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Abstract

Genetic variation contributes to outcome from sepsis. A large number of associations
have been observed between genetic variants and sepsis outcome, however, identification of
causal single nucleotide polymorphisms (SNPs), or their mechanisms of action, have not
been successfully elucidated. The aims of this project are to identify causal variants in two
candidate genes and determine whether these variants are involved in the mechanisms
leading to altered outcomes in sepsis.

The known pathophysiology of sepsis is complex and involves dysregulation of
several systemic processes, including the coagulation and inflammatory systems. Based on
this knowledge, and known literature on genetic variation in coagulation genes, PROC was
chosen as a candidate gene in which to search for causal SNPs. In addition, based on the
known role of lipids in sepsis, as well as the already identified causal SNPs in the PCSK9
gene, PCSK9 was selected as a second candidate gene to test the hypothesis that genetic
variation in lipid mediators alters outcome in sepsis.

Two intronic SNPs were found in the PROC gene (rs2069915 and rs2069916) that
are in high linkage disequilibrium and appear to modify untranslated mRNA, leading to
lower concentrations of circulating protein C in individuals homozygous for the major alleles
of these SNPs. Furthermore, in the PCSK9 gene, an intronic SNP (rs644000) was found that
appears to mark known Loss-of-Function and Gain-of-Function coding SNPs, and was
associated with outcome in two cohorts of patients with septic shock, and with a reduction of
cytokine levels in a subset of these patients. Additionally, using murine genetic Pcsk9
knock-out and pharmacologic inhibition strategies in a murine model of systemic bacteremia,

a markedly attenuated global, cardiovascular and inflammatory cytokine response to



lipopolysaccharide administration was observed. Furthermore, increased endotoxin clearance
was measured after PCSK9 knock-out. Together these results indicate that reduction of
PCSKQ activity in both mice and humans reduces the inflammatory response and improves
outcome in septic shock.

The work presented here furthers the understanding of the role played by non-coding
SNPs in protein expression and has implications for a new, potentially personal, drug

strategy for sepsis patients in intensive care units.
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Chapter 1: Introduction

Many genetic variations have been associated with a diverse array of complex
diseases, from diabetes [1], cardiovascular disease [2] and chronic obstructive pulmonary
disease [3], to asthma [4], atherosclerosis [5] and sepsis [6], to name but a few. Elucidating
the actual causal or functional variations has proven to be far more challenging.

Compounding this difficulty is the likely contribution of many variations from several
genes to the outcome or phenotype of a single disease.

A variety of treatments have been trialed for treatment of sepsis but to date none have
proven to be the “silver bullet” that physicians are looking for. The likelihood exists that the
most effective treatment for sepsis will vary between individuals as each individual possesses
a unique background of genetic variation upon which any disease will act.

Performing functional studies on every variation in the human genome is not feasible
therefore potentially functional variations need to be selected for in-depth testing using the
collection of knowledge amassed in the literature, including previously published association

data and knowledge of biologic pathways active during the course of the disease.

1.1 Sepsis — Clinical Definition

Sepsis is a complex condition resulting from an overwhelming systemic host response
to a systemic infection initiated mainly by Gram-positive and Gram-negative bacterial
pathogens [7], but also by viral, fungal and protozoan pathogens [8]. Occasionally,
hyperinfections by metazoans such as Strongyloides stercoralis have been known to initiate

sepsis in immunocompromised individuals [9]. Sepsis is defined as a systemic inflammatory



response syndrome (SIRS) in response to an infection, and is considered severe when
combined with acute organ dysfunction [10]. Severe sepsis combined with hypotension

despite adequate fluid resuscitation is termed septic shock [10].

1.2 Incidence of Sepsis

In 2004 sepsis was the 10th leading cause of mortality in adults and the leading cause
of death in intensive care units (ICUs) in developed countries [11] and accounted for as many
deaths as heart attacks [12]. Incidence of severe sepsis in the United States increases by
1.5% annually due, in part, to the aging population [12] which, by 2020, will increase
incidence by an additional million cases per year [13]. Prognosis of patients with severe
sepsis is poor, with in-hospital mortality rates ranging between 30% and 40% [14]. There are
~750 000 cases of severe sepsis in the United States every year, of which ~215 000 (approx.
30%) will die [14]. The long-term outcome for survivors of severe sepsis is also affected as
their quality of life is lower than before the critical illness [15] and 2-year mortality rate is
high (~45%) [15] moreover, long-term survival is reduced with an increased 5-year mortality
rate, even after controlling for co-morbidities [16]. Altogether this represents an enormous
burden on the health care system; it is estimated that in 2008 the United States spent
approximately $14.6 billion on hospital costs for sepsis [17]. With average costs of more
than $38 000 for survivors (not including costs incurred after discharge) and $49 000 for
non-survivors [12], coupled with an increasing incidence, it is easy to see these costs
escalating in the future. These high costs are not restricted to the United States - a small
1999 study in the United Kingdom found median daily ICU costs of treating a patient with

sepsis varied between $930 and $1079, depending on severity [18].



1.3 Heritability of Genetic Predisposition to Sepsis

Is the susceptibility to inflammatory or infective conditions inherited or a product of
environmental conditions? There have been several studies that have attempted to answer
this question. A key 1988 study by Sgrensen et al. found that death due to infections and
vascular causes is strongly linked to the genetic background of the individual [19]. They
found that adoptees have a 5.81 relative risk of dying from an infection if their biologic
parent died of infection before the age of 50, which is greater than their relative risk for a
cardiovascular or cerebrovascular event (4.52) or for cancer (1.19) [19].

Further evidence of a genetic contribution to outcome of infectious diseases comes
from twin studies: A study in India found a 60% concordance among monozygotic twins for
the risk of contracting leprosy compared to a 20% concordance for dizygotic twins [20].
Further, a 2010 study by Obel et al. found a consistent concordance rate for monozygotic
twin pairs compared to dizygotic twin pairs over the three definitions of death due to
infection used in the analyses (narrow, broad, broadest) [21]. Although the concordance
rates were low, this nonetheless demonstrates a genetic influence on the risk of death from
infectious diseases.

These infections are not genetic diseases, therefore the similarities in outcome of
genetically linked, but not environmentally linked, adopted individuals points to a genetic
influence. Determination of a genetic link to susceptibility is also seen in twin studies where
the siblings usually share the same environment and the genetic contribution to susceptibility
is determined by the different concordance rates between the more-genetically-similar
monozygotic twin pair compared to the dizygotic twin pair. Genotype could contribute to

susceptibility to any infection or to specific pathogens but also could contribute to the



response to an infectious agent. Determining which genotypes are likely to develop sepsis,
or survive a severe sepsis or septic shock episode, may help in developing or targeting new

treatment therapies.

1.4 Pathophysiology of Sepsis

Initially, within the first 24 — 48 hours after infection, sepsis manifests as an intense
inflammatory response of the host to an invading pathogen (see Figure 1.1), which includes
production of many pro-inflammatory mediators such as tumor necrosis factor-alpha (TNF-
alpha), interferon-gamma (IFNG), interleukin 1 beta (IL1B), interleukin 6 (IL6), nitric oxide
and activated complement factors C3a and C5a [7, 22, 23]. At the same time, large numbers
of immune cells are recruited to the damaged tissue and release anti-inflammatory mediators
such as interleukin 10 (IL10) and transforming growth factor beta 1 (TGFB1) [24-26]. The
cellular damage caused by the invading pathogen and these mediators leads to further release
of pro-inflammatory mediators and amplification of the pro-inflammatory response, leading
to a vicious cycle resulting in hypoperfusion, disseminated intravascular coagulation, acute
organ dysfunction and shock [23-26].

There is increasing evidence of a biphasic aspect to the immune response in patients
with sepsis: those who survive the initial “cytokine storm” may succumb to a secondary
infection, often one which would not normally be pathogenic in a healthy individual [27, 28].
It has been suggested that as sepsis progresses, some patients may suffer “immuno-paralysis”
caused, in part, by a sustained release of the anti-inflammatory mediators and characterized
by decreased cytokine and chemokine production as well as defective antigen presentation

and phagocytosis [29-32].
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Figure 1.1 Overview of the inflammatory response.

Even a simplified overview of the inflammatory response highlights the complex interplay between molecules
and tissues: the initial immune response, triggered by a variety of insults, invokes pathogen-associated and/or
danger-associated molecular patterns (PAMPs and DAMPs, respectively), which results in the release of an
exuberant inflammatory response. A vast array of inflammatory mediators acts on all the physiological systems
and various cell types, ultimately causing organ dysfunction. Some individuals able to resolve the insult will
survive, while many will be unable to combat either the insult or the overwhelming response and will succumb.
Reprinted with permission from The American Society for Microbiology: Reinhart K et al. Clin. Microbiol. Rev.

2012;25:609-634.



Otto et al. (2011) found re-infection rates by opportunistic pathogens, specifically
Candida spp., increased in later stages of sepsis. Concomitantly, they found mortality rates
peaked in the early phase (0-5 days) after sepsis diagnosis and then again later, with the

majority of deaths (63.3%) occurring after the first 5 days [28].

1.4.1 Lipids in sepsis

Serum total cholesterol, high density lipoprotein (HDL) and low density lipoprotein
(LDL) levels are important in the hosts’ response to Gram-negative and Gram-positive
infections (eg., sepsis) [33]. Triglyceride-rich lipoproteins clear pathogens by binding to
lipopolysaccharide (LPS) and lipoteichoic acid (LTA) fragments of Gram-negative and
Gram-positive pathogens, respectively (see Figure 1.2), and forming complexes which are
then internalized via the LDL receptor (LDLR) and cleared by the liver through bile
excretions [34, 35]. Patients with sepsis due to Gram—negative bacteria commonly display
brief increases in plasma free fatty acids and triglycerides and a sustained drop in cholesterol,
LDL, HDL and apolipoprotein B (APOB) levels [33]. Most adults and children admitted to
the ICU with severe sepsis have low or undetectable serum lipoprotein levels and an
increased risk of death [36]. Both LDL and HDL are able to bind pathogen fragments and
neutralize their harmful effects prior to expulsion by the liver [37], in fact, reconstituted HDL
has been used in several species, including humans [38-40] to treat septic shock and prevent
the harmful release of pro-inflammatory cytokines, while having minimal effect on anti-

inflammatory cytokines [41].
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Figure 1.2 Clearance of pathogens by lipids.

Pathogenic aggregates increase expression of pro-inflammatory mediators via innate-immune receptors on
leukocytes, which is indirectly inhibited by PCSK9: PCSK9 mediates uptake of LDL, very low density
lipoprotein (VLDL) and HDL molecules via the LDL receptor by directly binding to the LDL receptor, and
reducing receptor numbers on the cell surface by preventing receptor recycling. PCSK9 may also have this
effect on other lipid receptors, such as the very low density receptor (VLDLR). Reduction of PCSK9 increases
uptake of these pathogen/ lipid complexes, allowing removal of pathogen-bound lipid molecules via the liver
for excretion in bile fluids. Non-esterified fatty acids are either re-esterified to form triacylglycerol (TAG) or

oxidized. Figure created using Inkscape software version 0.48.4

1.4.1.1  Oxidized lipoproteins

In septic patients, levels of oxidized lipoproteins are high and are associated with both
the pro- and anti-inflammatory aspects of sepsis. Oxygen free radicals cause tissue damage
to a variety of cells, in particular to endothelial cells, which leads to vascular dysfunction
and, ultimately, organ failure [42]. In contrast, oxidized lipoproteins are also able to

neutralize pathogen fragments, to suppress signaling via some nuclear factor of kappa light



polypeptide gene enhancer in B-cells 1 (NFKB1, commonly known as NFKB) pathways [42]
as well as to augment the anticoagulant activity of activated protein C (aPC), a natural
anticoagulant always in short supply during severe sepsis and septic shock [43]. Oxidized
LDL concentrations increase steadily during the first 7 days in patients with severe sepsis
and, given its opposing roles, may change the course of the response from an acute event to a
more chronic condition [42].

1.4.1.2 The role of apolipoprotein E in the inflammatory response

Apolipoprotein E (APOE) has also been shown to bind strongly to LPS fragments and
intensify the uptake and degradation of LPS by the liver and also to decrease the levels of
pro-inflammatory cytokines by precluding any association between LPS and pro-
inflammatory cells such as macrophages [44] as well as possibly directly down-regulating
macrophage pro-inflammatory activity [45, 46]. Apolipoprotein E has been shown to have
several different immunomodulatory effects, from protection against LPS infection to
modulating T-cell activation and clearance of apoptotic bodies [47], suppression of Type |
inflammatory response [48] and antigen presentation to natural killer cells [49].
Apolipoprotein E has also shown protective effects against diverse diseases such as malaria
[50], Listeria monocytogenes [51] and Klebsiella pneumoniae [52].

Other lipoproteins have displayed protective affects against LPS-induced infection,
possibly also, like APOE, by reducing pro-inflammatory cytokine production. One such
lipoprotein is apolipoprotein A-1 (APOAL), a major component of HDL [37], which has
been shown to decrease the development of atherosclerosis in response to LPS in mice that

are APOE-deficient and have high plasma concentrations of other lipids [53].



1.5 Treatment of Sepsis

Currently the standard treatment for patients with sepsis is early administration of
broad spectrum antibiotics, early goal-directed fluid resuscitation, control of infection source
and appropriate organ support [10]. There is no FDA—approved drug treatment specifically
used to reduce mortality from sepsis. Many different treatment regimens have been tested,
including treatments aimed at supporting the immune system, reducing coagulation, blocking
the host inflammatory response and aggressive support of cardiac function and global oxygen
delivery but none has been wholly successful. An early study by Rivers et al. (2001) found
early goal-directed therapy, compared to standard therapy, reduced 28-day mortality in
patients with severe sepsis and septic shock, and suggested that adequate, rather than
supranormal, levels of oxygen delivery be achieved rapidly [54], which correlates with
findings from two other groups that found increased in-hospital mortality [55], or no decrease
in mortality [56], in the groups assigned to receive a high level of oxygen delivery.

To date, in addition to system support, there have been many potential
pharmacological therapies for sepsis but all have either failed completely or not proved as

efficacious as expected [13].

1.5.1 Pharmacological agents against inflammatory mediators
1.5.1.1  Anti-tumour necrosis factor therapy

Tumour necrosis factor alpha is a well described cytokine with a central role in the
stimulation of the acute phase response. Produced primarily by activated macrophages it
induces fever, apoptotic cell death, inflammation and sepsis via induction of IL1 and IL6 [57]

and contributes to the organ dysfunction, shock and mortality seen in severe infections [58].



Several studies have linked polymorphisms in the TNF-alpha [59, 60] and TNF-beta [61, 62]
genes with outcome in septic patients. Several anti-TNF therapies have been trialed but none
have so far been as effective as expected, for example the MONARCS trial saw a small
benefit after adjusting for covariates but no benefit overall [58, 63] and the small treatment
effect has not been replicated [13]. Furthermore, a meta-analysis of randomized control trials
of anti-TNF therapies for rheumatoid arthritis found an increased risk of serious infection and
development of malignancies [64], while other studies found necrosis of extremities occurred
after anti-TNF therapy [65, 66].
1.5.1.2  Nuclear factor kappa B (NFKB) therapy

A central player in the inflammatory cascade is NFKB, a transcription factor
activated by stimuli such as cellular stress, cytokines and pathogens whereby it then
modulates expression of several genes involved in the immune response to infection [67, 68].
When lung epithelial cells are stimulated with LPS derived from Escherichia coli, the LPS
binds pattern recognition receptors on the cell surface such as toll-like receptors (TLRS)
which initiates a signaling cascade through myeloid differentiation primary response 88
(MYD88), and other intermediates, to phosphorylate nuclear factor of kappa light
polypeptide gene enhancer in B-cells inhibitor alpha (NFKBIA). Phosphorylated NFKBIA
then releases NFKB allowing it to translocate to the nucleus where it regulates transcription
of various genes [69-71]. Clinical studies of patients with infection-induced sepsis have
shown high nuclear concentrations of NFKB in neutrophils which have been associated with
a worse outcome. In experimental models, inhibition of NFKB translocation results in less

inflammation and less injury to the lungs [69].
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In addition, NFKB is involved in other cellular processes such as embryonic
development, cell growth and proliferation, blocking apoptosis [72], promotion of
angiogenesis and neuronal development such that it is known to regulate approximately 400
genes in a temporal and tissue-specific manner [73-77]. Mutations in the NFKB gene leads
to several known human defects [78]: NFKB has been associated with varied disease states
such as atherosclerosis, asthma, arthritis, stroke, diabetes and septic shock [79].
Dysregulation of NFKB pathways has been implicated in many types of cancer and
inflammatory conditions and over 750 different NFKB pathway-inhibiting compounds have
been identified and many are being tested for use as NFKB-blocking therapies [76, 80, 81].

As a drug target for sepsis NFKB appears to be a good candidate; inhibiting a main
player involved in the amplification of the inflammatory response should reduce the cytokine
storm that often overwhelms the patient, but NFKB is also involved in normal cellular

processes and blocking NFKB systemically could have dire consequences for the host.

1.5.2 Anticoagulant therapies

There is extensive cross-talk between inflammation and coagulation; not least
because the three important anticoagulant systems (Protein C/thrombomodulin, antithrombin
and tissue factor pathway inhibitor (TFPI) systems) are located on endothelial cell surfaces
where they can participate in both functions [82]. Molecules that act in the coagulation
cascade (see Figure 1.3) are obvious candidates to investigate as potential treatments to
combat the excessive dysregulation of this system regularly seen during severe sepsis and

septic shock and many have been trialed with limited success.
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Figure 1.3 The complexity of the coagulation cascade

Many players interact in a carefully choreographed interplay to maintain balance between excessive coagulation

and runaway hemorrhage. Thrombin and activated protein C (aPC) are major players in both the coagulation

and fibrinolytic pathways. Figure created using Inkscape software version 0.48.4
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1.5.2.1  Tissue factor pathway inhibitor (TFPI) therapy

The main inhibitor of the tissue factor/Factor VIla complex is tissue factor pathway
inhibitor (TFPI) [82]. This molecule has been tested extensively in experimental and clinical
settings and although high concentrations of TFPI seem to reduce tissue-factor-mediated
coagulation, a large study in patients with severe sepsis (OPTIMIST trial) displayed no
survival benefit [83-85]. Although one study using recombinant TFPI in baboons with septic
shock did show a survival benefit for the group treated with TFPI 30 minutes after LPS
challenge, this benefit was vastly reduced in animals treated 4 hours after LPS challenge
[86].
1.5.2.2  Antithrombin therapy

Endothelial damage caused, in part, by excessive cytokine production leads to
generation and activation of thrombin. Excess thrombin contributes to the excess blood
clotting seen in deep vein thrombosis and severe sepsis [87]. In addition, recently it has been
found that histones in the plasma, likely a result of apoptosis of damaged cells, induce
thrombin generation [88].

Antithrombin is a serine protease inhibitor and is the main inhibitor of thrombin and
Factor Xa [89]. Heparin and heparin-sulphates enhance activity of antithrombin by at least
1000-fold [89]. During a severe inflammatory incidence, expression of antithrombin is
inhibited by acute-phase response proteins. Antithrombin levels are further reduced due to
continued consumption and degradation, while thrombin continues to be generated by
activated neutrophils [89]. Plasma levels of antithrombin are known to be low in patients
with sepsis, and treatment by antithrombin replacement therapy has been used since the

1980s [90]. A large randomized-controlled clinical trial (KyberSept trial) in patients with
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severe sepsis did not show an overall benefit of antithrombin treatment except in a sub-group
of patients who were not also receiving heparin [91]. Earlier studies used plasma-derived
antithrombin concentrate whereas more recently recombinant antithrombin has been made
available and has shown efficacy in reversing heparin resistance in patients undergoing
cardiac bypass surgery [92].
1.5.2.3 Activated protein C and protein C therapy

In addition to anti-coagulant functions, activated protein C (aPC) has been shown to
have several cytoprotective functions: it is essential for immune-mediated elimination of
cancer cells [93], promotes coagulation factor 11 (thrombin) receptor (F2R) - commonly
known as proteinase-activated receptor 1 (PAR-1) - cytoprotective signaling through arrestin
beta-1 and dishevelled-2 scaffolds in endothelial cells [94], and through protease activated
receptor 3 (PAR-3; approved name coagulation factor Il (thrombin) receptor-like 2 (F2RL2))
in podocytes [95]. Signaling by aPC via the PAR-1/arrestin beta -1/disheveled-2 complex
leads to endothelial barrier protection, in contrast to thrombin signaling through PAR-1
which does not require the same co-factors and leads to barrier permeability [94]. The initial
large prospective, randomized, double-blind, placebo-controlled, multicenter PROWESS trial
showed a 6.1% reduction of risk for all-cause mortality in their cohort of 1690 patients with
sepsis and septic shock after treatment with recombinant human aPC (drotrecogin alfa,
Xigris®, abbreviation rhAPC) [96], but this result did not replicate in a follow-up study
(PROWESS-SHOCK Trial) [97]. In both studies there was a slightly increased risk of
serious bleeding events in the drotrecogin alfa group. Studies are underway to test
synthesized aPC molecules that have little or no anticoagulant function but retain anti-

inflammatory and anti-apoptotic function [98], but this may not be as effective as hoped in
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light of a recent discovery by Schuepbach et al. (2011) who found aPC upregulates
procoagulant factors on endothelial cells, in a manner dependent on aPC binding to the
endothelial protein C receptor (PROCR; commonly designated EPCR) but independent of
PAR-1 signalling [99].

Instead of using aPC, Baratto et al. (2008) tested the use of endogenous protein C as a
therapy, reasoning that protein C is normally reduced in patients with sepsis, and serious
bleeding events would be minimized if only the required amount of aPC was generated
[100]. They conducted a small pilot study with 20 patients who had protein C levels <50%
of normal in the setting of severe sepsis or septic shock [100]. Patients received an infusion
of protein C (Ceprotin®, Baxter, Deerfield, IL) over 72 hours to maintain protein C activity
between 70% and 120% of normal. They found a significant reduction in coagulopathy,
disseminated intravascular coagulation (DIC) score and lactate levels and a significant
increase in platelets and anticoagulant molecules, however, the results are difficult to
interpret as there was no control group. Further studies into protein C as an adjunct therapy

are warranted.

1.5.3 Lipids as inflammatory mediators
1.5.3.1 High density lipoprotein therapy

High density lipoproteins (HDLs) have been shown to be important mediators in
sepsis and septic shock by mediating the inflammatory response via both endotoxin and non-
endotoxin binding mechanisms [101]. Patients with sepsis are known to have reduced
plasma HDL cholesterol, with the lowest levels seen in the most severely ill, and correlated

to patient outcome [102]. The known anti-inflammatory effects of HDL (Figure 1.2) include
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clearing of LPS molecules from plasma [103], modulation of cytokine expression [104],
repression of adhesion molecule expression [105, 106], increasing expression and capacity
for activation of endothelial nitric oxide synthase (eNOS) [107, 108] and preventing
oxidative damage to LDL molecules [109, 110]. Levine et al. (1993) showed a survival
benefit in endotoxin-challenged mice given reconstituted HDL therapy but also showed a
mild toxicity to plasma HDL and no benefit from HDL apoprotein alone [38]. Recombinant
HDL (rHDL) therapy in rabbits with sepsis displayed a reduction in TNF signaling [111],
however, a drawback to rHDL therapy is that infusion of this molecule has been shown to
increase incidence of Candida albicans [112]. Another group found growth of
Staphylococcus aureus substantially increased in the presence of cholesterol [113]. Taken
together, these results suggest that in septic patients, HDL therapy should be used with
caution because of the risk of life-threatening secondary infections. More recent work by
Gautier and Lagrost (2011) suggests that neutralization of LPS by lipoproteins is mediated by
phospholipid-transfer protein (PLTP) and, indeed, this protein has demonstrated effects in
diverse biological processes including the inflammatory response and innate immunity and
may be a better molecule to pursue as a drug target in the treatment of sepsis [114].
1.5.3.2  Statin drugs as anti-inflammatory agents

The metabolism of cholesterol is a highly regulated process, balancing uptake of
cholesterol from diet with synthesis and degradation of cholesterol in the liver [115]. The
rate limiting step in cholesterol synthesis is an enzymatic step mediated by 3-hydroxy-3-
methylglutaryl-coenzyme A (HMG-CoA) reductase [115]. Drugs commonly prescribed to
inhibit HMG-CoA reductase in patients with high serum cholesterol levels at risk of

cardiovascular disease or atherosclerosis are universally called “statins” [115]. In addition to
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their lipid-lowering affects, statins are now also thought to play a separate, independent role
in reducing inflammation in infectious conditions such as sepsis and septic shock [115, 116].
Studies looking at the anti-inflammatory effects of statins in reducing mortality in
patients with sepsis have been inconclusive. Most studies involving statins and sepsis show a
significant decline in mortality for patients already taking statins and for at-risk patients pre-
treated with statins, although the mechanism has not been elucidated as yet [117, 118].
Studies using animal models of sepsis where statins were given after the onset of infection
did not show a significant benefit [119]. Much of the anti-inflammatory effects of statins are
mediated in endothelial cells which exhibit a reduction in inflammatory cytokine production
caused by a statin-induced inhibition of CD40 molecule, TNF receptor superfamily member
5[120]. In addition, statins inhibit small GTPase prenylation which results in inhibition of
several transcription factors (for example, NFKB and activator protein-1 (AP-1)) involved in
the transcription of pro-inflammatory mediators [121]. Statins inhibit adhesion molecules,
particularly P-selectin and intercellular adhesion factor 1 (ICAM1), but also affect many

others by altering either gene expression or protein distribution in tissue [121].

1.5.4 Other therapies tested in treatment of sepsis

Clinical trials for many other potential therapies for sepsis targeting the coagulation,
inflammatory or innate immune systems or the endotoxins themselves have failed: p55
tumour necrosis factor fusion protein, anti-endotoxin monoclonal antibodies, recombinant
human IL1 antagonist, NOS inhibitor, platelet activating factor acetylhydrolase, group 1A
secretory phospholipase A, bactericidal/permeability-increasing protein, ibuprofen,

pentoxifylline and others (reviewed in Wheeler, 2009 [13]). Other trials have targeted the
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apoptotic pathway [122], corticosteroids [123, 124], nutrition [125], oxidative stress [126]
and nitric oxide [127]. Efficacies of most drug therapies in the treatment of sepsis have been
mixed. This may be due, in part, to diversity of the initiating pathogen type or enrollment of
patients with no bacterial infection, the duration of infection prior to enrollment in the study,
the definition of sepsis used in the study, underlying morbidities of the patients and non-
uniformity of initial patient support [58]. It has been shown, by sub-analyses of study data,
that tight stratification of the study group identifies a greater benefit of some treatments in
the patients with the highest risk of death compared to those with less severe disease [58]. In
addition, the efficacy of any potential drug therapy has been determined largely by the risk of
death in the control group and this varied between studies [128].

Sepsis is a complex condition involving all physiological systems therefore it is
unlikely that a pharmaceutical agent targeting one single system is likely to lead to complete
resolution of all symptoms. In addition, patient presentation and the responses of individuals
to different pathogens and therapies vary markedly and suggest that elucidation of functional
variations in key genes may be useful in predicting responses to pharmacological therapies as
well as outcome. Use of biomarkers such as single nucleotide polymorphisms (SNPs) in
identifying host responses to infection and inflammation may elucidate individuals likely to
develop more severe disease or have a better or worse response to particular treatments,
thereby enabling specific therapies to be personally targeted, leading to better patient

outcomes.
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1.6 Polymorphisms in the Genome

There is very little genetic difference between individuals: human genomes vary by
only about 0.1% [129]. Mutation rates are lower in females than males [130]. Several
common types of variations exist: small insertions and deletions of base pairs, micro-satellite
regions (varying number of short, repeated base pair sequences) and SNPs [131]. The
smallest genotypic change is the SNP, a change to a single base pair; it is relatively common
and makes up about 90% of all human genetic variations [132, 133]. The most common
variation is a nucleotide change from CpG to TpG and accounts for approximately 25% of all
mutations in the human genome [134]. The allele that occurs most frequently in the
population is known as the major allele, while the less common allele is known as the minor
allele. A mutation is known as a SNP if the minor allele occurs with a frequency of >0.1%,
these variations occur approximately every 100 — 300 bases along the length of the genome

(http://genomics.energy.gov). Very common SNPs, where the minor allele occurs with a

frequency of >10%, are found approximately every 500 - 1000 base pairs. Since the human
genome was sequenced, >10 million SNPs had been identified by early 2005 (International

HapMap Project, http://hapmap.ncbi.nim.nih.gov, release #19). All SNPs have been

deposited in a publicly accessible NCBI database (dbSNP,

http://www.ncbi.nlm.nih.gov/projects/SNP/, build 123). Through genome-wide association
studies, microarray expression studies and candidate gene studies, many SNPs have been
associated with outcome in a variety of disease states [135-141] but few have been shown to
be the causal or functional SNP. Church et al. (2009) estimated the functional proportion of
protein coding sequences in the human genome to be 1.06% [142], whereas another group,

using an evolutionary method and including constrained non-coding regions as well,
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estimated the functional proportion of the human genome to be much higher at between 6.7%

and 10.0% [143].

1.7 ldentification of Functional Polymorphisms in Disease

Cis-acting gene regulatory regions may be situated up to 1Mb up- or down-stream of
the gene they regulate [144] and may incorporate binding sites for enhancers, repressors or
insulators [145, 146], see Figure 1.4. Moreover, these regulatory regions may be inside
intronic regions of unrelated genes [146]. Although most regulatory regions are found in the
proximal promoter region and in the first few introns [147], some have been discovered up to
150kb away from the gene being regulated [145].

Studies have shown that disruption of distal regulatory regions can lead to disease
phenotypes [144-146, 148], therefore linkage disequilibrium (LD) between SNPs that are
significantly associated with outcome or phenotype may be very important. Linkage
disequilibrium is the frequency of occurrence of allele haplotypes more often than
would be expected by chance, assuming random distribution [149].

In any region of the genome, LD reflects all past forces that have led to the frequency
of each allele, such as natural selection, mutation and transpositions [149]. The effect of a
SNP often varies between individuals and may be due to either environmental causes or
genetic effects or both: one individual may carry more co-morbidities than another and/or

SNPs in other genes may modulate the effect of the SNP of interest [150].
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Figure 1.4 Regulation of transcription.

A. Enhancer elements promote transcription of genes from regions far from the gene, close to, or within the
gene itself. B. Repressor elements decrease transcription of genes and are found in similar genomic regions as
enhancers. C. Insulators at either end of a gene region prevent transcription from neighboring genes
encroaching on the gene region, as well as preventing the gene’s own transcription from beginning or
continuing inappropriately. Interaction of all elements ensures transcription occurs correctly at the right time

and only in the required tissues. Figure created using Inkscape software version 0.48.4

A 2006 study by Drake et al. show that SNPs in conserved non-coding regions of the
genome are less densely distributed and more likely to be functional than SNPs in non-

conserved regions, particularly if the SNP is common and intronic [151]. However, evidence
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of conservation is not sufficient to identify functional SNPs — the evolutionary forces that
selectively constrained the region may not be relevant to the human genome.

Several well studied SNPs have repeatedly been significantly associated with
outcome or a phenotype such as increased/decreased plasma levels of a protein which
correlates with outcome [137, 152-157] but to date the mechanisms whereby these SNPs
exert their influences have remained elusive. Therefore functional studies of SNPs are
necessary to determine whether they are indeed the functional SNPs or whether they are
merely in LD with the causal SNP.

The least complicated SNP effects to interpret functionally are those that alter an
amino acid in coding regions of a gene coding for a binary trait inherited in a Mendelian
fashion, but most SNPs (~95%) [158] are in non-coding regions and effects of these SNPs

are far more difficult to elucidate, particularly in genes that exert pleiotropic effects.

1.7.1 Coding SNPs

SNPs in coding regions may alter the amino acid (non-synonymous SNPs) or may
code for an alternate codon of the same amino acid (synonymous SNPs) and any of these
changes may alter the functionality of the protein [159]. Several research groups have long
been trying to predict the effects of these amino acid changes using computational modeling
techniques [160, 161]. For example, Xia et al. (2002) developed a model to predict the
propensity of a particular amino acid change occurring due to the preference of the amino
acid to be like its neighbors and forming part of a particular secondary structure such as a.-
helices or B-sheets [162], but ultimately, functional assays need to be performed to determine

the validity of these predictions.
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1.7.1.1  Non-synonymous amino acid changes

Non-synonymous amino acid changes are either missense or nonsense mutations
occurring in coding regions of genes. Both are caused by point mutations that change the
original codon to one that codes for a different amino acid. Nonsense mutations result from
an amino acid change that forms an unexpected stop codon which usually results in a
truncated protein. This truncated protein may not be functional at all, may have reduced
function or may have a different function altogether [163]. Examples of diseases caused by
prematurely shortened transcripts include B-thalassemia [164], Duchenne Muscular
Dystrophy [165], Cystic Fibrosis [166] and Hurler Syndrome [167].

Although missense mutations also change the amino acid, the affects can range from
neutral to severe depending where in the resulting protein the change occurs: an amino acid
change in a region that does not affect protein secondary structure or function may pass
unnoticed whereas an amino acid change in a protein’s active site, DNA-binding site or
subunit attachment domain could have dire consequences for the functionality of the protein
[168]. Disruption of protein function may be caused by the new amino acid having a
different charge, a different shape or different biochemical properties. For example, if a
hydrophobic amino acid forming part of the transmembrane portion of a receptor protein
changes to a hydrophilic amino acid, the protein may not get incorporated into the membrane
or may compromise the integrity of the membrane [163]. Correct folding of a protein or
proper interaction with binding partners or chaperones may not occur if the new amino acid
is a different shape, carries a different charge, has disrupted post-secondary modification
sites or causes aggregation of proteins [168-171]. Alterations in amino acids forming part of

signal peptides may cause aberrant protein localization leading to proteins not being secreted,
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proteins not inserted into membranes or proteins that get “stuck” in the endoplasmic
reticulum or Golgi apparatus. All these will have an effect on cell homeostasis and some
effects may be deleterious [168].

1.7.1.2  Synonymous amino acid changes

When a mutation in a codon does not result in a change in translation it is called a
synonymous mutation and is a result of the degenerate coding of some amino acids which
have several different codon options for the same amino acid. For example Leucine (Leu)
has six possible codons, namely TTA, TTG, CTT, CTC, CTA or CTG. Synonymous amino
acid changes are not always neutral and can affect the function of a protein. All organisms,
from bacteria to vertebrates, display codon bias whereby some codons are translated less
efficiently than others resulting in reduced protein production or reduced function [172]. In
addition, synonymous mutations near exon/intron boundaries can disrupt splicing signals
resulting in exon skipping. For example, in the cystic fibrosis transmembrane conductance
regulator (CFTR) gene 25% of synonymous mutations in exon 12 cause that exon to be
skipped, resulting in an inactive protein [173].

Although the 5” and 3’ untranslated regions (UTRs) are not translated, they are
transcribed, and variations in these regions can be as destructive as those in exons.
Sequences in the 5’UTR region have been shown to regulate gene expression and export of
MRNA, promote or inhibit the initiation of translation, contain riboswitches [174] or
sequences such as iron-response elements (IRESs) that regulate expression [175]. The 3’UTR
contains regulatory sequences such as the poly-A tail [176] and AU-rich elements (ARES)
which stabilize or destabilize the transcript when bound by particular proteins [177] as well

as microRNA (miRNA) binding sites [178, 179].
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1.7.2  Non-coding SNPs

Approximately 95% of SNPs in the human genome are non-coding SNPs [158] and
although many will have no apparent influence on phenotype, many will have significant
effects. Non-coding SNPs are those that lie outside the coding regions, which includes the 5’
and 3° UTRs, hence those in the promoter region and introns, but also includes intergenic
regions and regions far from the gene being regulated [158].

Functional effects of SNPs in non-coding regions are more difficult to determine and
present their own set of unique challenges, not least of which is the genomic distance which
is often involved. Many genes have extremely long introns or the SNP of interest is far from
the gene it potentially regulates [180, 181], both features which present huge challenges for
functional assays such as cloning-based assays.

