a significantly contributes to the pathogenesis of insulin
resistance increasing the inflammatory response in the liver [132, 635, 636]. Increased DHCR24
levels produced suppression of cytokine-induced IL-8 levels in HuH7 cells indicating there may
be merit in pursuing DHCR24 as a therapeutic target for the treatment of insulin resistance and
hepatic inflammation. HDL has been shown to improve insulin sensitivity [406] although it can
become dysfunctional under cellular stress, with effects such as glycation affecting its
protective abilities [604-606]. Concordantly, increasing HDL levels may not necessarily reflect
their protective properties for improving insulin resistance, especially long term treatments.
DHCR24 can perform some of the anti-inflammatory effects of HDL in HuH7 cells and could be

used as a therapeutic to replicate ‘healthy HDL'. DHCR24’s ability to inhibit the cytokine-
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induced inflammatory response in HuH7 cells creates impetus into its investigation as a
therapeutic target and also indicates that DHCR24 serves multifaceted roles in HuH7 cells,

being involved in more than just cholesterol biosynthesis.

Before any therapeutic applications for DHCR24 against insulin resistance or hepatic
inflammation may be considered, further experimentation including characterisation of
DHCR24 in HuH7 cells is required. The work in the next chapter focuses on characterising
DHCR24’s role in suppressing the cytokine-induced inflammatory response in HuH7 cells,
following on from the data presented in this chapter. The work reported here proves for the
first time that in HuH7 cells, DHCR24 is increased by apoA-| rHDL and facilitates the regulatory
effect of apoA-I rHDL on cytokine-induced IL-8 mRNA levels. Further, these data provide proof-
of-principle that DHCR24 replicates the protective effect of HDL in HuH7 cells adding to the
current reported knowledge of DHCR24's potentially protective abilities (anti-oxidative [421,
423, 438] and anti-apoptotic effects [421, 425, 437, 471]), adding inflammatory mediator

modulation in HuH7 cells to its developing list of multifaceted functions.
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6.1 Introduction

In the previous chapter it was established for the first time, that increasing DHCR24 levels in
HuH7 cells mimics HDL's protective effect of suppressing TNF-a-induced IL-8 levels. These
observations are significant and provided proof-of-principal that DHCR24 replicates HDL's
ability in HuH7 cells although they do not identify the mechanism by which DHCR24 mediates
its protective effects. DHCR24 possesses multiple roles in various cell types, however, it is
unknown which of these roles DHCR24 serves in HuH7 cells. This study focuses on investigating
the mechanisms by which DHCR24 mediates the effect of suppressing TNF-a-induced IL-8
levels in HuH7 cells, building upon the novel discoveries of the work in the previous chapter.
This study set out to characterise in HuH7 cells, DHCR24’s cholesterol biosynthesis role, the
significance of its oxidoreductase site, and its potential ability to suppress ER stress markers

and prevent apoptosis.

DHCR24’s initial discovery and the role it is primarily recognised for, is its activity as a
cholesterol biosynthesis enzyme. DHCR24’s cholesterol biosynthesis activity involves catalysing
the conversion of desmosterol to cholesterol, the final step of cholesterol biosynthesis [419].
Cholesterol is integral to the correct functioning and survival of all mammalian organisms, with
an absence of cholesterol being fatal [419, 440, 443]. In keeping with this, patients
demonstrating the multiple-congenital-anomaly syndrome, desmosterolosis that is caused by
the accumulation of desmosterol, show mutations in the dhcr24 gene [419, 440-443, 574].
Desmosterolosis also leads to a deficiency in plasma membrane cholesterol. This leads to
death shortly after birth in humans [443] and in mice [434, 575, 576]. In addition to DHCR24’s
essential cholesterol biosynthesis role for the correct development and functioning of the
body, it also mediates protection against cellular stressors. For example, in neuroblastoma
cells the protection effected by DHCR24 against oxidative stress occurs in a cholesterol-
dependent manner [433, 473] by modulating amyloid beta (AB) peptide production and
clearance [433, 438]. DHCR24 also reduces ER stress in neuroblastoma cells via cholesterol
elevations mechanism [469]. Conversely, in W138-TERT fibroblasts and mouse embryonic
fibroblasts (MEF) DHCR24 directly scavenges ROS preventing H,0,-induced apoptosis,
independent of cholesterol synthesis [140, 423, 437] indicating that the mechanisms of

DHCR24’s protective effects are cell type-specific.



193

Increased DHCR24 levels are consistently associated with protective effects in assorted cells.
Increased DHCR24 confers resistance against ER stress in neuronal cells and MEF. DHCR24 also
prevents apoptosis in neuronal cells [421], fibroblasts [469], melanoma cells [420], pituitary
adenomas [427], and in adrenal cells [577]. Moreover resistance against oxidative stress in
facilitated by DHCR24 in neuronal cells [421, 469] and fibroblasts [140, 437]. The mechanisms
through which DHCR24 elicits protective effects are emerging as being cell type-specific.
Interestingly in MEF, DHCR24's ability to elicit protection against oxidative stress is dependent
on its oxidoreductase site. DHCR24’s oxidoreductase site is responsible for cholesterol
biosynthesis, however, in MEF independent of cholesterol biosynthesis, this region is serves to
directly scavenge ROS thereby preventing apoptosis [437]. In neuronal cells, DHCR24
translocates from the ER to the nucleus following inflammatory activation to prevent apoptosis

[469].

Given the recent discoveries of DHCR24’s cell type-specific multifaceted abilities, this project
set out to investigate the mechanisms through which DHCR24 elicits protection against TNF-a-
induced inflammatory mediator increases in HuH7 cells. It was hypothesised that DHCR24
would protect against TNF-a-induced inflammation in an oxidoreductase site-dependent
manner, independent of its cholesterol biosynthesis role. The role of DHCR24 in the control of
ER stress as a mechanism to regulate inflammation, DHCR24’s localisation, and its effect on
apoptosis in HuH7 cells were also investigated. The aim of this study was to characterise the
mechanisms through which DHCR24 suppresses against a TNF-a-induced inflammation in

HuH7 cells.
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6.2 Methods

6.2.1 Cell culture

HuH7 cells were cultured in Dulbecco’s minimum essential medium (DMEM) (Sigma-Aldrich)
supplemented with 10% (v/v) Fetal Bovine Serum (FBS) (Sigma-Aldrich) at 37 °C in a 5% CO,

incubator (section 2.1.1).

For the experiments determining whether DHCR24 overexpression increases cholesterol levels,
HuH7 cells were seeded in 6-well plates at a cell density of 1.5x10° cells/mL and grown for 24
hours prior to transient transfection, to 80% confluency. According to the manufacturer’s
protocol (New England Biolabs), HuH7 cells were transiently transfected with pDHCR24
(inserted into pcDNA 3.1A) or pControl (empty pcDNA 3.1A) expression vectors using
TransPass HUVEC Transfection Reagent (New England Biolabs) as described in section 2.1.1.
Following a 24-hour incubation period, the culture medium was changed and the cells were
allowed to recover for a further 24 hours before cholesterol was extracted (section 6.2.3) and

guantified (section 6.2.4)

To explore the role of DHCR24’s oxidoreductase site and DHCR24's effect on ER stress markers,
HuH7 cells were cultured and transiently transfected as above but with the addition of HUH7
cells transfected with pDHCR24-N294T/K306N plasmid [oxidoreductase mutant — (section
6.2.2)]. Following a 24-hour incubation period, the culture medium was changed and the cells
were allowed to recover for a further 24 hours before being treated with 5 ng/mL TNF-a for 4
hours. Following treatment, supernatant was collected to quantify secreted protein (section

6.2.5) while RT-qPCR was performed following extraction of total RNA (section 6.2.6).

