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ABSTRACT

INTRODUCTION AND AIM

Increased total and y' fibrinogen concentrations are associated with cardiovascular disease
(CVD) risk in part through their effects on fibrin clot properties. Interleukin-6 (IL-6) promotes the
expression of fibrinogen and is also independently associated with CVD. The fibrinogen
phenotype is heritable, although discrepancies exist between the outcome of heritability studies
and the ability of genome-wide association studies to identify contributing polymorphisms. This
dissertation aimed to address the ‘missing heritability’ of fibrinogen by investigating an African
population known to have higher fibrinogen and IL-6 concentrations, together with greater
genetic variability and lower linkage disequilibrium (LD) than previously reported in Europeans.
Three approaches were followed; firstly, polymorphisms and haplotypes within the fibrinogen
gene cluster were investigated with the aim of identifying functional variants that had not been
identified due to high LD in the fibrinogen gene cluster in Europeans; secondly, as genetic
variation within the fibrinogen genes alters the magnitude of the IL-6-induced expression of
fibrinogen, the interactive effect of fibrinogen polymorphisms and IL-6 was investigated; and
lastly, the pleiotropic and polygenic co-regulation of fibrinogen was investigated in a candidate
gene analysis of multiple targeted genes, largely outside the fibrinogen genes. These
approaches were investigated in terms of total and y’ fibrinogen, as well as their functional

effects through turbidity-derived indicators of clot formation, structure and lysis.
METHODS

Eighty-one single nucleotide polymorphisms (SNPs) were investigated in 2010 apparently
healthy Tswana individuals. Genotyping was performed through restriction fragment length
polymorphism techniques, TagMan-based assays, the beadXpress® platform and competitive
allele-specific polymerase chain reaction methods. Fourteen SNPs were located in the
fibrinogen gene cluster and 67 spanned the APOB, APOE, CBS, CRP, F13Al, LDL-R, MTHFR,
MTR, PCSK-9 and SERPINE-1 genes. Total and y’ fibrinogen concentrations were quantified
via the modified Clauss and enzyme-linked immunosorbent assay methods, respectively. IL-6
was quantified by means of automatic electrochemiluminescence and fibrin clot properties were
determined through turbidimetric analyses. Independent and IL-6-interactive associations of the
14 fibrinogen SNPs with the outcome phenotypes were determined. In addition, 78 candidate
SNPs were investigated in terms of their individual and accumulative associations (through
genetic risk score analyses) with the outcome phenotypes together with possible co-regulatory

processes as a result of the gain and loss of transcription factor binding sites (TFBS).



RESULTS

Lower minor allele frequencies and higher recombination rates for the investigated SNPs were
observed in our study population compared to what has previously been reported for
Europeans. None of the common European fibrinogen haplotypes was present. Seven of the
fibrinogen SNPs were significantly associated with one or more of the outcome phenotypes.
The fibrinogen SNPs contributed 0.5% of the variance in total fibrinogen. Fibrinogen
significantly associated with IL-6, and thereby mediated associations with clot formation and
structure. Several significant interactions between the fibrinogen SNPs and IL-6 were observed
relating to total and y’ fibrinogen and fibre diameter. These interactions were additive in their
association with total fibrinogen concentrations. FGB-rs7439160, -1420G/A and -148C/T were
acknowledged as SNPs possibly functional in the PURE population. The candidate gene
analysis revealed SNPs within and outside of the fibrinogen gene cluster to associate with
fibrinogen and clot-related phenotypes, including SNPs located in the F13A1, LDL-R, PCSK-9,
CBS and CRP genes, through the regulatory effects induced by the gain and loss of 75 TFBS.
An accumulative genetic risk was observed through genetic risk scores that were significantly

associated with all phenotypes apart from fibre diameter.
CONCLUSION

This dissertation highlights the distinctive African genome and stresses the importance of
conducting genetic research among Africans. Original contributions to the literature include the
investigation of three novel SNPs, a report of a lack of haplotypes in the fibrinogen genes and
an additive effect of risk alleles within the fibrinogen gene cluster of Africans, as well as
evidence of the involvement of PCSK-9 SNPs in the heritability of fibrinogen concentration.
Furthermore, evidence is given that polygenic transcriptional co-regulation of these SNPs
through their effects on TFBS forms the basis of their associations with the respective
phenotypes. The current study contributes to the investigation of fibrinogen’s missing
heritability by widening the scope of involved genes from what has been discovered thus far, as
well as providing a new avenue for the exploration of transcriptional co-regulation of SNPs

outside of, and additive gene-environment contributions within the fibrinogen gene cluster.