A non-coding SNP can have one of many functions: it can modulate expression by
altering binding of enhancer or suppression transcription factors [181], by modifying effects
of insulator regions or by altering methylation sites. In addition, a SNP can generate
alternate transcripts by affecting nucleotides at splicing sites [182]. These alternate
transcripts may or may not code for functional proteins, moreover these alternate transcripts
may themselves be regulators of genes or mRNA transcripts. In addition, non-coding SNPs
may alter the binding of structural proteins, such as histones or histone-associated proteins,
affecting chromatin remodeling which may lead to a change in open or closed DNA
conformation with a concomitant alteration of transcription efficiency [181]. Alteration of
binding sites for proteins such as chaperones may contribute to protein mis-folding and such
proteins may get degraded quickly or form inactive aggregates [168], may be unable to leave

the endoplasmic reticulum or Golgi apparatus [168] or may be unable to accept post-
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translational modifications such as glycosylation which may be important for correct
localization or function of the protein [168].

Non-coding SNPs that lead to an increase or decrease in mMRNA decay may disrupt
cellular homeostasis as delayed mRNA decay allows more protein to be translated [182], this
may increase protein activity or cause it to reach a “critical threshold” which overwhelms the
cell or over-activates other pathways, whereas an increase in mMRNA decay would have the
opposite effect. By introducing novel polyadenylation sites, non-coding SNPs may generate
novel protein isoforms which may or may not be active [183].

In some instances, non-coding SNPs may not interfere with the normal transcription
of a gene but may affect the stability of the pre-mRNA transcript by altering miRNA binding
sites [184]. MicroRNAs have been implicated in a range of diseases from deafness, cardiac
disease and diabetes to various types of cancer [185]. Disrupting miRNA target binding sites
or creating novel miRNA binding sites also increases the risk of developing a broad range of
diseases [178].

Methylation of DNA is another method of regulation of gene expression (for review,
see Law 2010 [186]) and is essential for normal processes such as X-chromosome
inactivation, genomic imprinting and suppressing repetitive elements and has also been
implicated in cancer. In mammals most CpGs are methylated [187]. Methylation in
promoter regions results in suppression of transcription. Erroneous methylation or disruption
of methylated CpGs caused by SNPs leads to inappropriate suppression or activation of gene

transcription with a concomitant increase in disease risk [188].
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1.8 Candidate Gene Selection

The ‘common disease — common variant’ hypothesis suggests that there are a limited
number of common variants in the human genome [189] and these can be tested for
association with phenotypes of common disease states, eventually leading to a catalogue of
all gene variants that influence outcome of complex, polygenic diseases. Several examples
have already been reported: alleles of the APOE*E4 gene have been associated with
Alzheimer’s disease [190] and the Factor V Leiden mutation was found to be a risk for deep-
vein thrombosis [191].

For this study, in order to elucidate functional genetic factors that may alter the
outcome of patients with severe sepsis or septic shock, a candidate gene approach was
employed. Initially, the PROC gene was selected as plasma levels of this protein and of aPC,
the activated form of protein C, is well known to modulate outcome in patients with sepsis,
severe sepsis and septic shock [14, 96, 192, 193]. In addition, at the time this study began,
recombinant human activated protein C (rhAPC) was the only FDA-approved drug for
treatment of severe sepsis and septic shock in the ICU.

Next, as both statin drugs and HDL have shown some efficacy in modulating
outcome in sepsis, and there is a known connection between lipids and inflammation [33, 37,

42], we selected PCSKO9, a known lipid modulator, as a second candidate gene.

1.8.1 Protein C (PROC)
Protein C was discovered twice: first in 1960 by Mammen EF et al. [194] and then
again by Stenflo in 1976 [195], in both cases discovery was pertinent to the coagulation

cascade. Today protein C has been well studied and has been shown to function not only in
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the coagulation cascade but also as an anti-inflammatory, anti-apoptotic, pro-fibrinolytic
molecule and has an innate immune function [96].

Human protein C is a proenzyme of a serine protease that is vitamin K-dependent
[196]. In humans, protein C is synthesized, primarily in the liver, as an inactive zymogen in

a single chain [197] containing 461 amino acids [198], see Figure 1.5.

A. Pre-proprotein
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Figure 1.5 Domains in the PROC gene.

A. The signal sequence of the single-chain pre-proprotein is cleaved off to allow secretion of the protein out of
the cell and into the plasma. The propeptide sequence, required for y-carboxylation of nine particular glutamic
residues in the Gla-domain, which is necessary for biologic activity, is also cleaved off in the mature protein.
Residues 199 and 198 (Lys-Arg) are cleaved to allow generation of the light and heavy chains (21kDa and
41kDa, respectively). B. The 12 amino acids of the activation peptide are cleaved off the N-terminal of the
heavy chain by thrombin to effect activation of the mature protein. Figure created using Inkscape software

version 0.48.4
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Cleavage of the signal peptide is required for transport of the proprotein out of the
cell into plasma [199], and, required for anti-coagulant function, the proprotein undergoes
co- and post-translational modifications that includes cleavage of the 24 amino acid
propeptide, y-carboxylation and glycosylation [198]. Unlike other human vitamin K-
dependent proteases, autoproteolytic removal of two amino acids results in a light chain
(21kDa) and a heavy chain (41kDa) linked by disulphide bonds [196, 200, 201]. The N-
terminal has a region containing nine y-carboxyglutamic acids (Gla domain) that interacts
with negatively charged phospholipids on cell surfaces as well as the EPCR [200, 202, 203].
Limited proteolysis by thrombin of 12 amino acids (activation peptide) on the N-terminal of
the heavy chain converts the zymogen protein C into activated protein C [200]. The rate of
protein C activation is increased if protein C and thrombin are bound to their respective
transmembrane receptors, EPCR and thrombomodulin, on the surface of endothelial cells
[204]. In fact, when protein C is bound to EPCR, conversion to aPC occurs 20 times faster
[204], and 1000 times faster when thrombin is bound to thrombomodulin [205]. Following
the Gla domain are two epidermal growth factor-like domains (EGF domains) and a serine
protease domain [203] (Figure 1.5).

Activated protein C, in the presence of co-factors protein S, calcium and
phospholipids, plays an important role in the anticoagulation pathway by inhibiting blood
clotting through degradation of factors Va and Vllla [205], see Figure 1.3. The significance
of this anticoagulation activity is seen in individuals who are homozygous for an abnormal
protein C gene that results in low levels of aPC. These individuals usually have a life-

threatening form of thrombosis called purpura fulminans, which causes extensive blood
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clotting throughout the body [206], while heterozygotes are predisposed to venous or
pulmonary thrombosis [152, 207].

In healthy individuals, the circulating levels of protein C (2800 - 5600ng/mL) are
normally about 2000 times that of aPC (1-3ng/mL), while in >80% of patients with an
excessive inflammatory response due to infection, as is found in severe sepsis or septic
shock, the circulating level of protein C is below the lower limit of normal [193]. Previously,
another group had described similar plasma concentrations of protein C as normal (mean
4000ng/mL in 699 healthy adults), and had described heterozygous protein C deficiency (or
the lower end of normal) as 55-65% of normal [208].

A small increase in aPC (<20ng/mL) is seen in fewer than 20% of patients with sepsis
[209] and protein C levels that remain low are correlated to a poor outcome [193]. The half-
life of protein C is about 10 hours, while the half-life of circulating aPC is only about 20
minutes but despite this difference, it has been suggested that it is not only the conversion of
protein C to aPC that causes the protein C levels to remain low in patients with sepsis [193].
One study in which exogenous protein C was given to children with severe meningococcal
sepsis showed a dose-dependent increase in the amount of circulating aPC and a reduction in
mortality, however the study was small with <10 patients in each group [210]. Another
clinical study showed a 40% reduction in endogenous protein C levels in neutropenic patients
who developed severe sepsis or septic shock while their aPC levels showed a small transient,
statistically insignificant increase [209].
1.8.1.1 Protein C deficiency

Congenital protein C deficiency was first described in 1981 [211] and occurs in about

0.2% of the general population. It is inherited as an autosomal dominant condition with
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variable penetrance [207, 211, 212]. There are two types of congenital protein C deficiency:
Type | describes protein C that functions normally but is synthesized in insufficient
quantities to control the coagulation cascade [213]. In Type Il deficiency, the protein is
produced in normal quantities but is defective in structure and is unable to interact with other
proteins in the coagulation cascade [214]. Individuals who are heterozygous for defective
PROC are at risk of developing pulmonary embolisms or deep vein thrombosis [215], while
homozygotes or compound heterozygotes are at risk of early development of purpura
fulminans, a systemic coagulopathy, resulting in death unless treated [216, 217]. The latter is
a recessive form of PROC deficiency [206].

Protein C deficiency can also be acquired. Purported mechanisms for acquired
protein C deficiency in sepsis may be the increased consumption of protein C as it is
converted to aPC [209] and the increased expression of protein C inhibitors in sepsis [218].
In addition, the increased sepsis-induced expression of soluble EPCR [219] may lead to
increased sequestration of protein C in the plasma and, in conjunction with the failure of the
endothelial surface to support the necessary receptors (thrombomodulin and EPCR) for
conversion of protein C to aPC, could contribute to the persistently low protein C levels seen
in sepsis patients [209].
1.8.1.2  Mechanisms of protein C in sepsis

In sepsis, an exuberant host response to invading pathogens results in excess
inflammation, apoptosis and coagulation leading to vascular injury, organ dysfunction and
often death [96]. Protein C and/or aPC have now been shown to positively affect all these

pathways:
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1.8.1.2.1  Coagulation and fibrinolysis

Under normal physiologic conditions the balance between coagulation and
fibrinolysis is tightly regulated [220] (Figure 1.3). In patients with severe sepsis this
hemostasis is often dysregulated and is associated with increased mortality [87].
Disseminated intravascular coagulation is the result of constant, systemic stimulation of the
coagulation cascade and down regulation of the fibrinolytic and anti-coagulant pathways by
invading pathogens [87]. It is characterized by excess fibrin deposition in the
microvasculature leading to proliferation of microthrombi in small blood vessels and
increasing organ dysfunction [87, 221]. Over time, the pro-coagulant molecules are
consumed and cannot be replaced quickly enough which may lead to the concomitant
uncontrolled hemorrhage complication frequently observed in critically ill patients [220].

The initial host response to infection is a rapid release of pro-inflammatory cytokines
such as TNF-alpha, 1L1-beta and IL6 which are able to induce coagulation and inhibit
fibrinolysis [222-224]. The major pro-coagulant molecule, thrombin, adds to the
inflammatory response by inducing activation of several pro-inflammatory pathways [225].
Activated protein C has been shown to inhibit release of these cytokines [226-228] as well as
indirectly inhibiting thrombin [204]. Effects of aPC on these pathways can be seen in mice
with heterozygous Proc deficiency that evinced more DIC, a greater pro-inflammatory
response and increased mortality compared to wild-type mice [224].

The formation of fibrin clots is an important first host defense against infection [229]
as the clots are able to trap certain bacterial pathogens. Mutations resulting in impairment of
fibrin clot formation leads to increased host susceptibility to some bacterial infections such as

Group A streptococci [230, 231]. Conversely, trapping of Staphylococcus aureus in fibrin
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clots leads to increased host susceptibility to infection, so clearly the benefits of increased
coagulation after pathogen attack are pathogen dependent [232].

Bacterial endotoxins are able to initiate the pro-inflammatory and intrinsic
coagulation cascades by activating endothelial cells [233, 234]. Activated factor X1l (FXIla)
on activated endothelial cells triggers the contact-phase system [235], which results in the
release of the nine amino acid peptide, bradykinin [236], leading to pain, vasodilation and
increased vascular permeability [237]. A study by Herwald et al. (1998) showed that
interaction of surface proteins on Gram-negative bacteria such as Salmonella typhimurium
and Escherichia coli with the host contact-phase factors resulted in increased vascular
permeability and pathogen penetration into the surrounding tissue [233]. This vascular
permeability also allows plasma to leak out which contributes not only to the hypovolemic
hypotension and shock seen in severe sepsis and septic shock, but possibly also serves as a
rich source of nutrients for the invading pathogens [233].

The two receptors, low density lipoprotein receptor-related protein 8 (LRPS,
commonly known as APOER?2) and glycoprotein 1b alpha polypeptide (GP1BA), on
platelets, monocytes and endothelial cells are known to mediate intracellular signaling
leading to adverse outcomes in thrombotic disease, such as antiphospholipid syndrome [238,
239]. Both protein C and aPC have been shown to bind to the LDLR-family receptor,
APOER2, and GP1BA on platelets, resulting in an intracellular calcium flux and platelet
spreading, necessary for plug formation [240]. Conversely, aPC plays a role in the
stimulation of fibrinolysis, resulting in the removal of small blood clots by breaking down
the fibrin in the clots [192], while SERPINEL (previously known as PAI-1), sharply induced

by the introduction of endotoxin, has the opposite effect [83]. Clearly, dysregulation of the
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coagulation system is important in the clinical progression of sepsis, severe sepsis and septic
shock, and switching between pro and anticoagulant states provides costs and benefits for
both host and pathogen.

1.8.1.2.2  Inflammation

Monocytes are another key player in the host immune response, secreting pro-
inflammatory cytokines and ingesting pathogens [241]. Treatment with aPC reduced
secretion of pro-inflammatory mediators from monocytes (Figure 1.6) but did not affect
phagocytosis of pathogens in either primary blood monocytes or THP1 cells, a cultured
human monocyte cell line [226, 241].

Similar results were obtained in human neutrophils, where aPC abolished neutrophil
chemotaxis towards interleukin 8 (IL8) but did not affect phagocytic behavior [242].
Activated protein C also downregulates expression of adhesion molecules and NFKB
subunits in activated endothelial cells and monocytes [243, 244] as well as inhibiting nuclear
translocation of NFKB in monocytes [245].

Downregulation of pro-inflammatory cytokines in monocytes by aPC possibly occurs
by interfering with Wnt signaling (Pereira, 2008). Activated protein C is also purported to
upregulate anti-inflammatory cytokine IL10 while downregulating pro-thrombotic tissue

factor in an LPS model of sepsis in monocytes, and in patients with severe sepsis [246].
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Figure 1.6 Activated protein C and inflammation

Activated protein C bound to EPCR on endothelial cells signals directly to increase expression of genes
involved in maintaining barrier integrity and via PAR-1 to decrease expression of innate receptors, adhesion
molecules and pro-inflammatory genes. In addition, on activated macrophages or leukocytes, aPC signals in an
EPCR-independent and EPCR/PAR-1 dependent manner to reduce expression of pro-inflammatory mediators.

Figure created using Inkscape software version 0.48.4
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Acute lung injury is a common complication of severe infection and results in a large
number of neutrophils accumulating in the lungs, as well as increased levels of pro-
inflammatory cytokines and chemokines [69], contributing to severe organ dysfunction and
mortality [227, 247]. Recombinant human activated protein C has been shown to decrease
the accumulation of leukocytes such as neutrophils in air spaces in the lungs, which may
improve survival in patients with sepsis [247].

As part of host defense strategies against invading organisms, platelets express toll-
like receptors and secrete pro-inflammatory mediators such as IL1-beta and high mobility
group box 1 (HMGBL) to activate endothelial cells and various leukocytes [229, 248].
Platelet TLR4 activation leads to the release of neutrophil extracellular traps (NETS) which
function to trap and kill microbial particles but, unfortunately, also increases coagulation and
suppresses protein C activation [249]. The free histones derived from degraded NETS are
cytotoxic and contribute to late mortality in sepsis [250]. Activated protein C protects cells
against histone cytotoxicity by proteolytic cleavage of histones, independent of any EPCR
and PAR-1 interaction [250].

The HMGBL1 protein is a late mediator of mortality in sepsis [251], binding to several
innate immunity receptors (TLR2, TLR4 and RAGE) on endothelial cells and leading to the
release of pro-inflammatory cytokines and adhesion molecules, resulting in increased
leukocyte adherence, coagulation and vascular permeability [252, 253]. Recently it has
shown by Bae et al. (2011), that in an EPCR/PAR-1 dependent manner (Figure 1.6), aPC
down-regulates expression of TLR2, TLR4 and RAGE receptors on endothelial cells,

resulting in reduced pro-inflammatory signaling by HMGB1 [254].

36



Increased apoptosis has been shown to increase multiple organ dysfunction in patients
with severe sepsis [243, 255], and aPC bound to EPCR is able to signal via PAR-1 to reduce
apoptosis [241].

During inflammation the normal permeability barrier function of the endothelium is
breached which results in edema, hypotension and the promotion of inflammation. These
symptoms are an integral part of severe sepsis, acute lung injury and organ failure [256].
Activated protein C protects barrier function in an EPCR/PAR-1/S1P manner [257, 258].
1.8.1.3 The PROC gene

Protein C is coded for by the gene PROC (accession number NM_ 000312.3), which
is located on human chromosome 2 (2q14.3). The gene is 10 827bp (base pairs) in size,
spans a range from 128 175 996 — 128 186 822 (UCSC, Feb 2009 build) on the forward (+)
strand and contains nine exons in adults. The coding region contains eight exons and covers
1389bp. The primary site of PROC synthesis is in the liver from where it is secreted into the
plasma in its inactive form. Secondary sites of PROC expression include the kidney, testis,
brain, lung, and some epithelial cells [259].
1.8.1.4 Genetic variants in the PROC gene

UniProt Knowledgebase (http://www.uniprot.org/uniprot/P04070) describes more

than 70 natural variants in coding regions of PROC that result in protein C deficiency and
thrombosis, however, the majority of these mutations are extremely rare (minor allele
frequency (MAF) <1%) and have not been shown to affect mortality in sepsis and septic

shock. In contrast, the Ensemble database (http://uswest.ensembl.org) lists >230 coding

SNPs and almost 200 intronic SNPs with a further >150 situated 5’ and 3’ of the gene for a

total of 719 SNPs affecting the PROC gene, again, the majority of these SNPs are rare.
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Several groups have found rare disease-associated SNPs in non-coding regions of the
PROC gene, including the promoter region [213, 260-264]. Two well-studied SNPs in the
promoter region, commonly referred to as -1654 and -1641 (rs1799808[C/T] and
rs1799809[A/G], respectively) have been associated with outcome in deep vein thrombosis,
pulmonary embolism, and severe sepsis [260, 265, 266] and are also well represented in the
general population with a MAF of more than 10%. These two SNPs are only 13bp apart
therefore are usually studied as a haplotype and, most commonly, the C-G and C-A
haplotypes are correlated with the lowest levels of protein C [265]. The T-G haplotype is
rarely seen in most populations. Conversely, by studying the SNPs independently, Walley et
al. (2007) found a greater association with mortality and more organ dysfunction in severe
sepsis patients homozygous for the -1641 A-allele [137]. In addition, carriers of the -1641
AA genotype mounted a more robust IL6 response after cardiopulmonary surgery than
patients without this genotype. Moreover, the SNP -1654 was not implicated in outcome in

either of the two cohorts studied [137].

1.8.2 Proprotein convertase subtilisin/kexin type 9 (PCSK?9)

Proprotein convertase subtilisin/kexin type 9 (PCSK9) was discovered in 2003 when
it was initially known as neural apoptosis-regulated convertase-1 (NARC-1) [267], however
it is now officially known as PCSK9.

Initially, PCSK9 was thought to play a role in the differentiation of cortical neurons
[267], more recently it is acknowledged as a mediator of cholesterol homeostasis, which
affects outcome in diseases such as cardiovascular disease, familial hypercholesterolemia and

atherosclerosis [268-270].
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1.8.21  Mechanisms of PCSK9 in sepsis

To date, very little is known about the function of PCSK9 in patients with sepsis. A
search of Google, Pubmed and Medline (search terms: PCSK9 AND sepsis) uncovered no
studies relating to the role of PCSK9 in human patients with sepsis.
1.8.21.1  PCSKQ in inflammation

However, PCSK9 is known to interact with the inflammatory response: PCSK9
results in up-regulation of genes involved in sterol biosynthesis and down-regulation of
stress-response genes and specific inflammatory pathways [271]. In addition, PCSK9 has
pro-apoptotic effects [272]. Labonte and colleagues (2009) found an antiviral effect of
circulating liver-derived PCSK9 on Hepatitis C virus (HCV) in cells and showed that PCSK9
down-regulates the level of mouse liver CD81 expression in vivo [273]. Cells expressing
PCSKO are resistant to HCV infection [273]. The addition of purified soluble PCSK9 to cell
culture supernatant impeded HCV infection in a dose-dependent manner [273]. It has been
shown that infection and inflammation upregulates PCSKQ itself [274] and, for example,
PCSK9 concentrations are increased in patients who have periodontal infections [275].
1.8.2.2 The PCSK9 protein

In mammals, PCSKO9 is a member of the serine proprotein convertase family [276]
and is related to proteinase K [277]. The PCSK®9 protein is synthesized as a soluble zymogen
which contains an N-terminal signal peptide that is followed in turn by a pro-domain, a
subtilisin-like catalytic domain and a C-terminal domain [278] (Figure 1.7). The zymogen
undergoes autocatalytic cleavage of the pro-domain to allow secretion from the endoplasmic
reticulum, however the pro-domain remains attached, serving as a chaperone to mediate

correct folding and as an inhibitor of the catalytic site [268, 278].
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The inactive 74kDa pre-pro-protein undergoes autocatalytic cleavage in the
endoplasmic reticulum resulting in secretion of a ~14kDa fragment and a ~60kDa fragment

held together by non-covalent bonds [279, 280], see Figure 1.7.
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Figure 1.7 Domains of PCSK9 protein before and after activation

Although usually found as a monomer, the catalytic domain may mediate self-association of the pre-pro-
protein. Cleavage of the 74kDa pre-pro-protein is required for transport out of the endoplasmic reticulum,
through the Golgi apparatus and out of the cell. The resulting 14kDa and 60kDa fragments of the pro-protein
are held together by non-covalent bonds — the 14kDa fragment blocks the active sites, rendering the protein
enzymatically inactive. Via the C-terminus, the secreted pro-protein is able to interact with the LDL receptor

and mediate its degradation. Further autocatalytic cleavage of the 14kDa fragment renders PCSK9
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enzymatically active. Cleavage at residue 218 by either furin or PCSKS5 results in an inactive, truncated protein.
The catalytic triad is shown as D (Asp), H (His), S (Ser) and the oxyanion hole as N (Asn). The purple
diamond indicates the sole site of N-linked glycosylation, a post translational modification.

Figure created using Inkscape software version 0.48.4

This cleavage is necessary to allow transport out of the endoplasmic reticulum as well as for
secretion, correct folding and regulation of catalytic activity [279, 281].

Unlike all other proprotein convertases, catalytic cleavage of PCSK9 does not require
calcium [279]. Also unlike most other proprotein convertases, PCSK9 lacks a P-domain,
required for correct folding and regulation of protease activity, rather, these functions are
mediated via the cysteine- and histidine-rich C-terminal region [282]. Moreover,
intramolecular cleavage does not occur after a basic residue [283] but rather after the
sequence LVFAQ| [277]. Further autocatalytic cleavage of the ~14kDa fragment renders the
pro-protein enzymatically active. The PCSK9 proprotein is phosphorylated at Ser47 and
Ser688 which may protect it from proteolysis [284].

Two residues in the catalytic site of PSCK9 are required for binding, in a calcium
dependent manner, to EGF regions on the LDLR, and mutations in either residue lead to a
more than 90% decrease in binding [278]. Membrane-bound furin or soluble PCSK5 are
able to cleave off the pro-domain, resulting in a 53kDa PCSK9 protein [285] with a more
than 7-fold greater affinity for LDLR EGF regions [278]. This affinity is increased a further
3-fold when pH drops to 6.0, such as is found in lysosomal compartments [278]. Both the

~60kDa and ~53kDa forms are present in the circulation [285, 286] in concentrations of
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around 11 — 600ng/mL [286, 287]. Protein-protein interactions are thought to be mediated by
the C-terminal domain [268, 278].

It is known that PCSK9 plasma concentrations fluctuate in a diurnal rhythm similar to
that of cholesterol synthesis, peaking at 4:30am and dropping to the lowest levels between
3pm and 9pm [288]. The half-life of PCSK9 protein in plasma is 5 minutes, and it is cleared
mainly through LDLRs on the surface of liver cells [289]. A recent study has shown a
possible alternative route, which may clear PCSK9 via LDLR-related protein 1 (LRP1),
another receptor on liver cells [290]. This receptor appears to bind PCSK9 with lower
affinity than the LDLR and increases the half-life of plasma PCSK9 to approximately 15
minutes [289, 291]. The LRP1 receptors bind over 40 different ligands, including
triglyceride-rich chylomicrons [291], and competition with PCSK9 for binding to this
receptor leads to increased triglyceride levels in plasma [290], which may suggest an
explanation for the higher triglyceride levels seen in the plasma of patients with sepsis.
Starvation and treatment with growth hormone reduces PCSK9 plasma concentration (80%
and 17% respectively), while statin therapy and hepatic cholesterol inhibition increases
PCSKO levels [288].

The active PCSKQ protein circulating in the plasma binds the LDLR and, after
internalization, prevents recycling of the receptor back to the cell surface and promotes
degradation of the receptor in the lysosome [292], see Figure 1.8. Therefore, in humans,
inhibition of PCSKQ results in increased cell surface expression of LDLRs and,

consequently, decreased LDL cholesterol levels [293].
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Figure 1.8 Inhibition of LDLR cycling by PCSK9

Association of secreted PCSK9 with the LDL receptor in clathrin-coated pits on the cell surface promotes
degradation of the receptor after internalization. The lower pH of the endosomal environment causes increased
affinity of PCSK9 for the receptor, promoting trafficking to the lysosome, followed by degradation, thus
preventing LDL receptor recycling back to the cell surface. In addition, while trafficking to the cell surface
after synthesis, PCSKO9 either associates with and directs the LDL receptor to the lysosome, or induces
ubiquination of the LDL receptor which also leads to its degradation. Although secreted PCSKS9 is known to
bind to VLDL receptors, it is not known if PCSK9 is able to modulate VLDL concentrations in a similar
manner. LDL cholesterol molecules are associated with apolipoprotein B molecules while VLDL molecules are

associated with apolipoprotein E molecules. Figure created using Inkscape software version 0.48.4
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1.8.2.3 The PCSK9 gene

The PCSK9 gene localizes to chromosome 1p33-p34.3 (accession number
NM_174936.3) and the unprocessed gene contains twelve exons spanning 3617bp, encoding
a 692 amino acid protein [268]. The PCSK9 gene is expressed most commonly in the liver,
followed to a lesser extent by the testis and small intestine, with transient expression in the
cerebellum and kidney epithelial cells [267].

Schmidt et al. (2008) demonstrated in mice that overexpression of Pcsk9, or
administration of recombinant human PCSKO9, reduced mouse LDLR levels in liver tissue to
undetectable levels within 30 minutes, and to a lesser extent, in lung, adipose and kidney
tissues [294].
1.8.2.4  Genetic variants in the PCSK9 gene

Many mutations in coding regions of the PCSK9 gene have been well documented
[295] and functional effects characterized [280]. Loss of Function (LOF) mutations result in
reduced sequestration of the LDL receptor and, as a result, decreased plasma LDL
cholesterol concentrations [296, 297]. Presumably LOF mutations would similarly impact
other receptors regulated by PCSK?9 including the very low-density lipoprotein receptor,
APOER?2 [298], and CD81 [273]. Three missense LOF variants have been found to be
relatively common (MAF>0.5%). The missense variant rs11591147 results in an R46L
substitution which is consistently associated with low LDL cholesterol levels and, hence, is a
LOF variant [295, 296, 299] (Figure 1.9). This variant results in improved patient outcomes

in atherosclerotic disease [300].
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Figure 1.9 Gain-of-Function and Loss-of-Function SNPs in PCSK9

The top of the figure depicts the PCSK9 gene with its 12 exons, also showing the partially untranslated exons 1
and 12. The lower portion of the diagram depicts the positions of the Gain-of-Function (GOF) and Loss-of-
Function (LOF) SNPs that were studied in this work, and by other researchers, as well as the tag SNP rs644000
that marks the GOF and LOF SNPs. The shading depicts where the SNPs of interest lie along the gene. The

bent arrow indicates the start of translation. Figure created using Inkscape software version 0.48.4

Similarly, rs11583680 A53V is common and reported to be a LOF variant [295]
(Figure 1.9). The missense variant rs562556 results in a V4741 substitution, which results in
decreased total cholesterol and LDL cholesterol [301] (Figure 1.9). Conversely, Gain of
Function (GOF) variants lead to decreased numbers of LDL receptors at the cell surface of
hepatocytes and, as a result, increased plasma LDL cholesterol levels with a concomitant
increase in atherosclerosis and cardiovascular disease [282]. Some genetic variants in

PCSK9 may result in LOF or GOF by affecting the affinity with which PCSK9 binds the
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LDL receptor [280]. Other genetic variants may affect the degradation of PCSK?9 protein,
either increasing or decreasing the half-life of PCSK9 [285].

Many GOF mutations in PCSK9 have been identified in individuals of European,
African-American, East Asian, South Asian and Japanese descent [268, 295, 302-304] and
have been found to correlate with increased LDL cholesterol and are a risk factor for
cardiovascular disease [305], however, most are rare. By the same token, LOF mutations
resulting in lower than normal LDL cholesterol levels are common in all populations and are
correlated with a lower incidence of cardiovascular disease but again, most are rare [295,
296, 301, 304, 306, 307]. Complete abrogation of PCSK9 does not appear to be harmful, as
evidenced by a healthy graduate carrying PCSK9 mutations resulting in undetectable PCSK9
levels and extremely low LDL cholesterol levels (14mg/dL) [307]. This woman was
heterozygous for two inactivating mutations, one of which she inherited from each of her
parents [307]. It has been suggested that there are gender differences in PCSK9 function and
regulation, with PCSKO9 levels in men, but not women, correlating with LDL cholesterol
levels [308]. However, the authors admit the data may be skewed by unknown oral
contraceptive use or hormone replacement therapy by the women, as hormones are known to
affect LDLR levels [309, 310].

Few studies have looked at non-coding polymorphisms in and around the PCSK9
gene, however in a recent study Cameron et al. (2012) found no effect of four SNPs or three
known regulatory elements in the promoter region, on increased or decreased levels of

PCSK9 [290].
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1.9 Hypothesis and Aims

The preceding information describes the established role of SNPs in the progression
or outcome of disease, including sepsis, however, much remains to be discovered.
Specifically, although SNPs in the PROC gene have been associated with outcome in sepsis,
the causal SNP has not yet been found, and conversely, although many causal SNPs have
been identified in the PCSK9 gene, it is not known whether they have any effect on outcome
from sepsis.

This study, therefore, has the following hypothesis: SNPs in the PROC and PCSK9

genes are functional and affect outcome in sepsis.

1.9.1 Specific aims
In order to investigate this hypothesis, the following aims were established:
1. To determine whether inflammatory or coagulation mediators decrease the expression
of PROC
2. To determine whether any common SNPs in the 5’ region of PROC bind transcription
factors differentially by allele
3. To identify any differentially bound transcription factors and test for functional
effects such as decreased protein C concentration
4. To ascertain whether PCSK9 contributes to increased morbidity or mortality from
systemic infection and sepsis
5. To determine whether previously identified Loss-of-Function coding SNPs, or others,

in the PCSK9 gene increase survival in patients with sepsis
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Chapter 2: Materials and Methods

2.1 Protein C Experiments

2.1.1 Real time-quantitative PCR assays

A series of real time-quantitative PCR (RT-gPCR) assays were performed in vitro in
Hep-G2 human liver hepatoma cells (American Type Culture Collection (ATCC), Manassas,
VA) to determine whether treatment of cells with inflammatory or coagulatory mediators
affects expression of PROC. Liver cells were seeded at a density of 5x10° cells/mL in Eagles
minimum essential media (EMEM, ATCC) and grown to 40% confluency before treatment
with LPS (1, 1.5, 2, 5 or 10pg/mL; Sigma-Aldrich, Oakville, Ontario, Canada ), IFNG (50 or
100ng/mL; R&D, Burlington, Ontario, Canada), TNF-alpha (30 or 50ng/mL; R&D),
dexamethasone (0.001, 0.01, 0.1, 1 or 2uM; Omega, Montreal, Canada), d-dimer (0.5, 1,
2uM; Lee Biosolutions Inc., St Louis, MO), rhAPC (70, 700 and 7000ng/mL; 45, 450, 4500
and 45000ng/mL; Xigris®, Eli Lilly, Indianapolis, IN) and a triple combination (IFNG,
100ng/mL; TNF-alpha, 50ng/mL; d-dimer, 1uM). Cells were harvested in RNAProtect
(Qiagen, Mississauga, Ontario, Canada) or TRIzol® (Invitrogen, Carlsbad, CA) after 30
minutes, 1 hour, and then every hour until 8 hours, then at 12 hours and 24 hours. Total
RNA was isolated from RNAProtect samples using the Mini RNeasy Mini Kit (Qiagen), as
per the manufacturer’s protocol, after homogenization of cell lysates using the QlAshredder
columns (Qiagen), and from the TRIzol® samples using the phenol/chloroform extraction

method [311].
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In addition, RT-gPCR assays were performed using RNA isolated from cultured

human B-lymphocyte cells (Coriell Cell Repository, (http://ccr.coriell.org/), HeLa cells and a

human monocyte cell line (THP-1, ATCC). As B-lymphocytes have limited receptors,
specifically no TLR4 receptors, cells were treated with IFNG, dexamethasone or CpG type B
(Sigma-Aldrich), a known stimulator of these cells. Moreover, in some experiments the B-
lymphocyte cells were “primed” by pre-treatment with IFNG (100ng/mL) for 24 hours prior
to treatment with CpG.

Conversion of 1ug RNA/sample to cDNA was achieved by using the Superscript 111
First-Strand Synthesis for RT-PCR kit (Invitrogen) with oligo(dT),o primers and PCR
settings: 65°C (5 mins), placed on ice (1 min), 50°C (50 mins), 85°C (5 mins), placed on ice
and added 1 pL RNaseH, then 37°C (20 mins). Products were stored at -20°C.

The cDNA was then used in 384-well format Tagman® Gene Expression assays to
quantify PROC mRNA concentrations (probe Hs00165584 m1, Applied Biosystems,
Carlsbad, CA) with the endogenous control glyceraldehydes-3-phosphate dehydrogenase
(GAPDH; probe Hs99999905 m1,Applied Biosystems). The probes were chosen
specifically to amplify regions spanning exon/exon boundaries to reduce the chance of
genomic DNA being erroneously amplified and quantified.

The Tagman® Gene Expression assay is very specific, requiring not only specific
complementarity of both the forward and reverse primers but also of the probes bearing
fluorescent-reporter dyes. The ABI 7900HT thermal cycler (Applied Biosystems) quantifies
the amount of fluorescence of each specific probe at different wavelengths, which correlates
with the amount of MRNA for each protein in the log phase of amplification, and is

represented by the cycle time (Cy) for each sample. The Cy readings for PROC were
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normalized to C+ readings of GAPDH (PROC/GAPDH) to remove loading biases. The
absolute quantification method, using a standard curve, and the relative quantification
method using the AAC+ calculation [312], were both used to compare concentrations of
PROC mRNA between samples with different treatments. Efficiencies of each primer set
were calculated and determined to be within 5% of each other, a requirement when using the
AACy calculation method [312]. Samples were assayed in triplicate and experiments were

performed three times.

2.1.2 B-lymphocyte cells expressing PROC

B-lymphocyte cell lines GM10847, GM10846, GM10854, GM11839, GM12144,
GM12239 and GM12249 were subcultured (RPMI medium with 10% FBS) into T25 flasks
previously coated with Matrigel™ (BD Biosciences, Mississauga, Ontario, Canada) to
encourage the normally suspended B-lymphocytes to adhere. Matrigel™ is a protein mixture
that resembles the in vivo environment for many tissue types and is often used as a substrate
for cell culture to elucidate complex cell behavior [313]. After seven days of growth, cells
were treated with 100ng/mL hepatocyte growth factor (HGF) and harvested at subsequent
days one through seven. Parallel experiments were performed on the same cell lines cultured
in RPMI11640 medium plus 10% FBS but without Matrigel™. Conditioned media was
collected and cells were harvested in lysis buffer (final concentrations: 1% Triton X-100,
20mM Tris-HCI pH7.5, 150mM NaCl, 1ImM EDTA, 1mM EGTA, 2.5mM sodium
pyrophosphate, 1mM sodium orthovanadate) with protease inhibitors (Invitrogen) and stored
at -80°C until required. Cultured Hep-G2 cells were used as a positive control. Initially, to

determine whether the adhered or non-adhered B-lymphocytes treated with HGF had adopted
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a hepatocyte-like phenotype, Western blots were performed on cell lysates from cell line
GM10847 and probed for alpha-fetoprotein, an ~ 70kDa protein known to be expressed by
adult liver cells under some disease conditions, including hepatomas. The alpha-fetoprotein
was detected in B-lymphocyte cells cultured on Matrigel™ and treated with 100ng/mL HGF
(Figure 2.1), therefore this was the method used to culture B-lymphocyte cells for PROC
quantification.