To determine whether DHCR24 changes localisation in HuH7 cells following TNF-a-activation,
HuH7 cells were cultured in 6-well plates at a cell density of 1.5x10° cells/mL 24 hours prior to
being treated with 5 ng/mL TNF-a for 4 hours. Following treatment, cells were stained using

immunocytochemistry and images obtained (section 6.2.7).

For the experiment elucidating DHCR24’s role against TNF-a-induced apoptosis, HuH7 cells
were seeded in 96-well plates at a cell density of 1.5x10° cells/mL and grown for 24 hours prior
to transient transfection, to 80% confluency. HUH7 cells were transiently transfected according
to the manufacturer’s protocol (New England Biolabs) as above with pControl, pDHCR24, or

pPDHCR24-N294T/K306N plasmids. Following a 24-hour incubation period, the culture medium
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was changed and the cells were allowed to recover for a further 24 hours before being treated

with 15 ng/mL TNF-a for 18 hours and apoptosis was measured (section 6.2.8)

6.2.2 Site-directed mutagenesis and plasmid constructions

Using a DHCR24-pcDNA3.1A clone, double mutant (N294T/K306N) (oxidoreductase mutant)
was generated by Genescript Inc based on [419]. The oxidoreductase mutant was produced
from a wild type DHCR24 template using site-directed mutagenesis and cloned into the
pcDNA3.1A plasmid vector to inactivate the known active site. This was followed by two
rounds of PCR to introduce the two mutations in sequence. The resulting mutant DNA was

then cloned into the pPAL expression vector.
The coding strand primer sequences to generate the mutant are:
N294T: 5’-GAGCCCAGCAAGCTGACTAGCATTGGCAATTAC-3’

K306N: 5'-GCCGTGGTTCTTTAACCATGTGGAGAACTATCTG-3’

6.2.3 Cholesterol extraction

HuH7 cells (1.5x10° cells/mL) in 6-well plates were transiently transfected with pcDNA3.1A
(pControl) or pcDNA3.1A-DHCR24 (pDHCR24) before cholesterol was extracted using
hexane/isopropanol (section 2.15.1).

6.2.4 Quantifying cellular cholesterol levels - Amplex Red Cholesterol Assay

Extracted cholesterol was quantified according to the manufacturer’s instructions (Life

Technologies) against cholesterol and resorufin fluorescence standards (section 2.15.2).
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6.2.5 ELISA

HuH7 cells were cultured in 96-well plates (1.5x10° cells/mL) and transfected with with
pcDNA3.1A (pControl), pcDNA3.1A-DHCR24 (pDHCR24), or pDHCR24-N294T/K306N plasmids
as described in section 6.2.2. Following transfection, the transfectants were left for 24 hours
before the cells were treated with TNF-a (5 ng/mL, 4 hours). Following TNF-a-activation,
supernatant was collected and IL-8 protein levels were measured using ELISA as described in

section 2.8.2.2.
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6.2.6 Real time PCR

Total RNA was extracted using PureZol (Bio-Rad) and normalised to 200 ng/uL using a UV
spectrophotometer at 260/280nm (Nanodrop 1000, Thermo Scientific). For RT-qPCR, cDNA
was synthesised using iScript cDNA Synthesis Kit (Bio-Rad) and using iQ SYBR Green | supermix
(Bio-Rad) was used to amplify in a Bio-Rad iQ5 thermocycler. RT-gPCR data was analysed using
the AAC; method [478], using B2M and GAPDH as reference genes. Primer pair sequences are
listed in Table 6.1.

Table 6.1 Primer sequences

Primer Forward/Reverse Primer Sequence
primer
Human DHCR24 F 5’-CTCGCCGCTCTCGCTTATC-3’
R 5’-GTCTTGGCTACCCTGCTCCTTCC-3’
Glyceraldehyde-3-phosphate F 5’-CCAATCACTTCCGACCTGCTG-3’

dehydrogenase (GAPDH)
R 5’-GCTTTGTATCCCTGCCCTGAG-3’

5’-CATCCAGCGTACTCCAAAGA-3’
Beta-2 Microglobulin ($2M) F

5’-GACAAGTCTGAATGCTCCAC-3’

Interleukin 8 (IL-8) F 5-CAGCTCTGTGTGAAGGTGCAGTTT-3’

R 5-GTTGGCGCAGTGTGGTCCACTC-3’
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6.2.7 Immunocytochemistry

HuH7 cells were seeded as per section 6.2.1 in 4-well Lab-Tek I| chamber slides (Lab-Tek). Cells
were treated with PBS (control) or TNF-a (5 ng/mL) for 4 hours. As per section 2.16, cells were
fixed in 4% (w/v) paraformaldehyde, blocked with methanol:hydrogen peroxide solution (30%)
for 20 minutes and incubated with anti-DHCR24 rabbit monoclonal 1gG (1:200 dilution in 5%
(w/v) goat serum) (Cell Signalling Technology) overnight and goat anti-rabbit IgG conjugated to
horseradish peroxidase (HRP) (1:200 dilution in 5% (w/v) goat serum) (Cell Signalling
Technology) for 30 minutes. Cells were visualised using 3,3’-diaminobenzidine (DAB) (Dako) for
5 minutes, counterstained in haemotoxylin, mounted with DPX (Merck Millipore), and then
cover-slipped. Cell images were obtained using a BH-2 Olympus microscope at 20x

magnification.

6.2.8 Apoptosis assay

Apoptosis was measured using the Cell Death Detection ELISA Plus (Roche) according to the

manufacturer’s instructions (section 2.18).

6.2.9 Statistical analysis

Data are expressed as mean + SEM. Direct comparisons between two treatments were
performed using unpaired t-test, while significant differences between multiple treatments
were determined by one-way ANOVA with Sidak’s post hoc test analysis. GraphPad Prism 6.0
was used for analysis. Significance was set at P<0.05. To show the effect size, P values lower

than P <0.05 were specified.
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6.3 Results

6.3.1 The cholesterol content of HuH7 cells was not increased by DHCR24
overexpression

Cultured HuH7 cells were transfected with with pcDNA3.1A (pControl) or pcDNA3.1A-DHCR24
(pDHCR24) expression vectors using TransPass V reagent (New England Biolabs) with the
optimised conditions described in section 2.4.1 in order to elucidate if DHCR24 mediates
decreases in TNF-a-induced IL-8 levels via a cholesterol-dependent mechanism. For these
experiments, pcDNA3.1A plasmid vector was used as the vehicle control for transfection
because DHCR24 was cloned into pcDNA3.1A plasmid vector for overexpression analysis.
Transfectants were subsequently incubated for 24-hours prior to delipidating the cells using
hexane/isopropanol and measuring cellular cholesterol levels using the Amplex Red
Cholesterol Assay (Life Technologies) as described in section 2.15. To verify DHCR24

overexpression, total RNA was extracted from the delipidated cells as per [579].

Figure 6.1 shows that in pDHCR24-overexpressing HuH7 cells there was no significant increase

in cellular cholesterol levels compared to pControl-transfected HuH7 cells.
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Figure 6.1 DHCR24 overexpression does not increase HuH7 cell cellular cholesterol content.
HuH7 cells were transfected with pcDNA3.1A (pControl) or pcDNA3.1A-DHCR24 (pDHCR24) for
24 hours before cholesterol was extracted using hexane/isopropanol. Cholesterol levels were
measured using the Amplex Red Cholesterol Assay (Life Technologies). Data are shown as

mean £ SEM (n = 3).
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6.3.2 Transient transfection of pDHCR24-N294T /K306N increases DHCR24 levels in
HuH?7 cells

To confirm that transient transfection of the DHCR24 oxidoreductase mutant (ORM) pDHCR24-
N294T/K306N increased DHCR24 levels in HuH7 cells, cultured HuH7 cells were transfected
with pcDNA3.1A (pControl), pcDNA3.1A-DHCR24 (pDHCR24), or pDHCR24-N294T/K306N
(pPN294T/K306N) expression vectors using TransPass V reagent (New England Biolabs) with the
optimised conditions described in section 2.4.1. pcDNA3.1A vector was the vehicle control for
transfection because DHCR24 was cloned into pcDNA3.1A vector for overexpression analysis,
while pDHCR24 was the wild type positive control. Following transfection, cells were left for
24-hours prior to extraction of total RNA and subsequent analysis of DHCR24 mRNA levels by
real-time RT-qPCR.