Twenty four-well plates were coated with Matrigel™ and placed in an incubator at
37°C and 5% CO, for 30 minutes prior to seeding of cells at a density of 2x10° cells/well.
The plates were returned to the incubator for four days to allow the cells to adhere and
differentiate prior to application of 100ng/mL HGF in fresh media. Cells were harvested, as
described previously, at days zero through seven after HGF application and stored at -80°C.
Control wells, with no HGF treatment, were harvested at days zero and seven. To determine
expression of PROC mRNA, PROC and GAPDH genomic DNA (gDNA) and mRNA
(cDNA) were extracted as described previously and amplified in a thermocycler (GeneAmp
PCR System 9700, Applied Biosystems, Inc.), set at 94°C for 2 minutes, then 40 cycles of
94°C for 15 seconds, 60°C for 30 seconds, 68°C for 30 seconds, followed by an extra
extension period of 68°C for 5 minutes. Samples were held at 4°C until electrophoresis
under reducing conditions. Gels were visualized under UV light on a GelDoc imaging
system (GENE Flash, Syngene Bio Imaging, Frederick, MD) using GelRed™ nucleic acid

stain (Biotium Inc., Hayward, CA).
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Figure 2.1 B-lymphocytes express a hepatocyte-like phenotype

B-lymphocyte cell line GM10847 was seeded on a Matrigel™ surface to obtain adherent cells then treated for
seven days with hepatocyte growth factor (HGF; 100ng/mL). Cell lysate was harvested and 60ug total protein
for each sample was separated on an 8% polyacrylamide gel. Untreated adherent B-cell lysates harvested at
Day 0 and Day 7 were used as negative controls (0- and 7-). Hep-G2 liver cell lysate was used as a positive
control (+). The numbers along the top of the wells indicate the time (days) after HGF treatment the cells were
harvested. Although a band of the expected size (~70kDa) was seen when the Western blot was probed for the
liver-specific protein, alpha fetoprotein, the concentration in the B-cell line was clearly well below that of the
Hep-G2 cells, which was expected as adult hepatoma cells produce an increased level of alpha fetoprotein

compared to normal adult liver cells. In addition, viability of the B-cells treated with HGF was considerably

less than untreated B-cells.

52



Samples with potentially positive results were run on a low melting point agarose gel
(LM Agarose; Invitrogen) and the bands were excised, purified (QIAquick PCR Purification
Kit, Qiagen) and prepared for sequencing. Each sequencing reaction contained a total of
15ng of nucleic acid, 5uM of either the forward
(PROC _rs5936gPCR_4593F:5°CGCCCTGTGTCGCAGACGGT3”) or reverse
(PROC_rs5936gPCR_5157R: 5> TTGCGCTAACAGTGGCCCCG3’) primer, 3uL BigDye™
terminators (Nucleic Acid — Protein Service (NAPS) Unit, University of British Columbia,
BC, Canada) and water to a total reaction volume of 10uL. Samples for sequencing were run
on a GeneAmp PCR System 9700 (Applied Biosystems Inc.) with settings: 96°C for 1
minute followed by 25 cycles of 96°C for 10 seconds, 50°C for 5 seconds and 60°C for 4
minutes. Reactions were then held at 4°C until they were shipped to the NAPS Unit at UBC
for sequencing. The sequencing results were analyzed using the PeakPicker software [314]
whereby cDNA and gDNA sequences are first aligned then the number of cDNA reads
normalized to gDNA reads using the coding SNP rs5936 as a reference point. Ratios 1.5 or
greater were considered significant. Each sample was assayed in triplicate for all
experiments. All primers used for amplification of PROC are listed in Appendix A, Table

Al

2.1.1  Enzyme-linked immunosorbent assay (ELISA)

Endogenous protein C in conditioned media from treated and untreated Hep-G2 cells
was measured using the Technozyme® Protein C ELISA kit (Technoclone, Vienna, Austria)
according to manufacturer’s instructions. Conditioned media (100pL/sample) was added to

duplicate wells on a 96-well optical plate, and fluorescence was measured using a
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multidetection Rainbow plate reader with XRead Plus software (Tecan U.S. Inc., Durham,
NC) at wavelength 450nm and a reference wavelength of 620nm. Protein C concentrations
were calculated from the standard curve after subtraction of background readings.
Treatments for Hep-G2 cells included all the treatments previously used for the RT-gPCR
assays as well as thrombin (100 and 200mIU; Sigma-Aldrich). In addition, several
combinations of treatments were used at previously stated concentrations: thrombin/IFNG,
thrombin/LPS, thrombin/LPS/IFNG, IFNG/d-dimer, IFNG/LPS and TNF-alpha/d-dimer.
Conditioned media was collected at 6, 12, 24 and 48 hours after treatment. Samples were
assayed in duplicate and experiments were repeated three times.

Similar ELISA kits and methods were used to measure the concentration of protein C

in Hep-G2 conditioned medium 48 hours after sSiRNA knockdown of USF1.

2.1.2  Viability assay

Viability assays were performed to determine whether any of the treatments used
affected cell survival (adapted from Freshney, (1994) [315]). Briefly, Hep-G2 cells were
cultured in 24-well plates as previously described and treated with LPS (5pug/mL), IFNG
(100ng/mL), rhAPC (45, 450, 4500 and 45000ng/mL) or left untreated as control samples.
Cells were harvested at 12 hours and 24 hours. Next, 1x10° cells/mL of each sample was
suspended in a 1:1 dilution of 0.4% trypan blue solution (Sigma-Aldrich). After incubation
for 2 minutes at room temperature the cells were counted using a haemocytometer. Ratios of
stained cells/total cells were compared between treated or untreated samples at the two
different time points. In addition, a second method was employed whereby 0.4% trypan blue

solution was added to cultured Hep-G2 cells in-situ in each well without cell lysis. After
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observing the relative number of live:dead cells in each well, some cells were wounded with
a pipette tip. Dye up-take by the wounded cells occurred almost immediately, indicating that

the assay was capable of differentiating between live cells and dead or wounded cells.

2.1.3  Single nucleotide polymorphism selection in the PROC gene
Dense resequencing in a European population by SeattleSNPs

(http://pga.mbt.washington.edu/) was used for SNP selection. All SNPs that had a minor

allele frequency >10% and were situated between the -1654 polymorphism in the promoter
region and the end of intron 2 in PROC were selected for study (Table 2.1). Several SNPs in
the selected region were found to be in high LD, notably rs2069915, rs2069916 and the
promoter SNP -1654 (rs1799808) which together have an r*>0.83 (Figure 2.2 and Figure 2.3

and Appendix A, Table A.2).
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Table 2.1 SNPs in the PROC gene selected for study
All SNPs from SeattleSNPs database of European individuals with a minor allele frequency >10% that were

situated between the -1654 polymorphism in the PROC promoter region and the end of intron 2 were selected

for study.
Minor
SNE_ . SNPrsID Allgles o allele Gene region Predict§ed functional
position Major/Minor"  frequency effects
(%)*
-1654  rs1799808 CIT 33 Promoter No known function
-1641 rs1799809 AIG 48 Promoter No known function
-1479 rs1799810 AT 48 5’UTR exon 1 Splicing regulation
-141 rs1158867 T/C 47 Intron 1 No known function
453 rs2069910 CIT 39 Intron 2 No known function
670 rs2069912 TIC 26 Intron 2 Enhancer
738 rs2069913 CIG 20 Intron 2 No known function
751 rs2069914 G/A 26 Intron 2 Enhancer
857 rs2069915 G/A 35 Intron 2 No known function
894 rs2069916 CIT 33 Intron 2 Enhancer

* SNP position is with respect to the start of translation in exon 2.

T Major alleles are those most common in European populations.

1 Minor allele frequencies as per SeattleSNPs European populations.

8§ Possible functional effects as predicted by the FastSNP database [316].
UTR, Untranslated Region
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Figure 2.2 Phased haplotype associations of SNPs in a Caucasian population from SeattleSNPs

The diagram spans a region of 4688bp of the PROC gene from upstream of exon 1 to the middle of intron 3.
Position numbering is with respect to the start of translation in intron 2. Numbers 1 to 6 represent the different
haplotype groups. All 10 SNPs surveyed in this study are represented and marked in bold typeface. The
frequency % refers to the frequency that each haplotype was found in the population. In this sample of 23
individuals, rs1799808[C] (also known as -1654[C]) is always associated with the G-C haplotype of rs2069915-
rs2069916. Linkage disequilibrium exists between -1654 (rs1799808) and rs2069915 (83%) as well as
rs2069916 (94%). Three haplotypes from Clade C were not included as they were not common, together only

representing 2 individuals.
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Figure 2.3 Linkage disequilibrium between SNPs in the PROC gene

Linkage disequilibrium heatmap showing the degree of association between the ten SNPs in the region of the
PROC gene surveyed. The darker the squares the greater the LD (and greater the r? value) therefore the more
likely any two SNPs are inherited together. The SNPs rs2069915 and rs2069916 are in high LD (r>=0.92).
There is also a high degree of LD between these two SNPs and one of the well documented promoter SNPs

-1654 (rs1799808), r*>=0.83 and 0.92 respectively. Figure created using R software (version 2.8.1)

2.1.4  Electrophoretic mobility shift assay (EMSA)
2.1.4.1  Nuclear extracts for EMSA

As protein C is primarily synthesized in the liver, a human hepatoma cell line, Hep-
G2 was used to generate nuclear extracts. Cells were cultured, maintained and split as per

suppliers’ recommendations (ATCC). Nuclear lysates were obtained by seeding cells at a
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density of 4x10° cells/mL in 9.6 cm? culture plates (6-well plates) and were maintained in
EMEM until 90% confluent before harvesting cells and extracting nuclear fractions
according to manufacturer’s instructions (Nuclear Extraction Kit, Panomics, Fremont, CA).
Nuclear proteins were quantified using either a BCA Protein Quantification assay (Pierce,
Rockford, IL) or by measuring optical density at 280 nm on a NanoDrop 8000
spectrophotometer (Thermo Fisher Scientific Inc.). Nuclear extracts were obtained from
untreated Hep-G2 cells (19 distinct cultures were used) or healthy human liver tissue (Active
Motive Inc., Carlsbad, CA) and were used at a concentration of 4 - 10 ug/reaction. As both
Hep-G2 and liver tissue lysates returned similar results, the study continued with Hep-G2
lysates.
2.1.4.2 Radiolabeled oligonucleotide sequences for EMSA

Twenty-five base-pair oligonucleotide sequences (oligos) centered on the selected
SNPs were designed for the major and minor alleles of each SNP and obtained from
Integrated DNA Technologies (IDT, Coralville, IA; Appendix A, Table A.3). The promoter
SNP probes contained haplotypes of both SNPs as these two SNPs lie only 13bp apart. The
assay was performed following the protocol of the Gel Shift Assay System (Promega,
Madison, W1): oligos were 5’end-labeled with "*P-ATP (Perkin Elmer, Waltham, MA).
Unlabeled oligos were removed by centrifugation at 1000 x g for 4 minutes in G25 Mini
Quick spin DNA columns (Roche, Mississauga, ON). Incorporation of "**P-ATP was
ascertained by calculating the ratio of labeled oligo to unlabeled oligo after counting in a
scintillation counter (BeckMan Coulter LS6500 Multi-Purpose Scintillation counter,
Mississauga, ON). Only oligos with >30% incorporation were used, as per the

manufacturer’s protocol.
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2.1.4.3  Electrophoretic mobility shift assay

For each reaction, nuclear lysate (4 - 10ug/reaction) was incubated for 10 minutes at
room temperature with 1X binding buffer (20% glycerol, 5mM MgCI2, 2.5mM EDTA,
2.5mM DTT, 250mM NaCl, 50mM Tris-HCI pH 7.5, 0.25mg/mL poly9dI-dC)(poly(dI-dC)
and water to 9uL before the addition of 1puL of labeled oligo (75 000 — 110 000cpm) and a
further incubation of 20 minutes at room temperature. Gradient (2-8%) CosmoPAGE native
gels (Nacalai USA, Inc,, San Diego, CA) were pre-run for 10 minutes at 250V in 1X native
running buffer (20X buffer: 0.8M Tricene, 1.2M Tris pH8.4) to remove any unpolymerized
acrylamide. Gels were dried for 45 minutes at 57°C on a slab gel dryer (Drygel Sr. Model
SE1160, Hoefer Scientific Instruments, San Francisco, CA) before being exposed overnight
to a Super Resolution storage phosphor screen (Perkin Elmer Life and Analytical Sciences,
Shelton, CT) and scanned on a Cyclone® Plus storage phosphor system from Perkin Elmer
using OptiQuant Image Analysis software (Perkin Elmer, Waltham, MA).
2.1.4.4  Cold competition and supershift assays

Reactions involving competition with cold (unlabeled) probes were pre-incubated for
20 minutes at room temperature with 50X, 100X or 200X molar excess of unlabeled probe
before addition of the labeled probe and continuation of the assay as previously described.
Supershift assays were pre-incubated for 20 minutes at room temperature with 2ug of
antibody (cMYC and NFkB, Cell Signaling Technology Inc., Boston, MA; USF1, Santa Cruz
Biotechnology Inc., Santa Cruz, CA) prior to continuation of the assay.

Consensus sequences for EMSA cold competition assays to identify proteins
potentially binding to the SNPs of interest were selected based on a combination of database

and literature searches: consensus sequences of transcription factors purported by the
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functional analysis database, FastSNP [316]

(http://fastsnp.ibms.sinica.edu.tw/pages/input_CandidateGeneSearch.jsp), and the stringent

database, ConSite [317] (http://asp.ii.uib.n0:8090/cqi-bin/CONSITE/ConSite/), to bind the

SNP region were confirmed by comparison against known sequences listed on the MACO
database [318] or from literature reports. The final selection of transcription factor consensus
sequences included cREL, IRF1, NRF2, TEAD1 and E2F for rs2069915 and cMYC, USF1
and NFKB for rs2069916. Many transcription factors have more than one known consensus
sequence, in some cases the sequences are tissue- or pathway-specific, therefore, for
completeness, more than one sequence was included for several transcription factors

(Appendix A, Table A.4).

2.1.5 Validation of EMSA results by novel bead-based “gel-shift” assay

In collaboration with an industry partner (Panomics Inc., Fremont, CA) a high-
throughput quantitative EMSA-type method was developed to screen multiple SNPs for
transcription factor binding. This multiplexing method utilizes biotin-conjugated sequences
of interest and fluorescent-dyed beads conjugated to specific transcription factor sequences,
whole-cell or nuclear lysate and is quantified on the Luminex platform. The work flow is

depicted in Figure 2.4.
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Figure 2.4 Workflow of novel plate-based “gel-shift” assay
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Initially, double-stranded DNA sequences centered on SNPs rs2069912[T/C],
rs2069915[G/A] and rs2069916[C/T] were synthesized by IDT and labeled with biotin on the
5” end of the sense stand only (Appendix A, Table A.3). The same sequences were used here
as for the EMSA assays but included biotin labeling instead of radionuclide labeling. The
transcription factors chosen for this assay were those purported by both the PROMO and
ConSite databases to bind the DNA sequence at rs2069916[C], or were known to affect
expression in hepatic cells, and were available on the Procarta™ Transcription Factor Assay
panel : NFKB, AP1, STAT3, RUNX1/AML, CEBP, GR/PR and HNF1. The sense strands of
the consensus sequences for these transcription factors were biotin-labeled at the 5° end and
the antisense strands were each conjugated to unique Capture beads by Panomics Inc.
Similarly, the antisense strand of rs2069916[C] with a six carbon spacer (rs2069916[C]
antisense: 5° XXXXXXCCAGTACACCACGTGCAGCCCCATC 3’) was conjugated to a
unique Capture bead (Panomics Inc.) capable of being quantified on the Luminex platform
and this bead/sequence was added to the pre-mixed Capture bead solution.

The assay was a modified version of the Procarta™ Transcription Factor Assay
(Panomics Inc.) whereby 6nM of each sample biotin-labeled double-stranded oligo was
incubated with 2ug Hep-G2 nuclear lysate for a total sample volume of 20uL, at 15°C for 30
minutes in a 96-well Incubation plate to enable protein/DNA complexes to form. The assay
then continued as per manufacturer’s protocol and the plate was read on the Luminex100
instrument and data was analyzed with the accompanying 1.7 Software (Luminex
Corporation, Austin, TX). The Luminex instrument was warmed up and calibrated prior to

use and gated at 8 000 — 15 000 and set to count 50 events in 25 seconds.
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Samples included the three SNPs rs2069912, rs2069915 and rs2069916 with Hep-G2
nuclear lysates which were untreated or treated with TNF-alpha. Samples were assayed in
duplicate and negative controls (no Hep-G2 nuclear lysate) were included for each sample
type. In addition, positive and negative controls supplied by Panomics were included:
untreated HelLa nuclear lysate with the addition of recombinant NFKB protein and untreated
HeLa nuclear lysate, respectively. Wells containing only the buffers were included as
background controls. All buffers and plates were supplied by Panomics Inc. and

formulations are proprietary.

2.1.6 Identification of nuclear factors by SILAC mass spectroscopy

An alternate method to identify nuclear factors binding to the probes of interest is
mass spectrometry. As the concentration of nuclear factors binding to the DNA probes is
very low, an alternative mass spectrometry method was employed that is able to detect and
identify proteins in minuscule concentrations: Stable Isotope Labeling by Amino acids in
Cell culture (SILAC) [319]. For this assay, Hep-G2 cells were cultured in T75 flasks in
Dulbecco’s Minimum Essential Medium without arginine or lysine (DMEM; Caisson
Laboratories, Inc., North Logan, UT). Stable heavy isotopes of arginine and lysine (*'Cs-
argenine and Dy-lysine) were added to media in one flask and normal arginine and lysine
isotopes (called “light” isotopes for clarity) were added to media in a separate flask. Cells
were subcultured through a minimum of seven passages before plating in either “heavy” or
“light” media, with harvesting and nuclear extraction as previously described. Nuclear
factors binding to SNPs of interest were purified using biotin labeled probes (IDT, Appendix

A, Table A.3) and streptavidin-coated magnetic beads (Dynabeads® M-280, 10mg/mL,
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Invitrogen) as per manufacturer’s instructions. Biotin-labeled probes (1.75uM; IDT)
containing the G-allele of rs2069915 or the C-allele of rs2069916 were separately incubated
for 20 minutes at room temperature in ~4mg/mL nuclear lysate harvested from cells cultured
in media containing “heavy” isotopes while the probe containing the opposite allele of each
SNP, the A- and T-alleles respectively, were incubated separately in nuclear extract
harvested from cells cultured in “light” medium. The Dynabeads® were washed 3 times in
1X wash/binding buffer (10mM Tris-HCI pH8.8, 1ImM EDTA, 0.1mM NacCl) to remove
preservatives and resuspended in 1X wash/binding buffer. Twenty microliters of beads were
added to each probe/nuclear lysate reaction and incubated for a further 20 minutes at room
temperature to immobilize probes to the beads. Each reaction microcentrifuge tube was then
appended to a DynaMag™-Spin magnetic particle concentrator (Invitrogen) to concentrate
the beads on the sides of the tubes and prevent removal when aspirating nuclear lysate or
buffers. Nuclear lysate was then removed and the beads with probes bound were washed
once with 1X low-salt binding buffer (20% glycerol, 50mM Tris-HCI, 250mM NaCl, 5mM
MgCl,, 256mM EDTA, 2.5mM DTT and 0.25mg/mL poly dI.dC) and resuspended in 20uL of
1X high salt, low pH buffer (20mM Tris-HCL pH6.8, 1M KCI, 1ImM EDTA, 1mM DTT).
The “heavy” and “light” reactions for each SNP were then combined, the beads immobilized
using the magnetic particle concentrator and nuclear factors eluted off the probes by
incubation of the reactions at 56°C for 5 minutes. Two reactions were performed for each
probe, combined, and the volumes reduced to 20uL by evaporation (Savant SpeedVac
SC100, Thermo-Scientific, Nepean, ON, Canada) to concentrate the samples. Samples were
stored at -20°C prior to SILAC mass spectrophotometry analysis at the Centre for High-

Throughput Biology (CHiBI), University of British Columbia, BC, Canada.
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Mass spectroscopy was performed using the OrbiTrap machine (CHiBi, UBC, BC)
and Quant analysis was performed by calculating the ratio of “heavy” to “light” isotopes of
isolated proteins as per the method of Mittler et al.[319]. Ratios greater than 2 or less than
0.5, with a minimum of two identified peptides, were considered positive identifications of

proteins bound to the “heavy” or “light” probes, respectively.

2.1.7 siRNA knockdown of USF1

To test whether loss of USF1 binding to rs2069916[C] has a functional effect on
protein C expression, a USF1 knock down assay was performed using validated Stealth
Select RNAi™ siRNA duplex sequences (Invitrogen) against the human USF1 gene. A
medium GC Scrambled Stealth RNAi™ siRNA duplex (Invitrogen) was used as a negative
control. Three different sSIRNA probes were assayed for USF1 knockdown by Western blot
analysis using COP1 as the standard. Probe HSS144432 achieved the greatest effect with an
83% knockdown, therefore this probe was used in all subsequent knockdown experiments.

Reverse transfection reactions were performed in triplicate with the siRNA probe and
the negative control probe according to manufacturer’s recommendations. Whole cell lysates
were collected by addition of 300 puL of RNAprotect Cell reagent (Qiagen) to each well after
collection of conditioned media, followed by storage at -80°C prior to RNA and DNA

extractions.

2.1.8 TagMan™ SNP genotyping assays
The TagMan™ SNP genotyping assay (Applied Biosystems Inc.) functions similarly

to the TagMan™ Gene Expression RT-gPCR assay but utilizes two probes instead of one,
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each covalently conjugated to a quencher molecule on the 3’ end and either a FAM
(Excitation 495nm, emission 515nm) or VIC (Excitation 535nm, emission 555nm) [320]
fluorophore on the 5* end. The probe sequences span the region flanking the SNP of interest
and each is specific for one allele of the SNP. The Tagman™ SNP genotyping assay probes
were designed for the PROC coding SNP rs1799810 (Validated probes: C-1841975 1 ;
Applied Biosystems Inc.) which was first tested for quality by RT-gPCR amplification of
genomic DNA extracted from genotyped B-lymphocyte cell lines (Coriell Cell Repositories)
homozygous or heterozygous for alleles of this SNP: 5ng DNA was used for between four
and seven different individuals for each genotype. In addition, an allelic discrimination assay
was performed to check the performance of the probes (Figure 2.5). After validation of the
probes, total RNA and DNA were extracted (AllPrep RNA/DNA kit; Qiagen) from Hep-G2
cells, as described previously, after 48 hours of USF1 knockdown by siRNA probes, and
from Hep-G2 cells treated with control sSiRNA probes at the same timepoint. The Superscript
I11 First Stand Synthesis system (Invitrogen) was used to convert mRNA to cDNA after
Ambion® TURBO DNA-free™ DNase treatment (Life Technologies Corp.). Genomic DNA
and cDNA were purified using QIAquick PCR Purification kit (Qiagen) as per
manufacturer’s recommendations.

For the Tagman™ SNP genotyping assay, 10ng gDNA and, separately, cDNA (total
volume 20uL/well) from biological triplicates of each sample were added to separate wells
on a 384-well plate, in triplicate, and dried overnight at room temperature under sterile
conditions. The following day 10uL/well of a mastermix (2X TagMan™ Master mix, 40X
Tagman™ assay mix containing probes, DNase-free water) was added to each reaction well

on the plate as well as to 36 wells containing only Tris-EDTA scattered randomly throughout
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the plate as negative controls. The samples were then amplified by RT-qgPCR (95°C for 10
minutes followed by 35 cycles of 92°C for 15 seconds then 60°C for 1 minute (Applied
Biosystems 7900HT, Applied Biosystems Inc.). Cycle-time readings for cONA were

normalized to the gDNA Cr readings from the same sample prior to averaging of replicates.
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Figure 2.5 Validation of probes by allelic discrimination.
Quality control of the TagMan™ probes for SNP rs1799810 using DNA from B-lymphocyte cell lines shows
clear separation of genotypes: Allele X (red) = rs1799810[AA], Allele Y (blue) = rs1799810[TT],
heterozygotes rs1799810[AT] are shown in green. Controls (NTC, containing Tris-EDTA), shown as black

squares, are tightly grouped at the bottom left of the graph, indicating no DNA was amplified.
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2.1.9 Luciferase reporter assay
2.19.1 Construction of vectors

Haplotypes homozygous for the major alleles of SNPs rs2069912, rs2069913 and
rs2069914, and major or minor alleles of rs2069915 and rs2069916 (genotypes TCGGC or
TCGAT respectively), were amplified by PCR from cDNA derived from individual B-

lymphocyte cell lines available at the Coriell Cell Repository (http://ccr.coriell.org/). (Table

2.2).

Table 2.2  Cell lines used for the luciferase reporter assays

Genotypes of SNPs
rs2069912 rs2069913 rs2069914 rs2069915 rs2069916
Cell lines
GM12005 TT CcC GG AA TT
GM10845 TT CC GG GG cC

Primers were designed to amplify a 421bp region covering these SNPs. In addition,
the forward primer included a Kpnl restriction site on the 5’ end while the reverse primer

included a BglII restriction site on the 3 end to facilitate directional cloning (Table 2.3).
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Table 2.3 Primers designed for luciferase reporter assay

Primer pair 1 and 2 containing the restrictions site for Kpn1 and BglII at 5” and 3’ ends (bold type) was used to
amplify the DNA isolated from Coriell cell lines. Primer pair 3 and 4 amplified off the PGL4.23(luc2/minP)
vector backbone, covering the entire inserted piece of DNA, to check insert orientation. Primer 5 amplified
forward off the vector backbone, the reverse primer (primer 6) was situated on the DNA insert near the 5 end

to differentiate correctly or incorrectly orientated inserts.

Number  Primers # Pro_duct Seqluenlce
bases size 5-3

1 PROC _intron2_Kpn1l_for421 34 421  GTACGGTACCCCACACCAGGCTGTTGGTTTCATT
2 PROC _intron2_Bglll_rev421 34 GCATAGATCTATAAGTACTCAAGCCCTGGCTGCT
3 pGL4 seq 847F 24 847  AAGAAGGGAATGAGTGCGACACGA

4 pGL4 seq_847R 24 TGGCATCTTCCATGGTGGCTTTAC

5 pGL4 seq_847F 24 494  AAGAAGGGAATGAGTGCGACACGA

6 pGL4_seq_494R 24 GCACAGTTAGGAGGGAGAGATCAA

The amplified regions were cut out of the cellular genomes by a double restriction
enzyme digest, purified and cloned into the pGL4.23[luc2/minP] vector (Promega), (Figure
2.6).

For the cloning reaction, 1jug each of the vector and the amplified DNA from the
three cell lines was double-digested using 2ug each of the Kpnl and Bglll restriction
enzymes (New England Biolabs, Pickering, ON, Canada), 1X Buffer 2, BSA (New England
Biolabs) and RNase/DNase-free water (New England Biolabs), to a total volume of 50pL.
The reactions were incubated in a water bath at 37°C for 1 hour. The vector was then
dephosphorylated using Antarctic Phosphatase (New England Biolabs) to prevent self-

ligation. The phosphatase was inactivated by incubation at 65°C for 5 minutes. The vector
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reaction was run on a 1% agarose gel in 1X TAE buffer (Tris-acetate buffer with EDTA,

pH8.0) for 2 hours at 70V.

Synthetic poly (A) signal
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Figure 2.6 Map of the pGL4.23[luc2/minP] vector

The pGL4.23[luc2/minP] vector was used in the luciferase reporter assays. This high expression vector is
designed to reduce aberrant expression. It contains a multiple cloning region (list of restriction sites in box on
right) for insertion of a DNA sequence of interest upstream of a minimal promoter and the luciferase gene.

Figure created using Inkscape software version 0.48.4, adapted from www.promega.ca

The gel was visualized under UV light and the resulting band was cut out and purified
using a QIAquick Gel Extraction kit (Qiagen) as per manufacturer’s protocol. The DNA

fragment to be cloned into the vector was then purified as described previously (QIAquick
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PCR Purification Kit, Qiagen). The ligation reactions included insert DNA and vector DNA
in a ratio of 3:1, T4 kinase and 1X T4 buffer and water to a total volume of 10puL. The
reactions were incubated at room temperature for 10 minutes before transformation into XL-
1 Blue competent Escherichia coli cells (Agilent Technologies, Palo Alto, CA).
2.1.9.2  Transformation of competent cells

For each reaction, a 40uL aliquot of electro-competent XL-1 Blue E. coli (Agilent
Technologies) cells were mixed with 2L of DNA from each ligation reaction in a chilled
microcentrifuge tube. The samples were each placed in chilled electroporation cuvettes and
electroporated at 1700V, field strength of 17kV/cm, resistance of 200Q2 and 25uF capacitance
in a BioRad Gene Pulser Il Electroporator (Bio-Rad Laboratories (Canada) Ltd, Mississauga,
ON, Canada). The cells were immediately resuspended in SOC medium (Invitrogen),
transferred to round-bottomed polypropylene tubes and incubated for 1 hour at 37°C, with
shaking, at 250 rpm. The cells were then plated with 50uL of culture at various dilutions
(2:10, 1:50 and 1:100) on LB (Luria-Bertani) agar (Invitrogen) plates with 100ug/mL
ampicillin (Invitrogen) and incubated overnight at 37°C. The following day eight individual
colonies for each electroporation reaction were selected and inoculated into 3mL volumes of
LB broth (Invitrogen) with ampicillin and allowed to grow overnight at 37°C, with shaking,
at 250 rpm.
2.1.9.3  Selection of vectors

One and a half milliliters of the 3mL overnight cultures were purified using the
QIAspin Miniprep Kit (Qiagen) as per manufacturer’s specifications and run on a 1%
agarose gel with 1X SYBR® Safe DNA gel stain (Invitrogen) and a 1kb DNA ladder

(Invitrogen) to distinguish those vectors containing a clone from those without. One correct
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cloning reaction was selected for each haplotype and the remainder of the 3mL overnight
culture for each was used to inoculate 50mL LB broth with 100pg/mL ampicillin. The
cultures were allowed to grow overnight at 37°C, with shaking, at 250 rpm. The following
day the cultures were purified using a HiSpeed® Plasmid Midi purification kit (Qiagen) as
per the manufacturer’s specifications and quantified using the BCA Protein Quantification
Assay from Pierce (Rockford, IL). Pre-sequencing PCR was performed using BigDye™
terminators as described previously and the samples sent for sequencing (NAPS Unit, UBC,)
to ensure the correct haplotypes had been cloned into the vector, in the correct orientation.
2.1.9.4 Dual-Glo luciferase reporter assay

Hep-G2 cells were plated at a density of 5x10” cells/well in 2 cm? culture plates and
grown to 50% confluency before transfection using Lipofectamine® 2000 (Invitrogen) at a
ratio of 5:1 Lipofectamine®:DNA, previously determined to be the optimum ratio. Cells
were co-transfected with the Renilla luciferase vector (Renilla reniformis; Promega), as an
internal control, and one of the pGL4.23[luc2/minP] vectors, at a ratio of 1:3 for a total of
20ug DNA/reaction. Reactions were prepared with lipid-free medium and no antibiotics.
The DNA and Lipofectamine® reactions were incubated separately for 5 minutes at room
temperature before being combined and incubated for a further 20 minutes to allow the
complexes to form. Media was then aspirated from each well of the cultured cells and 100uL
of the appropriate Lipofectamine®:DNA complex was added drop-wise to each well. An
extra 500uL of lipid- and antibiotic-free medium was added to each well and the plates
incubated at 37°C and 5% CO, for 4 hours. The media was then aspirated and replaced by
ImL/well of medium containing serum but no antibiotics and incubated for a further 24 hours

at 37°C and 5% CO,. After 24 hours the Dual Glo™ Luciferase Assay System (Promega)
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assay was performed as per the manufacturer’s instructions. The Firefly luciferase (Photinus
pyralis) luminescence was measured on a FLUOstar OPTIMA microplate reader (Fisher
Scientific, Nepean, ON, Canada). After reading the Firefly activity, 70uL of Dual Glo® Stop
& Glo® reagent was added to each well and incubated for 10 minutes at room temperature
before monitoring of the Renilla luciferase activity on the same machine. Background
measurements were subtracted and the Firefly luciferase normalized to the Renilla luciferase

measurements before statistical analysis.

2.1.10 Statistical analysis

For EMSA assays, to enable between-gel comparisons of nuclear factor binding,
densitometry measurements (Image J 1.44p software, NiH, USA) were obtained for each
allele of a SNP on the same gel using the Image J gel-analysis function which calculates the
area under the curve. Ratios of these values were then averaged and graphed. Ratios of
densitometry measurements for promoter haplotypes were compared using the ANOVA
statistical test (GraphPad Prism 5.02 software, La Jolla, CA). Comparisons of nuclear factor
binding between alleles for rs2069915[G/A] and rs2069916[C/T] were performed using 2-
tailed, paired Student’s t-tests.

Comparisons of luciferase activity were performed using 2-tailed, unpaired t-tests.

For ELISA assays, to reduce variations in readings due to plate differences,
background fluorescence was subtracted from sample fluorescence readings prior to
calculation of protein C concentrations from standard curves. All measurements were within
the range of the standard curves.

A P-value of <0.05 was considered significant throughout.
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2.2 PCSKO9 Experiments

2.2.1  Animal models

All animal studies were approved by the University of British Columbia animal ethics
committee and conformed to NIH and “Guide for the Care and Use of Laboratory Animals’
guidelines.
2.2.1.1  Murine experiments

Male C57BL/6 (wildtype genetic background control strain) and Pcsk9 knock-out
(Pcsk9™; B6;129S6- Pcsk9™ ") mice, body weight 25-30 grams, 10-14 weeks old, were
obtained from Jackson Labs (Bar Harbor, ME). Compared to wildtype control mice, Pcsk9”
mice have reduced plasma cholesterol concentrations with nearly undetectable LDL
cholesterol concentrations [321]. In addition PCSK9 protein is also undetectable [321].
There are no other reported obvious phenotypic alterations.

Mice had activity level, body temperature, blood pressure, and left ventricular
ejection fraction (echocardiography) assessed at baseline. Mice were then injected intra-
peritoneally (i.p.) with LPS (20 mg/kg, E. coli strain 01 11: B4, Sigma, St. Louis, MO). Their
activity level and temperature were measured every hour for six hours. At six hours blood
pressure was measured by invasive arterial cannulation, and left ventricular ejection fraction
was assessed again. Inflammatory cytokines were measured from blood harvested at this six

hour time point.
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2.2.1.2  Berberine pretreatment to inhibit hepatic PCSK9 mRNA expression

In separate experiments, pharmacologic inhibition of Pcsk9 in wildtype male
C57BL/6 mice was achieved using berberine (Sigma-Aldrich). At a concentration of
1-10uM berberine inhibits transcription of Pcsk9 within 24 hours [322, 323]. With a volume
of distribution of one and a molecular weight of 371g/mol we targeted plasma levels of
10uM through a bolus followed by maintenance infusion. Mice (body weight approximately
25g) were injected i.p. in the evening 60 hours before exposure to LPS, with 100ug berberine
(Sigma-Aldrich) in 100uL sterile saline or saline vehicle. The next morning, a 72 hour
osmotic pump (ALZET, Cupertino, CA) with an infusion rate of 1uL/hr was implanted intra-
peritoneally. Pumps contained 100ug berberine or vehicle saline. Activity, temperature,
blood pressure, and left ventricular ejection fraction were measured following LPS
administration, as described below.

To confirm knockdown, livers were harvested at the time of sacrifice and flash frozen
in liquid nitrogen. Total cellular RNA was extracted according to manufacturer’s instruction
(AllPrep DNA/RNA Mini kit, Qiagen) after homogenization using a chilled glass mortar and
pestle, in Buffer RLT with Reagent DX added to prevent foaming of samples. Total RNA
was DNase treated using Ambion® TURBO DNA-free™ DNase treatment (Life
Technologies Corp.) to remove genomic contamination. The PCR products for primers
Pcsk9_809F (5’CAGTGACCTGTTGGGCCTGGCCCTGAAGTTGC3’) and Pcsk9_1408R
(5’CCGACTGTGATGACCTCTGGAGCAGAAGCTG3’) and Gapdh loading control
primers Gapdh_mouse_QRT_F 5’CCAGGTTGTCTCCTGCGACT3’ and
Gapdh_mouse_QRT_R 5’ATACCAGGAAATGAGCTTGACAAAGT3’ (94°C for 3 mins,

25 cycles of 94°C for 30 seconds, 64°C for 30 seconds, 72°C for 1 min, followed by 10
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minutes at 72°C) were used to verify Pcsk9 knockdown in the liver of treated mice. Ten
microlitres of the product was run on a 2% agarose gel and visualized using GelRed™
nucleic acid stain (Biotium Inc.) under UV light. Densitometry (Image J 1.44p software) was
used to estimate percent knockdown (Pcsk9/Gapdh loading control).
2.2.1.3  Lipopolysaccharide induced systemic inflammation

Healthy mice had activity level, body temperature, blood pressure, and cardiac
function (echocardiography) assessed at baseline (time 0). Mice were then injected i.p. with
LPS (20mg/kg, E. coli strain 01 I1I: B4, Sigma). This dose was determined from previous
experiments where, in the background strain of C57BL/6 mice, LPS 20mg/kg delivered i.p.

was the lowest dose which was lethal in all cases within 12 hours [324].

2.2.2 Physiologic assessment of mice
2.2.2.1  Activity index

Every hour post-LPS infusion mice were observed during 2 minutes for posture and
activity. A score of 4 (normal) denotes that there were no times with a hunched posture, and
the mouse had spontaneous rapid movements interspersed with eating, drinking and
grooming. A score of 3 (mild) denotes occasional brief (5-20 seconds) hunched posture
which spontaneously reverted to normal with ongoing spontaneous rapid movements
interspersed with eating, drinking and grooming. A score of 2 (mild-moderate) denotes a
longer (>20 seconds) period with hunched posture which spontaneously reverted to normal
with ongoing spontaneous rapid movements interspersed with eating, drinking and grooming.
A score of 1 (moderate-severe) denotes nearly continual hunched posture with movement

only when subjected to strong external stimuli. Finally, a score of 0 (severe) denotes
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continual hunched posture without movement and no response to strong external stimuli.
Intervals of 0.5 were used if the mouse exhibited both levels within one observation period.

2.2.2.2 Temperature

Temperature was measured hourly using an infra-red thermometer (IR-101 La Crosse

Technology, La Crosse, WI) held 2-3 mm from the abdomen. Once temperatures dropped
below 34°C a rectal probe connected to the Vevo 770 ECHO (Visualsonics) machine was
employed.

2.2.2.3 Blood pressure

At baseline (time 0) mean arterial blood pressure was measured using a non-invasive

tail cuff (CODA 2, Kent Scientific, Torrington, CT). Six hours after LPS injection, mice
were anesthetized using inhaled isofluorane (1-3%). Following a small laparotomy, the
abdominal aorta was punctured using a 27 gauge needle then a number 2 French
micromanometer catheter (Mikro-tip SPR-838, Millar Instruments Inc., Houston, TX) was
inserted into the aorta. Mean arterial pressure was measured, and read from analysis
software (PVAN 2.9, Millar Instruments Inc.).
2.2.2.4  Echocardiography

Mice were lightly anaesthetized using inhaled isofluorane (1-3%) and placed on a
warming blanket. M-mode echocardiograms (ECHQO) were targeted from 2D ECHOs
obtained using the Vevo 770 ECHO (Visualsonics, Toronto, ON, Canada) operating at a
120Hz frame rate. Left parasternal 2D left ventricular cross-sectional echocardiographic
images were obtained. The position and angle of the ECHO transducer is maintained by
directing the beam just off the tip of the anterior leaflet of the mitral valve and by

maintaining internal anatomic landmarks constant. All measurements were taken from M-
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mode traces at end-expiration. Left ventricular internal dimensions were measured at end-
diastole (defined as the onset of the QRS complex in lead Il of the simultaneously obtained
electrocardiogram) and at end-systole (defined as minimum internal ventricular dimension).
2.2.25  Multiplex cytokine assay

Plasma from wildtype and Pcsk9™ mice, treated with either saline or 20mg/kg LPS,
was diluted 4-50X to ensure that all measurements were within test ranges and 50uL per
microplate well was added to duplicate wells of the Fluorokine® MAP mouse base kit
microplate (R&D Systems, Minneapolis, MN), and the protocol followed as per the
manufacturer’s instructions. Microplates were analyzed using the Luminex100 instrument
with accompanying 1.7 Software (Luminex Corporation). Cytokines were selected to
represent early inflammation (TNF-alpha), an integrated inflammatory marker (IL6), an anti-
inflammatory marker (IL10), a representative CC chemokine (JE as a murine homologue of
human MCP1, official designation: CCL2) and a CXC chemokine (MIP-2 which is a murine
homologue of human IL8).
2.2.2.6  Endotoxin assay

Plasma from the same wildtype and Pcsk9”" mice used in the cytokine assays was
diluted 1:10°, then further diluted 1:2 before combining 50pL of each sample with 50pL of
Limulus Amebocyte Lysate (LAL) at 37°C according the manufacturer’s instructions (QCL-
1000™, endpoint chromogenic LAL assay, Lonza Group, Basel, Switzerland). After 10
minutes, 100uL of substrate solution was added to each reaction and incubated for a further 6
minutes before stopping the reaction. The absorbance of each reaction was read at 410nm

and the concentration of endotoxin in each sample was calculated from the standard curve.
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Each sample was assayed in duplicate and results are described as endotoxin activity units
per mL.
2.2.2.7  Low density lipoprotein receptor null (LdIr’") mice response to LPS

In further separate murine experiments low density lipoprotein receptor null (LdIr™)
mice (Strain: B6.129 S7-LdIr™"™ Jackson Labs) were treated with either normal saline or
berberine (Sigma-Aldrich) as described previously. Physiologic parameters were observed
and/or measured before, and 6 hours after, i.p. administration of LPS (100mg/kg). This
higher dose of LPS was required as it has been shown that LdIr” mice have a reduced
response to LPS compared to wild-type mice and require an ~8-fold higher dose of LPS to
induce lethality [325].

These LdIr”™ mice are homozygous for the Ldlr™*He"

mutation and have higher than
normal serum cholesterol levels when fed a normal diet (200-400 mg/dL compared to the 80-
100 mg/dL of normal mice). Most atherosclerotic, diabetic, lipid and cardiovascular
abnormalities only become evident after at least 12 weeks on a Western or high fat diet. In

our experiments, all mice were fed a normal diet. No other obvious phenotypic differences

were reported for mice fed a normal diet.

2.2.3 Human genetic association study
2.2.3.1  Vasopressin and septic shock trial (VASST) derivation cohort

VASST was a multicenter, randomized, double blind, controlled trial evaluating the
efficacy of vasopressin versus norepinephrine in 778 patients who had septic shock [326],
and vasopressor infusion of at least 5ug/min of norepinephrine, or equivalent [327].

Inclusion criteria and clinical phenotyping are described elsewhere [327]. DNA was
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available from 632 patients. The research ethics boards of all participating institutions
approved this trial and written informed consent was obtained from all patients or their
authorized representatives. The research ethics board at the coordinating center (University
of British Columbia) approved the genetic analysis.
2.2.3.2 St Paul’s Hospital (SPH) validation cohort

All patients admitted to the ICU at St. Paul’s Hospital (SPH) in Vancouver, Canada
between July 2000 and January 2004 were screened and of these, 601 patients were classified
as having septic shock [326] and had DNA available. Septic shock was defined by the
presence of two or more diagnostic criteria for the systemic inflammatory response
syndrome, proven or suspected infection, new dysfunction of at least one organ, and
hypotension despite adequate fluid resuscitation [326]. Twelve patients were excluded as
they had been included in the VASST cohort, leaving the remaining 589 patients for further
study. Inclusion criteria and clinical phenotyping are described elsewhere [137]. The
Institutional Review Board at St. Paul’s Hospital and the University of British Columbia
approved the study.
2.2.3.3  Genotyping and SNP selection

DNA was extracted from buffy coat of discarded blood samples using a QlAamp
DNA Blood Midi Kit (Qiagen) (VASST cohort) or a QlAamp DNA maxi kit (Qiagen) (SPH
cohort). The relatively common (MAF >0.5%) PCSK9 missense LOF variants (rs11591147
R46L, rs11583680 A53V, rs562556 V4741) and a known GOF SNP (rs505151 G670E) were
genotyped in the VASST cohort as part of whole genome genotyping using the lllumina

Human 1M-Duo genotyping platform (Illumina Inc., San Diego, CA).
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To select a tag SNP in PCSKO to test for replication in both cohorts, haplotypes were
first resolved using PHASE [328] and then applied to dense CEU genotyping of PCSK9

available from SeattleSNPs (http://pga.mbt.washington.edu/). A crossing over event is

evident at approximately the middle of the gene resulting in the requirement for a large
number of tag SNPs to resolve all possible haplotypes. It was found that in common
haplotypes containing multiple SNPs, one haplotype was in modest linkage disequilibrium
with all LOF and GOF variants. The software LDSelect [329]

(http://droog.gs.washington.edu/ldSelect.html) was applied to SeattleSNPs dense genotyping

to identify haplotype tag SNPs in the PCSK9 gene. To simplify genotyping, tag SNP choice
was limited to bins containing multiple SNPs. Linkage disequilibrium was then measured
between tag SNPs within a bin and the three LOF SNPs and one GOF SNP. It was found
that the LOF alleles of rs11591147, rs11583680, and rs562556 all preferentially segregated
with the minor G-allele of tag SNP, rs644000, while the GOF allele of rs505151 was
associated with the opposite A-allele of rs644000 (Figure 2.7). Accordingly, the PCSK9
SNP best tagging LOF and GOF SNP was rs644000, which was selected for genotyping in
both septic shock cohorts using the lllumina Golden Gate™ assay (Illumina Inc., San Diego,

CA).
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Figure 2.7 Relationship between Loss-Of-Function (LOF) and Gain-Of-Function (GOF) variants and
rs644000 alleles in PCSK9
Haplotypes were resolved in VASST using PHASE [328] and haplotypes with MAF >0.5% are displayed.

Minor alleles are colored for each SNP: LOF yellow, GOF green, rs644000 orange.

2.2.3.4  Primary and secondary outcomes

The primary outcome was 28-day mortality. Secondary outcomes chosen to parallel
murine measurements included measurement of cardiovascular organ dysfunction and need
for vasopressor administration, which were calculated as days alive and free of organ
dysfunction or vasopressor use [157]. These calculations were repeated for other organ
dysfunction and other therapeutic support [157] including respiratory, renal, hematologic,
hepatic, and neurologic dysfunction as well as need for mechanical ventilation and renal

replacement therapy.
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2.2.3.5 Cytokine measurements

The systemic inflammatory response was assessed by measuring plasma cytokine
levels in 335 patients from VASST cohort at the time of study enrollment. Human multiplex
kits (EMD Millipore, Billerica, MA) were used according to the manufacturer’s
recommendations with modifications as described below. Samples were mixed with
antibody-linked magnetic beads on a 96-well plate and incubated overnight at 4°C, with
shaking. Plates were washed twice with wash buffer in a Biotek ELx405 washer. Following
a one hour incubation at room temperature with biotinylated detection antibody, streptavidin-
PE was added for 30 minutes with shaking. Plates were washed as above and PBS added to
wells for reading using a Luminex 200 instrument (Illumina Inc.) with a lower bound of 100
beads per cytokine per sample. Each sample was measured in duplicate. To parallel the
mouse cytokine measurements, cytokines were selected to represent early inflammation
(TNF-alpha), an integrated inflammatory marker (IL6), an anti-inflammatory marker (1L10),

and a representative CC chemokine (MCP1) and CXC chemokine (IL8).

2.2.4 Statistical analysis

Repeated measures analysis of variance was used to test for differences in activity
level, temperature, and ejection fraction between Pcsk9 knock-out and background control
mice over time. Mann Whitney U tests were used to test for differences in mean arterial
pressure because this variable was measured using different instruments at baseline and at 6
hours after LPS administration.

For human experiments, PHASE [328] was used to resolve haplotypes of PCSK9

containing the LOF and GOF variants and rs644000 in VASST. For human septic shock the
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primary analysis used logistic regression to determine the risk of mortality by PCSK9
genotype, including the covariates of age, gender, Caucasian ancestry, and a surgical versus
medical primary diagnosis in the statistical model. Cytokine concentrations were log-
normally distributed so differences were tested for in logarithms of concentrations for both
murine TNF-alpha, IL6, 1L10, JE, and MIP-2 and for replication of directionally similar
changes in human homologues TNF-alpha, IL6, IL10, MCP1, and IL8 using a one-way
ANOVA.

Univariate analyses was performed using chi-square tests for categorical data and
either Kruskal-Wallis tests or one-way ANOVA for continuous data. All tests were two-
sided. Differences were considered significant if P<0.05. All analyses were performed using
R (version 2.8.1, www.R-project.org) and SPSS version 16.0 (SPSS Inc, Chicago, IL)

statistical software packages.
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Chapter 3: A Common Polymorphism in the 5> Region of the Human

PROC Gene Binds USF1

3.1 Background

Decreased protein C levels are associated with increased risk of venous
thromboembolic events [152], myocardial infarction [330], stroke [331] and adverse outcome
from severe sepsis [332]. Rare genetic variants (mutations) in the PROC gene result in
protein C deficiency states due to decreased protein C production (Type I) or altered protein
structure (Type 1) [213, 261, 263, 333]. However, common genetic variants (MAF >10%)
have also been reported to be associated with relative protein C deficiency [265] and with
altered outcome from venous thrombosis [334], pulmonary embolism [207], cardiovascular
disease [335], systemic meningococcemia [336] and sepsis [337]. Several investigators have
suggested that common SNPs in the 5’ region of PROC may contribute to the observed
phenotypic effects by altering transcriptional regulation [260, 261, 265]. This seems likely
since a number of rare genetic variants in the 5’ region of PROC alter transcriptional
regulation [213, 261, 263].

In many genes the promoter region and 5’ introns, particularly intron 1 [338-340],
contain important regulatory elements, consequently genetic variation in these regions may
alter gene transcription [341-343]. The PROC gene is complicated by the presence of an
untranslated exon 1. Classically, positional numbering of PROC is with respect to the start
of translation in exon 2 so that exon 1 is generally considered to be part of the promoter
region of PROC [261, 344], therefore, by extension, PROC intron 2 may have regulatory

roles analogous to intron 1 of many other genes. Polymorphisms in the 5’ region of PROC
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associated with altered expression of PROC include two well documented promoter SNPs
13bp apart and commonly referred to as -1654 (rs1799808[C/T]) and -1641
(rs1799809[A/G]). (Note that this classical numbering of -1654 and -1641 is with respect to
the start of translation in exon 2). The C-G and C-A haplotypes of these two SNPs are
generally correlated with low circulating levels of protein C and are associated with a higher
risk for thrombotic events, while the T-A haplotype is correlated with higher protein C levels
and is associated with decreased risk of thrombotic events [265, 334]. Patients with severe
sepsis who were homozygous for the C-A haplotypes of -1641 had significantly increased
mortality and more organ dysfunction [137]. Exon 1 is untranslated in adults [201, 345] and
contains a polymorphism (rs1799810) reported to be associated with altered plasma levels of
protein C in healthy subjects [260] and in post-menopausal women [346]. The latter study
also found an association with two common SNPs in intron 2 of PROC: rs2069910 and
rs2069915. Furthermore, regulatory sequences affecting expression of protein C have been
found in intron 1, about 500 bases downstream from the core promoter region which extends
from upstream of exon 1 into intron 1 [263]. Genotype of the SNP rs2069912 in intron 2 was
also found to be associated with adverse outcome in severe sepsis in patients of East Asian
ancestry [347]. Thus, a number of high minor allele frequency SNPs in the 5’ region of
PROC, extending from the promoter region to the end of intron 2, are associated with low
protein C levels and adverse outcomes in a variety of clinical states.

Whether these reported and other common SNPs within the 5’ region of PROC
causally contribute to transcriptional regulation of PROC, or whether they are simply in LD
with a causal SNP or haplotype, has not been fully elucidated. ldentifying causal SNPs using

clinical association studies alone is difficult because there is a high degree of LD between
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common SNPs in PROC. For example, the C-A haplotype of the -1654/-1641 promoter
SNPs is in high LD with the C-allele of rs2069912 but association studies [137, 347] alone
cannot determine which of these genetic variants, or others in LD, are causal. Therefore, in
vitro assays of SNP functional effects are necessary. To identify potentially functional SNPs
in the 5’ region of PROC this study interrogated all SNPs having a minor allele frequency
>10% in the region extending from the promoter to the end of intron 2 in PROC, reasoning
that alteration of transcriptional regulation by differential binding of nuclear factors to

different SNP alleles may point to functional SNPs.

3.2 Results

3.2.1 Real time-quantitative PCR assays

To determine whether sepsis processes affect the expression of PROC in vitro, a
series of RT-gPCR Tagman® Gene Expression Assays (PROC probe: Hs00165584 _m1 and
GAPDH probe: Hs99999905_m1; Applied Biosystems Inc.) were performed using treatments
designed to mimic these processes. Treatments included LPS, IFNG, TNF-alpha,
dexamethasone, d-dimer, rhAPC and a triple combination of IFNG/TNF-alpha/d-dimer.
Cells were harvested at 11 different time points, from 30 minutes to 48 hours. The primer
sets were validated prior to RT-gPCR assays and were found to amplify fragments of the
expected sizes with no primer-dimers (no amplification of the No Template Control (NTC)
samples) and no amplification of genomic DNA (no amplification of the negative control No

Reverse Transcriptase (-RT) samples) in Hep-G2 samples overexpressing PROC.
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Expression of GAPDH was invariant in all three cells types used (B-lymphocytes, THP-1 and

Hep-G2 cells) under all treatments employed (Figure 3.1).
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Figure 3.1 Cycle times for PROC and GAPDH mRNA amplification

Cycle times (Cy) reflect the amount of mMRNA present. The panel on the left shows GAPDH and PROC
amplification in Hep-G2 cells, while the panel on the right shows the same amplification in GM10857, a B-
lymphocyte cell line. Each line represents a single sample and, in Hep-G2 cells, it can be seen that, for both
GAPDH (leftmost curves) and PROC (rightmost curves), all lines fall in approximately the same place,
indicating all mMRNA concentrations are similar, regardless of any treatment. The samples for each protein
included untreated samples and samples stimulated with a variety of treatments (see text in Methods). The
curves for PROC in B-lymphocyte cells (panel on right, rightmost curves) only appeared after cycle 35 of 40,
which indicates that there is no true amplification of PROC in these cells — any amplification curves that appear

after cycle 35 are usually regarded as not amplified. Conversely, GAPDH amplified in the B-cells in a similar
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manner as in the Hep-G2 cells. The horizontal red line in each panel indicates the threshold from which the

measurements were taken and was set to ensure measurements were taken during the log phase of amplification.

In Hep-G2 cells, expression of PROC mRNA was invariant under all treatment
regimens and at all time points tested, albeit at a lower concentration than GAPDH, as
evinced by the higher cycle times for PROC mRNA compared to GAPDH mRNA (Figure
3.1). Conversely, although GAPDH amplified consistently in THP-1 cells, HeLa cells and in
all B-lymphocyte cell lines tested, PROC mRNA was always below the level of detection in
these cell types Figures 3.1 and 3.2). As results for amplification in THP-1 and HeLa cells

were similar to B-lymphocyte cells, only results for the latter are shown.
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Figure 3.2 Expression of PROC mRNA by RT-gPCR assays
PROC and GAPDH mRNA were amplified in Hep-G2 and B-lymphocyte cells. Average cycle time (Cy) of

PROC mRNA was normalized to GAPDH mRNA. Samples were quantified in triplicate and average C+s £ SD
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are shown above. The red line indicates the cut-off C; value above which quantification is considered
undetermined. There was no significant difference in cycle times between treated and untreated samples in
Hep-G2 cells (Unpaired t-test, P=0.107, n=66 and 30, respectively), a reflection of invariant PROC mRNA
concentration between the two groups. As most MRNA concentrations of the B-lymphocyte samples were
unquantifiable (untreated = 12, treated = 36), no analysis was possible. Data is shown from four independent,
representative assays. The Ct for HelLa cells and THP-1 cells (not shown) were similar to the B-lymphocyte Cy

shown here.

3.2.2  Hepatocyte-like gene expression in B-lymphocyte cells

Protein C is expressed primarily in hepatocyte cells but densely genotyped hepatocyte
cells are not available, however the study laboratory possessed ~100 densely genotyped B-
lymphocyte cell lines (Coriell Cell Repositories). Under normal culture conditions,
expression of PROC mRNA in B-lymphocyte cells is below the threshold of detection as
quantified by RT-gPCR, therefore alternate culture methods were employed in an attempt to
force these cells to adopt a more hepatocyte-like expression pattern. Initially, expression of
alpha-fetoprotein, a protein expressed specifically in liver cells, was confirmed in both
normally-cultured Hep-G2 cells and adherent B-lymphocytes treated with HGF. The
expression of alpha-fetoprotein demonstrates the differentiation of B-lymphocytes into a
more hepatocyte-like phenotype, although alpha-fetoprotein expression concentrations were
low. These low levels may have been due to the decrease in viability seen in all B-
lymphocyte cell lines treated with HGF — viability was between 36% and 84%, compared to
the usual >97%. Gene expression of PROC in these adherent, differentiated B-lymphocyte
cells was attempted but, despite using several different primer sets and conditions, results
were not conclusive, with several bands being seen for PROC where there should have been

only two bands as per Hep-G2 cells (Figure 3.3). The internal control used throughout was
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GAPDH and this amplified as a single band in all samples, as expected. Eventually one band
was obtained in the B-lymphocyte samples and was confirmed by sequencing to be the
expected PROC product, but this was achieved only after two rounds of PCR amplification

of the B-lymphocyte samples. As this accomplishment required such excessive manipulation

of the samples this approach was abandoned since it is unlikely to be relevant in vivo.
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Figure 3.3 B-lymphocyte cells expressing PROC

Representative agarose gel images of PCR products after amplification of PROC cDNA in several B-
lymphocyte cell lines and Hep-G2 cells. Lanes 2 and 3 show the difference in PROC expression between cells
cultured with and without HGF, respectively. The four other B-lymphocyte cell lines (GM12239, GM12249,
GM11839 and GM12144) treated with HGF display a variety of bands corresponding to the expected 969bp
product. The positive control was PROC amplified in Hep-G2 cells and the two negative controls were NTC

(no template control) and —RT (negative reverse transcriptase sample).
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3.2.3 ELISA assays of protein C concentration after multiple treatments

In contrast to the consistent PROC mRNA expression seen in Hep-G2 cells in the RT-
gPCR TagMan™ Gene Expression assay results, concentration of secreted protein C, as per
ELISA quantification, did vary with treatment. However, all treatments resulted in a
reduction of protein C concentration compared to untreated controls; none of the six
treatments or seven combinations of treatments tested produced an increase in protein C
concentration in conditioned media of Hep-G2 cells, compared to untreated controls. Figure
3.4 displays the results of three ELISA assays using conditioned media from Hep-G2 cells
harvested at 24 hours. Average absorbance (450nm, reference wavelength 620nm), a relative
measure of protein C concentration, of untreated control samples (n=9) was significantly
higher than the average absorbance of the treated samples (n=44, unpaired t-test, P<0.0001).
Conditioned media harvested at 6, 12 and 48 hours showed similar trends between untreated
controls and treated samples (data not shown) with absorbance being lower in the 12 hour

samples, lowest in the 6 hour samples and highest in the 48 hour samples.
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Figure 3.4 Relative protein C differences by ELISA assays

In Hep-G2 cells, average absorbance at 450nm, normalized to absorbance at 620nm, was significantly higher in
untreated samples than in samples treated with LPS, IFNG, TNF-alpha, aPC, thrombin, d-dimer or
combinations of these, harvested at 24 hours after start of treatment (unpaired t-test, *P<0.0001, n=9 and 44,

respectively). Data shown are from three independent assays, mean + SD, assayed in triplicate.

3.2.4 Viability assays

To further reduce error in interpretation of ELISA results, dye exclusion assays were
performed on cells treated with high doses of LPS (5pg/mL), IFNy (100ng/mL) and rhAPC
(45ng/mL, 450ng/mL, 4500ng/mL and 45 000ng/mL). Dead or damaged cells take up trypan
blue dye more readily than cells with intact outer membranes and are seen as a distinctive
dark blue and are non-refractile when observed under a microscope, whereas live cells

exclude the dye so appear light and refractile. Therefore, after counting cells using a
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haemocytometer, the percentage of live, undamaged cells was calculated for each treatment
type. After 12 and 24 hours of LPS treatment the percentage of viable cells was 91% and
90.2%, respectively, a difference of 0.8%. Similar differences were seen after IFNy
treatment (92.3% and 91.7%, a difference of 0.6%). Slightly higher viability was seen after
treatment with aPC: 4500ng/mL, 97.5% and 96.9%, a difference of 0.6%; 45 000ng/mL
99.2% and 98.1%, a difference of 1.1%. The average viability of untreated Hep-G2 cells at
the same two timepoints was 99.6% and 99.1%. Trypan blue dye exclusion assay is a crude
assessment of cell viability and does not discriminate between necrotic and apoptosing cells,
nevertheless in this context it shows that there was <1.5% difference in cell viability in
treated or untreated cells over the 12 hours prior to the ELISA measurements. This is
important when interpreting results of assays such as the ELISAs where cell concentration
differences could contribute to differences seen in protein C concentrations. The <10%
difference in viability within and between groups does not account for all the difference
between groups (average 50.8%) as measured in ELISA assays (Figure 3.4). The high
viability of cells treated with rhAPC may indicate a protective effect of aPC against

apoptosis, especially at higher doses.

3.2.5 SNP selection

To limit confounding factors due to population admixture, only SNPs from the
European populations listed at the variation discovery resource, SeattleSNPs, were surveyed.
Ten SNPs with a minor allele frequency >10% lie between the promoter SNP, -1654, and the
end of intron 2 in PROC (Table 2.1, Figure 3.5) and these were all selected for functional

testing.

95



rs1799808 rs1799809

a8 AIG rs1158867 rs2069910  rs2069913 r555w9_1 6
-1654 -1641 ciT cT C/G CIT |
) y \
/ | . | '

Promoter VA f
region /’ rs2060912 rs2069914  rs2069915
rs1799810 oIT G/A GIA

AT

Figure 3.5 Placement of SNPs in the PROC gene selected for functional testing

Ten SNPs in the PROC gene region from -1654bp upstream of the start of transcription (within exon 2) to the
end of intron 2 had a MAF >10% and were selected for functional testing. The diagram depicts the nine exons
of PROC, including the 5” and 3° UTRs at the beginning and end of exons 1 and 9 respectively. The grey
shaded area highlights the gene region under investigation. The bent arrow indicates the start of translation.

Figure created using Inkscape software version 0.48.4

Several SNPs in the selected region were found to be in high LD, notably rs2069915,
rs2069916 and promoter SNP -1654 (rs1799808), which together have an r? >0.83 (Figures

2.2 and 2.3).

3.2.6  Transcription factor binding to single nucleotide polymorphisms
Electrophoretic mobility shift assays were performed to determine which, if any, of

the 10 selected SNP oligos bound nuclear factors differentially, thus making them likely to
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be involved in regulating expression of PROC. Figure 3.6 displays the ratios of densitometry
measurements for all 10 SNPs, reflecting the average relative binding of nuclear factors to

each of the probes tested for at least 3 independent experiments for each SNP.
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Figure 3.6 Average ratios of densitometry measurements

Measurements from at least 3 separate experiments, normalized to the minor allele of each SNP. The graph
shows averaged ratios + standard deviation of nuclear factor binding to all SNPs with a minor allele frequency
>10% in the PROC gene region extending from the promoter region to the end of intron 2. Weak binding is
seen for all SNPs except for rs2069915[G/A] and rs2069916[C/T]. Nuclear factor binding between the four
promoter haplotypes was not significantly different between ratios normalized to the C-A haplotype, the
haplotype containing the major alleles in Caucasian populations, (One-way ANOVA, P=0.29). Although some

binding to rs2069912 was differential by allele this did not reach significance (Paired t-test, P=0.08, n=5).
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Only SNPs rs2069915[G/A] and rs2069916[C/T] displayed differential binding by
allele that was statistically significant. Nuclear factor binding to the rs2069915[G] oligo was
significantly greater than to the A-allele oligo (Student’s paired t-test, P<1.9x10°°, n=24) and
binding to the rs2069916[C] oligo was significantly greater than to the T-allele oligo
(Student’s paired t-test, P<3.7x10°, n=19). A representative gel is shown in Figure 3.7 that

displays the extent of nuclear factor binding to five SNPs in intron 2.

Figure 3.7 A representative gel containing five of the SNPs surveyed in this study
Strong differential binding by allele can be seen for rs2069915[G/A] and rs2069916[C/T]. The SNP rs2069912
shows weak differential binding that was not significantly different between alleles. The SNPs, rs2069913 and

rs2069914 do not display differential binding between alleles. Free probe is visible at the bottom of the image.
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Nuclear factor binding to the well-studied -1654/-1641 haplotypes (Figure 3.8) was
much weaker than that observed for either rs2069915 or rs2069916 and did not differ

significantly between haplotypes (Figure 3.6, ANOVA, P=0.29, n=8).
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Figure 3.8 Binding of nuclear factors by promoter haplotypes of the PROC gene

The promoter haplotypes do not show significantly different binding between haplotypes, although the C-G
haplotype appears to bind nuclear factors slightly more avidly than the other three haplotypes (arrow) this did
not reach significance (One-way ANOVA, P=0.29, n=8). The apparent nuclear factor binding near the top and
the bottom of the gel is likely non-specific binding as cold competition assays were unable to compete these
bands away. The positive control contained a labeled probe containing the Sp1 transcription factor consensus
sequence incubated in nuclear lysate from HelLa cells overexpressing Spl. The negative control contained the
labeled Sp1 probe and water in place of the nuclear lysate. Free labeled probe is seen at the bottom of the

image.
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3.2.7 Cold competition assays

To replicate the significant results and to test for specificity of nuclear factor binding
to the probes, cold competition assays were performed using an unlabeled specific probe
containing the same sequence and, separately, an unlabeled non-specific probe containing a
scrambled sequence. For both rs2069915[G] (Figure 3.9) and rs2069916[C] (Figure 3.10)
unlabeled specific probes in 50X molar excess competed the visible, labeled band away

while non-specific, scrambled probes did not.

G + cold scrambled
- A+ cold scrambled
Negative Control

G +cold G
A+ cold A
P Positive Control

GAGAGA

Figure 3.9 Binding of nuclear factors to SNP rs2069915[G/A]

EMSA with nuclear lysates from untreated Hep-G2 cells and **'P labeled probe centered around each allele of
the SNP rs2069915[G/A] shows selective nuclear factor binding to the G-allele while the A-allele displays
weak or no binding, repeated three times (thick arrow). A 50X molar excess of a specific unlabeled competitor
probe is able to reduce binding of the G-allele (G + cold G), while a non-specific unlabeled probe is not (G +

cold scrambled). Non-specific binding (thin arrow) is evident in all lanes except the negative control lane. The
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positive control contained a labeled probe containing the Sp1 transcription factor consensus sequence incubated
in nuclear lysate from HelLa cells overexpressing Spl. The negative control contained the labeled Spl probe

and water in place of the nuclear lysate. Free probe is visible at the bottom of the image.

Labelled rs2069916[C]

Cold competitions  Antibodies

2 S 8 2 L oo 8 i
T e S59gSs
L A0 37; e,\s; & A » % * ¥ ok

Figure 3.10 Binding of nuclear factors to SNP rs2069916[C/T]

The first two lanes show no protein binding by the T-allele but strong binding by the C-allele of rs2069916, and
specificity of binding is indicated by the ability of a 50X molar excess of unlabeled probe containing the same
sequence (cold C) to compete the band away (long arrow). Cold competition assays for rs2069916[C], using
unlabeled probes containing consensus sequences of nuclear factors purported to bind this region, show that
both cMYC and USF1 are likely candidates: a 50X molar excess of both consensus sequences completely

competes the band away, while the probe containing the NFKB consensus sequence is unable to do so.
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Supershift assays show that USF1, but not cMYC, is likely the nuclear factor that binds this probe, the
arrowhead shows the supershifted band for USF1 while the bands for cMYC and NFKB are unchanged. This
supershift result was obtained in six independent assays. The two lower arrows point to likely non-specific
binding (long arrow) as this does not compete away and a possible accessory protein (short arrow) as, although
this band competes away with 50X molar excess of unlabeled USF1 probe it unchanged by addition of USF1

antibody. Free probe is seen at the bottom of the image directly below the non-specific bands.

3.2.8 Identification of nuclear factors

To identify the nuclear factors that bind differentially to the DNA regions across the
SNPs rs2069915 and rs2069916, database searches were performed using the ConSite and
FastSNP databases. Using a stringency threshold of 70% and a minimum specificity of 10
bits, ConSite revealed that cREL, IRF1, NRF2, TEAD1 and E2F may bind at rs2069915,
while USF1, cMYC and NFKB were possible binding candidates for rs2069916. The
FastSNP database did not predict any nuclear factor binding partners for rs2069915 but did
corroborate the results for rs2069916 by predicting USF1 (score 100.0) and N-Myc (the

mouse equivalent of human cMYC, score 93.3) to bind across this SNP.

3.2.9 EMSA supershift assays

Subsequent cold competition EMSASs using 50X molar excess of unlabeled probes
containing consensus sequences for these nuclear factors did not clearly identify potential
binding partners for rs2069915. However, cold competition assays with oligos containing
consensus sequences for NFKB, cMYC or USF1 showed the latter two competed away the

visible rs2069916[C] band (Figure 3.10) suggesting these transcription factors as possible
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binding candidates for this SNP. To test the validity of these results for rs2069916, EMSA
supershift assays were performed using antibodies against USF1, cMYC, or NFKB. The
binding of the protein complex to rs2069916[C] was supershifted by addition of a human
polyclonal antibody against USF1 but not by addition of antibodies against either cMYC or

NFKB (Figure 3.10).

3.2.10 Novel assay to identify SNPs binding transcription factors

Corroboration of the gel shift assay results was obtained by performing a novel bead-
based assay in collaboration with Panomics Inc. In line with the gel shift assays, results of
this bead-based assay clearly showed binding of a nuclear protein to the sequence
surrounding the SNP rs2069916[C] (Figure 3.11A) but not to rs2069916[T]. From this assay
it was not possible to identify the nuclear factor binding to rs2069916[C], except to say that
the binding protein was not one of the transcription factors included in the panel.

Neither of the other two SNPs tested in the bead-based assay (rs2069912 and
rs2069915) displayed binding of the transcription factors tested here (AP1, CEBP, GR/PR,
HNF1, NFKB, RUNX1 (previously AML1), STAT3) above background levels for either
allele (Figure 3.11B). All positive and negative controls behaved as expected (Figure

3.11B).
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Figure 3.11 Results of novel bead-based “gel-shift” assay

Data were log transformed to ensure all data can be visualized. A. Untreated Hep-G2 nuclear lysate was

incubated with probes containing the sequences for rs2069916[C] and [T] in separate reactions. Only the

sequence for rs2069916[C] was found to bind a nuclear factor, however, the binding protein was not one of the

transcription factors included in this assay. X-axis = Capture beads with conjugated transcription factor

sequences as shown or the sequence surrounding rs2069916[C]. Each pair of columns reflects binding to first

the major then the minor allele of rs2069916[C/T]. B. Untreated Hep-G2 nuclear lysate was incubated with
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probes containing the sequences for rs2069912[T/C] or rs2069915[G/A]. Neither of the alleles of these two
SNPs bound any of the transcription factors shown here, MFI was always in line with background levels (not
shown, invariant from negative controls) and negative controls. As these sequences were not conjugated to
Capture beads it is not possible to tell if these probes bound any other transcription factors. The positive control

contained lysate from cells overexpressing NFKB. MFI, mean fluorescent intensity.

3.2.11 Identifying nuclear factors using SILAC mass spectroscopy analysis

Quant analysis of protein fragments containing either “heavy” or “light” isotopes of
lysine and arginine amino acids and identification using MASCOT software (Matrix Science
Inc., Boston, MA) indicates that the complex bound to the probe sequence centered on

rs2069915[G] contains, almost exclusively, histone cluster 1 family members (Table 3.1).