From the RT-gPCR results shown in Figure 6.2, transfection using TransPass V was successful

with DHCR24 mRNA levels significantly increased compared to the vector control.
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Figure 6.2 Transient transfection of HuH7 cells with pDHCR24-N294T/K306N successfully
increased DHCR24 levels. HuH7 cells were transfected with pcDNA3.1A, pcDNA3.1A-DHCR24,
or pN294T/K306N for 24 hours. Total RNA was isolated and RT-qPCR used to measure DHCR24
MRNA levels with B2M as a reference gene. Data are shown as mean + SEM (n = 3) ****

P<0.0001 vs pControl.
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6.3.3 TNF-a-induced IL-8 levels in HuH7 cells were not suppressed DHCR24 by the
DHCR24 oxidoreductase mutant.

DHCR24 catalyses the conversation of desmosterol to cholesterol via its oxidoreductase site
[419] and is also considered the enzyme’s active site [473, 580]. To elucidate whether DHCR24
oxidoreductase site is facilitates DHCR24’s reduction of TNF-a-induced IL-8 levels in HuH7 cells,

a DHCR24 oxidoreductase mutant (ORM) was produced using site-directed mutagenesis.

Investigation of whether ORM overexpression could protect against a TNF-a-induced (5 ng/mL,
4 hours) IL-8 protein levels in HuH7 cells in a manner comparable to wild type-DHCR24,
replicating its effects. To test whether if the effect at the protein level was due to an effect on
gene expression the mRNA level of IL-8 was also measured. As in the previous experiment,

HuH7 cells were treated with TNF-a (5 ng/mL, 4 hours).

Figure 6.3 shows that cytokine activation increased IL-8 protein levels in HuH7 cells. Figure 6.4
also shows that cytokine activation increased IL-8 mRNA levels, while pDHCR24-overexpression

reduced TNF-a-induced IL-8 protein (Figures 6.3) and mRNA levels (Figure 6.4).

Overexpression of the ORM did not replicate wild type-DHCR24’s effects of suppressing TNF-a-
IL-8 levels in HuUH7 cells. Figure 6.3 shows that at the protein level there was no difference in
TNF-a-induced IL-8 levels between ORM and pControl. There was no difference in IL-8 mRNA
levels between ORM and pControl, although IL-8 mMRNA levels were significantly higher in ORM
than in wild type-DHCR24 (Figure 6.4).
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Figure 6.3 DHCR24 oxidoreductase mutant (N294T/K306N) did not suppress TNF-a-activated
IL-8 protein levels in HuH7 cells. pcDNA3.1A-DHCR24 (pDHCR24)-overexpression suppressed
IL-8 protein levels in TNF-a-activated HuH7 cells in comparison to pcDNA3.1A (pControl). HuH7
cells were transfected with pControl, pDHCR24, or pDHCR24-N294T/K306N plasmids before
activation with 5 ng/mL TNF-a for 4 hours. Supernatant was collected and IL-8 protein levels

were measured using ELISA. Data are shown as mean + SEM (n = 4) ** P<0.01, **** P<0.0001.
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Figure 6.4 DHCR24 oxidoreductase mutant (pN294T/K306N) did not suppress TNF-a-
activated 1L-8 mRNA levels in HuH7 cells. pcDNA3.1A-DHCR24 (pDHCR24)-overexpression
suppressed IL-8 mRNA levels in TNF-a-activated HuH7 cells in comparison to pcDNA3.1A
(pControl) and pN294T/K306N. HuH7 cells were transfected with pControl, pDHCR24, or
pDHCR24-N294T/K306N plasmids before activation with 5 ng/mL TNF-a for 4 hours. Total RNA
was extracted and IL-8 mRNA levels were measured using RT-qPCR with B2M as a reference

gene. Data are shown as mean + SEM (n = 4) * P<0.05, *** P<0.001, **** P<0.0001.
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6.3.4 DHCR24’s localisation does not change but its levels are reduced by cytokine
activation in HuH7 cells

DHCR24’s localisation is primarily at the ER membrane facing the cytoplasm [140, 581].
Localisation of DHCR24 at the ER membrane, is consistent with other cholesterol biosynthesis
enzymes such as HMG-CoA, as de novo cholesterol biosynthesis predominantly takes place on
the cytoplasmic side of the ER membrane [582]. As DHCR24 is a cholesterol synthesis enzyme,
it was originally proposed that DHCR24 would mediate protection in TNF-a-activated HuH7
cells against the inflammatory response through a cholesterol-mediated process as this
mechanism has been demonstrated in other cell types [433, 438]. However, section 6.3.1
shows that DHCR24 overexpression does not increase cholesterol levels and that the
protection against TNF-a-activation elicited by DHCR24 in HuH7 cells does not appear to be
cholesterol-dependent. DHCR24 protects fibroblasts (mouse and rat) by translocating from its
endogenous, unstimulated location to interact with other proteins and inhibiting stress
responses. Transmembrane domain-deleted DHCR24 translocates from the ER into the
cytoplasm following H,0,-exposure where it scavenges ROS, consequently preventing
apoptosis in MEF [140]. In MEF, wild type DHCR24 also prevents apoptosis by inhibiting
caspase-3 [140], while in rat fasciculata cells, DHCR24 is cleaved by caspase-3 releasing the
catalytic domain from the ER membrane preventing apoptosis but also allowing it to
translocate to the nucleus. This latter study however did not investigate a role for this
translocation subsequent to DHCR24’s cleavage by caspase-3 [577]. DHCR24 also inhibits
caspase-3 activation by serving as a caspase substrate in neuroglioma H4 cells preventing
apoptosis [421]. In rat embryonic fibroblasts, DHCR24 translocates to the nucleus, following
H,0, treatment. This nuclear translocation of DHCR24 in rat embryonic fibroblasts blocks
degradation of the tumour suppressor p53 through ubiquitination, resulting in accumulation of
its active form. p53 is an important tumour suppressor gene which prevents cell proliferation
under conditions of cellular stress. DHCR24 enables p53 to accumulate by displacing E3
ubiquitin ligase Mdm2, which thereby enables it to activate DNA repair enzymes, arrest the
cell cycle at G1/S and enable DNA repair enzymes to function [423]. These functions of
caspase-3 interaction and p53 accumulation both require DHCR24 to translocate to the
nucleus. Chapter 4 showed that following TNF-a-activation in HCAECs, DHCR24 translocates
from the ER to the nucleus. As a first step in exploring DHCR24’s multi-functional role and
potential interaction with other proteins in HuH7 cells, it was investigated if DHCR24 changed

localisation following activation with TNF-a.
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To investigate the localisation of DHCR24 protein in HuH7 cells, in both quiescent and TNF-a-
activated states, HuH7 cells were treated with PBS or TNF-a and imaged using
immunocytochemistry. Detecting DHCR24’s localisation and translocation using
immunocytochemistry involved treating cells with PBS (control) or TNF-a (5 ng/mL) for 4
hours. Following treatment, cells were fixed with methanol and stained by
immunocytochemistry as described in section 2.16 using rabbit anti-DHCR24 monoclonal
antibody (Cell Signalling Technology). Images of the slides were obtained using an Olympus BH-

2 microscope.

Figure 6.5 (A) shows that in HuH7 cells, DHCR24 levels are highly expressed located peri-
nuclearly, nuclearly, and throughout the cytoplasm. Following TNF-a-activation, DHCR24 levels
markedly decrease as evidenced by a noticeably lower intensity of (brown) staining and remain

mainly in a peri-nuclear and nuclear localisation.

To further explore DHCR24 localisation after TNF-a exposure, fluorescent microscopy was used
to further elucidate DHCR24’s localisation using EGFP-tagged DHCR24 (DHCR24-EGFP)
transfected HuH7 cells. Unfortunately, the auto-fluorescent nature of hepatocytes precluded

usable images from being obtained [637, 638].



208

Figure 6.5 Localisation of DHCR24 protein in cultured non-transfected HuH7 cells by
immunocytochemistry staining. Non-transfected HuH7 cells: (A) PBS 4 hours (control); (B)
Stimulated with TNF-a (5 ng/mL) for 4 hours. The presence of DHCR24 protein in HuH7 cells
was detected by rabbit anti-DHCR24 monoclonal antibody (Cell Signalling Technology). The
cells were stained by haematoxylin and eosin (H&E) with the nucleus stained purple and the
cytoplasm stained light blue. DHCR24 proteins (dark brown granules) as shown in A and B were
mostly localised in the cytoplasmic region. Figure B shows DHCR24 staining was reduced
following TNF-a-activation. All images obtained using 40x magnification with an Olympus BH-2

microscope.
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6.3.5 DHCR24 overexpression inhibits apoptosis in HuH7 cells and requires the
oxidoreductase site

Inflammation can culminate in apoptosis [639] and accumulating evidence shows that DHCR24
serves anti-apoptotic roles in various cell types [140, 421, 423, 433, 437, 438, 577]. For
example, in neuronal cells DHCR24 interacts with caspase-3 and blocks p53 degradation
subsequently preventing apoptosis [423], while in W138-TERT fibroblasts and MEF, DHCR24
scavenges H,0, in the cytoplasm preventing ROS-induced apoptosis [140, 423, 437]. The result
in 6.3.4 also shows that DHCR24 is localised to the nucleus in HuH7 cells following TNF-a-
activation suggesting a potential nuclear interaction which may culminate in inhibition of
apoptosis. Therefore it was investigated whether DHCR24 would protect against TNF-a-

induced apoptosis in HUH7 cells.

This experiment investigated whether DHCR24 can suppress TNF-a-induced apoptosis in HuUH7
cells. Secondary to this, it was also determined if DHCR24 did protect against apoptosis,
whether the oxidoreductase site was important for the effect. HuH7 cells were transfected
with pcDNA3.1A (pControl), pcDNA3.1A-DHCR24 (pDHCR24), or pDHCR24-N294T/K306N
(pN294T/K306N) before being treated with TNF-a (15 ng/uL 18 hours) to induce apoptosis.
Using ELISA [Cell Death Detection ELISA™Y (Roche)] apoptosis was quantified (using
enrichment factor of mono- and oligonucleosomes as a measurement for apoptosis

measurement) [640-642].

Figure 6.6 shows that TNF-a-activation induced apoptosis compared to untreated control while
wild type DHCR24 prevented apoptosis compared to TNF-a-activated pControl. The ORM did
not protect against TNF-a-induced apoptosis with a significantly higher level of apoptosis

detected compared to compared to wild type DHCR24 (P<0.05).

Thus far it has been shown that increasing DHCR24 suppresses a TNF-a-induced inflammatory
response and apoptosis. DHCR24 has also been shown to be localised to the ER and

consequentially, DHCR24 may control a TNF-a-induced ER stress response.
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Figure 6.6 Apoptosis levels are significantly decreased by wild type DHCR24 but not the
DHCR24 oxidoreductase mutant (N294T/K306N) in TNF-a-activated HuH7 cells. HuH7 cells
were transfected with pcDNA3.1A (pControl), pcDNA3.1A-DHCR24 (pDHCR24), or pDHCR24-
N294T/K306N (pN294T/K306N) before activation with 15 ng/mL TNF-a for 18 hours. Following
cell treatment, HuH7 cell apoptosis levels were measured using ELISA [Cell Death Detection

ELISA™® (Roche)]. Data are shown as mean + SEM (n = 6) * P<0.05, ** P<0.01, *** P<0.001.
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6.3.6 Cytokine activation does not increase ER stress markers in HuH7 cells

DHCR24 was shown to be localised peri-nuclearly and potentially the ER in HuH7 cells
however, despite this localisation which is consistent with other cholesterol biosynthesis
enzymes [582], increasing DHCR24 levels does not significantly increase cholesterol levels
(section 6.3.1). Therefore, it is unlikely that DHCR24’s protective effects against a TNF-a-
induced inflammatory response in HuH7 cells are cholesterol-dependent. It was next
hypothesised that in HuH7 cells, DHCR24 may have a role in controlling ER stress and that in
turn facilitates a reduced inflammatory response [86]. To investigate whether DHCR24
suppresses a TNF-a-induced ER stress response, HuH7 cells were treated with 5 ng/mL TNF-a

for 4 hours.

Surprisingly, Figures 6.7 to 6.10 show that TNF-a-activation at the inflammatory conditions
used did not significantly increase sXBP-1, XBP-1, ATF-4 or ATF-6 mRNA levels. Consequently,
there were no significant differences in sXBP-1, XBP-1, ATF-4 or ATF-6 mRNA levels between

the HuH7 cells transfectants.

Induction of ER stress using TNF-a was attempted in the same fashion as for HCAECs (Chapter
4) however in the case of HuH7 cells, this was unsuccessful. Therefore the involvement of

DHCR24 in ER stress was not further investigated.
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Figure 6.7 sXBP-1 mRNA levels were not increased in TNF-a activated HuH7 cells. HuH7 cells
were transfected with pcDNA3.1A before activation with 5 ng/mL TNF-a for 4 hours. Total RNA
was extracted and sXBP-1 mRNA levels were measured using RT-gPCR with GAPDH as a

reference gene. Data are shown as mean + SEM (n = 6).
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Figure 6.8 XBP-1 mRNA levels were not increased in TNF-a-activated HuH7 cells. HuH7 cells
were transfected with pcDNA3.1A before activation with 5 ng/mL TNF-a for 4 hours. Total RNA
was extracted and XBP-1 mRNA levels were measured using RT-gPCR with GAPDH as a

reference gene. Data are shown as mean + SEM (n = 3).
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Figure 6.9 ATF-4 mRNA levels were not increased in TNF-a-activated HuH7 cells. HuH7 cells
were transfected with pcDNA3.1A before activation with 5 ng/mL TNF-a for 4 hours. Total RNA
was extracted and ATF-4 mRNA levels were measured using RT-qPCR with GAPDH as a

reference gene. Data are shown as mean £ SEM (n = 6).
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Figure 6.10 ATF-6 mRNA levels were not increased in TNF-a-activated HuH7 cells. HuH7 cells
were transfected with pcDNA3.1A before activation with 5 ng/mL TNF-a for 4 hours. Total RNA
was extracted and ATF-6 mRNA levels were measured using RT-gPCR with GAPDH as a

reference gene. Data are shown as mean + SEM (n = 3).
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6.4 Discussion

This chapter focused on elucidating the mechanisms through which DHCR24 affords protection
against a TNF-a-induced inflammatory response in HuH7 cells. In this study, DHCR24 was
demonstrated to suppress a TNF-a-induced inflammatory response as measured by IL-8 levels.
This suppressive effect was shown to be independent of cholesterol levels although dependent
on the enzyme’s oxidoreductase-site. Suppression of a TNF-a-induced inflammatory response
by DHCR24 also did not occur through suppression of the ER stress markers sXBP-1, XBP-1,
ATF-4, or ATF-6 despite peri-nuclear localisation in HuH7 cells. This work also revealed that in

HuH7 cells, increased DHCR24 levels prevent TNF-a-induced apoptosis.