Table 3.1 SILAC mass spectroscopy results for rs2069915[A/G]

#  Heavy/Light UniProtkB

. yr1g Description Protein function Accession
Peptides Ratio Number
8 4.438 histone H1b Histones H1 are necessary for the condensation of P10412

nucleosome chains into higher order structures.
Binds to linker DNA between nucleosomes
forming the macromolecular structure known as
the chromatin fiber.

8 3.650 histone cluster 1, Hic Histone H1 protein binds to linker DNA between P16403
nucleosomes forming the macromolecular
structure known as the chromatin fiber. Histones
H1 are necessary for the condensation of
nucleosome chains into higher-order structured
fibers. Acts also as a regulator of individual gene
transcription through chromatin remodeling,
nucleosome spacing and DNA methylation

4 4.489 H1 histone family, Histones H1 are necessary for the condensation of P07305
member 0 nucleosome chains into higher-order structures.
The H1FO histones are found in cells that are in
terminal stages of differentiation or that have low
rates of cell division.
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UniProtkKB

Pep?i des Heagz/;/{ilalght Description Protein function Al\lcﬁfsgieorn
3 3.044 histone cluster 1, H1b Acts also as a regulator of individual gene P10412
transcription through chromatin remodeling, and
nucleosome spacing and DNA methylation P16401
2 15.983 nucleolar protein 1, May act as ribosomal RNA methyltransferase. P46087
120kDa
18 0.439 ATP-dependent DNA Key enzyme involved in DNA replication and P51530
helicase 11, 70 kDa DNA repair in nucleus and mitochondrion.
subunit
14 0.457 ATP-dependent DNA Key enzyme involved in DNA replication and P51530
helicase 1l DNA repair in nucleus and mitochondrion.
10 0.010 unnamed protein
product
10 0.010 unnamed protein
product
6 0.231 unnamed protein
product
5 0.215 unnamed protein
product
4 0.015 unnamed protein
product
3 0.118 chaperone protein Molecular chaperone that promotes the P08238
HSP90 beta maturation, structural maintenance and proper
regulation of specific target proteins involved for
instance in cell cycle control and signal
transduction. Undergoes a functional cycle that is
linked to its ATPase activity. This cycle probably
induces conformational changes in the client
proteins, thereby causing their activation..
3 0.386 unnamed protein
product
2 0.010 unnamed protein
product
2 0.011 unnamed protein
product
2 0.011 unnamed protein
product
2 0.292 unnamed protein
product
2 0.408 Chain A, Crystal Lipid metabolism P51659

Structure Of Human 17-

Beta-Hydroxysteroid

Dehydrogenase Type 4
In Complex With Nad

Dark mauve colour = binding of nuclear factors to rs2069915[G]
Light mauve colour = binding of nuclear factors to rs2069915[A]
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While the probe sequence centered on s2069916[C] also binds a histone cluster 1
protein family member, this complex also contains nucleic acid-associating proteins such as
NHP2, HNRPM as well as actinin, a structural stabilizing protein, and others (see Table 3.2).
In addition, proteins normally associated with ribosomal assembly or stabilization (ribosomal
proteins SA and S8, NHP2, NCL) were also seen to bind to this probe, however, the most
abundant protein binding to the rs2069916[C] probe was unidentifiable. Interestingly, the
ribosomal associating proteins and NCL, DEAH and HNRPM are known to associate in the
same complex on untranslated mMRNA [348-350].

The probes containing sequences centered on the minor alleles of each SNP,
rs2069915[A] and rs2069916[T], were found to bind proteins known to be involved with
transcription, such as ATP-dependent DNA helicase and poly (ADP-ribose) polymerase
family, member 1. In fact, these two proteins were identified as the most common proteins
binding to rs2069915[A] and rs2069916[T], respectively (Tables 3.1 and 3.2). The probe
containing the sequence centered on rs2069916[T] was also found to bind other proteins
involved with active transcriptions, such as a protein with the ability to cause DNA bending
(High-mobility group box 2) and a protein involved in unwinding double-stranded DNA
(High-mobility group box 3). In addition, this sequence also bound several proteins involved
in enzymatic reactions related to transcription such as ATP binding (HSP90AB1), DNA
ligase 11, polynucleotide kinase and DNA polymerase-beta interaction (DNA repair protein
XRCC1) (Table 3.2). Both Tables 3.1 and 3.2 contain selected results: proteins with ratios
falling between 0.5 and 2.0 or with <2 identifying peptides, as well as contaminating proteins
such as keratin and albumin were removed for clarity. For a complete lists of all SILAC

mass spectroscopy results see Appendix A, Tables A.5 and A.6.
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Table 3.2 SILAC mass spectroscopy results for rs2069916[C/T]

# Heavy/Light UniProtKB
Peptides ratio Description Protein function Accession
Number
6 2.130 unnamed protein product
5 2.726 HSP90AB1 protein ATP binding, stress response, protein and Q6PK50
unfolded protein binding
3 2.197 unnamed protein product
2 2.236 NHP2 non-histone Binds to the 5'-stem-loop of U4 snRNA and P55769
chromosome protein 2- may play a role in the late stage of spliceosome
like 1 assembly. The protein undergoes a
conformational change upon RNA-binding.
2 2.260 ribosomal protein SA, Required for the assembly and/or stability of P08865
isoform CRA_c the 40S ribosomal subunit. Required for the
processing of the 20S rRNA-precursor to
mature 18S rRNA in a late step of the
maturation of 40S ribosomal subunits.
2 2.312 Chain A, The Crystal Component of a splicing-dependent Q9UKV3
Structure Of The Exon multiprotein exon junction complex deposited
Junction Complex* at splice junction on mRNAs. Phosphorylation
redistributes it from the nuclear speckles to the
nucleoplasm.
2 2.326 NCL protein * Found in the nucleolus. Binds both RNA and Q9BQ02
DNA.
2 2.391 actinin alpha4 isoform* Localized in nucleus. Has been found bound to 043707
unprocessed mRNA. F-actin cross-linking
protein which is thought to anchor actin to a
variety of intracellular structures and HNR
proteins.
2 2.477 ribosomal protein S8 * In complex, bound to untranslated mRNA, P62241
composed, in part, of HNRPM, actinin alpha4
and NCL.
2 2.503 DEAH (Asp-Glu-Ala- Unwinds double-stranded DNA and RNA in a Q08211
His) box polypeptide 9, 3'to 5' direction. Alteration of secondary
isoform CRA_a* structure may subsequently influence
interactions with proteins or other nucleic
acids. Identified in a complex bound to
untranslated mRNA.
2 2.757 HNRPM protein* Heterogeneous nuclear ribonucleoprotein M; Q6P2D7
Pre-mRNA binding protein in vivo. Involved in
splicing.
3.324 hypothetical protein
4.314 histone 1, H2bj, isoform Core component of nucleosome. Nucleosomes P06899

CRA_b

wrap and compact DNA into chromatin,
limiting DNA accessibility to the cellular
machineries which require DNA as a template.
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UniProtkKB

# Heavy/Light o . . -
Peptides Ratio Description Protein function ANCﬁfnSEgn
32 0.426 poly (ADP-ribose) Involved in DNA repair processes. Positively P09874
polymerase family, regulates transcription of certain genes.
member 1
32 0.427 poly(ADP-ribose) as above P09874
polymerase
11 0.010 unnamed protein product
9 0.359 glyceraldehyde-3- Participates in nuclear events including P04406
phosphate dehydrogenase  transcription, RNA transport, DNA replication
and apoptosis. Upon interferon-gamma
treatment assembles into the GAIT complex
which binds to stem loop-containing GAIT
elements in the 3'-UTR of diverse
inflammatory mRNASs and suppresses their
translation.
7 0.010 unnamed protein product
7 0.433 unnamed protein product
6 0.423 unnamed protein product
5 0.363 DNA repair protein Corrects defective DNA strand-break repair. P18887
XRCC1 Interacts with polynucleotide kinase, DNA
polymerase-beta and DNA ligase I1I.
5 0.397 high-mobility group box 2 DNA binding proteins that associates with P26583
chromatin and has the ability to bend DNA
5 0.434 MAPA4 protein Non-neuronal microtubule-associated protein. P27816
Promotes microtubule assembly.
Phosphorylated upon DNA damage, causing
detachment from microtubules, and their
disassembly.
0.040 filaggrin family member 2  Possibly involved in calcium ion binding Q5D862
0.026 unnamed protein product
0.373 inosine monophosphate Catalyzes the conversion of inosine 5'- P12268
dehydrogenase 2 phosphate (IMP) to xanthosine 5'-phosphate
(XMP), the first committed and rate-limiting
step in the de novo synthesis of guanine
nucleotides, and therefore plays an important
role in the regulation of cell growth. Could also
have a single-stranded nucleic acid-binding
activity and could play a role in RNA and/or
DNA metabolism.
3 0.389 high-mobility group box 3  Binds preferentially single-stranded DNA and 015347

unwinds double stranded DNA
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UniProtkKB

Pep?i des Heage/;/{ilt_)lght Description Protein function ANCﬁfnsts)i:rn
3 0.446 Chain B, Human Multifunctional protein that plays a central role P27695
ApurinicAPYRIMIDINIC in the cellular response to oxidative stress. The
ENDONUCLEASE-1 two major activities are DNA repair and redox
(Apel) regulation of transcriptional factors.Plays a role
in regulating MYC mRNA turnover by
preferentially cleaving in between UA and CA
dinucleotides of the MYC coding region
determinant. Binds DNA and RNA.
3 0.461 protein disulfide Catalyzes the rearrangement of -S-S- bonds in Q14554
isomerase A5 precursor proteins.
0.011 unnamed protein product
0.406 unnamed protein product
0.408 Chain A, Crystal DNA helicase that may play a role in the repair P46063
Structure Of Human of DNA that is damaged by ultraviolet light or
Recq-Like Dna Helicase other mutagens.
2 0.432 endothelial Transcriptional coactivator stimulating
differentiation-related transcriptional activities. Enhances the DNA-
factor 1 isoform beta binding activity of ATF1, ATF2, CREB1 and
NR5AL. May function in endothelial cells
differentiation, hormone-induced
cardiomyocytes hypertrophy and lipid
metabolism.
2 0.462 hypothetical protein
2 0.464 CGlI-55 May play a role in the regulation of mMRNA Q8NC51
stability. Binds to the 3'-most 134 nt of the
SERPINE1/PAI1 mRNA, a region which
confers cyclic nucleotide regulation of message
decay.
2 0.474 unnamed protein product

Dark mauve colour = binding of nuclear factors to rs2069916[C]
Light mauve colour = binding of nuclear factors to rs2069916[T]
*These proteins have been seen forming part of the same complex binding to unprocessed mRNA
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3.2.12 siRNA knockdown of USF1

Knockdown of USF1, the nuclear factor shown by EMSA cold competition and
supershift assays to bind rs2069916[C], by siRNA techniques resulted in an increase of
secreted protein C compared to controls as measured by protein C ELISA assays. Protein C
was measured in conditioned media harvested 48 hours after transfection with either the
USF1 siRNA probe or a control siRNAprobe. The difference in protein C concentration in
the conditioned media of cells transfected with the sSiRNA probe and those transfected with
the control sSiRNA probe was statistically significant at 48 hours (Mann Whitney U test,

P=0.004, n=6; Figure 3.12).

40, *
C
K]
© . 304
=7
C =
O C
83

> l

89 20
0%
= @
9 — 10;
e
a

0

Control siRNA USF1 siRNA

Figure 3.12 Increase in protein C expression after inhibition of USF1

After transfection into Hep-G2 cells, the siRNA probe was able to knockdown expression of USF1, resulting in
a statistically significant increase in expression of protein C compared to cells transfected with a control SiRNA
probe that did not affect USF1 expression, as measured by ELISA assay (Mann Whitney U test, P=0.004, n=6).

Data are mean + SD.
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3.2.13 TagMan™ SNP genotyping assays

To determine whether siRNA knockdown of USF1 affects expression of PROC
MRNA in Hep-G2 cells we utilized TagMan™ SNP genotyping assays to quantify mRNA
transcripts containing each allele of the PROC coding SNP, rs1799810[A/T]. By comparing
the number of transcripts of each allele before and after USF1 knockdown it is possible to
determine if inhibiting USF1 affects PROC expression. The cDNA of each sample was
normalized to the gDNA amplified in the same sample to remove any loading bias.
Comparison of the normalized samples showed no difference in expression between the
control sSiRNA samples when amplified using probes containing either the T-allele or A-
allele of rs1799810 (2-tailed Student’s t-test, P=0.366). Moreover, there was no difference in
expression between the USF1 siRNA samples amplified using either of these probes (2-tailed
Student’s t-test, P=0.874). Furthermore, no expression differences were seen between the
control siRNA samples and the USF1 knockdown (SiRNA) samples for either allele (2-tailed

Student’s t-test, P=0.721 and 0.167 for rs1799810[A] and rs1799810[T], respectively).

3.2.14 Luciferase assays

To determine whether haplotypes of rs2069915 and rs2069916 could modify
transcription, Hep-G2 cells were transiently transfected with constructs containing the TCG
alleles of rs2069912, rs2069913 and rs2069914 and either the A-T or G-C haplotypes of
rs2069915 and rs2069916: TCGAT and TCGGC, respectively. Luciferase activity was
significantly greater with the construct containing the A-T haplotype compared to the

construct containing the C-G haplotype (Mann Whitney U test, P=0.022, n=12, Figure 3.14).
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Figure 3.13 Luciferase reporter activity in two haplotypes of PROC

Luciferase reporter activity was compared between two different constructs spanning a 421bp region of PROC
intron 2. The constructs were homozygous for the major alleles of SNPs rs2069912, rs2069913 and rs2069914
(TCG) and either the major or minor alleles of rs2069915 and rs2069916: TCGGC and TCGAT, respectively.
Luciferase reporter assays show the vector containing the G-C haplotype of rs2069915[G/A] and
rs2069916[C/T] (TCGGC) has a significantly limited ability to drive expression of the firefly luciferase gene
compared to the vector containing the A-T haplotype of these two SNPs (TCGAT). The assay was performed

in Hep-G2 cells (Mann Whitney U test, P=0.022, n=12, data are mean = SD). RLU, Relative Light Units.

3.3 Discussion

Severe sepsis and septic shock are conditions known to have extremely high mortality
rates despite many available drugs and interventions being employed. Protein C plays an
important role in modulating outcome in patients in the ICU with these conditions as protein
C is known to be active in several pathways shown to be important in the course of sepsis.

Although protein C is most well known as an anti-coagulant molecule it also acts as an anti-

113



inflammatory modulator, a pro-fibrinolytic molecule, an anti-apoptotic molecule and plays a
role in the innate immune system.

To determine whether sepsis affects expression of PROC, this study first attempted to
find a treatment for in vitro assays that would a) increase and b) decrease expression of
PROC mRNA. Treatments were chosen that are known to invoke the inflammatory and
immune responses of patients with sepsis, as well as molecules known to play a role in the
coagulation cascade, the most well-known of all the functions of protein C. None of the
treatments employed perturbed expression of PROC mRNA in Hep-G2 cells. Clearly, a
feedback system does not appear to be triggered by aPC to replenish endogenous protein C as
it is consumed by conversion to aPC during a sepsis event. It was impossible to induce B-
lymphocyte cells to express PROC in measureable concentrations without excessive
manipulation, therefore the approach to use the densely genotyped B-lymphocyte cell lines
was abandoned.

Interestingly, all treatments employed reduced secreted protein C concentration in
conditioned media of Hep-G2 cells. It was not possible to increase protein C concentration
in conditioned media, despite trying several different treatment concentrations, treatment
combinations and harvesting time points. As the ELISA assay used here measures
endogenous protein C as well as aPC, the lower concentrations observed do not necessarily
reflect an increase in conversion of endogenous protein C to aPC in the treated cells, but
rather an overall reduction. From the results of these assays it is not possible to determine
whether endogenous protein C or aPC contributes most to the measurements obtained here.

It is tempting to speculate that the results reflect a reduction in endogenous protein C due to
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conversion to aPC and that much of the aPC was bound to various receptors and was
therefore unavailable for quantification.

The viability assays confirmed that the ELISA assay results likely reflect true
differences in protein C concentrations due to treatment type, and not to a disparity in cell
number between samples caused by the treatments. The maximum viability difference
between samples was less than 10%, while the protein C differences between treated and
untreated samples as measured by ELISA was an average of 50.8%.

Screening for potential functional effects of common polymorphisms (MAF >10%)
was undertaken in the 5’ region of PROC. A number of mutations in the untranslated exon 1
and beginning of the first intron have been shown to have a functional effect in modulating
PROC expression but these mutations are rare in Caucasian populations and therefore do not
appear to account for associations between common SNPs and disease outcomes [260, 261,
263]. Many common genetic variations in the promoter and 5’ region of the PROC gene
have previously been associated with outcome in a variety of disease states [265, 334, 351]
but, to date, have not been determined to be the causal or functional mutations. Recently, as
part of the large ARIC (Atherosclerosis Risk in Communities) study, Tang et al. (2010)
found an association between one of the SNPs tested here, rs1158867, and plasma levels of
protein C [351]. In this study, rs1158867 was tested by gel shift assay for differential nuclear
factor binding by allele but no difference was found and any binding was very weak, barely
above background levels, reducing the probability that this SNP was the causal SNP
accounting for this observation. Smith et al. (2007) tested for association between SNPs in
coagulation pathway genes and venous thrombosis in peri- and post-menopausal women and

found four SNPs in PROC to be significantly associated: rs1799810, rs2069910, rs2069915
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and rs5937 [346]. The first three of these SNPs are found in the 5° region of PROC and were
included in this study. Of these three SNPs, only rs2069915 showed strong, differential
binding by allele. Interestingly, rs1799810 and rs1158867 are in complete LD (r>=1) and
although the FastSNP database does not propose any function for rs1158867, it suggests
rs1799810 may be involved in regulating splicing events. However, rs1799810 is in 23% LD
with rs2069915 and 41% LD with rs2069916, while rs1158867 is in 15% and 26% LD,
respectively (Appendix A, Table A.2). Further studies need to be undertaken to determine
the extent to which SNPs with other functions, such as altering splicing sites, affect protein C
deficient states. Russell et al. (2008) found an association between rs2069912 and increased
mortality in East Asian patients with severe sepsis [347] and in this study this SNP did
display differential binding by allele. However, binding was minimal and further tests are
needed to determine if this SNP plays a functional or supporting role — as rs2069912 lies just
224bp upstream from rs2069916 it is possible that nuclear factors binding these SNPs may
form part of the same complex, although there is little LD between rs2069912 and rs2069915
(19%) or rs2069916 (17%). In addition, only Caucasian patients were used in this study
which may not reflect racial differences of SNP effects.

Many reports in the current literature have examined -1654 and -1641 promoter
region SNPs (rs1799808[C/T] and rs1799809[A/G]) and their haplotypes. The T-A
haplotype is associated with the highest levels of protein C in vitro and in vivo while the C-G
and C-A haplotypes are associated with the lowest levels of protein C in vitro [352] as well
as in plasma, with a worse outcome in patients in a variety of disease states [265, 334, 336].
To date the identity of potential nuclear factor(s) binding these promoter haplotypes have not

been elucidated. Very little nuclear factor binding to oligonucleotides centered on these
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promoter SNPs was found in this study, reducing the probability that these SNPs or their
haplotypes functionally alter transcription, and increasing the possibility that SNPs in LD
with haplotypes of these promoter region SNPs may be functionally more important. Indeed,
this was found in this study, with the T-A haplotype of the promoter SNPs being in 100% LD
with the A-T haplotype of rs2069915-rs2069916 (Figure 2.2) and the latter haplotype was
associated with increased transcription in luciferase reporter assays compared to the G-C
haplotype of these SNPs (Figure 3.14).

Dramatic differential binding of nuclear factor(s) between the alleles of SNP
rs2069915[G/A] was found, with the G-allele evincing very strong binding, while binding to
the A-allele was very weak. Similarly, the C-allele of SNP rs2069916[C/T] showed
significantly stronger binding than the T-allele. None of the other SNPs interrogated
displayed significant differential binding by allele and therefore, of the SNPs interrogated,
rs2069915[G/A] and rs2069916[C/T] appear most likely to be functional and were selected
for further testing. These two SNPs are in very high linkage disequilibrium (r?=0.91) and lie
only 37 bases apart therefore it is possible that either proteins binding to both regions form
part of the same complex, or that protein binding to one region is influenced by the other.

Identification of the nuclear factors binding these regions was attempted first by
adding an excess of unlabeled probe containing the consensus sequences of nuclear factors
purported to bind these particular regions. Potential binding partners were selected after
database and literature searches. For SNP rs2069916, cMYC, USF1 or NFKB were imputed
to bind this region and indeed, cold competition assays showed cMYC and USF1 were able
to compete for nuclear factor binding, but NFKB was not. Cold competition EMSA assays

demonstrated the high affinity and specificity of nuclear factor binding to rs2069915[G] and
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rs2069916[C] and supershift assays showed that the factor binding to the latter was likely the
transcription factor, USF1. The shift in the visible gel band to a higher position in the gel
indicates affinity of the antibody for the protein, resulting in a larger complex with slower
migration through the gel and a visibly “supershifted” band in the gel. This affinity identifies
USF1 as the nuclear factor binding the DNA in this region — if USF1 was merely part of a
complex it is likely the visible band would only have been reduced in cold competition and
supershift assays, and not completely abrogated as seen here. Binding of an antibody to a
protein/DNA complex will increase the size of the complex, causing further retardation as the
complex moves through the gel resulting in a supershifted band at a higher position.
Alternatively, nuclear factor binding to DNA may be disrupted if the epitope recognized by
the antibody is the same as the DNA binding region: steric hindrance will result in less
protein binding the DNA and, consequently, a less visible band.

Luciferase reporter assays with vectors containing the haplotypes of the major alleles
of these two SNPs showed significantly decreased transcription compared to the vector
containing the minor allele haplotype, A-T. The well-studied transcription factor USF1 has
been reported to be an activator of transcription in some systems and a repressor in others
[353-355]. In addition, a report of USF1 binding to motifs downstream of a transcription
start site shows USF1 functioning as a repressor [356].

The unlabeled probe containing the consensus sequence for cMYC was able to
successfully compete for the binding site across rs2969916[C] but the results of the
supershift assay using an antibody against cMY C was negative. The DNA-binding
consensus sequences for USF1 and cMYC are very similar (5°CACGTG3”) [357], in fact

these two transcription factors are well known to have antagonistic transcriptional activities
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of the same gene [353, 354, 358]. A search of PubMed

(http://www.ncbi.nlm.nih.gov/pubmed/) and STRING 9.0 (http://string-db.org) [359] a

protein/protein interaction database, did not reveal any known instances of USF1 and cMYC
either binding to each other or in the same complex, therefore the positive cold competition
assay and negative supershift of cMYC is most likely due to cMYC and USF1 having similar
DNA-binding consensus sequences. Furthermore, for several different genes, investigators
have reported that cMYC and USF1 compete for the same site, with binding by cMYC
leading to increased transcription of the gene and binding by USF1 suppressing transcription
[353, 356, 358], therefore it cannot be ruled out that cMYC may compete for binding at this
site. Ubiquitously expressed USF1 forms homodimers, heterodimers with USF2 or
multimers before binding DNA consensus sequences to modulate gene expression. Activity
of USF1 is modulated by phosphorylation: phosphorylation at three sites in leucine zipper
domains increases DNA binding while phosphorylation of two sites in basic domains disrupts
DNA binding [360], therefore a measure of the total phosphorylation state of USF1 is not
indicative of USF1 activity.

Antibodies against cMYC and NFKB were unable to shift the visible bands indicating
that they are not the nuclear factors binding the DNA in this region. It is not clear from this
assay if these proteins form part of the protein complex that binds this region. In order to be
able to identify the whole complex of proteins binding to the SNPs an alternate mass
spectroscopy method was used — the SILAC mass spectroscopy method in which ratios of
“heavy” and “light” isotopes are used to identify all the proteins in a complex attached to a
DNA region. As rs2069915 and rs2069916 are only 37 bases apart it is reasonable to

suppose that some of the proteins in the complexes are common to both SNPs and this is
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indeed what was seen. The histone 1 protein appears in complexes binding to both
rs2069915[G] and rs2069916[C]. Histone cluster 1 family members are almost exclusively
the only proteins identified by the SILAC analysis to bind rs2069915[G], whereas the
complex binding rs2069916[C] includes structural proteins and histone-binding adaptor
proteins as well. Binding of histone cluster 1 members and associated proteins would cause
the DNA in this region to become, or remain, tightly wound which reduces accessibility of
transcriptional machinery and thus transcription of this region would be low. The structural
proteins such as actinin that form part of the complex binding to rs2069916[C] lend credence
to the suppression of transcription as it is known that structural proteins such as actin help
stabilize the closed conformation of DNA when it is not being transcribed. Interestingly,
several of the proteins binding to the major allele of rs2069916 (NCL, ribosomal protein S8,
ribosomal protein SA, DEAH and HNRPM) are known to bind together in a complex on
unprocessed mMRNA and may be involved in splicing events or translation suppression. This
suggests a mechanism justifying the differences seen in protein C concentrations in ELISA
assays, despite no differences being evident in PROC mRNA concentrations as quantified by
RT-gPCR assays. In support of this theory, a recent study by Chen et al. (2012) found NCL
interacts with TP53 mRNA and suppresses translation after DNA damage [361]. In contrast,
the minor alleles of both SNPs do not bind any histone proteins or structural proteins, instead
the minimal binding seen in EMSA assays for these alleles was identified by SILAC mass
spectroscopy as both helicases and polymerase family members which would suggest that
active gene expression occurs when the minor alleles are present.

In collaboration with an industry partner, results of a novel bead-based assay

corroborated the binding of nuclear protein(s) to rs2069916[C] as well as the lack of nuclear
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factor binding to rs2069916[T], as seen in the EMSA assays. This assay was unable to
duplicate the binding to rs2069915[G] seen in EMSA assays, likely because the nuclear
protein binding rs2069915[G] was not one of the transcription factors included in the assay.
The prohibitive cost, at the time, of hybridizing all the PROC DNA sequences to unique
Capture beads prevented this for all SNPs of interest, therefore it was only possible to fully
test one SNP —rs2069916[C/T]. The assay indicated that rs2069916[C] binds nuclear protein
and that this protein was not one of the transcription factors included in the panel. In 2013
the cost of conjugating sequences to beads has been vastly reduced and it might be
worthwhile developing this assay as a high throughput method of screening SNPs for nuclear
protein binding. Any SNPs displaying binding could then be included in standard EMSA
assays using **P, a more hazardous, labor-intensive, but very sensitive and trusted method.

Possible biological differences were exhibited between the rs2069915-rs2069916
haplotypes using luciferase reporter assays. These assays demonstrated that the A-T
haplotype binds transcription factors minimally and is able to drive transcription of an
artificial luciferase gene significantly more than the C-G haplotype which binds USF1,
suggesting that USF1 may repress transcription, which is consistent with reports in the
literature showing USF1 suppressing transcription when binding regions downstream of the
start site of genes [356].

A second method, quantifying allele-specific expression of PROC, using TagMan™
SNP genotyping assays, supported the earlier RT-gPCR results by evincing no difference in
expression between alleles of the PROC SNP rs1799810[T/A] after siRNA knockdown of

USF1. The haplotype diagram (Figure 2.2) shows that the alleles for rs1799810[T] and

121



rs2069916[C] are 100% correlated, hence allelic expression of rs1799810[T] is a reasonable
approximation of the allelic expression of rs2069916][C].

Whether endogenous protein C levels are associated with genotypes of rs2069915 and
rs2069916 has not been previously reported. However, results from previous studies may be
extrapolated: it has been shown by several groups that the common promoter SNPs, -1654
and -1641, are associated with low protein C levels and a worse outcome in sepsis,
thrombosis and other inflammatory conditions [265, 337, 362]. The two SNPs in this study
which show significant protein binding, rs2069915 and rs2069916, are in very high LD with
one of the promoter SNPs, -1654 (r* = 0.83 and 0.94, respectively), therefore the genotypes
of the two intronic SNPs should mirror closely the genotype of this promoter SNP and,
concomitantly, the measured protein C levels in previous studies. From phased haplotype
data of Caucasian populations at SeattleSNPs, the C-allele of -1654 is almost always
associated with the G-allele of rs2069915 and the C-allele of rs2069916 (Figures 2.2 and 2.3;
Appendix A, Table A.2). As both the C-G and C-A haplotypes of -1654/-1641 have been
shown by several groups to be associated with low circulating levels of protein C and a worse
outcome in patients, it is reasonable to suppose that the nuclear factors seen here to bind to
rs2069915[G] and rs2069916[C] may repress transcription, resulting in lower levels of
protein C at baseline. As patients with severe sepsis and other inflammatory conditions are
known to have low plasma levels of protein C, and that low concentrations of protein C are
correlated with increased mortality or worse outcomes [137, 362], this discovery suggests
that individuals with the G-C haplotype of rs2069915 and rs2069916 are likely to have more

transcriptional inhibition, correspondingly low endogenous levels of protein C and,
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consequently, a worse outcome during sepsis, thrombosis or other inflammatory conditions

than individuals with the A-T haplotype at these positions.

123



Chapter 4: Reduced PCSK9 Function Protects Against Adverse Outcomes

in Murine Systemic Inflammation and Human Septic Shock

4.1 Background

Significant interaction occurs between lipid metabolism and inflammation pathways
leading to altered incidence and/or outcome of sepsis when lipid metabolism is altered.
Statin treatment reduces the incidence of pneumonia [363] and reduces mortality associated
with in-hospital pneumonia [364]. Similarly, HDL may be protective in sepsis [365].
However, the evidence is not conclusive [366]. For example, continuation of pre-
hospitalization statin therapy did not improve outcomes in patients hospitalized with sepsis
[367] and actively increasing plasma HDL using cholesterylester transfer protein (CETP)
inhibitors such as torcetrapib appeared to result in increased sepsis deaths [368]. There have
been no pivotal randomized controlled trials to date of statins in sepsis. Thus, there appears
to be a clinically important interaction between lipid metabolism and inflammatory
pathways, although apparently contradictory observations indicate that our understanding is
very incomplete.

The mechanisms involved in the interaction between lipid metabolism and the septic
inflammatory response are similarly unclear although bacterial cell wall products, such as
endotoxins LPS and LTA, contain lipid moieties. Triglyceride-rich lipoproteins contribute
by binding to LPS and LTA fragments of Gram-positive and Gram-negative pathogens,
respectively, which are then internalized via the LDL receptor and cleared by the liver,
thereby potentially reducing activation of macrophages [34, 35, 369, 370]. A number of

macrophage-expressed receptors that modulate the inflammatory response, including PPAR

124



and LXR, are activated by cholesterol [371]. High density lipoprotein augments human
monocyte responses to LPS by suppressing the inhibitory activity of high concentrations of
LPS binding protein, where APOAZ2 appears to be the active component [372]. Statins have
multiple effects which may cause immune modulation including reduction of C-reactive
protein levels [373], reduction in NFKB activation [374], and improving endothelial eNOS
responses thus reducing leukocyte adhesion within the microcirculation [375] and leukocyte
recruitment to the infected site [376]. Statins also inhibit protein isoprenylation, including
farnesylation, which abrogates pro-apoptotic effects of sepsis on splenic lymphocytes [377].

The primary effect of statins is to decrease serum LDL. Thus, the mechanism of
statin effect may also be related to LDL or ligation of its receptor leading to downstream
signaling. Low density lipoprotein receptor knock-out (Ldlr”) mice are protected against
lethal endotoxemia and severe Gram-negative infections [325]. However, potentially
contradictory observations have been made. For example, LDL receptor-deficient mice have
been reported to be more susceptible to sepsis induced by cecal ligation and puncture (CLP)
than corresponding genetic background mice [378]. In LdIr’ mice a number of
inflammatory mediators were altered. Prior to CLP, Ldlr’" mice had an elevation in serum
amyloid A protein, lipopolysaccharide binding protein (LBP), and soluble CD14 (sCD14).
Following CLP, IL1-beta increased more in LdIr” mice than controls. In experimental
models of murine sepsis, statin treatment [379] and treatment with an apolipoprotein A-I
mimetic protein [380] appears to be beneficial.

In summary, lipid metabolism pathways interact with the inflammatory response,
potentially with important clinical consequences. However, the exact mechanisms and

whether this effect impacts patient outcome are uncertain. Whether, in addition to statins,
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other molecules influencing these lipid metabolism pathways would alter the inflammatory
response and outcome in human sepsis is unknown. Recently PCSK9 has been identified as a
key regulator of LDL receptors [381] and other receptors such as very low-density
lipoprotein receptor (VLDLR), ApoER2 [298], and CD81 [273]. To date, there are no
publications regarding PCSK9 and models of human sepsis.

In view of the interaction of lipid metabolism and inflammatory pathways, the
hypothesis that PCSK9 alters the systemic inflammatory response in mice and in human
septic shock was tested. Indeed, it was found that Pcsk9 knock-out mice had a diminished
inflammatory response to LPS and were protected against adverse aspects of the physiologic
phenotype of a severe inflammatory response, compared to background control mice. To
determine whether this observation could have clinically significant consequences, genetic
polymorphisms of PCSK9 in human sepsis were examined. Genetic variants in PCSK9 have
been highly characterized so it was possible to parse and sort several common variants into
known LOF variants and compare these to a known GOF variant. Variants in PCSK9 were
genotyped in two cohorts of patients with septic shock. In accord with the murine LPS
observations, it was found that humans with septic shock who carry LOF variants of PCSK9
had a reduced inflammatory cytokine response and decreased mortality whereas individuals
with GOF variants had the opposite effect.

In conclusion: reduction of activity of PCSK9 reduces the inflammatory response and
improves physiologic outcome in mice and in human patients who have severe sepsis and

septic shock.
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4.2 Results

4.2.1 Murine physiological measurements

The Pcsk9 knock-out mice had a blunted general and cardiovascular response to LPS.
By six hours after LPS injection all 10 C57BL/6 wildtype control mice exhibited
continuously hunched posture and did not move despite strong physical stimuli (Activity
index of 0/4) (Figure 4.1A) and demonstrated a progressive loss of body temperature over the
six hours following LPS administration, such that 6 of the 10 mice had a final body
temperature <32°C (mean 30.5 + 2.8°C) (Figure 4.1B). In contrast, the Pcsk9” mice had a
mean activity index of 1.6 + 0.9 (P<0.0001 vs. control) corresponding to a maximum of 20-
30 seconds of hunched posture which spontaneously reverted to normal with ongoing
spontaneous rapid movements interspersed with eating and drinking (Figure 4.1A) and none
of the 10 Pcsk9™ mice had their temperature drop below 32°C (mean 35.2 + 1.8°C, P<0.0001
vs. control) (Figure 4.1B). Lipopolysaccharide induced an acute decrease in mean arterial
pressure and left ventricular ejection fraction (Figure 4.1C and D) within six hours in
C57BL/6 wildtype control mice [324, 382]. Both of these cardiovascular effects were

significantly ameliorated in Pcsk9” mice (Figure 4.1C and D).
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Figure 4.1 Phenotypic responses to LPS in wild-type and Pcsk9” mice

A. Activity phenotype. All 10 wild-type control mice (C57BL/6) had an activity index of 0 (no movement) six
hours post LPS administration compared to none of 10 PCSK9 knock-out (Pcsk9”") mice. Comparison of group
means demonstrates a statistically significant effect (* p<0.05) in hours 3 - 6. Typically an activity index less
than 0.5 represents a terminal state. B. Body temperature. Wild-type control mice (C57BL/6) demonstrated a
progressive loss of body temperature over the six hours post LPS administration such that 6 of the 10 mice had
a body temperature <32°C, while none of 10 Pcsk9”" mice had their temperature drop below 32°C. Comparison
of group means demonstrates a statistically significant effect (p<0.05) in hours 4 - 6. Typically a sustained
temperature less than 32°C represents a terminal state. C. Blood pressure. Mean arterial pressure is preserved
in Pcsk9”" mice compared to wild-type control mice 6 hours post LPS administration (Mann Whitney U test,
P=0.014). D. Left ventricular ejection fraction. Cardiac function is preserved in Pcsk9” mice compared to
wild-type control mice as evidenced by significantly higher left ventricular ejection fraction 6 hours post LPS

administration (Repeated measures ANOVA, P=0.024,). All data are mean + SD.
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4.2.2  Murine replication

Independent replication of these results was examined using pharmacologic inhibition
of Pcsk9 with berberine, which resulted in a 65£20% reduction in hepatic Pcsk9 mRNA
expression (P<0.05). It was found that, similar to Pcsk9 knock-out, pharmacologic inhibition
of Pcsk9 also blunted the effect of LPS on activity (Repeated measures ANOVA, P<0.001)

and body temperature (Repeated measures ANOVA, P<0.001) (Figure 4.2 A and B).
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Figure 4.2 Phenotypic responses of wild-type mice treated with saline or berberine

A. Activity phenotype. 7/8 saline treated C57BL/6 wild-type control mice had an activity index of 0 (no
movement) by six hours post LPS administration compared to 2/9 of the berberine treated mice. Comparison of
group means demonstrated a statistically significant effect (* P<0.05) in hours 3-6. B. Body temperature.
Saline treated mice demonstrated a progressive loss of body temperature over the six hours following LPS
administration such that all 8 mice had a body temperature <32°C, while only 2/9 of the berberine treated mice
had their temperature drop to <32°C. Comparison of group means demonstrated a statistically significant effect

(*P<0.05) in hours 4, 5 and 6. Data are mean + SD.
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4.2.3 Murine PCSK9 knock-out had a blunted inflammatory cytokine response

Pcsk9”” mice also had an attenuated inflammatory cytokine response measured in

plasma at 6 hours after LPS infusion (Table 4.1).