The most striking finding of this study was DHCR24’s ability to suppress a TNF-a-induced
inflammatory response that was independent of increased cholesterol levels in HuH7 cells.
This was in contrast to the original hypothesis which suggested that DHCR24 overexpression
would lead to increased cholesterol levels, as DHCR24 is an integral cholesterol biosynthesis
enzyme [419, 434, 442, 443, 576]. Moreover, this hypothesis also stemmed from DHCR24
facilitating anti-apoptotic activity in human neuroblastoma SH-SY5Y cells (neuronal cells)
through a cholesterol-dependent mechanism [433, 438]. In neuroblastoma SH-SY5Y cells,
increasing cholesterol levels is also the mechanism by which DHCR24 modulates amyloid beta
(AB) peptide production and clearance, as well as reducing pre-fibrillar aggregates and
neurotoxicity [433, 438]. This hypothesis was also strengthened by DHCR24 suppressing ER
stress levels in neuroblastoma cells through augmentation of cholesterol levels [469]. The
results presented now show that DHCR24’s suppression of a TNF-a-induced inflammatory
response in HUH7 cells is independent of increasing cholesterol levels. This is similar to what
was found in Chapter 4 whereby DHCR24-overexpression did not increase cholesterol levels in
HCAECs. This is also in keeping with DHCR24’s effect in W138-TERT fibroblasts and mouse
embryonic fibroblasts (MEF). In these cell types, DHCR24 directly scavenges ROS, preventing
H,0,-induced apoptosis, independent of cholesterol biosynthesis [140, 423].

The lack of increased cholesterol levels following DHCR24 overexpression may be part due to
an insufficiency of sterol precursors for cholesterol biosynthesis. DHCR24 is also not a rate-
limiting enzyme in the conversion of desmosterol to cholesterol [419]. Further the cholesterol-
independent suppression of a TNF-a-induced inflammatory response may be attributed to the

cell type-specific activity of DHCR24. As mentioned, DHCR24 protects against cellular stress
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through increased cholesterol levels in some cell types [433, 438, 469] but not in all [140, 420,
423).

Another surprising negative finding is that DHCR24 did not control a TNF-a-induced ER stress
response in these cells. As DHCR24 is primarily endoplasmic reticulum (ER) resident protein
[437, 581], it was hypothesised that in HuH7 cells it may control ER stress. It has been
previously reported that DHCR24 reduces tunicamycin-induced ER stress activity preventing
apoptosis in MEF [469]. To investigate whether DHCR24 controls a TNF-a-induced ER stress
response it was first necessary to show TNF-a-induced ER stress in these cells. Surprisingly, the
conditions used did not induce an ER stress response as evidenced by no significant increases
in sXBP-1, XBP-1, ATF-4, or ATF-6 mRNA levels. This is interesting because it shows that a TNF-
a-induced inflammatory response in HuH7 cells is not stimulating an ER stress response.
Therefore ER stress is unlikely to be driving apoptosis. The lack of an ER stress response
following TNF-a-activation may be due to the relatively high endogenous cholesterol content
of HuH7 cells. Cholesterol is known to protect against cellular stress. In cell types where
cholesterol is protective against cellular stress, increasing DHCR24 levels also increases levels
of cholesterol [433, 438, 469]. The current work has highlighted that the cholesterol content in
HuH7 cells is much higher than in HCAECs (compared Figure 4.1 vs Figure 6.1). This is not too
surprising given hepatocytes are the primary cholesterol biosynthesis cells in the body.
Consequently, the high cholesterol content of HuH7 cells may innately resist a TNF-a-induced

ER-stress response.

The localisation and potential nuclear translocation of DHCR24 in HuH7 cells was next
investigated. DHCR24 translocates from the ER to the nucleus in other cell types [423, 577],
including HCAECs (Chapter 4). Importantly is has been reported that DHCR24 translocates from
the ER to the nucleus in rat fasciculata cells in response to ACTH-induced ROS production
protecting against apoptosis. However, under the same ACTH treatment conditions, DHCR24
does not translocate from the ER in human fasciculata cells [577]. DHCR24 in MEF is released
from the ER, allowing it to translocate throughout the cell when cleaved by caspase-3 at
DHCR24’s caspase cleavage motif sites [140]. In rat embryonic fibroblasts, DHCR24 also
translocates from the ER to the nucleus [423]. DHCR24 also serves as a caspase death
substrate preventing apoptosis with caspase cleavage sites located in its C-terminus [421].
Together, this demonstrates the enzyme’s cell-specific activity and its ability to facilitate
protection against assorted cellular stressors by translocating through the cell. In this work,

IHC was utilised to determine that DHCR24 was localised peri-nuclearly. Further interrogation
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using fluorescence microscopy was attempted but auto-fluorescence of HuH7 cells [637, 638]
stopped any meaningful investigations. However, DHCR24’s perinuclear localisation is

consistent with its ER-location as a cholesterol synthesising enzyme [582].

DHCR24 serves an anti-apoptotic role in a variety of cell types [140, 421, 433, 437, 438, 469]. In
some cell types DHCR24 protects against apoptosis following translocation to the nucleus. For
example, DHCR24’s H,0,-induced-translocation to the nucleus in rat embryonic fibroblasts,
allows it to bind to p53, in turn displacing E3 ubiquitin ligase Mdm2 from p53, which frees p53
to activate DNA repair enzymes. This induces growth arrest by holding the cell cycle at G1/S to
enable DNA repair enzymes to function [423]. Together with the observation that DHCR24 is
located in the nucleus in HuH7 cells before and after TNF-a-activation, DHCR24’s direct role
against TNF-a-induced apoptosis was investigated. Further chronic inflammation,
characteristic of insulin resistance, can lead to apoptosis [643, 644]. In this work, as measured
by enrichment of mono- and oligo-nucleosomes as a marker for DNA fragmentation and
apoptosis, DHCR24 was shown for the first time to protect against TNF-a-induced apoptosis in
HuH7 cells. DHCR24 is a caspase death substrate, with caspase cleavage sites located in its C-
terminus which enables it to prevent apoptosis [421]. Future work will require elucidation of
the specific mechanism(s) through which DHCR24 protects against TNF-a-induced apoptosis in
HuH7 cells. However, from this work it is clear that in HuH7 cells DHCR24 serves an anti-
apoptotic role against TNF-a-induced apoptosis. This is significant in the context of insulin
resistance and type 2 diabetes, in addition to other disease states which are characterised by
hepatic inflammation such as non-alcoholic steatohepatitis [645] as chronic inflammation can
lead to apoptosis, in turn causing the liver to become necrotic, culminating in potentially fatal

liver failure [646].

To further investigate the potential mechanisms for DHCR24’s suppression of a TNF-a-induced
inflammatory response in HuH7 cells, the role of DHCR24’s oxidoreductase site was
investigated using a DHCR24 oxidoreductase mutant (ORM). DHCR24's oxidoreductase site was
a target of interest as it is the reported active site of the enzyme [419, 473, 580]. Further, the
enzyme’s oxidoreductase site is located in the N-terminal region. This is significant, as in MEF
DHCR24 scavenges tunicamycin-induced H,0, via the N-terminal [437]. Similar to this
observation and in keeping with the effect observed in HCAECs (Chapter 4), DHCR24’s
suppression of a TNF-a-induced inflammatory response in HuH7 cells was dependent on its
oxidoreductase site. DHCR24 was also shown for the first time to protect against TNF-a-

induced apoptosis in HuH7 cells and that this was mediated via the oxidoreductase region.