Table 4.1 Cytokine measurement of mouse and human plasma

Cytokine measurements in Pcsk9”" and wild-type control mouse plasma 6 hours following 20 mg/kg LPS

injection i.p., and in human plasma from VASST septic shock patients at time of study entry.

Mouse TNF-alpha IL6 IL10 JE MIP-2

Pcsk9™ 26.4 2420 39 1000 850

(n=8) (22.3-31.2) (2040-2880) (32-48) (800-1250) (680-1080)

Controls 47.6 6750 101 2190 2280

(n=9) (41.1-55.1) (5290-8620) (85-121) (1940-2480) (1710-3040)

P-values 0.018 0.004 0.003 0.006 0.019

Human TNF-alpha IL6 IL10 MCP1 IL8

LOF (n=178)  13.4 182 42 717 70
(12.3-14.5) (153-216) (37-48) (644-799) (61-79)

GOF (n=35) 18.5 338 101 1140 129
(15.0-22.8) (221-519) (66-155) (884-1470) (89-188)

P-values 0.061 0.076 0.009 0.043 0.035

Data are median (25" — 75" quartiles) of log transformed data, converted back to pg/mL throughout.

LOF indicates patients having at least one Loss of Function allele and GOF indicates patients having at least

one Gain of Function allele.

Specifically, compared to wildtype control mice at 6 hours after LPS administration,

Pcsk9™” mice had lower plasma concentrations of TNF-alpha (P=0.018), IL6 (P=0.004), 1L10

(P=0.003), JE (P=0.006) and MIP-2 (P=0.019). There were no differences in cytokine

concentrations between Pcsk9”” mice and wildtype control mice, measured in saline-treated

mice (Table 4.2).
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Table 4.2 Cytokine concentrations in saline-treated mice

TNF-alpha IL6 IL10 JE MIP-2
pg/mL pg/mL pg/mL pg/mL pg/mL
Wild-tvoe mice 0.33 2.0 0.31 15.2 3.3
P (0.33-0.47)  (1.2-2.9) (0.31-0.31)  (11.4-18.4) (2.7-5.1)
Pesko™ mice 0.00 2.0 0.49 7.6 2.1
(0.00-0.67)  (1.7-25.3) (0.24-1.62)  (7.4-62.4) (1.3-6.9)
P-value 0.969 0.433 0.46 0.509 0.87

Data are median (25" — 75" quartiles)
n=3 for each group

4.2.4 Murine endotoxin clearance rates

As a simple first step to elucidate the mechanism responsible for the increased

survival seen in LPS-treated Pcsk9”" mice, plasma clearance of endotoxin in Pcsk9™ mice
was measured and compared to wild-type controls. It was found that Pcsk9” mice cleared

endotoxin approximately twice as quickly as wild-type controls (Mann Whitney U test,

P=0.023; Figure 4.3A).

As a second step, endotoxin clearance in berberine treated mice was compared to

saline treated mice and, although the trend was similar, with berberine treated mice evincing

a slightly more rapid endotoxin clearance than saline treated mice, the difference was not

significant (Mann Whitney U test. P=0.160) (Figure 4.3B).
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Figure 4.3 Endotoxin clearance 6 hours post LPS infusion

A. Endotoxin activity was measured in plasma from the cytokine experiments of Pcsk9” (n=11) and wild-type
control mice (n=8) using a limulus amebocyte lysate assay. At 6 hours following intra-peritoneal injection of
20mg/kg LPS the Pcsk9” mice had significantly reduced endotoxin activity compared to wild-type mice
exposed to the same dose of LPS (Mann Whitney U test. P=0.023). B. Similarly, although berberine-treated
C57BL/6 mice (n=8) had reduced endotoxin activity compared to saline-treated controls (n=8), this difference

was not significant (Mann Whitney U test. P=0.160). Data mean + SD.

425 Preserved cardiac function in Ldlr” mice treated with berberine

To try and determine whether the protective effect seen in Pcsk9” mice is due to
binding of PCSK9 to the LDL receptor, Ldlr” mice were treated with either berberine or
saline prior to LPS challenge. Body temperature, activity index and cardiac physiology were
measured as described for the previous experiments. There was no difference between the
two groups at baseline in body temperature, activity index, ejection fraction or mean arterial

pressure (Table 4.3).
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Table 4.3 Responses to LPS in LdIr” mice treated with either saline or berberine

Activity Activity  Temp Temp EF EF MAP MAP
baseline 6hrs LPS baseline 6hrs LPS baseline 6hrs LPS baseline 6hrs LPS
Saline-treated 0 4 37.1 28.3 54.2 21.3 124 53
mice (0-0) (3.8-4.3) (36.2-37.9) (26.0-30.6) (36.6-71.8) (16.3-26.3) (118-129) (32-74)
Berberine-treated 0 4 37.0 28.5 50.4 26.0 109 53
mice (0-0) (3.8-4.3) (36.2-37.9) (26.1-30.8) (38.2-62.6) (23.0-29.0) (93-125) (52-54)
P-value NA 0.356 0.806 0.898 0.844 0.045 0.565 0.477
Data are median (95% CI)
All groups n=4

Moreover, 6 hours after LPS challenge there was no body temperature or activity
index differences between groups (Table 4.3). However, there was a significant difference in
ejection fraction with the berberine treated mice having a slightly conserved ejection fraction
compared to the saline group 6 hours after LPS challenge (Repeated measures ANOVA,
P=0.045, Table 4.3 and Figure 4.4). There was no difference in mean arterial blood pressure

at 6 hours after LPS challenge (Mann Whitney U test, P=0.477, Table 4.3).
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Figure 4.4 Preserved ejection fraction in LdIr null mice after berberine infusion
At baseline there was no significant difference between LdIr”™ mice treated with either saline or berberine
(Mann Whitney U test, P=0.844, n=4/group) but six hours after LPS infusion the berberine-treated mice had a

significantly preserved ejection fraction (Repeated measures ANOVA, P=0.045, n=4/group).

4.2.6 Human PCSK9 LOF had a blunted general and cardiovascular response

The human PCSK9 gene has been highly characterized and several relatively
common missense variants (MAF >0.5%) and many rare missense and nonsense variants
have been identified that are associated with decreased LDL levels, as an indicator of LOF of
PCSK9 (Figure 2.7). The relationship between LDL levels and genotype of PCSK9 has also
been identified using an unbiased genome-wide association study (GWAS) approach. One
fairly common missense variant and many rare missense variants have been found to be
associated with increased LDL levels and, based on this, are considered GOF (Figure 2.7).
Accordingly, the relatively common PCSK9 LOF variants (MAF >0.5%, rs11591147 R46L,
rs11583680 A53V, rs562556 V4741) were genotyped along with the relatively common
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PCSK9 GOF variant (rs505151 G670E) in the VASST cohort. All SNPs tested were in
Hardy-Weinberg equilibrium (Appendix B, Table B.1).

It was found that patients in the VASST cohort having at least one PCSK9 LOF allele
had decreased mortality over 28 days (29.1% 28-day mortality, Figure 4.5A) compared to

patients without a LOF allele (39.6% 28-day mortality, P=0.0037 by log-rank test).
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Figure 4.5 Kaplan Meier 28-day survival curves in VASST

A. Loss-Of-Function (LOF). Patients in VASST having at least one PCSK9 LOF allele had decreased
mortality over 28 days (any LOF allele = grey line, n total = 306 with 89 deaths, 29.1% 28-day mortality)
compared to patients without a LOF allele (black line, n total = 326 with 129 deaths, 39.6% 28-day mortality)
(P=0.0037 by log-rank test). B. Gain-Of-Function (GOF). Patients in VASST having at least one PCSK9 GOF
allele (grey line, n total = 57 with 25 deaths, 43.9% mortality at 28 days) had increased mortality over 28 days
compared to patients having at least one PCSK9 Loss-Of-Function allele but no GOF alleles (black line, n total

= 293 with 83 deaths, 28.3% mortality at 28 days, P=0.011 by log-rank test).
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Using logistic regression to identify and adjust for potentially important covariates, it
was found that having at least one PCSK9 LOF allele remained significantly associated with
decreased mortality (Odds Ratio 0.64, 95% confidence interval 0.46-0.89, P<0.009) (Table

4.4).

Table 4.4 Logistic regression testing for Loss-Of-Function and Gain-Of-Function effects on 28-day

mortality in VASST

Loss-Of-Function Gain-Of-Function

Odds Ratio Odds Ratio

(95% Confidence P (95% Confidence P

interval) interval)
Age -per year 1.017 (1.007-1.029) 0.001 1.007 (0.997-1.027) 0.11
Gender - Female 0.99 (0.71-1.40) 0.97 0.81 (0.50-1.29) 0.37
Ethnicity - Caucasian ~ 0.80 (0.51-1.26) 0.33 0.91 (0.46-1.77) 0.77
Surgical diagnosis 0.75 (0.50-1.14) 0.18 0.64 (0.51-1.52) 0.63
Effect of genetic 0.64 (0.46-0.89) 0.009  1.92 (1.06-3.48) 0.031
variant

LOF patients had at least one LOF allele
GOF patients had at least one GOF allele

The number of GOF-containing haplotypes was less than the number of LOF
variants. Despite this, it was found that patients in VASST having a GOF variant had a
directionally opposite effect to LOF variants, having increased mortality over 28 days (43.9%
28-day mortality, Figure 4.5B) compared to patients with a LOF variant (28.3% 28-day
mortality, Figure 4.5B) (P=0.011 by log-rank test). Logistic regression, adjusting for

potentially important covariates, similarly found that the PCSK9 GOF allele was significantly
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associated with increased mortality (Odds Ratio 1.92, 95% confidence interval 1.06-3.48,

P<0.031) (Table 4.4).

4.2.7 Human PCSK9 LOF had a blunted inflammatory cytokine response

Similar to the PCSK9 knock-out mouse cytokine measurements, patients with at least
one LOF allele had a trend towards or a significantly blunted inflammatory cytokine
response compared to those with at least one GOF allele for TNF-alpha (P=0.061), IL6

(P=0.076), 1L10 (P=0.009), MCP1 (P=0.043), and IL8 (P=0.035) (Table 4.1).

4.2.8 Asingle SNP is suitable to test for replication of LOF/GOF

This study found that the LOF alleles of rs11591147, rs11583680, and rs562556 all
preferentially segregated with the minor G allele of the tag SNP, rs644000 (Figure 2.7). Out
of 1324 total observed haplotypes a LOF allele was observed 442 times within 309
haplotypes. Moreover, 83.5% of these LOF alleles were contained within haplotypes that
also contained the rs644000 minor G-allele. Only 15.5% of the LOF alleles were contained
within rs644000 major A-allele haplotypes. Thus, the minor allele of rs644000 is a marker
of the most common PCSK9 LOF genetic variants. Conversely, the relatively common GOF
variant preferentially segregated with the major A-allele of rs644000: 95.2% of these GOF
alleles were contained within haplotypes that also contained the rs644000 major A-allele
(Figure 2.7). Only 4.8% of the GOF alleles were contained within the rs644000 minor G-
allele haplotypes. Thus, overall, the minor G-allele of rs644000 is preferentially associated
with LOF alleles and the major A-allele of rs644000 is preferentially associated with GOF

alleles of known relatively common genetic variants of PCSKO.
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Therefore, rs644000 was used as a tagging SNP for replication analysis. It was found
that the minor G-allele (LOF marker) of PCSK9 rs644000[A/G] was highly associated with
decreased mortality over 28 days in both the VASST cohort (P=0.005 by log-rank test;

Figure 4.6A) and in the SPH cohort (P=0.034, Figure 4.6B).
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Figure 4.6 Kaplan Meier 28-day survival curves by PCSK9 rs644000 genotype

A. Survival curve for VASST cohort. Inthe VASST derivation cohort patients with the GG genotype of SNP

rs644000[ A/G] had increased survival compared to patients with either the AG or AA genotypes (P=0.005 by

log rank test). B. Survival curve for SPH cohort. Similarly, in the SPH replication cohort patients with the GG

genotype of rs644000 displayed increased survival compared to the other two genotypes (P=0.034 by log rank

test).

140



No consistent significant differences in baseline characteristics in these two cohorts
were identified that could potentially confound this result (Appendix B, Table B.2B).
Logistic regression adjusting for key covariates supported this conclusion (VASST Odds
Ratio 0.68, 95% confidence interval 0.53 - 0.89, P=0.0044; SPH Odds Ratio 0.54, 95%

confidence interval 0.12 - 0.88, P=0.0045) (Table 4.5).

Table 4.5 Logistic regression of rs644000 genotype with 28-day mortality in VASST and SPH cohorts

VASST Cohort SPH Cohort

Odds Ratio 5 Odds Ratio

(95% Confidence interval) (95% Confidence interval)
Age 0.98 (0.97-0.99) 0.001 1.007 (1.004-1.010) <0.001
Gender_Female 0.98 (0.70-1.38) 0.895 1.14 (0.88-1.48) 0.313
Ethnicity _Caucasian 1.19 (0.75-1.87) 0.465 0.87 (0.66-1.16) 0.349
Surgical Diagnosis 0.81 (0.57-1.13) 0.211 1.09 (0.83-1.42) 0.547
PCSK9 rs644000
G-allele 0.68 (0.53-0.89) 0.0044  0.54 (0.12-0.88) 0.0045

In accord with the murine observations, it was also found that the G-allele (LOF
marker) of rs644000 was associated with decreased cardiovascular dysfunction (VASST
P<0.001, SPH P<0.009) and decreased need for vasopressor administration (VASST
P<0.001, SPH P<0.019). There were significant differences and directionally similar trends
across both cohorts for respiratory, renal, hematologic, hepatic, and neurologic organ systems
(Table 4.6) as well as a decreased need for mechanical ventilation and renal replacement

therapy (Table 4.6).
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Table 4.6 Organ dysfunction in VASST and SPH cohorts by rs644000 genotype

VASST Cohort SPH Cohort
PCSK9 rs644000 genotype GG GA AA GG GA AA
(n=82) (n=287) (n=263) P (n=60) (n=234) (n=295) P
Days Alive and Free (DAF) of
organ dysfunction
Cardiovascular 22(1-25) 21(1-24)  15(0-23) 0.001 18(5-25)  15(1-24)  8(0-23) 0.009
Respiratory 9(1-15) 3(0-16) 3(0-15) 0.047 18(1-25) 10(0-24)  4(0-22) 0.009
Renal 26(13-28) 23(6-28)  18(1-28) 0.001 22(3-28)  17(2-28)  11(1-27) 0.062
Hematologic 28(12-28) 26(11-28) 22(3-28) <0.001 27(6-28) 24(6-28) 20(3-28) 0.068
Hepatic 28(9-28) 27(8-28)  21(4-28) 0.001 28(6-28)  24(4-28)  17(2-28) 0.041
Neurologic 19(2-26) 16(0-25)  15(0-23) 0.029 26(8-28)  24(5-28)  20(3-27) 0.084
Days Alive and Free (DAF) of
artificial organ support
Vasopressors 22(1-25) 21(1-24)  17(0-24) <0.001  24(9-27) 21(2-26) 17(1-26) 0.019
Ventilator 13(0-22) 10(0-21)  7(0-20) 0.121 17(0-23)  8(0-22) 2(0-21) 0.019
Renal replacement therapy 28(13-28) 27(9-28)  21(3-28) <0.001  28(4-28) 23(3-28) 12(1-28) 0.008
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4.3 Discussion

This study found that Pcsk9 knock-out mice, versus genetic background controls, are
protected against the adverse effects of LPS administration; an important pre-clinical model
of the systemic inflammatory response relevant to sepsis and septic shock. It was found that
Pcsk9 knock-out beneficially ameliorated the adverse effect of LPS on activity and body
temperature, as well as on adverse LPS-induced cardiovascular phenotypes of hypotension
and decreased left ventricular ejection fraction. Additionally, Pcsk9 knock-out decreased the
plasma inflammatory cytokine response in response to LPS. In essence, knocking out Pcsk9
was very protective of the important and common adverse effects of LPS.

As a first step to elucidate mechanism of PCSK9 action, plasma clearance of
endotoxin in Pcsk9”" mice was measured and compared to wildtype controls. It was found
that Pcsk9”" mice cleared endotoxin approximately twice as quickly as wildtype controls
(Figure 4.3A), potentially suggesting a mechanism of beneficial effect.

These results were only partially replicated when pharmacologic inhibition of Pcsk9
by berberine was applied to Ldlr” mice prior to LPS challenge: 6 hours after LPS challenge
there was no difference in body temperature, activity index or mean arterial pressure, both
groups were equally sick. However, the berberine group did have a slightly preserved
ejection fraction compared to the saline group. The preserved ejection fractions seen in the
LdIr” mice may be due to direct action of berberine on the heart rather than to any effects of
berberine-reduced PCSK9 function as berberine is known to have pleotropic effects,
including cardiovascular effects [323]. A key physiologic response in mice after endotoxin
challenge is the development of fever, hunched posture and unwillingness to move which

was observed in all control mouse groups as well as the LdIr”/berberine group which is
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suggestive of a slower rate of endotoxin clearance. Credence is given to this observation
with the faster endotoxin clearance measured in both the Pcsk9” mice and the C57/BL6 mice
treated with berberine compared to controls: both the former groups should have an
increased number of LDL receptors compared to either the wildtype controls or the Ldlr™
mice. Taken together, these results suggest that LPS endotoxin clearance may occur
primarily via the LDL receptor, although other receptor(s) may also be utilized, as a previous
study showed a survival benefit in Ldlr null mice after LPS endotoxin challenge [325],
although another group had opposite results after endotoxin challenge via CLP [378]. In this
study, cardiac function was preserved in all mouse models, including the Ldlr”™ model, which
suggests that this effect may be coordinated via a receptor other than the LDLR.

To determine whether the impact of PCSK9 was relevant in human sepsis, a tag SNP
approach was used, followed by using the knowledge that PCSK9 LOF and GOF genetic
variants have been characterized. The genotype of the PCSK9 tag SNP, rs644000, was found
to be highly associated with 28-day mortality in the VASST septic shock cohort and this
result replicated in the SPH septic shock cohort. Loss-Of-Function missense variants were
then shown to be associated with decreased 28-day mortality while GOF missense variants
were associated with increased 28-day mortality. All three relatively common LOF variants
(MAF >0.5%) were predominately found within haplotypes tagged by the minor allele of
rs644000 and the relatively common GOF variant was almost exclusively found within
haplotypes tagged by the major allele of rs644000, likely accounting for the strong
association of the minor G-allele of rs644000 with decreased 28-day mortality. Further, it
was found that plasma concentrations of inflammatory cytokines and chemokines were

elevated in patients having GOF variants compared to those with LOF variants. These
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human septic shock results align with the mouse model of systemic inflammation indicating
that decreased PCSK®9 activity results in a decreased inflammatory cytokine response and
increased survival. These results support the conclusion that reduction of activity of PCSK9
reduces the inflammatory response and improves physiologic outcome in mice following
LPS administration and also increases survival in human patients who have severe sepsis and

septic shock.
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Chapter 5: Conclusion

Genetic association studies have identified many SNPs in many genes that are
associated with outcome in complex diseases [383], including sepsis, but to date few have
been identified as the causal or functional SNP [384, 385]. The aim of this study was to
identify causal SNPs that affect outcome in sepsis. Two candidate genes were focused upon:
one known to impact sepsis but with no proven causal SNPs (PROC) and a second gene with
proven causal SNPs but without known impact on sepsis (PCSK9).

There are a variety of ways a SNP can be causal, as discussed earlier in detail (see
Introduction), however, for the PROC SNPs, it was decided to test for potentially causal
SNPs by examining differences in transcription factor binding between alleles. The rationale
being that low levels of protein C are known to be associated with a poor outcome in sepsis
[193], and differential expression of PROC due to SNP-caused differences in transcription
factor binding may lead to differences in protein C concentration. In addition, reliable and
reproducible methods exist to test this function: EMSA assays to detect transcription factor
binding, “supershift” EMSA and mass spectroscopy assays to identify DNA binding partners,
allele-specific expression assays to test MRNA expression differences between alleles,
luciferase assays to determine haplotypic differences in functional expression of protein and
siRNA knockdown to show alteration of protein expression. Results of in vitro experiments
indicated that PROC mRNA expression appears consistent, even in the face of excessive
coagulation and a robust inflammatory response, whereas secreted protein C levels varied
significantly in these settings, pointing to a post-transcriptional mechanism. That there was

no difference in allele-specific expression either with or without USF1 gene knockdown

146



lends credence to this supposition. Transcription factor binding was positive for the major
alleles of two common SNPs tested, rs2069915 and rs2069916, and likely binding partners
were identified as both DNA transcription inhibitors (USF1 and histone 1) and untranslated
MRNA modifyers (ribosomal protein 8, HNRPM, actinin alpha 4, NCL and DEAH, known
to bind as a cluster on untranslated mMRNA). Genetic variation of these two SNPs was shown
to affect luciferase reporter activity and concentration of protein C after sSIRNA knockdown
of USF1. Together these results suggest major alleles of two common variants in the PROC
gene decrease secreted protein C concentrations via a post-transcriptional mechanism,
possibly by inhibition of untranslated mRNA processing, potentially leading to a worse
outcome in sepsis.

A different approach was required to test the functionality of SNPs in the PCSK9
gene as, although many SNPs in the PCSK9 gene have been shown to be functional, resulting
in differences in plasma LDL cholesterol levels and impacting incidence of cardiovascular
disease and atherosclerosis [282, 296], it is not known whether these SNPs also impact
outcome in patients with sepsis. The first step was to determine whether PCSK9 even plays
a role in sepsis outcome, and to this end, a Pcsk9 knock-out mouse model of systemic
infection was employed wherein intermediate phenotypes such as activity indices, body
temperature, cardiovascular parameters and plasma cytokine levels were measured and
compared to wildtype controls. These experiments were repeated in a wildtype murine
model using pharmacological inhibition of Pcsk9, as well as in an Ldlr knock-out model.
Once it was established that PCSK9 appeared to play a role in murine systemic infection,
known functional SNPs and a tag SNP were tested for outcome and similar intermediate

phenotypes in a large human cohort of densely genotyped patients with septic shock. In
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addition, the tag SNP was tested for replication in a second large septic shock cohort.
Results of these assays point to a hitherto unknown role for PCSK9 in outcome of systemic
inflammation in mice and in human septic shock. Abrogation of PCSK?9 in both mice and
human patients with septic shock appears to confer a survival benefit, possibly by supporting
cardiac function and reducing pro-inflammatory mediators.

Work performed in this thesis has identified two novel functional intronic SNPs in the
PROC gene and suggested a novel mechanism of protein C regulation which highlights the
possible direct involvement of intronic variants in post-transcriptional regulation, a role more
commonly attributed to miRNA molecules.

In addition, a novel role has been purported for PCSK9 as a player in the course and
outcome of sepsis which suggests that PCSK9-inhibitors may be a logical target to pursue as
a treatment for sepsis patients in the ICU, individuals undergoing cardiac surgery or those
with other systemic inflammatory conditions. Moreover, this work demonstrates that
previously identified functional non-synonymous SNPs in PCSK9 are likely also functional

in causing differences in outcome from septic shock.

5.1 Protein C

In clinical trials, most drugs tested to date have shown no or mixed efficacy in the
treatment of patients with sepsis. For example, in many cases a survival benefit has been
shown in the sickest patients treated with rhAPC (PROWESS trial [96]), low-dose
corticosteroids [386], eritoran tetrasodium (competitively inhibits binding of LPS molecules
to TLR4) [387] and afelimomab (monoclonal anti-TNF antibody) [63] whereas no benefit

was seen in patients with less severe illness, as stratified by APACHE Il scores. In fact,

148



follow up trials using rhAPC in patients with less severe illness (ADDRESS [388]) and in
children with severe sepsis (RESOLVE trial [389]) showed no survival benefits. However,
while the ENHANCE trial evaluating safety of rhAPC found an increased bleeding risk in
patients treated with rhAPC, it also found a likelihood that earlier treatment with rhAPC
would be more beneficial [390]. The latest randomized, double-blind, placebo-controlled
multicenter trial assessing the effects of rhAPC in patients with septic shock (PROWESS-
SHOCK [97]) showed no survival benefit at 28 or 90 days compared to placebo. The
patients in this trial were administered rhAPC or placebo within 24 hours of receiving a
vasopressor, which itself was administered within a median time of 2.5 hours after antibiotic
treatment was initiated. However, there is no data detailing the initiation of illness in the
patients and it is possible that the negative results of this, and other, trials reflects a fault in
study design — the window of opportunity for beneficial outcome with drug treatment may
have been missed. In addition, although co-morbidities of the patients were controlled for in
the analyses, there was no way to control for the different genomic backgrounds of
individuals and this may have influenced not only the progression and severity of disease but
also the response to the treatments. Despite the mixed results of the randomized controlled
trials to date, aPC remains a logical drug target to pursue in the treatment of sepsis as it acts
at the intersection of several pathways engaged in the response to infection and inflammation
— coagulation, inflammation, fibrinolysis, innate immunity and apoptotic pathways. Being
able to target treatments more accurately by stratifying patients according to genotype of
candidate genes may go some way towards determining the most timely and efficacious
treatments and reducing poor outcomes. This approach is not trivial and involves the

selection of appropriate candidate genes, the identification and testing of potential functional
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variants that may affect outcome and, eventually, stratification and treatment of study groups
by genotype.

Infusion of endogenous protein C into patients with severe sepsis or septic shock and
protein C levels <50% of normal [100] appeared to alleviate some of the coagulopathy
usually seen in these patients, however the mortality rate was still high at 35%, which is
within the range expected for patients with this severity of illness. In addition, the study was
small (20 patients), therefore larger follow up studies should be planned.

Identifying functional SNPs in non-coding regions of genes is a challenging task but
doing so in the context of complex diseases is a formidable undertaking. Once a candidate
gene has been selected for study, a first step in elucidating a functional SNP is to determine
the relationship between all the SNPs in the region. Dense genotyping information is now
available from several sources such as the HapMap Project, SeattleSNPs, the 1000 Genomes
Project, ENCODE and others and it is possible to identify regions in high LD that contain
almost all known SNPs. The LD between SNPs in and around the PROC genes is extensive;
therefore only very common SNPs were selected for this study, those with a minor allele
frequency of >10%, found in populations of European ancestry, as more than 80% of patients
in the study ICU fall into this group. By selecting such common SNPs it is possible rare
SNPs may have been missed that have a high potential to affect protein C expression and/or
function. However, it has been postulated that, in complex diseases, it is likely that many
SNPs, with small effects, in many genes, contribute to outcome [391, 392]. In addition, by
considering the percentage of a common disease that would be eliminated upon removal of
the risk factor, the population attributable fraction (PAF), it seems more likely that common

variants with modest effects contribute more to the PAF in common diseases than do high-
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risk, rare variants: in short, the common disease/common variant theory [393]. For example,
in Alzheimer’s disease one common apolipoprotein E4 allele has a PAF of around 20% [394]
whereas more than 150 rare high-risk alleles in three genes have a combined PAF of <5%
[395].

Association studies, in particular GWASSs, have the ability to interrogate the whole
genome in an unbiased fashion and compare SNPs found in patients with those of healthy
controls to elucidate differences between the two groups. The GWAS has the capacity to be
very powerful, with the potential to uncover modest-risk variants contributing to common
diseases, in genes previously not connected with the disease. However, some true positive
associations may be missed if they do not reach the very low statistical significance (P-value
of 107 or 10'®) required to overcome bias due to multiple testing; this will become
increasingly problematic in future with greater density of genotyping forcing the cut-off P-
value even lower as well as possibly increasing the false-discovery rate. Other potential
problems include small sample sizes, population admixture, insufficient matching between
test and control groups and classification of inclusion criteria and outcome measures or
phenotypes. These are study design issues and may, in part, contribute to the fact that, to
date, findings in most GWA studies have not been replicated. Candidate gene studies are
usually less expensive to perform than GWA studies and have greater power to detect SNP
effects, not least because a greater depth of SNP genotyping can be performed. However,
because only the candidate gene is being considered, co-effects of variations in other genes
are not taken into account.

Once the SNPs of interest have been selected, the next undertaking is to determine

whether there is a difference in gene expression between individuals homozygous for the
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minor allele, compared to individuals homozygous for the major allele. One method to
achieve this is to use allele-specific assays. Allele-specific expression differences have been
shown by several groups to be heritable ([396, 397], moreover it has been shown that SNPs
with modest expression differences (1.5 — 2-fold) can have functional effects. An estimate of
allele-specific expression in the murine genome is 6% [398], while in human B-lymphocyte
cells it is around 20% [396, 397]. Several confounding factors could mask any real
differences: expression may be spatially and temporally specific or the background genomic
make-up may affect expression of the gene of interest. In addition, differences in response to
external or local environmental influences may alter expression of the gene of interest
between individuals [391].

In addition to affecting splicing sites and mRNA stability, a common function of non-
coding SNPs is to bind transcription factors, which may be activators, enhancers or
suppressors. The gel shift assay using radioactively labeled probes is a sensitive and specific
method to identify the relative DNA binding efficiencies of two alleles of a SNP. Cold
competitions and “supershift” assays, using an excess of unlabeled probes or antibodies,
respectively, are able to show specificity of transcription factor binding and to identify the
bound protein. However there are limitations: assays are strictly in vitro and there is no way
to show that any specific transcription factor binding actually occurs in vivo. In addition,
probes are necessarily short therefore they do not contain flanking sequences and cannot
attain native conformation, often a requirement for correct binding of proteins. Further, for
“supershift” assays to be successful the potential binding partner needs to be known, or at
least a short list identified, otherwise it becomes prohibitively expensive in reagents and

man-hours to test all known transcription factors for protein binding identity. Publically
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available, curated databases predicting binding partners and/or potential functions for given
sequences are becoming more common (STRING, PolyPhen, PROMO, ConSite, Transfac,
FastSNP, IntAct) and these do at least provide a starting point for generating a short list of
potential candidates, however consensus sequences for binding of transcription factors to
DNA sequences are often context- and tissue-specific. Moreover, the choice of antibody is
critical for the “supershift” assays — the best antibody will bind an epitope on the protein of
interest with high affinity and without interfering with the DNA binding site, which will then
render a clear “supershifted” band.

Further functional information can be gained from performing experiments in
transgenic mice or in vitro gene knockdown experiments using SiRNA probes. In this study
the latter was chosen to better correlate with previous experiments. Recognized limitations
exist for this methodology: knockdown of the gene of interest is transient and the effective
knockdown period is driven primarily by the rate of cell growth and the half-life of the
protein as the sSiRNA probes appear to be relatively resistant to degradation [399]. Rapid cell
growth (doubling every 24 hours) quickly dilutes the concentration of sSiRNA probes below a
threshold necessary to maintain gene inhibition therefore the optimum analysis time must be
determined. Maximum knockdown of such cells has been found to be ~72 hours after SIRNA
transfection [400], whereas longer doubling times means effective knockdown is not seen
until 96 hours after transfection and may be maintained for several days [399]. Doubling
time for Hep-G2 cells tends to vary depending on confluency of the cells, averaging
approximately 26 hours. In this study maximum knockdown of USF1 in Hep-G2 cells

occurred between 48 and 72 hours. Transfection conditions for Hep-G2 cells were optimized
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and commercially validated siRNA probes were used, consequently the resulting data is
likely robust.

The recently published ChiP-seq data from the ENCODE Consortium [401]
corroborates the findings of this study by showing binding of USF1 to intron 2 of PROC at
the position of the SNP rs2069916 (Figure 5.1). In addition, ENCODE data also shows

USF1 binding in intron 1 and in the promoter region (Figure 5.1).
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Figure 5.1 ENCODE ChiP-seq data of transcription factor binding in Hep-G2 cells

Transcription factor binding from ENCODE data sets is shown. The vertical red line indicates position of

rs2069916, rs2069915 lies 37bp to the left of the line. The horizontal blue line underlines USF1 binding, for

clarity, where it can be seen that USF1 does indeed bind the region spanning rs2069915/6 in Hep-G2 cells.
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It is possible that the binding of USF1 seen in EMSA assays reflects the ability of
chromatin to bend and bring up- or downstream enhancers and repressors into contact with
regulatory regions of genes (Figure 5.2B), as has been shown for USF1 binding in the
promoter region of the fragile X mental retardation 1 gene [402]; alternatively, USF1 may
bind each region independently, possibly under different environmental conditions (Figure
5.2A) as described by Sanchez et al. who showed that USF1 activity increased under high
glucose conditions, whereas under fasting conditions USF1 is deacetylated and does not
translocate to the nucleus [403].

Results of EMSA assays (including cold competitions and supershift assays),
luciferase assays and the sSiRNA knockdown of USF1 assays strengthen the conclusion that
USF1 binds the sequence surrounding rs2069916[C]. The binding of USF1 as indicated by
EMSA assays was very strong, whereas the ENCODE data shows weak binding of USF1 (as
indicated by the paleness of the grey marker) and, taking the ELISA results into account, this
may suggest that the majority of the binding of USF1 occurs on unprocessed mRNA, which
still retains introns. The nuclear lysate used in the EMSA assays contained both DNA and
unprocessed mMRNA, whereas ENCODE data was generated using DNA. Taken together
with the mass spectrometry and ENCODE data, this suggests that rs2069916[C] binds USF1

and recruits several co-factors to suppress PROC mRNA processing (Figure 5.2C).
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Figure 5.2 Proposed actions of USF1 binding PROC DNA or mRNA

A. USF1 and co-factors directly bind DNA and suppress transcription. B. USF1 binds a consensus sequence
in the promoter region, with or without cofactors, that initiates a conformational change in chromatin. USF1 is
then positioned close to rs2069916 for which USF1 has high affinity, causing DNA to become tightly wound
and inaccessible to transcriptional machinery. C. USF1 and co-factors bind unprocessed mRNA causing
suppression of translation, resulting in lower concentrations of functional protein C. Alternatively, binding
could interfere with splicing events due to steric hindrance and cause non-functional protein products to be

produced, which are likely quickly degraded. Figure created using Inkscape software version 0.48.4
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Although the SILAC mass spectroscopy was unable to explicitly identify USF1 as a
protein binding to rs2069916[C], the most prolific and third most prolific proteins remained
unidentified (Table 3.2). This may be due to ambiguity in the amino acid sequences or
subjectiveness of the analysis — if one amino acid differs from the expected sequence of a
protein it will not be called as such but may in fact still be that protein. Interestingly,
although ENCODE data did not include histone 1 family members, there are several tracks
that show open chromatin regions relating to active transcription (Faire, DNase 1
hypersensitivity and histones related to active transcription: H3K4Me3 and H3K36Me3).
None of the binding of these proteins cover the positions of rs2069915 and rs2069916
(Figure 5.3), indicating that this region is likely normally closed to transcription, which is
supported by the ENCODE track showing transcriptionally inactive regions, such as sites
bound by the transcriptional repressor CCCTC-binding factor (CTCF), across the two SNPs
(Figure 5.3). However, the histone H3K27Me3 is a marker of inactive transcription and
ENCODE data does not show this protein binding the region across the SNPs of interest. It
must be kept in mind that PROC appears to be constitutively expressed at a particular rate
(indicated by RT-gPCR assays) and would therefore be constantly switching between

transcriptionally active and inactive states.
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open and closed DNA regions

The tracks for FAIRE, DNase hypersensitivity sites and histones H3K4M3 and H3K36M3 indicate regions

where transcription is likely active. None of these sites are evident across PROC SNPs rs2069915 and

rs2069916 (vertical red line). The tracks for histone H3K27M3 and nuclear factor CTCF indicate regions of

closed chromatin where transcription is unl
SNPs of interest in this study, however the

identified in the SILAC mass spectroscopy

ikely to occur. The histone site does not cross the region of the
CTCEF site does but not with great affinity, likely why it was not

assays.