219

Together this supplements the existing work in MEF [140] and HCAECs (Chapter 4), and
provides novel information which builds upon the current understanding of DHCR24's activity
in HUH7 cells. This is particularly valuable as an understanding of DHCR24’s oxidoreductase site
is vital for the development of potential downstream therapeutic applications. Potentially
mimetic forms of DHCR24 or its oxidoreductase site may be produced to suppress

inflammation and apoptosis.

In summation, DHCR24 has been demonstrated to suppress a TNF-a-induced inflammatory
response. DHCR24 also prevents TNF-a-induced apoptosis. Moreover, this work shows that
DHCR24 mediates suppression of a TNF-a-induced inflammatory response and prevents
apoptosis through its oxidoreductase site, albeit independent of cholesterol synthesis activity.
Following TNF-a-activation DHCR24 levels in HuH7 cells were shown to be decreased. DHCR24
was also determined to be located around and in the nucleus before and after TNF-a-
activation nucleus indicating potential roles in H,0,-scavenging and the inhibition of apoptosis
respectively. The elucidation of these mechanisms provides valuable information about
DHCR24’s activity in HuH7 cells, especially given the emerging understanding of the cell-
specific activity of the enzyme, and for the potential development of a DHCR24 mimetic for
reducing hepatocyte inflammation if DHCR24 is considered as a novel therapeutic avenue

following positive future studies.
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Chapter 7 - Summary, Conclusions, and Limitations

DHCR24 is primarily known as a cholesterol biosynthesis enzyme, catalysing the conversion of
desmosterol to cholesterol [419]. However, recent work shows that DHCR24 also inhibits
cellular stress in a range of cell types [1, 420-427]. These effects, paired with the upregulation
of DHCR24 by HDL, in HCAECs [1], provided impetus to investigate whether DHCR24 had a
protective effect in HCAECs. The preliminary work, which paved the way for the study
presented in this thesis, indicated that by silencing DHCR24, HDL’s protective effect against
cytokine-activation was abrogated [1]. The work in this thesis extends these findings by
showing that DHCR24 knockdown attenuates the suppressive effect of apoA-l rHDL against
TNF-a-induced IL-8 levels in HuH7 cells. This indicated that DHCR24 mediates, at least in part,
HDL’s protective effect against a TNF-a-induced inflammatory response in both HCAECs and

HuH7 cells.

This study provides proof-of-principle that DHCR24 replicates HDL's effect of suppressing a
TNF-a-induced inflammatory response. This works adds to the existing knowledge of DHCR24’s
protective effect, and shows the effect of DHCR24 overexpression in HCAECs and HuH7 cells.
Stemming from the novel observation that DHCR24 alone suppresses a TNF-a-induced
inflammatory response in HCAECs and HuH7 cells, the mechanism underlying these effects was
investigated. Elucidating the mechanisms through which DHCR24 elicits this protection is vital
for an understanding of the protein’s function and for the development of potential

therapeutic applications.

The investigation of DHCR24’s mechanisms of suppressing a TNF-a-induced inflammatory
response revealed that the enzyme’s effect is dependent on its oxidoreductase site in HCAECs
and HuH7 cells. DHCR24’s oxidoreductase region is considered its active site, catalysing the
reduction reaction of desmosterol to cholesterol [419]. The DHCR24 double mutation was
selected as it ensures complete abrogation of DHCR24’s cholesterol synthesis activity [419].
Further, DHCR24's oxidoreductase site elicits protection against tunicamycin-induced oxidative
stress in MEF. In MEF DHCR24’s oxidoreductase region has been shown to facilitate DHCR24’s
scavenging of tunicamycin-induced H,0, while independent of cholesterol biosynthesis [437].
The results in this study show that the effect of DHCR24's oxidoreductase site in HCAECs and

HuH7 cells is similar to the work reported in mouse embryonic fibroblasts (MEF).
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An intriguing observation associated with the investigation of DHCR24’s oxidoreductase site
was that transfection levels varied. Transfection levels were determined using the sensitive
measure of RT-qPCR. The disparity in transfection levels of DHCR24 and the DHCR24
oxidoreductase mutant (ORM) in HCAECs can be observed in Figure 3.1 compared to Figure 4.2
and in HuH7 cells by Figure 5.6 compared to Figure 6.2. Interestingly, the ORM consistently
transfected at higher levels than the wild type DHCR24, potentially reflecting a higher
transfection efficiency. However, despite higher ORM transfection levels than wild type
DHCR24, the ORM did not suppress TNF-a-induced cellular stress while the wild type DHCR24
consistently did. This, in turn, further validates the results investigating the effect of DHCR24’s
oxidoreductase site obtained in this thesis. In the results where a slight downward trend in
cellular stress markers was observed in the ORM-transfectants (e.g. Figure 4.12 and Figure 6.3)
in comparison to the negative control, endogenous wild type DHCR24 may be attributed to the
effect as endogenous levels of DHCR24 were present in the ORM-transfectants. In future work,
it would be valuable to increase the transfection efficiency to determine whether the effects
reported in this work would be more significant. Additionally, it would be valuable to repeat
these experiments in a DHCR24 negative background. The results showed that DHCR24’s
oxidoreductase site is required in HCAECs and HuH7 cells to suppress a TNF-a-induced
inflammatory response. Moreover, DHCR24’s oxidoreductase site’s is also involved in the
conversion of desmosterol to cholesterol activity, and therefore led to the investigation of a
cholesterol-mediated mechanism for DHCR24'’s suppression of a TNF-a-induced inflammatory

response in HCAECs and HuH7 cells.

The most striking finding of this study was that DHCR24's ability to suppress a TNF-a-induced
inflammatory response was independent of increased total cellular cholesterol levels in both
HCAECs and HuH7 cells. This was in contrast to the original hypothesis which suggested that
DHCR24 overexpression would lead to increased cholesterol levels, as DHCR24 is an integral
cholesterol biosynthesis enzyme [419, 434, 442, 443, 576]. Further, DHCR24 facilitates anti-
apoptotic activity in human neuroblastoma SH-SY5Y cells (neuronal cells) through a
cholesterol-dependent mechanism [433, 438]. In neuroblastoma SH-SY5Y cells, increasing
cholesterol levels is also the mechanism by which DHCR24 modulates amyloid beta (APB)
peptide production and clearance, as well as reducing pre-fibrillar aggregates and
neurotoxicity [433, 438]. Moreover, ER stress levels in neuroblastoma cells are also reduced by
augmentation of cholesterol levels by DHCR24 [469]. The finding that DHCR24’s suppression of

a TNF-a-induced inflammatory response in HCAECs and HuH7 cells is independent of increased
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total cellular cholesterol levels is consistent with DHCR24’s effect in W138-TERT fibroblasts and
MEF. In these cell types, ROS are directly scavenged by DHCR24, thereby preventing H,0,-
induced apoptosis, independent of cholesterol biosynthesis [140, 423]. Moreover, our
laboratory’s previous work confirmed that suppression of a TNF-a-induced inflammatory
response by HDL increasing DHCR24 levels in HCAECs was independent of cholesterol
synthesis. The experiment showed by using cyclodextrin to deplete cells of cholesterol, that
neither DHCR24 nor VCAM-1 levels were increased. Simvastatin was also used to inhibit
cholesterol synthesis, which decreased DHCR24 levels but similarly, did not increase VCAM-1
levels. This indicated that cholesterol was not involved in the regulation of VCAM-1 by HDL’s
increase of DHCR24 levels [1]. The work presented builds upon these previous observations,
and shows that DHCR24 overexpression does not influence total cellular cholesterol levels in

HCAECs or HuH7 cells.