Histone 1, seen to bind to the major allele of rs2069915 (37bp upstream of

rs2069916), is known to both stabilize

helicases, recombinases and others, as

and protect DNA from nucleases, topoisomerases,

well as to assist in the compaction of DNA into 30nm

fibers in the presence of nucleosomes [404]. In addition, histone 1 is able to bend and

compact DNA without nucleosome involvement, in this instance the binding of histone 1 to

DNA is transient and rapid, allowing immediate inhibition of transcription without the

lengthy delay of nucleosome formation [404]. As PROC appears to be constitutively

transcribed, the transient and rapid binding of histone 1 to the intronic SNP rs2069915 may
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cause natural regulation of PROC expression. Individuals with the minor A-allele at this
position displayed far less histone 1 binding and should therefore have naturally higher
PROC expression with a concomitant increase in protein C levels and survival, as
documented in the literature [193]. However, no difference was observed in PROC
expression in this study, either overall or by allele, although a difference in secreted protein
C was observed, which suggests regulation of PROC occurs post-transcriptionally. In
substantiation of this, it has recently been shown that histone 1 exhibits protein-protein
binding, specifically binding to ribosomal proteins, unconnected with its well-known
function of chromatin binding [405-407], therefore it is possible that histone 1 binding to
rs2069915[G] forms part of the same complex of ribosomal proteins suggested here to bind
to rs2069916[C] [407]. This is possible since the two SNPs lie so close together that a
complex binding across one SNP likely overlaps the other.

The major alleles of SNPs rs2069915[G/A] and rs2069916[C/T] in the PROC gene
displayed differential binding of nuclear factors that may suppress translation. As low
plasma levels of protein C are correlated with increased mortality in sepsis, carriers of these
mutations will likely display a worse outcome during severe sepsis, when circulating plasma
concentrations are already low. Treating these patients, who may benefit from rhAPC
administration, earlier in the course of sepsis may prevent deterioration from sepsis to severe
sepsis, septic shock and, ultimately, death. Knowing the genotype of an individual may
allow clinicians to treat patients carrying the G-C haplotype of rs2069915 and rs2069916
with rhAPC at an earlier time point, before much of the cellular damage caused by severe

sepsis has occurred. This should go some way towards alleviating the enormous burden on
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the health care system currently caused by the extended care and treatment of patients with

severe sepsis and septic shock, as well as to improve the quality of life of survivors.

52 PCSK9

Although, since its discovery in 2003, PCSK9 has been extremely well studied in the
realms of dyslipidemias, diabetes, cardiovascular disease and interactions with cholesterol-
lowering statin drugs, little is known about its role in infection, and sepsis in particular.

Many coding SNPs in the PCSK9 gene have been shown to be functional and
associated with disease phenotypes, most of them very rare and termed either Gain-of-
Function or Loss-of-Function if they result in higher- or lower-than-normal LDL cholesterol
plasma concentrations, respectively. These LOF variants are currently proving to be
favorable with the increasing obesity and high cholesterol levels seen today in North
American populations, due to the high-fat Western diet consumed in North America and
elsewhere. Historically, LOF variants must have undergone strong positive selection to have
remained in the population, at a time when a high fat diet was not the norm. At that time,
death before puberty from parasitic infections was common. For parasites such as
Trypanosoma brucei, T. cruzi, Schistosoma mansoni and S. japonicum, cholesterol is the
major sterol, but these parasites are unable to synthesize it themselves and rely on the host to
deliver this resource [408-411]. The parasites use cholesterol for survival functions such as
proliferation, infectivity and evading the hosts’ immune system. In this setting, LOF
mutations in PCSKO, resulting in low LDL cholesterol levels, would have been advantageous
and would likely have been positively selected for in populations living in areas where

parasitic infections were common.
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There are, however, as many highly conserved GOF as LOF mutations in PCSKO,
which likely have also been retained in the genome by positive selection. There is evidence
that some viruses such as HCV and some rhinoviruses use the LDLR to gain access to host
cells [412, 413], therefore it is likely that PCSK9 GOF variants, with their reduced levels of
LDLR, would have conferred a survival benefit to these individuals. Pathogens are known to
bind directly to LDLR [414, 415], soluble LDLR [416] as well as circulating LDL
cholesterol molecules, which are then cleared via the LDLR [417-419]. For North
Americans, in today’s climate of high-fat diets and increasing obesity, coupled with good
health care and declining incidence of death due to such viruses, the GOF variants are likely
not as advantageous as they once were.

There appear to be few individuals homozygous for GOF or LOF alleles in PCSKO,
however, one of the two LOF homozygotes that are known, appears to be healthy and
without any serious disease problems despite having undetectable plasma PCSKO9 levels
[307].

It has been shown that Ldlr”™ mice have a survival benefit after LPS infusion and
Gram-negative infections, but not after CLP [325, 378]; this is plausible as CLP releases an
assortment of infective agents, some of which are likely Gram-positive, and it has been
shown that cholesterol substantially increases growth of some Gram-positive agents such as
Staphylococcus aureus [113]. Therefore increasing the direct pathogen-clearing potential of
LDLR and other PCSK9- regulated receptors, such as the VLDL receptor, by reducing
PCSKO activity, may benefit all patients, with or without low LDL cholesterol pathogen
sequestration capabilities. In support of the beneficial effects of PCSK9 inhibition, a recent

study by Bieghs et al. (2012) demonstrated an increased inflammatory response by Ldlr”"
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mice due to increased sensitivity of bone-marrow-derived macrophages to oxidized LDL
[420], therefore increasing the LDLR cell surface concentration by inhibition of PCSK9 may
increase clearance of oxidized LDL particles via the LDL receptors on liver cells, thus
reducing the oxidized LDL-mediated secretion of pro-inflammatory molecules from
activated macrophages. Although obese individuals have increased circulating pro-
inflammatory markers [421], and obese patients in the ICU are known to have more co-
morbidities and an increased risk of infection [422], obese ICU patients have a lower risk of
mortality [423, 424], however, the reason for this apparent paradox is not clear. The
possibility exists that this protective effect may be modulated by the higher lipoprotein and
LDLR levels usually present in obese individuals, which may increase the rate of endotoxin
clearance, however this remains to be elucidated.

Clearly, reducing PCSK9 levels confers advantages such as decreased mortality in
sepsis as shown here and reduction of atherosclerosis and cardiovascular disease as shown by
many other groups, with no obvious side effects. What then was the evolutionary advantage
of maintaining the PCSK9 gene in the genome? All biologic systems have checks and
balances and PCSK9 modulates cholesterol levels via LDLR regulation. In addition to its
role of endotoxin clearance, cholesterol is an essential component of vertebrate cell
membranes, including neurons, and serves as a precursor for the biosynthesis of vitamin D,
steroid hormones and bile acids. Synthesis of PCSK9 mirrors that of LDLR, ensuring that
cholesterol levels remain within a specified range sufficient for normal cellular processes. In
addition, in the brain PCSK9 is important during development where it is involved in
directing axons, which may be the function that has allowed this gene to be maintained in the

genome over time, even though adults with low or no PCSK9 seem to have no obvious ill-
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effects. Indeed, transiently reducing PCSK9 during an acute event such as sepsis may not
prove to be harmful, particularly if normal PCSK9 levels (and normal cellular processes of
cholesterol) are resumed once the patient has recovered.

Although there remains much work to be done in order to determine all targets for
PCSKOQ interactions, it is currently thought that PCSK9 modulates the APOER2, VLDL [298]
and LRP1 [290] receptors, all members of the LDLR-family of receptors. It is not known
whether PCSK9 mediates cell surface concentrations of these receptors as it does for the
LDLR, or whether treatment of sepsis patients with a pharmacological inhibitor of PCSK9
will adversely affect patient outcome due to the potentially diverse functions of this protein.

A recent study has shown that withholding nutrition for the first week in sepsis
patients decreased incidence of new infections, duration of organ support and ICU stay [425],
which correlates well with the early use of PCSK9 inhibitors to treat sepsis, as starvation is
known to decrease PCSK9 concentration [288, 426]. Conversely, statin therapy is known to
increase PCSK9 concentration [288], therefore future studies to test the efficacy of PCSK9
inhibitors in treatment of sepsis must include tight stratification of patients according to prior
disease status, prior chronic treatment regimens as well as PCSK9 genotype.

To elucidate functional SNPs in non-coding regions of the PCSK9 gene, a small
number of tag SNPs were used that gave good coverage of the gene. One tag SNP was found
that clearly marked the known GOF and LOF variants that were genotyped in the VASST
cohort. Carriers of the minor allele of tag SNP rs644000[A/G], that segregated with most of
the LOF alleles, had increased survival compared to carriers of the major allele of this SNP.

Murine systemic inflammation and human septic shock results replicate and are

concordant. Therefore, it is concluded that decreased PCSK9 activity results in amelioration
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of adverse consequences of systemic inflammation including adverse cardiovascular effects
(hypotension, decreased left ventricular ejection fraction in mice; cardiovascular organ
dysfunction and need for vasoactive agents in humans), adverse global phenotypes (activity
and body temperature in mice; multiple organ dysfunction in humans), amelioration of the
inflammatory cytokine response (similar pattern in mice and humans), and reduction in
mortality (the surrogate mortality endpoint of temperature <32°C in mice, 28-day mortality
in humans). There are a number of PCSK9 inhibitors currently in development for treatment
of lipid disorders, but none are focused on sepsis. It is also concluded that reduction in
PCSKQ activity using pharmacologic or siRNA blockade or inhibition could improve

outcomes of human sepsis and many other inflammatory conditions.

5.3 Limitations and Strengths of the Studies

A limitation of the PROC study is that the study does not have access to a genotyped
cohort of patients with sepsis or septic shock in whom endogenous protein C levels were
measured; an interesting study to undertake in the future would be to compare endogenous
protein C and aPC levels, PROC genotype and outcome in patients with sepsis, severe sepsis
and septic shock. A strength of this study is that all known common SNPs within the PROC
region were included, in a population stratified by ethnicity. In addition, all functional
experiments were performed on the same genetic background of Hep-G2 cells; however, no
functional information on the cumulative effects of all genomic variations in these cells is
available.

Experimental design is important to mitigate the effects of as many of the

confounding factors as possible. A limitation of this study is that it has proved challenging to
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discover a genotyped cell line that can express protein C in measureable concentrations in
which to perform functional genetic studies. Work to induce the densely genotyped B-

lymphocyte cell lines from the Coriell Institute (www.coriell.org) to express higher

concentrations of PROC mRNA, which they naturally produce only minimally, proved
disappointing: excessive manipulation was required and a variety of transcripts were
produced, possibly due, in part, to the variety of genomic backgrounds between the
individual cell lines. Therefore the well-know hepatoma cell line, Hep-G2, was used. The
resulting in vitro assays were robust as the genetic background of all samples was identical
and only differed by the carefully orchestrated treatments and genetic manipulations.

The attempts, using RT-gPCR assays, to illustrate PROC mRNA expression
differences in Hep-G2 cells met with little success as expression remained invariant over
several timepoints and many treatment alternatives. In fact, expression was so consistent
PROC could likely be developed as a “housekeeping” gene in expression assays performed
with Hep-G2 cells.

Luciferase reporter assays are a well-known and trusted assay to demonstrate genetic
functionality but also have recognized limitations. The same cell line, (Hep-G2), was used
for all reporter assays which removed any bias from differing genetic backgrounds between
the samples and strengthened the results. However, the 421bp fragment of DNA that was
cloned into the vector was short and may have lacked native chromatin conformation, thus
natural function. The fragment contained five SNP sites and the DNA was excised from B-
lymphocyte cell lines with specific genotypes. The alternative, to be more certain that native
conformation and function would be attained, was to have cloned the entire PROC gene, with

flanking sequences, into the vector and then performed site-directed mutagenesis to change
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the SNPs of interest. After consideration this idea was rejected as the entire vector would be
~19 000bp, transfection of which is both challenging and predisposed to a lower success rate.

A potential confounding factor with the murine experiments described in this work is
that mice and primates are known to have different cholesterol metabolism responses to LPS.
Mice show an increase in cholesterol synthesis and total serum concentrations, whereas
human and non-human primates exhibit either a decrease or no change in LDL and serum
cholesterol concentrations [427]. However, humans would likely display a similar difference
between cases and controls as was seen in the murine experiments, as blockade of PCSK9
activity results in an increase in LDLR and LDL-like receptors, and the difference in
pathogen-bound LDL cholesterol would be relative.

A limitation of the experimental design was that an LPS-mediated murine model of
endotoxemia was chosen for initial experiments in preference to a CLP model. The LPS-
mediated model has been extensively used as a model of systemic infection, and removes
confounding of infection by multiple pathogens, as would be the case with the CLP model of
severe sepsis. The CLP model would more closely mimic conditions seen in human patients
with severe sepsis, but the responses of different pathways invoked may mask or overwhelm
any specific effects seen in the simpler LPS model. The murine experiments need to be
repeated in a CLP model of severe sepsis before a definitive evaluation can be made as to the
likely efficacy of PCSK9 blockade as a potential therapeutic treatment for sepsis patients.
General availability of a specific PCSK9 inhibitor is limited and berberine is imperfect: In
addition to down-regulating PCSK9 [323], berberine reduces LDL cholesterol [428] and
upregulates LDL and insulin receptors [429]. Additionally, the data presented does not

directly address the mechanism of the beneficial effect of reduced PCSK9 function. It seems
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plausible that it is related to the LDL receptor and clearance of plasma lipid moieties, but
other receptors and mechanisms may play a role. The Pcsk9” mice were found to clear
endotoxin approximately twice as quickly as wild-type controls, potentially suggesting a
mechanism of beneficial effect. These promising results raise the possibility that PCSK9
inhibition may be beneficial in prevention of adverse outcomes from human sepsis.
However, Pcsk9 knock-out, Pcsk9 inhibition using berberine (prolonged pre-treatment is
required to inhibit Pcsk9 mRNA expression [322]) and human genotype all preceded the
inflammatory stimulus in these studies. Therefore, an important limitation of these data is
that they do not address the potential benefit of acute PCSK9 inhibition in established sepsis
and septic shock.

An explanation for the disparity of results obtained between the Pcsk9”" and LdIr”
experiments may be that the lipid profiles of Ldlr”" mice mimic human lipid profiles more
closely than do wildtype C57BL/6J mice: cholesterol in the LdIr”™ mice is mostly associated
with LDL particles as in humans, whereas in wildtype C57BL/6J mice it is mostly associated
with HDL particles [420]. The Pcsk9™ mice, and berberine-treated wildtype mice, had
preserved activity indices and body temperature profiles after LPS treatment compared to
controls, whereas there was no difference between the saline and berberine-treated groups of
LdIr” mice. This might suggest that the benefit of Pcsk9 knock-out was acting through the
LDL pathway as opposed to the HDL pathway. However, both the Pcsk9™ and LdIr”™ mice
exhibited preserved ejection fractions 6 hours after LPS infusion. The most likely
explanation for these inconsistencies is that berberine has so many physiological effects it is
not possible to elucidate from these experiments which pathways are involved, therefore

experiments should be repeated with a more targeted PCSK9 inhibitor.
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A limitation of the human data in the PCSKO study is that data on the lipid profiles of
these patients was not available. An important follow-up study would be to discern how
differences in lipid profiles correlate with PCSK9 genotype in patients with sepsis, severe

sepsis and septic shock.

5.4 The Final Word

The goal of this study was to identify functional SNPs in the PROC and PCSK9 genes
that impact outcome from sepsis. The work here has elucidated intronic SNPs in PROC that
are likely to have a modifying effect on unprocessed PROC mRNA and are correlated with
lower protein C concentrations. This is a novel finding with clinical implications.

Recombinant human APC (Drotecogin-alfa activated, Xigris®, Eli Lilly) was
withdrawn in 2011 as a treatment for sepsis due to lack of efficacy being shown in follow-up
trials and the propensity for increasing bleeding events, but was, in any event, only approved
for treatment in patients with an APACHE 11 score of >25. The results shown here indicate
rhAPC should not be relegated to the ‘back of the shelf’ and tagged as yet another failed
treatment for sepsis. Future studies into the efficacy of rhAPC as a treatment for sepsis
should, however, include stratification of subjects by genotype as well as disease severity.

Also novel are the findings that PCSK9 modulates outcome in patients with septic
shock, and that an intronic SNP in the PCSK9 gene seems to mark the known coding LOF
and GOF variations, and the correlation of LOF variations with increased survival. Results
shown here suggest several possible mechanisms whereby PCSK9 knock-out may exert
beneficial effect in sepsis, from increased pathogen clearance and preserved cardiac function

to a reduction in production of pro-inflammatory mediators. This has significant potential for
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future studies aimed at developing new treatments for patients with sepsis. Future
association studies for PCSK9 in sepsis should be performed in more densely genotyped
populations where data on serum lipid levels, PCSK9 concentrations, co-morbidities, chronic
drug use (including statins and diabetic treatments) and BMI are collected.

The finding that SNPs in such diverse genes as PROC and PCSK9 can affect outcome
in patients with sepsis augments the common disease/common variation hypothesis, as all the
intronic SNPs tested here were common and affected outcome in a complex disease.
Additionally, these findings highlight the interplay between physiological systems in the
fight against systemic infection and inflammation. These data add to the accumulating
wealth of knowledge suggesting that the treatment of complex diseases should become more

personal and include an individual’s genomic information.
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Appendices

Appendix A Supplementary data for Chapter 3

A.1 Primer sequences for amplifying PROC and GAPDH

Primer Direction  Sequence (5* —3”) L?Qg)t h
PROC_RTPCR_60F Forward CCAGTGCCTCCAGAATGTG 19
PROC_RTPCR_68F Forward GGAGAGTATGACCTGCGGCG 20
PROC_RTPCR_301F Forward GGATGACACACTGGCCTTCT 20
PROC_RTPCR_664F Forward GAAACGAGACACAGAAGACC 20
PROC_RTPCR_227R Reverse =~ GCAGACCATAGTGCCCATCT 20
PROC_RTPCR_705R Reverse =~ CGCGGATCTACTTGGTCTTC 20
PROC_RTPCR_779R Reverse ~ GCTTCTTCTTTGAGTCCAGC 20
PROC_RTPCR_1028R Reverse ~ AGATGGGCACTATGGTCTGC 20
PROC_RTPCR_1459R Reverse =~ CTAAGGTGCCCAGCTCTTCT 20
PROC_DNA_1815F Forward GTGCTGATCTTGGGCAAACT 20
PROC_DNA_2002F Forward GGAGGAGGCCATGATTCTT 19
PROC_DNA_2574R Reverse =~ CCCGATCTCTGTGTGACCTT 20
PROC_DNA_-1473R Reverse =~ GGGTCGTGGAGATACTGCAA 20
GAPDH-1_Forward_QRT  Forward CATGGCCTCCAAGGAGTAAG 20
GAPDH-1 Reverse QRT  Reverse  AGGGGTCTACATGGCAACTG 20
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A.2 Linkage disequilibrium for SNPs in PROC

Linkage disequilibrium from Seattle SNPs (http://pga.mbt.washington.edu/). Chromosome 2: 127892487 -

127903288, minor allelle frequency >10%, combined sample with combined variations from 4 populations:

PGA- EUROPEAN-PANEL, HapMap-CEU(unrelated only), CEU_GENO_PANEL, AFD_EUR_PANEL.
Highlighted boxes show LD between the common promoter SNP, -1641 and rs2069915 and rs2069916.

LD

SNP 1 SNP 2
()

rs1799808 rs1799810 0.281
rs1799808 rs2069910 0.696
rs1799808 rs2069912 0.220
rs1799808 rs2069913 0.118
rs1799808 rs2069914 0.171
rs1799808 rs2069915 0.829
rs1799808 rs2069916 0.940
rs1799809 rs1799810 0.947
rs1799809 rs2069910 0.005
rs1799809 rs2069912 0.206
rs1799809 rs2069913 0.223
rs1799809 rs2069914 0.174
rs1799809 rs2069915 0.074
rs1799809 rs2069916 0.194
rs1799810 rs2069910 0.007
rs1799810 rs2069912 0.167
rs1799810 rs2069913 0.248
rs1799810 rs2069914 0.167
rs1799810 rs2069915 0.256
rs1799810 rs2069916 0.407
rs1158867 rs1799810 1
rs1158867 rs2069910 0.040
rs1158867 rs2069912 0.154
rs1158867 rs2069913 0.216
rs1158867 rs2069914 0.154
rs1158867 rs2069915 0.263
rs1158867 rs2069916 0.447
rs2069910 rs2069912 0.001
rs2069910 rs2069913 0.156
rs2069910 rs2069914 0.001
rs2069910 rs2069915 0.652
rs2069910 rs2069916 0.574
rs2069912 rs2069913 0.689
rs2069912 rs2069914 1
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SNP 1 SNP 2 ()

rs2069912 rs2069915 0.188
rs2069912 rs2069916 0.171
rs2069913 rs2069914 0.689
rs2069913 rs2069915 0.130
rs2069913 rs2069916 0.118
rs2069914 rs2069915 0.188
rs2069914 rs2069916 0.171
rs2069915 rs2069916 0.907
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A.3 Probe sequences for SNPs tested in EMSA assays

Probe

Strand

Sequence (5’ - 3’)

Length
(bp)

-1654/-1641[C-A]

-1654/-1641[T-A]

-1654/-1641[C-G]

-1654/-1641[T-G]

rs1158867[C]

rs1158867[T]

rs1799810[T]

rs1799810[A]

rs2069910[C]

rs2069910[T]

rs2069912[T]

rs2069912[C]

rs2069913[C]

rs2069913[G]

rs2069914[A]

rs2069914[G]

rs2069915[G]

rs2069915[A]

rs2069916[C]

rs2069916[T]

sense
antisense
sense
antisense
sense
antisense
sense
antisense
sense
antisense
sense
antisense
sense
antisense
sense
antisense
sense
antisense
sense
antisense
sense
antisense
sense
antisense
sense
antisense
sense
antisense
sense
antisense
sense
antisense
sense
antisense
sense
antisense
sense
antisense
sense

antisense

GCTGGACGGCATCCTTGGTAGGCAGA
TCTGCCTACCAAGGATGCCGTCCAGC
GCTGGATGGCATCCTTGGTAGGCAGA
TCTGCCTACCAAGGATGCCATCCAGC
GCTGGACGGCATCCTTGGTGGGCAGA
TCTGCCCACCAAGGATGCCGTCCAGC
GCTGGATGGCATCCTTGGTGGGCAGA
TCTGCCCACCAAGGATGCCATCCAGC
CAAGGACCCTCAATCCCAGCTTCCGCCC
GGGCGGAAGCTGGGATTGAGGGTCCTTG
CAAGGACCCTCAATTCCAGCTTCCGCCC
GGGCGGAAGCTGGAATTGAGGGTCCTTG
GCGGCAGGACGGCGTACTTGCAGTATCTC
GAGATACTGCAAGTACGCCGTCCTGCCGC
GCGGCAGGACGGCGAACTTGCAGTATCTC
GAGATACTGCAAGTTCGCCGTCCTGCCGC
GCACACTGGCCTCACGGCTGCCCTGCCCC
GGGGCAGGGCAGCCGTGAGGCCAGTGTGC
GCACACTGGCCTCATGGCTGCCCTGCCCC
GGGGCAGGGCAGCCATGAGGCCAGTGTGC
TAGGATGCCTTTTCCCCCATCCCTT
AAGGGATGGGGGAAAAGGCATCCTA
TAGGATGCCTTTCCCCCCATCCCTT
AAGGGATGGGGGGAAAGGCATCCTA
CTGCACCCAAGACAGACACTTCACA
TGTGAAGTGTCTGTCTTGGGTGCAG
CTGCACCCAAGAGAGACACTTCACA
TGTGAAGTGTCTCTCTTGGGTGCAG
GACAGACACTTCACAAAGCCCAGGAGACACC
GGTGTCTCCTGGGCTTTGTGAAGTGTCTGTC
GACAGACACTTCACAGAGCCCAGGAGACACC
GGTGTCTCCTGGGCTCTGTGAAGTGTCTGTC
GTTGGGGGAGGAGAGGAAGACTGGG
CCCAGTCTTCCTCTCCTCCCCCAAC
GTTGGGGGAGGAAAGGAAGACTGGG
CCCAGTCTTCCTTTCCTCCCCCAAC
GATGGGGCTGCACGTGGTGTACTGG
CCAGTACACCACGTGCAGCCCCATC
GATGGGGCTGCATGTGGTGTACTGG
CCAGTACACCACATGCAGCCCCATC

26

26

26

26

28

28

29

29

29

29

25

25

25

25

29

29

25

25

25

25
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A.4 Probe sequences for transcription factors and cold competitions for EMSA assays

Nuclear Factor Strand Sequence (5'- 3") (Lsar;getsf;
rs2069915[G]_scrambled sense GATGGGGCTGCATGTGGTGTACTGG 25
antisense CCAGTACACCACATGCAGCCCCATC 25
rs2069916[C]_scrambled sense CTGCACCCAAGACAGACACTTCACA 25
antisense TGTGAAGTGTCTGTCTTGGGTGCAG 25
NFKB sense AGTTGAGGGGACTTTCCAGGC 22
antisense GCCTGGGAAAGTCCCCTCAACT 22
USF18 sense CGGGAACACCTGCGGACA 18
antisense TGTCCGCAGGTGTTCCCG 18
USF20 sense ACAGCCCACCTCGTGACTGG 20
antisense CCAGTCACGAGGTGGGCTGT 20
USF45 sense AGTGCCTGAGAGCTCATGAACAAGCATGTGACCTTGGATCCAGCT 45
antisense AGCTGGATCCAAGGTCACATGCTTGTTCATGAGCTCTCAGGCACT 45
cMYC1 sense GACCACGTGCACGTGGTC 18
antisense GACCACGTGCACGTGGTC 18
cMYC2 sense CGTTTTCGATGACCACGTGGTCGGTATACGAT 32
antisense ATCGTATACCGACCACGTGGTCATCGAAAACG 32
CcREL sense GTCCTGGAG TTT CCT ACC GGG 21
antisense CCC GGT AGG AAACTC CAG GAC 21
E2F sense ATTTAAGTTTCGCGCCCTTTCTCAA 25
antisense TTGAGAAAGGGCGCGAAACTTAAAT 25
IRF1 sense AAGTGAAAGTGAAAGTGAAAAGTGAAACT 29
antisense AGTTTCACTTTTCACTTTCACTTTCACTT 29
NRF2 sense TCTGTTTTCGCTGAGTCATGGTTCCCGTTG 30
antisense CAACGGGAACCATGACTCAGCGAAAACAGA 30
NRF2_long sense GCACAGCAATGCTGAGTCATGATGAGTCATGCTG 34
antisense CAGCATGACTCATCATGACTCAGCATTGCTGTGC 34
TEAD1-1 sense AGTGTTGCATTCCTCTCTGG 20
antisense CCAGAGAGGAATGCAACACT 20
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A.5 Complete results for SILAC mass spectrometry for rs2069915[A/G]

Heavy/Light

Accession # Peptides Heavy/Light Variability [%] Description

gi190167 26 0.856 5.0 poly(ADP-ribose) polymerase [Homo sapiens]

0i194382466 26 0.852 6.1 unnamed protein product [Homo sapiens]

gi47132620 26 0.010 0.0 keratin 2 [Homo sapiens]

gi11935049 22 0.010 0.0 keratin 1 [Homo sapiens]

0i195972866 19 0.010 0.0 keratin 10 [Homo sapiens]

0i435476 18 0.010 0.0 cytokeratin 9 [Homo sapiens]

0i4503841 18 0.439 10.7 ATP-dependent DNA helicase 11, 70 kDa subunit [Homo
sapiens]

0i10863945 14 0.457 5.2 ATP-dependent DNA helicase Il [Homo sapiens]

0i12803709 10 0.010 0.0 Keratin 14 [Homo sapiens]

0i119617041 10 0.010 0.0 keratin 5 (epidermolysis bullosa simplex, Dowling-
Meara/Kobner/Weber-Cockayne types), isoform CRA_d [Homo
sapiens]

0i194388850 10 0.010 0.0 unnamed protein product [Homo sapiens]

gi194387918 10 0.010 0.0 unnamed protein product [Homo sapiens]

gi1195531 9 0.011 9.0 type | keratin 16 [Homo sapiens]

gil19617032 8 0.010 0.0 keratin 6B, isoform CRA_a [Homo sapiens]

gi356168 8 4.438 59.4 histone H1b

0i4885375 8 3.650 32.3 histone cluster 1, H1c [Homo sapiens]

0i221045918 6 0.231 25.0 unnamed protein product [Homo sapiens]

0i148921602 6 0.573 54 EML4 protein [Homo sapiens]

0i31645 5 0.535 7.3 glyceraldehyde-3-phosphate dehydrogenase [Homo sapiens]

gi19550955 5 1.321 9.1 ligase 111, DNA, ATP-dependent [Homo sapiens]

gi193785596 5 0.215 27.7 unnamed protein product [Homo sapiens]

0i55958544 4 0.695 12 heterogeneous nuclear ribonucleoprotein K [Homo sapiens]

0i4885371 4 4.489 43.3 H1 histone family, member 0 [Homo sapiens]

0i51476762 4 0.517 5.6 hypothetical protein [Homo sapiens]

0i1310882 4 0.682 3.8 Chain A, Cyclophilin B Complexed With [d-
(Cholinylester)ser8]- Cyclosporin

gi21754583 4 0.015 51.2 unnamed protein product [Homo sapiens]

0i54696428 3 0.582 12.0 high-mobility group box 2 [Homo sapiens]

0i119612724 3 1.038 6.5 actin, alpha, cardiac muscle, isoform CRA_c [Homo sapiens]

0i21619981 3 1.179 25 LMNA protein [Homo sapiens]

0i194382662 3 0.386 0.1 unnamed protein product [Homo sapiens]

0i119626284 3 0.747 3.9 heterogeneous nuclear ribonucleoprotein D (AU-rich element
RNA binding protein 1, 37kDa), isoform CRA_f [Homo sapiens]

gi119627830 3 0.625 9.6 splicing factor proline/glutamine-rich (polypyrimidine tract

binding protein associated), isoform CRA_e [Homo sapiens]
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Heavy/Light

Accession # Peptides Heavy/Light Variability [%] Description

gi119590557 3 0.145 8.1 heat shock 60kDa protein 1 (chaperonin), isoform CRA_c
[Homo sapiens]

gi9082289 3 0.118 49 chaperone protein HSP90 beta [Homo sapiens]

0i4885381 3 3.044 22.0 histone cluster 1, H1b [Homo sapiens]

0i16751921 3 0.013 22.8 dermcidin preproprotein [Homo sapiens]

gi75517570 2 0.835 18.4 HNRPA1 protein [Homo sapiens]

0i113414871 2 0.010 0.0 Keratin 77 [Homo sapiens]

gi119580687 2 1.162 0.6 apolipoprotein B mRNA editing enzyme, catalytic polypeptide-
like 3C, isoform CRA_a [Homo sapiens]

0i194388468 2 0.531 unnamed protein product [Homo sapiens]

0i6470150 2 0.261 11.7 BiP protein [Homo sapiens]

gi21750830 2 0.010 0.0 unnamed protein product [Homo sapiens]

gi194387512 2 0.292 0.5 unnamed protein product [Homo sapiens]

gil0637825 2 0.585 13.1 ribosome binding protein 1 homolog 180kDa (dog) [Homo
sapiens]

gi119609186 2 15.983 4024.7 nucleolar protein 1, 120kDa [Homo sapiens]

gi38014092 2 0.010 0.0 KRT4 protein [Homo sapiens]

gi194390544 2 0.555 unnamed protein product [Homo sapiens]

gi71143137 2 0.637 high-mobility group box 3 [Homo sapiens]

0i194384486 2 0.739 0.9 unnamed protein product [Homo sapiens]

0i9954649 2 1.213 1.8 XRCC1 DNA repair protein [Homo sapiens]

0i11513832 2 0.873 2.8 Chain A, Core Of The Alu Domain Of The Mammalian Srp

0i66361418 2 0.408 18.0 Chain A, Crystal Structure Of Human 17-Beta-Hydroxysteroid
Dehydrogenase Type 4 In Complex With Nad

0i134105047 2 0.692 12.9 Chain A, Crystal Structure Of Human P100 Tudor Domain

gi5542151 2 0.135 20.0 Chain A, Macrophage Migration Inhibitory Factor (Mif) With
Hydroxphenylpyruvate

gi119626079 2 0.032 430.1 albumin, isoform CRA_p [Homo sapiens]

0i194373749 2 0.011 9.0 unnamed protein product [Homo sapiens]

0i207028494 2 1.715 6715.2 lactate dehydrogenase A isoform 2 [Homo sapiens]

0i33875177 1 0.758 YBX1 protein [Homo sapiens]

gi6730357 1 0.425 Chain A, Role Of Amino Acid Residues At Turns In The
Conformational Stability And Folding Of Human Lysozyme

0i159163560 1 0.039 614.7 Chain A, The Solution Structure Of The Second Thioredoxin-
Like Domain Of Human Protein Disulfide-Isomerase

0i268612104 1 0.828 Chain A, Nmr Structure Of Dimerization Domain Of Human
Ribosomal Protein P2

0i306549 1 1.182 homology to rat ribosomal protein L23 [Homo sapiens]

0i10645195 1 100.000 histone cluster 1, H2ae [Homo sapiens]

0i109940083 1 7.290 RecName: Full=Histone H2B type 1-C/E/F/G/I; AltName:

Full=H2B.a/g/h/k/l; AltName: Full=H2B.1 A; Short=H2B/a;
AltName: Full=H2B/g; AltName: Full=H2B/h; AltName:
Full=H2B/k; AltName: Full=H2B/I

0i52545921 1 0.619 hypothetical protein [Homo sapiens]

gi194390750 1 0.359 unnamed protein product [Homo sapiens]
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Accession # Peptides Heavy/Light Variability [%] Description

gi158255378 1 0.086 unnamed protein product [Homo sapiens]

gi73998790 1 0.687 PREDICTED: similar to BUB3 budding uninhibited by
benzimidazoles 3 isoform a isoform 3 [Canis familiaris]

0i4758876 1 0.373 poly(A) binding protein, nuclear 1 [Homo sapiens]

gi119609127 1 0.119 triosephosphate isomerase 1, isoform CRA_a [Homo sapiens]

gi52545510 1 4.302 hypothetical protein [Homo sapiens]

0i194377326 1 0.810 unnamed protein product [Homo sapiens]

0i4826860 1 2.517 NHP2 non-histone chromosome protein 2-like 1 [Homo sapiens]

gi5174449 1 2.090 H1 histone family, member X [Homo sapiens]

0i4432750 1 0.802 ribosomal protein L11 [Homo sapiens]

0i197099116 1 signal recognition particle 14kDa (homologous Alu RNA
binding protein) [Pongo abelii]

gi3915733 1 0.771 RecName: Full=Dehydrogenase/reductase SDR family member
2; AltName: Full=HEP27 protein; AltName: Full=Protein D

gi50542195 1 2.556 histone H4 [Gallus gallus]

gi223278387 1 0.010 calmodulin-like 5 [Homo sapiens]

gi307066 1 0.386 inosine-5'-monophosphate dehydrogenase (EC 1.1.1.205) [Homo
sapiens]

gi28931 1 0.286 beta-subunit (AA 1-312) [Homo sapiens]

gi119630058 1 0.659 high-mobility group nucleosome binding domain 1, isoform
CRA_d [Homo sapiens]

gi119609679 1 0.674 hCG1789827 [Homo sapiens]

0i119593357 1 hCG1643801 [Homo sapiens]

gi56203186 1 RNA binding protein, autoantigenic (hnRNP-associated with
lethal yellow homolog (mouse)) [Homo sapiens]

gi73983054 1 0.010 PREDICTED: similar to Cofilin-1 (Cofilin, non-muscle isoform)
(18 kDa phosphoprotein) (p18) isoform 2 [Canis familiaris]

0i3088342 1 0.703 ribosomal protein S23 [Homo sapiens]

gi119592203 1 0.161 malate dehydrogenase 2, NAD (mitochondrial), isoform CRA_b
[Homo sapiens]

gi32187319 1 1.259 SHUJUN-1 [Homo sapiens]

0i194373457 1 1.652 unnamed protein product [Homo sapiens]

gi54792071 1 0.224 SMT3 suppressor of mif two 3 homolog 2 isoform b precursor
[Homo sapiens]

0i159163287 1 2.040 Chain A, Solution Structure Of Rrm Domain In Hnrpc Protein

0i181400 1 cytokeratin 8 [Homo sapiens]

0i62122917 1 0.101 filaggrin family member 2 [Homo sapiens]

0i55669565 1 0.521 Chain A, Solution Structure Of Alpha Subunit Of Human Eif2

0i119582136 1 0.599 Treacher Collins-Franceschetti syndrome 1, isoform CRA_a
[Homo sapiens]

0i78101498 1 0.601 Chain A, Crystal Structure Of Kh1 Domain Of Human Poly(C)-
Binding Protein-2 With C-Rich Strand Of Human Telomeric Dna

0i340058 1 0.931 ubiquitin precursor [Homo sapiens]

0i118142840 1 0.535 ABCF1 protein [Homo sapiens]

0i73535681 1 0.202 Chain B, Human Vinculin Head Domain (Vh1, 1-258) In

Complex With Human Alpha-Actinin's Vinculin-Binding Site
(Residues 731- 760)
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Accession # Peptides Heavy/Light Variability [%] Description

gi4506715 1 0.407 ribosomal protein S28 [Homo sapiens]

gi52695617 1 0.354 Chain A, Crystal Structure Of The C-Terminal Domain Of
Uap56

gi73968359 1 1.751 PREDICTED: similar to Myosin light polypeptide 6 (Myosin
light chain alkali 3) (Myosin light chain 3) (MLC-3) (LC17)
isoform 3 [Canis familiaris]

0i61104919 1 heat shock protein 90Bf [Homo sapiens]

gi41472460 1 0.249 unknown [Homo sapiens]

gi226438295 1 1.338 Chain A, Human Mitochondrial Transcription Factor A Box B

gi5803165 1 0.386 Sec61 beta subunit [Homo sapiens]

gi119569330 1 0.722 hCG1640785, isoform CRA_b [Homo sapiens]

0i187761435 1 0.458 calcyclin binding protein [Homo sapiens]

0i194377686 1 0.567 unnamed protein product [Homo sapiens]

0i40737308 1 0.010 C4B1 [Homo sapiens]

0i80475848 1 KRT73 protein [Homo sapiens]

gi57997041 1 2.051 hypothetical protein [Homo sapiens]

gi55959888 1 0.069 peroxiredoxin 1 [Homo sapiens]

gi6730226 1 0.010 Chain B, Crystal Structure Of The D3b Subcomplex Of The
Human Core Snrnp Domain At 2.0a Resolution

0i119602641 1 0.343 eukaryotic translation elongation factor 1 delta (guanine
nucleotide exchange protein), isoform CRA_f [Homo sapiens]

gi119585586 1 1.298 ribosomal protein L29, isoform CRA_a [Homo sapiens]

gi63991119 1 0.919 unknown [Homo sapiens]

0i18490813 1 0.295 PYCR1 protein [Homo sapiens]

0i119597481 1 0.123 fatty acid binding protein 1, liver, isoform CRA_a [Homo
sapiens]

gi50262342 1 0.555 activated RNA polymerase Il transcription cofactor 4 [Homo
sapiens]

gi55640591 1 0.753 PREDICTED: hypothetical protein [Pan troglodytes]

Bold red, keratin contaminants
Bold pink, probe sequence for rs2069915[A], cultured in medium with “light” Arg and Lys isotopes
Bold blue, probe sequence for rs2069915[G], cultured in medium with “heavy” Arg and Lys isotopes
Black non-bold, ratio falls within 0.5 and 2 and is usually not considered significant

Variability (%), variability between biological samples; for preference should be <50
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A.6 Complete results for SILAC mass spectrometry for rs2069916[C/T]

Accession # Peptides Heavy/Light ngiz\t/))illlildg[r;)] Description

gi190167 32 0.427 11.8  poly(ADP-ribose) polymerase [Homo sapiens]

0i156523968 32 0.426 11.8  poly (ADP-ribose) polymerase family, member 1 [Homo
sapiens]

gi4503841 23 1.224 8.3  ATP-dependent DNA helicase 1, 70 kDa subunit [Homo
sapiens]

0i47132620 23 0.010 0.0  keratin 2 [Homo sapiens]

gi181402 23 0.010 0.0 epidermal cytokeratin 2 [Homo sapiens]

gi10863945 22 1.251 10.6  ATP-dependent DNA helicase Il [Homo sapiens]

0i11935049 21 0.010 0.0 keratin 1 [Homo sapiens]

0i195972866 16 0.010 0.0 keratin 10 [Homo sapiens]

gi435476 14 0.010 0.0 cytokeratin 9 [Homo sapiens]

gil0637825 14 0.858 12.0 ribosome hinding protein 1 homolog 180kDa (dog)
[Homo sapiens]

0i12803709 12 0.010 0.0 Keratin 14 [Homo sapiens]

0i27436946 11 1.321 13.8  lamin A/C isoform 1 precursor [Homo sapiens]

0i126032350 11 0.870 13.1 protein kinase, DNA-activated, catalytic polypeptide
isoform 2 [Homo sapiens]

gil1195531 11 0.010 0.0 type I keratin 16 [Homo sapiens]

0i194387918 11 0.010 0.0  unnamed protein product [Homo sapiens]

0i119617032 10 0.010 0.0 keratin 6B, isoform CRA_a [Homo sapiens]

0i31645 9 0.359 11.9 glyceraldehyde-3-phosphate dehydrogenase [Homo
sapiens]

gi356168 8 0.976 11.4  histone H1b

gi4885375 8 0.948 7.8 histone cluster 1, H1lc [Homo sapiens]

gi148921602 8 0.562 19.0 EMLA4 protein [Homo sapiens]

gil19617041 8 0.011 19.2  keratin 5 (epidermolysis bullosa simplex, Dowling-
Meara/Kobner/Weber-Cockayne types), isoform CRA_d
[Homo sapiens]

gi55958544 7 0.916 5.8  heterogeneous nuclear ribonucleoprotein K [Homo
sapiens]

0i21754583 7 0.010 0.0 unnamed protein product [Homo sapiens]

0i189065399 7 0.433 4.6 unnamed protein product [Homo sapiens]

0i194375299 6 2.130 1.5 unnamed protein product [Homo sapiens]

0i194378192 6 0.423 7.9  unnamed protein product [Homo sapiens]

0i221040048 6 0.540 16.8  unnamed protein product [Homo sapiens]

0i54696428 5 0.397 14.4  high-mobility group box 2 [Homo sapiens]

0i221042312 5 1.786 6.9 unnamed protein product [Homo sapiens]

0i189053345 5 1.789 5.4 unnamed protein product [Homo sapiens]

0i119576011 5 1.364 2.7  hCG1992406, isoform CRA_b [Homo sapiens]

0i39644662 5 2.726 18.8° HSP90ABL1 protein [Homo sapiens]
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gi139820 5 0.363 1.6 RecName: Full=DNA repair protein XRCC1; AltName:
Full=X-ray repair cross-complementing protein 1

0i109096516 5 1.346 6.4 PREDICTED: alpha tubulin isoform 2 [Macaca mulatta]

gi5729877 5 1.760 8.2  heat shock 70kDa protein 8 isoform 1 [Homo sapiens]

0i14250528 5 0.434 3.4 MAP4 protein [Homo sapiens]

gi4885371 4 0.759 9.7  H1 histone family, member 0 [Homo sapiens]

0i119626284 4 0.523 0.9 heterogeneous nuclear ribonucleoprotein D (AU-rich
element RNA binding protein 1, 37kDa), isoform CRA_f
[Homo sapiens]

0i194388468 4 0.735 1.7  unnamed protein product [Homo sapiens]

gi6470150 4 1.325 8.7  BIP protein [Homo sapiens]

gi62122917 4 0.040 169.6  filaggrin family member 2 [Homo sapiens]

0i153791158 4 0.031 393.1 keratin 75 [Homo sapiens]

gi38014544 4 1.256 1.6  Tubb5 protein [Rattus norvegicus]

gi148352331 4 0.633 12.9  cell division cycle 10 isoform 1 [Homo sapiens]

0i4506597 4 1.875 26.4  ribosomal protein L12 [Homo sapiens]

gil97927454 4 1.145 10.1 DEK oncogene isoform 2 [Homo sapiens]

gi75517570 3 0.722 2.0 HNRPAL protein [Homo sapiens]

0i230867 3 0.368 11.1 Chain R, Twinning In Crystals Of Human Skeletal
Muscle D- Glyceraldehyde-3-Phosphate Dehydrogenase

gi1310882 3 0.752 19.9 Chain A, Cyclophilin B Complexed With [d-
(Cholinylester)ser8]- Cyclosporin

0i55956921 3 0.636 19.3 heterogeneous nuclear ribonucleoprotein A/B isoform b
[Homo sapiens]

gi189299 3 0.636 12.0 DNA-binding protein [Homo sapiens]

0i5803121 3 0.461 28.9 protein disulfide isomerase A5 precursor [Homo sapiens]

gi4504431 3 0.900 5.3 high mobility group AT-hook 2 isoform a [Homo
sapiens]

gi6980804 3 0.446 12.6  Chain B, Human ApurinicAPYRIMIDINIC
ENDONUCLEASE-1 (Apel) Bound To Abasic Dna

gi48429165 3 0.895 7.3 RecName: Full=THO complex subunit 4; Short=Tho4;
AltName: Full=Ally of AML-1 and LEF-1; AltName:
Full=Transcriptional coactivator Aly/REF; AltName:
Full=bZIP-enhancing factor BEF

0i71143137 3 0.389 9.0 high-mobility group box 3 [Homo sapiens]

gi255311804 3 1.281 24.8  Chain A, Crystal Structure Of The R482w Mutant Of
Lamin AC

0i4557976 3 1.432 1.3  Chain A, Human Muscle Fructose 1,6-Bisphosphate
Aldolase Complexed With Fructose 1,6-Bisphosphate

0i194388596 3 1.716 14.1  unnamed protein product [Homo sapiens]

0i119600604 3 0.835 5.6 ligase Ill, DNA, ATP-dependent, isoform CRA_b [Homo
sapiens]

0i63991119 3 0.565 11.6  unknown [Homo sapiens]

0i119703744 3 0.010 0.0 desmoglein 1 preproprotein [Homo sapiens]
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gi194373749 3 0.026 58.0  unnamed protein product [Homo sapiens]

0i194386068 3 2.197 14.7  unnamed protein product [Homo sapiens]

gi194378642 3 0.845 3.5 unnamed protein product [Homo sapiens]

gi66933016 3 0.373 10.3  inosine monophosphate dehydrogenase 2 [Homo sapiens]

0i14198278 3 2.469 34.6 KRT8 protein [Homo sapiens]

gil732421 3 0.704 3.0 C2f [Homo sapiens]

0i119626074 3 0.152 4253.4  albumin, isoform CRA_k [Homo sapiens]

gi119580379 3 0.562 16.2  developmentally regulated GTP binding protein 1,
isoform CRA_b [Homo sapiens]

0i203282367 3 1.891 8.3 Chain A, Crystal Structure Of Human Enolase 1

gi62087444 3 0.645 2.5  hydroxysteroid (17-beta) dehydrogenase 4 variant [Homo
sapiens]

0i197101499 3 1.706 5.2 interleukin enhancer binding factor 2, 45kDa [Pongo
abelii]

gi194387672 3 1.397 4.8  unnamed protein product [Homo sapiens]

0i119617051 3 0.096 90.0 keratin 3, isoform CRA_a [Homo sapiens]

gi113414871 2 0.012 25.7  Keratin 77 [Homo sapiens]

0i114649280 2 0.436 2.7 PREDICTED: hypothetical protein isoform 9 [Pan
troglodytes]

gi221041662 2 0.918 1.5 unnamed protein product [Homo sapiens]

0i119615473 1.144 5.5 ribosomal protein L11, isoform CRA_a [Homo sapiens]

gil19609127 2 1.470 15.8 triosephosphate isomerase 1, isoform CRA_a [Homo
sapiens]

0i194378348 2 1.200 10.0  unnamed protein product [Homo sapiens]

gi82802708 2 0.753 0.2 eFI-2-gamma [Homo sapiens]

0i50949460 2 0.462 9.3  hypothetical protein [Homo sapiens]

gi6730357 2 0.733 24.6  Chain A, Role Of Amino Acid Residues At Turns In The
Conformational Stability And Folding Of Human
Lysozyme

gi194388148 2 0.911 13.1  unnamed protein product [Homo sapiens]

gil3097759 1.183 16.6  Unknown (protein for IMAGE:3544292) [Homo sapiens]

0i31455187 2.326 19.9 NCL protein [Homo sapiens]

0i119627830 2 0.755 0.8  splicing factor proline/glutamine-rich (polypyrimidine
tract binding protein associated), isoform CRA_e [Homo
sapiens]

0i11513832 2 0.756 20.4 Chain A, Core Of The Alu Domain Of The Mammalian
Srp

0i151568124 2 0.408 17.3  Chain A, Crystal Structure Of Human Recq-Like Dna
Helicase

0i194376170 1.783 unnamed protein product [Homo sapiens]

gi55669565 2 0.823 2.1  Chain A, Solution Structure Of Alpha Subunit Of Human
Eif2

0i119582136 2 0.965 18.2  Treacher Collins-Franceschetti syndrome 1, isoform
CRA_a [Homo sapiens]

0i2896146 2 0.852 transcriptional coactivator ALY [Homo sapiens]
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0i119623487 2 4314 46.3  histone 1, H2bj, isoform CRA_b [Homo sapiens]

0i21750830 0.011 16.2  unnamed protein product [Homo sapiens]

gi4826860 2.236 13.7  NHP2 non-histone chromosome protein 2-like 1 [Homo
sapiens]

0i119611543 2 2.503 27.8 DEAH (Asp-Glu-Ala-His) box polypeptide 9, isoform
CRA_a [Homo sapiens]

gi219520997 2 0.577 3.1  SEPT8 protein [Homo sapiens]

gi33874022 2 2.757 0.2 HNRPM protein [Homo sapiens]

0i194389932 2 0.406 12.4  unnamed protein product [Homo sapiens]

0i90655152 2 2.391 29.4  actinin alpha4 isoform [Homo sapiens]

gi38014092 2 0.010 KRT4 protein [Homo sapiens]

gi89574029 2 1.321 14.9  mitochondrial ATP synthase, H+ transporting F1
complex beta subunit [Homo sapiens]

gi158255378 2 1.638 5.0 unnamed protein product [Homo sapiens]

0i164698496 2 0.507 16.5 septin 9 isoform e [Homo sapiens]

gi40795897 2 0.061 357.5  hornerin precursor [Homo sapiens]

0i194388336 2 0.474 21.9  unnamed protein product [Homo sapiens]

gi4506743 2 2.477 36.7  ribosomal protein S8 [Homo sapiens]

0i119584991 2 2.260 71.1  ribosomal protein SA, isoform CRA_c [Homo sapiens]

gi6841314 2 0.543 HSPC332 [Homo sapiens]

0i194389318 2 0.609 8.0  unnamed protein product [Homo sapiens]

gi125628632 2 0.014 53.4  keratin 80 isoform b [Homo sapiens]

0i52632385 2 0.685 9.4  heterogeneous nuclear ribonucleoprotein L isoform b
[Homo sapiens]

gi55613379 2 0.491 9.7  CLE [Homo sapiens]

0i14029171 2 0.464 3.4  CGI-55 [Homo sapiens]

0i24497601 2 0.432 endothelial differentiation-related factor 1 isoform beta
[Homo sapiens]

gi5174449 2 1.046 7.9  H1 histone family, member X [Homo sapiens]

0i148612803 2 0.010 keratin 6 irs4 [Homo sapiens]

gi194382840 2 0.824 2.3 unnamed protein product [Homo sapiens]

0i114794876 2 2.312 1.6  Chain A, The Crystal Structure Of The Exon Junction
Complex At 3.2 A Resolution

0i194387038 2 1.553 11.2  unnamed protein product [Homo sapiens]

0i10834770 2 0.555 0.6 PNAS-107 [Homo sapiens]

0i6729803 2 1.502 7.5 Chain A, Heat-Shock 70kd Protein 42kd Atpase N-
Terminal Domain

0i11513833 2 0.632 13.7  Chain B, Core Of The Alu Domain Of The Mammalian
Srp

0i30581135 2 1.029 structural maintenance of chromosomes 1A [Homo
sapiens]

0i18490813 2 0.614 65.7 PYCRL protein [Homo sapiens]

0i50542195 2 2.905 2.6 histone H4 [Gallus gallus]

0i57997041 2 3.324 8.1 hypothetical protein [Homo sapiens]
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gi119569329 2 1.103 60.6 hCG1640785, isoform CRA_a [Homo sapiens]

0i553328 1 1.014 7.4 histone H1 [Homo sapiens]

gi29387268 1 1.886 ILF3 protein [Homo sapiens]

0i1017823 1 1.342 RNA polymerase Il subunit [Homo sapiens]

0i31958 1 0.579 glutaminyl-tRNA synthetase [Homo sapiens]

gi119600188 1 1.242 ribosomal protein L24, isoform CRA_c [Homo sapiens]

0i18033272 1 0.448 histidyl-tRNA synthetase [Homo sapiens]

gi145580402 1 2.326 Chain A, Crystal Structure Of Human Nucleophosmin-
Core

0il7426163 1 0.335 macrophin 1 isoform [Homo sapiens]

0i183448176 1 0.972 Chain A, Crystal Structure Of Human Peroxisomal
Delta3,5, Delta2,4-Dienoyl Coa Isomerase

gi159163719 1 2.092 Chain A, Solution Structure Of Polypyrimidine Tract
Binding Protein Rbd2 Complexed With Cucucu Rna

0i12583614 1 0.495 FUS/CHOP chimaeric fusion protein [Homo sapiens]

gi33873325 1 0.824 KHDRBS1 protein [Homo sapiens]

gi6807709 1 0.488 hypothetical protein [Homo sapiens]

gi226438295 1 0.977 Chain A, Human Mitochondrial Transcription Factor A
Box B

0i45476309 1 0.425 damage-specific DNA binding protein 2 splicing variant
D4 [Homo sapiens]

gi237649049 1 2.416 small nuclear ribonucleoprotein D2 isoform 2 [Homo
sapiens]

0i306549 1 1.203 homology to rat ribosomal protein L23 [Homo sapiens]

gi168984316 1 1.937 heterochromatin protein 1, binding protein 3 [Homo
sapiens]

0i119580687 1 1.322 apolipoprotein B mRNA editing enzyme, catalytic
polypeptide-like 3C, isoform CRA_a [Homo sapiens]

gi119615454 1 0.553 transcription elongation factor A (Sll), 3, isoform CRA_a
[Homo sapiens]

0i119592222 1 1.747 ribosomal protein S4, X-linked, isoform CRA_b [Homo
sapiens]

0i119621546 1 hCG1643126, isoform CRA_b [Homo sapiens]

0i62202489 1 0.717 CIP29 protein [Homo sapiens]

0i33187705 1 1.125 unknown [Homo sapiens]

0i2624694 1 Chain A, Human Mitochondrial Single-Stranded Dna
Binding Protein

0i40254924 1 1.160 3.1 leucine rich repeat containing 59 [Homo sapiens]

0i162280796 1 0.010 caspase 14 precursor [Homo sapiens]

gi241913102 1 0.077 Chain A, Crystal Structure Of Human Filamin B Actin
Binding Domain At 1.9 Angstroms Resolution

0i119620549 1 1.718 spectrin, beta, non-erythrocytic 1, isoform CRA_f [Homo
sapiens]

0i119611769 1 0.637 ladinin 1, isoform CRA_a [Homo sapiens]
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gi193787171 1 1.355 unnamed protein product [Homo sapiens]

0i114793397 1 1.849 Chain A, Nmr Structure Of The N-Terminal Domain A
Of The Glycoprotein Chaperone Erp57

gi57209130 1 0.672 paraspeckle component 1 [Homo sapiens]

0i895845 1 1.933 p64 CLCP [Homo sapiens]

0i159163287 1 3.525 Chain A, Solution Structure Of Rrm Domain In Hnrpc
Protein

gi159162530 1 1.234 Chain A, Solution Structure Of Reduced Recombinant
Human Cytochrome C

0i119572748 1 2.687 ribosomal protein L18, isoform CRA_e [Homo sapiens]

gi73998790 1 0.620 PREDICTED: similar to BUB3 budding uninhibited by
benzimidazoles 3 isoform a isoform 3 [Canis familiaris]

0i59016837 1 0.608 hypothetical protein [Homo sapiens]

gi57997098 1 2.630 hypothetical protein [Homo sapiens]

0i221044626 1 0.596 unnamed protein product [Homo sapiens]

gi60552474 1 2412 SSRP1 protein [Homo sapiens]

gi15341985 1 1.009 SERPINAS protein [Homo sapiens]

gi52695617 1 2.093 Chain A, Crystal Structure Of The C-Terminal Domain
Of Uap56

0i15147219 1 0.321 purine-rich element binding protein B [Homo sapiens]

gi82802829 1 rcNSEP1 [Homo sapiens]

gi62421162 1 3.048 actin-like protein [Homo sapiens]

0i194391216 1 0.252 unnamed protein product [Homo sapiens]

gi119609186 1 1.971 nucleolar protein 1, 120kDa [Homo sapiens]

0i56204904 1 1531 synaptotagmin binding, cytoplasmic RNA interacting
protein [Homo sapiens]

gi243123 1 1.213 cytochrome c oxidase subunit Vlla='liver-type' isoform
{EC 1.9.3.1} [human, skeletal muscle, Peptide Partial, 30
aal

gi159163871 1 2.177 Chain A, Solution Structure Of The N-Terminal Domain
Of Human Ribosomal Protein L9

0il13477169 1 Vitronectin [Homo sapiens]

gil94377686 1 0.556 unnamed protein product [Homo sapiens]

0i119611898 1 0.653 zinc finger CCCH-type containing 11A, isoform CRA_a
[Homo sapiens]

0i119585586 1 1.451 ribosomal protein L29, isoform CRA_a [Homo sapiens]

0i5542151 1 1.705 Chain A, Macrophage Migration Inhibitory Factor (Mif)
With Hydroxphenylpyruvate

0i119591666 1 0.597 septin 2, isoform CRA_c [Homo sapiens]

0i114653233 1 1.042 PREDICTED: similar to Proteasome (prosome,
macropain) subunit, alpha type, 3 isoform 1 [Pan
troglodytes]

0i10835240 1 0.581 high mobility group nucleosomal binding domain 4
[Homo sapiens]

0i119612777 1 0.464 family with sequence similarity 98, member B, isoform
CRA_c [Homo sapiens]

0i34528529 1 1.212 unnamed protein product [Homo sapiens]
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Heavy/Light

Accession # Peptides Heavy/Light Variability [%] Description

gi221039618 1 1.556 unnamed protein product [Homo sapiens]

0i3088342 1 0.909 ribosomal protein S23 [Homo sapiens]

gi10835230 1 2.164 metallothionein 1G [Homo sapiens]

0i189030 1 2.640 nonmuscle myosin heavy chain-A [Homo sapiens]

gi111309288 1 0.469 CKAP5 protein [Homo sapiens]

0i40737308 1 0.010 C4B1 [Homo sapiens]

0i157879202 1 0.674 Chain B, Crystal Structures Of Native And Inhibited
Forms Of Human Cathepsin D: Implications For
Lysosomal Targeting And Drug Design

0i194388578 1 1.370 unnamed protein product [Homo sapiens]

gi119616090 1 1.240 golgi apparatus protein 1, isoform CRA_c [Homo
sapiens]

0i21614544 1 0.025 S100 calcium-binding protein A8 [Homo sapiens]

gi6330302 1 0.603 KIAA1185 protein [Homo sapiens]

0il673514 1 1.774 B-cell receptor associated protein [Homo sapiens]

gi257471008 1 1.594 glypican 3 isoform 3 precursor [Homo sapiens]

0i16307468 1 1.077 LRPPRC protein [Homo sapiens]

gi3088349 1 2.478 ribosomal protein L13 [Homo sapiens]

0i13385036 1 2571 ribosomal protein L15 [Mus musculus]

gi119621354 1 1.489 protein disulfide isomerase family A, member 6, isoform
CRA_a [Homo sapiens]

0i159162698 1 0.640 Chain A, C-Terminal Domain Of Midkine

gil57834124 1 1.264 Chain A, Nmr Study Of Vigilin, Repeat 6, 40 Structures

0i194374163 1 2.078 unnamed protein product [Homo sapiens]

gi55957202 1 0.357 chromosome 20 open reading frame 72 [Homo sapiens]

0i268612104 1 2.275 Chain A, Nmr Structure Of Dimerization Domain Of
Human Ribosomal Protein P2

gi119596625 1 1.990 integrin beta 4 binding protein, isoform CRA_a [Homo
sapiens]

0i20150229 1 0.037 Chain A, Crystal Structure Of The Mrp14 Complexed
With Chaps

0i119619436 1 6.076 hCG1983058 [Homo sapiens]

0i33877895 1 1.021 MARCKS protein [Homo sapiens]

0i182642 1 0.783 rapamycin-binding protein [Homo sapiens]

0i4502847 1 cold inducible RNA binding protein [Homo sapiens]

0i16751921 1 0.010 dermcidin preproprotein [Homo sapiens]

0i194384322 1 1.259 unnamed protein product [Homo sapiens]

0i253722876 1 0.654 Chain A, Lem-Like Domain Of Human Inner Nuclear
Membrane Protein Lap2

0i28948850 1 0.903 Chain A, Human Topoisomerase | Ara-C Complex

0i5454090 1 1.420 signal sequence receptor, delta precursor [Homo sapiens]
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gi52545510 1 2.730 hypothetical protein [Homo sapiens]

0i338497 1 1.734 SS-B/La protein [Homo sapiens]

0i119571986 1 0.774 granulin, isoform CRA_b [Homo sapiens]

gi193787257 1 0.010 unnamed protein product [Homo sapiens]

gi41350399 1 1.967 migration-inducing gene 9 protein [Homo sapiens]

0i42542978 1 4.195 Chain B, X-Ray Crystal Structure Of Human Galectin-1

gi42542977 1 Chain A, X-Ray Crystal Structure Of Human Galectin-1

0i57208257 1 1.388 ribophorin Il [Homo sapiens]

gi194383306 1 0.518 unnamed protein product [Homo sapiens]

0i5803165 1 1.059 Sec61 beta subunit [Homo sapiens]

gi183448388 1 2.562 Chain A, Crystal Structure Of Human Eukaryotic
Translation Initiation Factor Eif5a

0i33112669 1 0.601 RecName: Full=Ribosomal RNA processing protein 1
homolog B; AltName: Full=RRP1-like protein B

gi19352984 1 1.894 CAPZB protein [Homo sapiens]

gi7770137 1 2.255 PR0O1608 [Homo sapiens]

0i4506715 1 1.641 ribosomal protein S28 [Homo sapiens]

gi55960696 1 2.061 aldehyde dehydrogenase 1 family, member A1 [Homo
sapiens]

0i56203186 1 RNA binding protein, autoantigenic (hnRNP-associated
with lethal yellow homolog (mouse)) [Homo sapiens]

gi6729889 1 0.433 Chain A, Human 3-Methyladenine Dna Glycosylase
Complexed To Dna

0i41472460 1 1.231 unknown [Homo sapiens]

gi36796 1 1.658 t-complex polypeptide 1 [Homo sapiens]

0i221044494 1 0.208 unnamed protein product [Homo sapiens]

gi193785141 1 1.933 unnamed protein product [Homo sapiens]

gi194379584 1 0.462 unnamed protein product [Homo sapiens]

0i159164372 1 0.913 Chain A, Solution Structure Of Rsgi Ruh-069, A Gtf2i
Domain In Human Cdna

gi45384773 1 2.905 ribosomal protein L8 [Chinchilla lanigera]

0i93359803 1 1.241 RUVBL1-FK [Homo sapiens]

0i119572383 1 1.932 Tu translation elongation factor, mitochondrial, isoform
CRA_b [Homo sapiens]

0i119584403 1 4.266 hCG1995701, isoform CRA_b [Homo sapiens]

0i159164137 1 1.989 Chain A, The Solution Structure Of The Third
Thioredoxin Domain Of Human Thioredoxin Domain-
Containing Protein 5

0i119602640 1 1.078 eukaryotic translation elongation factor 1 delta (guanine
nucleotide exchange protein), isoform CRA_e [Homo
sapiens]

0i10863895 1 3.267 thymosin, beta 10 [Homo sapiens]

0i119624177 1 0.509 high mobility group AT-hook 1, isoform CRA_g [Homo
sapiens]

0i194377426 1 1.603 unnamed protein product [Homo sapiens]

0i62630233 1 unknown [Homo sapiens]
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gi8574449 1 1.784 rheumatoid arthritis-related antigen RA-A47 [Homo
sapiens]

0i194391388 1 0.012 unnamed protein product [Homo sapiens]

gi66392203 1 2.204 NME1-NME?2 protein [Homo sapiens]

0i4507793 1 1.813 ubiquitin-conjugating enzyme E2N [Homo sapiens]

gi61104919 1 heat shock protein 90Bf [Homo sapiens]

0i260436922 1 0.083 suprabasin isoform 1 precursor [Homo sapiens]

gi56203545 1 2.080 nucleolar protein 5A (56kDa with KKE/D repeat) [Homo
sapiens]

0i51476156 1 hypothetical protein [Homo sapiens]

gi36535 1 1.303 unnamed protein product [Homo sapiens]

0i223480 1 dismutase,Cu/Zn superoxide

gi4261582 1 2.019 prothymosin alpha [Homo sapiens]

0i34526989 1 0.020 unnamed protein product [Homo sapiens]

gi24308271 1 1.362 DC2 protein [Homo sapiens]

0i16878197 1 2.772 VIL1 protein [Homo sapiens]

0i62897523 1 0.479 cytidine 5'-monophosphate N-acetylneuraminic acid
synthetase variant [Homo sapiens]

gi54792071 1 1.673 SMT3 suppressor of mif two 3 homolog 2 isoform b
precursor [Homo sapiens]

0i78101271 1 0.456 Chain C, Human Complement Component C3c

gi194382012 1 20.176 unnamed protein product [Homo sapiens]

0i1335208 1 0.500 LLDBP [Homo sapiens]

gi4929565 1 2.673 CGI-48 protein [Homo sapiens]

0i116283653 1 0.393 FAMO8A protein [Homo sapiens]

gi119622066 1 0.011 hCG1820678 [Homo sapiens]

0i1663708 1 2.211 KIAA0007 [Homo sapiens]

gil4278207 1 1.305 Chain B, Ran-Rcc1-So4 Complex

0i61651996 1 1.634 ribosomal protein L18a-like protein [Homo sapiens]

gi6730225 1 1.473 Chain A, Crystal Structure Of The D3b Subcomplex Of
The Human Core Snrnp Domain At 2.0a Resolution

gi260099885 1 0.456 Chain A, Crystal Structure Of The Duf55 Domain Of
Human Thymocyte Nuclear Protein 1

0i180687 1 1.018 2',3'-cyclic-nucleotide 3'-phosphodiesterase (EC
3.1.4.37) [Homo sapiens]

gi239746153 1 PREDICTED: similar to cytoskeletal beta actin [Homo
sapiens]

0i197927207 1 0.583 crystallin, zeta isoform ¢ [Homo sapiens]

0i52545962 1 1.310 hypothetical protein [Homo sapiens]

0i119574244 1 0.294 septin 10, isoform CRA_b [Homo sapiens]

0i15342081 1 Mitochondrial ribosomal protein L38 [Homo sapiens]

0i119587722 1 centrosomal protein 164kDa, isoform CRA_a [Homo
sapiens]

gi57160644 1 1.132 ribosomal protein L35 [Homo sapiens]
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Accession # Peptides Heavy/Light Variability [%] Description
gi194380082 1 0.856 unnamed protein product [Homo sapiens]
gi4758302 1 1.756 enhancer of rudimentary homolog [Homo sapiens]
0i5803137 1 1.408 RNA binding motif protein 3 [Homo sapiens]

Bold red, keratin contaminants
Bold pink, probe sequence for rs2069916[T], cultured in medium with “light” Arg and Lys isotopes
Bold blue, probe sequence for rs2069915[C], cultured in medium with “heavy” Arg and Lys isotopes
Black non-bold, ratio falls within 0.5 and 2 and is usually not considered significant

Variability (%), variability between biological samples; for preference should be <50
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Appendix B Supplementary data for Chapter 4

B.1 Allele frequency and Hardy Weinberg equilibrium in VASST cohort

Major .
PCSK9 SNPs (minor) m;ﬂaﬁ;&le ';_\\’/\gl'fue
allele
(511591147 C(A) 0.006 0.841
(511583680 G(A) 0.134 0.677
(s562556 A(G) 0.170 0.592
(5644000 A(G) 0.338 0.840
(s505151 A(G) 0.053 0.882
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B.2 Baseline characteristics of patients in the VASST and SPH cohorts by PCSK9 genotype

VASST Cohort SPH Cohort
PCSK9 rs644000 genotype GG GA AA GG GA AA

(n=82) (n=287) (n=263) P (n=60) (n=234) (n=295) P
Age —yr 64(51-73) 63(50-73) 63(50-73) 0.76 63(51-72) 62(49-72) 62(46-73) 0.89
Gender -% male 62.2 56.5 59.6 0.57 73.3 62.4 61.4 0.21
Caucasian -n (%) 78(95.0) 251(87.5) 201(85.1) 0.06 48(80.0) 194(82.9) 211(71.5) 0.13
APACHE Il 25(20-31) 26(21-32) 27(22-32) 0.19 24(18-29) 26(21-31) 27(20-33) 0.16
Surgical -% 20.7 22.6 19.4 0.64 25 29.1 315 0.67
Pre-existing conditions -n (%6)
Chronic heart failure 8(9.8) 17(5.9) 25(9.5) 0.24 4(6.7) 20(8.5) 13(4.4) 0.15
Chronic pulmonary disease 11(13.4) 46(16.0) 50(19.0) 0.43 10(16.7) 41(17.5) 49(16.6) 0.96
Chronic liver disease 10(12.2) 35(12.2) 27(10.3) 0.75 6(10.0) 18(7.7) 34(11.5) 0.34
Chronic renal failure 8(9.8) 26(9.1) 34(12.9) 0.33 5(8.3) 12(5.1) 22(7.5) 0.48
Chronic corticosteroid use 13(15.9) 54(18.8) 65(24.7) 0.11 5(8.3) 13(5.6) 20(6.8) 0.70
Cardiovascular variables -Day 1
Heart rate —bpm 120(107-133) 127(112-141) 130(112-141)  0.05 106(95-120) 110(95-130) 115(96-135) 0.06
Mean arterial pressure -mmHg 56(50-62) 56(50-62) 55(50-60) 0.30 54(50-58) 55(50-59) 55(49-59) 0.45
Central venous pressure -mmHg* 14(11-18) 14(11-18) 14(11-18) 0.88 11(6-13) 11(7-15) 12(8-15) 0.22
Norepinephrine -pg/min 15(9-26) 14(8-25) 16(10-27) 0.12 10(6-23) 15(7-25) 15(8-29) 0.59
Dobutamine -pg/kg/mint 3(2-5) 3(2-5) 5(4-7) 0.86 5(3-10) 7(5-10) 8(5-12) 0.40
Laboratory variables- Day 1
White blood cell count -10%mm?® 14.5(8.7-21.2) 14.1(7.7-21.0) 13.2(7.2-20.8) 0.74 14.6(10.2-21.6)  15.6(10.4-21.3)  14.1(9.3-19.0) 0.22
Platelet count -10%/mm?® 151(89-234) 162(92-245) 156(66-263) 0.75 206(85-300) 162(95-243) 161(90-240) 0.19
PaO,/F|0, -torr} 198(151-254) 185(128-249) 186(128-255) 0.71 160(91-216) 142(93-220) 145(89-214) 0.91
Blood creatinine -pumol/L 146(88-250) 150(90-239) 153(94-267) 0.44 142(80-271) 145(83-283) 150(90-272) 0.69
Blood lactate -mmol/L 1.7(0.8-3.4) 1.8(1.0-3.8) 1.9(1.0-3.9) 0.29 2.0(1.4-5.9) 2.3(1.4-4.4) 2.3(1.4-5.1) 0.89

* Cases missing in VASST: GG/9, AG/34 and AA/30

T Data only includes those patients that received dobutamine

1 Cases missing in VASST: GG/2, AG/9 and AA/7
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