DHCR24 overexpression may not increase total cellular cholesterol levels in HCAECs and HuH7
cells, in part, due to the availability of sterol precursors and the cholesterol requirements of
specific cell types [420, 433, 437]. Additionally, DHCR24 is not a rate-limiting enzyme in its
catalysis of the conversion of desmosterol to cholesterol [419]. Another possible mechanism
precluding increased total cellular cholesterol levels following DHCR24 overexpression, is
increased levels of the cholesterol synthesis regulator 24(S),25-epoxycholesterol (24,25EC)
[647]. In future directions, investigating whether DHCR24 overexpression leads to increased
levels of 24,25EC in HCAECs and HuH7 cells may elucidate whether this regulator is responsible

for preventing increases in cholesterol.

Cholesterol protects against cellular stress and DHCR24 has been demonstrated to elicit
protective effects by increasing cholesterol levels in some cell types [433, 438, 469]. A
limitation of this work was restricting analysis of cellular cholesterol levels, to measurements
from unstressed DHCR24-overexpressing cells. Cholesterol depletion can lead to induction of
apoptosis [648-650]. In future studies, it would be valuable to identify whether changes in
cholesterol content occur following TNF-a-treatment. This would determine if under the
treatment conditions used in these experiments, DHCR24 returns cholesterol to physiological
levels in HCAECs and HuH7 cells. The inflammatory response has also been associated with
cholesterol accumulation rather than depletion, as a consequence of disrupted cellular
cholesterol efflux pathways [651]. However, most studies reporting cholesterol depletion-
induced apoptosis involve artificially depleting cholesterol (e.g. using methyl-cylodextrin) [648-

650]. Experimentally-induced cholesterol overload in SH-SY5Y human neuroblastoma cells
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disturbs cholesterol homeostasis. This, in turn, induces apoptosis through increased ROS-
generation and conversion of cholesterol to 24-OHC [652], a brain cholesterol oxidation
metabolite unable to reduce ROS (as reviewed by [653]). Oxidative stress also increases
cholesterol levels in tissue samples from normal aging and Alzheimer’s disease patient brains.
This is due to dysfunctional cholesterol metabolism, and in this context increased cholesterol is
not protective [654]. Therefore, uncontrolled cellular cholesterol levels would induce further
cellular stress rather than be protective. DHCR24 may ameliorate the cellular stress
responsible for perturbing cholesterol metabolism preventing cholesterol accumulation, and
directly suppress TNF-a-induced ER stress and inflammatory stress responses in HCAECs and
HuH7 cells. Consequently, this may further support that DHCR24 does not suppress a TNF-a-
induced inflammatory response in HCAECs and HuH7 cells through cholesterol biosynthesis
mechanisms but through more direct mechanisms. However, further work in this area is
required to validate these hypotheses, especially given the cell type-specific functions of
DHCR24. Cholesterol depletion studies using cyclodextrin would be valuable in future work to
elucidate whether the disparity between DHCR24’s effects in HCAECs and HuH7 cells is

affected by their varying cholesterol content.

Another limitation of this work was that the method used to quantify cholesterol levels
following DHCR24 overexpression only measured total cellular cholesterol. It is possible that
while the change in total cellular cholesterol was not significant, that changes in cholesterol
levels may be detected when subcellular cholesterol pools are individually investigated. This
possibility is supported by the results which indicate an upward trend of increased cholesterol
levels following DHCR24 overexpression. Future work should focus on following up this work
with investigation of cholesterol content of individual subcellular regions such as the plasma
membrane, the ER, caveolae, and other lipid raft-like domains following DHCR24
overexpression in HCAECs and HuH7 cells. A difference in cholesterol content in one of these
subcellular regions following DHCR24 overexpression, would elucidate a mechanism of
DHCR24’s activity. Moreover, concerns of cholesterol-induced cellular stress as mentioned in
the preceding paragraph, from this mechanism would be unlikely as the total cellular

cholesterol increase would not be significant as shown in this study.

The mechanisms of DHCR24’s suppression of a TNF-a-induced inflammatory response
described to this point were similar in HCAECs and HuH7 cells. However, DHCR24’s
translocation following TNF-a-activation was shown to be cell type-specific. In HCAECs, TNF-a-

activation stimulates DHCR24 to move from its endogenous, unstimulated location in the ER
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into the cytoplasm and nucleus. This work is supported by unpublished Western Blot findings
from our laboratory which showed that DHCR24 is located in the cytoplasm. In contrast to
HCAECs, DHCR24 in HuH7 cells remains predominately localised peri-nuclearly before and after
TNF-a-activation. More specific investigation of DHCR24’s endogenous localisation in HuH7
cells was precluded by the auto-fluorescent nature of the cells [637, 638]. The less sensitive
method of using immunohistochemistry staining with light microscopy (this method has
previously been used by our laboratory - data unpublished) could only reveal a peri-nuclear
localisation for DHCR24 in HuH7 cells. However, these observations support the cell type-
specific activity of DHCR24. In keeping with this translocation effect in HCAECs, DHCR24
mediates protection in rat fibroblasts [423], and adrenal cells [577] by translocating from its ER
localisation to interact with other proteins and inhibiting stress responses. In MEF,
transmembrane domain-deleted DHCR24, when exposed to H,0,, translocates from its
endogenous ER localisation freely throughout the cytoplasm and nucleus, scavenging ROS,
thereby precluding apoptosis [140]. Wild type DHCR24 also prevents apoptosis in MEF through
caspase-3 interaction inhibiting apoptosis [140]. Moreover, DHCR24 is cleaved by caspase-3, in
rat fasciculata cells, releasing the catalytic domain from the ER membrane preventing
apoptosis by also allowing it to translocate to the nucleus [472]. In neuroglioma H4 cells,
DHCR24 inhibits caspase-3 activation by serving as a caspase substrate preventing apoptosis
[421]. Additionally, in rat embryonic fibroblasts, DHCR24 translocates to the nucleus, following
H,0, treatment. DHCR24’s nuclear translocation in rat embryonic fibroblasts blocks
degradation of the tumour suppressor p53 through ubiquitination, leading to accumulation of
its active form, consequently preventing apoptosis [423]. These functions of caspase-3
interaction and p53 accumulation are both dependent on DHCR24 translocating to the
nucleus. In this study, in both HCAECs and HuH7 cells, DHCR24 localised to and around the
nucleus, and in HuH7 cells protected against TNF-a-induced apoptosis. The translocation of
DHCR24 to the cytoplasm in HCAECs and its cytoplasm-adjacent localisation in HuH7 cells also
merits investigation into a potential ROS-scavenging mechanism, a feature of DHCR24
reported in neuronal cells [421, 469] and fibroblasts [140, 423, 437]. Moreover, future studies
investigating DHCR24 and its translocalisation to the nucleus, and probing of its specific activity
against apoptosis in HCAECs and HuH7 cells, may also reveal additional cell type-specific

mechanisms.

The cell type-specific nature of DHCR24 was also evident with the regulation of ER stress

markers. DHCR24’s suppression of a TNF-a-induced inflammatory response occurred through
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control of ER stress markers in HCAECs but not in HuH7 cells. DHCR24 is primarily an ER-
resident protein as was shown in this study in HCAECs and has been shown by others [437,
581]. Therefore, in combination with the known mechanism of ER stress stimulating
inflammation [86], ER modulation by DHCR24 was investigated. Additionally, previous work
reports that DHCR24 facilitates reductions in tunicamycin-induced ER stress activity thereby
preventing apoptosis in MEF [469] and protects against ER stress-induced apoptosis in
neuronal cells [469]. The same cytokine treatment conditions that were used to induce the
inflammatory response were used to investigate whether DHCR24 controls a TNF-a-induced ER
stress response to suppress an inflammatory response. This work showed that a TNF-a-
induced inflammatory response is regulated by suppression of an ER stress response in
HCAECs, but not in HuH7 cells. The ER stress response in HuH7 cells was not activated
following TNF-a-activation which may have been as a result of the relatively high endogenous
cholesterol content of HuH7 cells. This work supports DHCR24’s previously reported cell type-
specific activity, with the interplay between suppression of a TNF-a-induced inflammatory
response and the ER stress response being divergent in HCAECs and HuH7 cells. A limitation of
this work was that DHCR24’s effect on a TNF-a-induced ER stress response was performed
with the aim to determine whether regulation of a TNF-a-induced ER stress response was
responsible for modulating the TNF-a-induced inflammatory response rather than directly
analysing DHCR24’s suppression of a TNF-a-induced ER stress response. Consequently, the
effect of DHCR24 against a TNF-a-induced ER stress response in HuH7 cells could not be
determined, as the TNF-a-induced inflammatory response conditions did not elicit a TNF-a-
induced ER stress response. In future work DHCR24’s effect on the ER stress response should
be investigated using optimised ER stress conditions separate from the inflammatory
response. This would determine DHCR24’s effect on TNF-a-induced ER stress response

conditions in HUH7 cells, and may show more of an effect in HCAECs.

The endogenous level and change in DHCR24 levels following TNF-a-activation also varied in
the two cell types. Firstly, the HuH7 cells contained higher levels of DHCR24 than HCAECs. This
increased endogenous DHCR24 level may account for the effect of the ORM being more
pronounced in HCAECs than in HuH7 cells. The higher endogenous levels of DHCR24 in HuH?7
cells could have partially but not significantly, suppressed a TNF-a-induced inflammatory
response despite transfection of the ORM which is why IL-8 levels were not increased to the
level of the treated control-transfected cells. Interestingly, DHCR24 levels increased in HCAECs

in response to TNF-a-activation, yet decreased in HuH7 cells. However, despite the increase in
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DHCR24 levels reported in HCAECs following TNF-a-activation, it was not sufficient to elicit a
protective effect. This work showed DHCR24 overexpression facilitates a potent suppressive
effect against a TNF-a-induced inflammatory response. This also indicates that should further
studies validate a therapeutic potential for DHCR24 against inflammation in endothelial cells,
an approach of substantially increasing DHCR24 levels by approximately 17-fold through
localised delivery of DHCR24 would be required. Localised delivery of DHCR24 or a DHCR24
oxidoreductase site-based mimetic to select regions of the endothelium could potentially be
facilitated through gene transfer or localised mimetic delivery. Use of advanced drug delivery
systems such as liposomes, protein chemical conjugates, polymeric carriers, and recombinant
fusion constructs could be considered to ensure localised and contained delivery of DHCR24.
The advanced drug delivery systems listed also have greater utility drug delivery to the
endothelium than drugs circulating in blood, which often have no endothelial cell affinity (as

reviewed by [655]).

The effect of TNF-a-activation on DHCR24 levels in HuH7 cells was the opposite of HCAECs,
with DHCR24 levels decreasing. An approach for treatment could therefore be restoring
DHCR24 expression to physiological values. ApoA-I rHDL incubation of HuH7 cells augmented
DHCR24 mRNA levels by approximately 2-fold. The half-physiological concentration of apoA-I
rHDL (16 uM/0.45 mg/mL) used in this experiment also significantly decreased TNF-a-induced
IL-8 mRNA levels. Moreover, in the experiments using siRNA, decreased DHCR24 levels
stopped apoA-I rHDL from protecting against increases in TNF-a-induced IL-8 mRNA levels,
even when DHCR24 mRNA levels were reduced by only approximately 50%. Together this
shows that restoring or incrementally increasing DHCR24 levels is sufficient to significantly
attenuate TNF-a-induced IL-8 mRNA levels in HuH7 cells, while overexpressing DHCR24 levels
is required to suppress ICAM-1 and VCAM-1 levels in HCAECs. Potential avenues of restoring
DHCR24 levels in hepatocytes may include gene therapy. The fenestrated structure of hepatic
endothelium enables viral diffusion and subsequent hepatocyte transduction. Therefore using
DHCR24-based gene therapy to reduce hepatic inflammation in insulin resistance may be
viable [656]. Localised mimetic delivery with advanced drug delivery systems is another
potential drug-delivery option (as reviewed by [655]). However, with all of the DHCR24-based
therapies, ensuring that DHCR24 levels are localised and controlled, and specifically in
hepatocytes remain close to physiological levels, would be necessary in the treatment of

hepatic inflammation.
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DHCR24-overexpression has been associated with (hepatitis C virus-associated) hepatic
tumour development [462, 633, 634]. In light of this, the work shown here in HuH7 cells which
indicates DHCR24’s suppression of a TNF-a-induced inflammatory response can be achieved
with incremental increases of DHCR24, or with its restoration to physiological levels, is
positive. Future work is required to determine the merit of perusing DHCR24 to treat hepatic
inflammation to potentially improve insulin sensitivity. However, based on this work, the small
increases in DHCR24 levels required for such a treatment would eliminate concerns associated
with the formation hepatic tumours, as this occurs at supra-physiological DHCR24 levels [462,
633]. In future work, determining to what extent DHCR24 levels in the livers of insulin resistant
patients are decreased would be valuable. Comparing in vivo DHCR24 levels to the in vitro
DHCR24 mRNA reductions in HuH7 cells presented in this work may help ascertain the extent
DHCR24 levels would need to be increased to restore DHCR24 to a normal physiological range
in humans. This study was limited by investigation of DHCR24’s effects against a TNF-a-induced
inflammatory response in vitro. However, the positive work from this study merits further
investigation of DHCR24’s activity against cellular stressors such as oxidative stress and
apoptosis, and in vivo work. Ascertaining the DHCR24 levels required to suppress inflammatory
conditions and determining the in vivo practicality of DHCR24, would determine if DHCR24
translational applications are feasible for development. DHCR24’s utility as a biomarker for
early atherosclerosis or insulin resistance development would be limited due to the invasive
nature of obtaining sample. Further, DHCR24 levels may vary significantly between patients
(see DHCR24 as a biomarker Section 1.10.2), making changes difficult to detect. Therefore
DHCR24’s main potential translational application would be to develop a mimetic to restore or
increase DHCR24 levels in specific tissues to abrogate the inflammatory responses that drive
endothelial and/or hepatic cell inflammatory diseases and disorders. However, further basic
science research is required to further elucidate DHCR24’s mechanisms and effects, in addition
to in vivo studies before development of downstream therapeutic applications can be

considered.

Together, the results presented in this study strongly propose the potential for DHCR24 to be
used as the foundation for a therapeutic agent against endothelial and hepatic inflammation -
a previously unexplored potential therapeutic approach. The data also extends general science
building upon the current literature revealing the mechanisms for DHCR24’s suppression of a
TNF-a-induced inflammatory response in HCAECs and HuH7 cells. More work is now required,

to elucidate in further detail these mechanisms, and to discover further roles for DHCR24 in
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HCAECs and HuH7 cells. The results from this study are novel and highlight that the
development of DHCR24 or DHCR24 oxidoreductase site-derived mimetics to prevent or treat

the onset of inflammatory disorders driven by endothelial cell and hepatic inflammation, is

promising.
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