KEYWORDS FGA, FGB, FGG, thrombosis, genetics of haemostasis, interleukin-6,

inflammation, fibrinogen gamma prime, gene-environment interactions, turbidity
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CHAPTER 1

INTRODUCTION




INTRODUCTION

1.1 BACKGROUND

Central to blood coagulation, fibrinogen is the precursor of fibrin, the main constituent of a blood
clot (Blombéack, 1996; Herrick et al., 1999). Fibrinogen is a hexameric protein, composed of two
sets of non-identical, alpha (a), beta (B) and gamma (y) polypeptide chains (Mosesson et al.,
2001). These chains are independently coded for by the a (FGA), B (FGB) and y (FGG) chain
genes, on the g-arm of chromosome four (Henry et al.,, 1984). The y chain is subject to
alternative splicing and polyadenylation and two common variants, fibrinogen gamma A (yA)
and gamma prime (y’) exist. Fibrinogen ¢y’ contributes 8 to 15% of total plasma fibrinogen
concentrations (Wolfenstein-Todel & Mosesson, 1980; Chung & Davie, 1984), and has a higher
molecular weight due to alternative splicing in the carboxyl-terminal region of the y polypeptide
chain. The alternative splicing results in the translation of a 20-amino acid sequence of intron 9,
that replaces the four-amino acid sequence of exon 10 (Wolfenstein-Todel & Mosesson, 1980;
Chung & Davie, 1984).

Fibrinogen occurs in the circulation at concentrations of 1.5 to 4.5 g/L, and is involved in the
inflammatory and blood coagulation processes, as an acute phase, and haemostatic protein,
respectively (Clark et al., 1982; Donaldson et al., 1989; Sahni et al., 1998; Sahni & Francis,
2000; Kamath & Lip, 2003). An increased fibrinogen concentration is an independent risk factor
for cardiovascular pathology through its atherogenic and thrombogenic properties (Koenig,
2003; Ariéns, 2013). Fibrinogen contributes to atherogenesis by accumulating in atherosclerotic
plague, increasing both plaque growth and instability while promoting an endothelial
environment that enhances atherogenic abilities (Feinbloom & Bauer, 2005; Ariéns, 2013).
Increased fibrinogen concentrations also enhance fibrin clot stability by increasing clot size,
density and stability (thrombogenesis), thereby suppressing the fibrinolytic process, allowing
formed thrombi to remain intact in the vasculature for a longer time (Weisel & Nagaswami,
1992; Machlus et al., 2011). Numerous studies, as reviewed by Undas and Ariéns (2011), have
reported on the association between various clot properties (including effects on clot lysis), and
cardiovascular disease (CVD) outcomes such as atherosclerosis, deep vein thrombosis,
myocardial infarction, stroke and coronary heart disease. A dense clot structure consisting of
compact, highly branched, thin fibres is more resistant to clot lysis and, therefore, has a greater
association with CVD (Ariéns, 2011; Machlus et al., 2011; Undas & Ariéns, 2011). Irrespective
of the intermediate functional phenotypes, both total and y fibrinogen are independently

associated with increased risk of CVD (Stec et al., 2000; Lovely et al., 2002; Danesh et al.,
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2005; Mannila et al., 2007; Cheung et al., 2008; Cheung et al., 2009; Tousoulis et al., 2011;
Macrae et al., 2016), although causality has not been confirmed (Keavney et al., 2006; Meade
et al., 2006; Ken-Dror et al., 2012; Sabater-Lleal et al., 2013).

The prevalence of CVD in South Africa is steadily increasing (Statistics South Africa, 2016), and
it is currently one of the leading causes of mortality globally (Mozaffarian et al., 2016). A recent
longitudinal investigation of CVD risk progression in South Africa reported a worsening CVD risk
over time, although the distribution of risk factors varied between ethnic groups. The authors
observed a predisposition to hypercoagulability in black study participants, with greater
increases in total fibrinogen concentrations in the follow-up period compared to their white
counterparts (Hamer et al., 2015). In agreement with the Hamer study, black ethnicities have
been shown to have higher fibrinogen concentrations than whites in South Africa (Greyling et
al., 2007; Pieters & Vorster, 2008; Lammertyn et al., 2015) and internationally (Folsom et al.,
1991; Albert et al., 2009; Wassel et al.,, 2011). This is already prevalent at adolescent age
(Nienaber et al., 2008).

Family and twin studies investigating the genetics of fibrinogen in multiple ethnic groups have
reported the heritability of fibrinogen concentrations to be between 20 and 51% (Hamsten et al.,
1987; Reed et al., 1994; Friedlander et al., 1995; Livshits et al., 1996; de Lange et al., 2001). A
meta-analysis conducted by the Fibrinogen Studies Collaboration reported the cumulative ability
of modifiable lifestyle characteristics known to influence fibrinogen concentrations, including
physical activity, body mass index, smoking and alcohol consumption habits, to explain about
half of fibrinogen’s variation (Kaptoge et al., 2007). The authors added that aiming to alter
elevated fibrinogen concentrations with lifestyle modification only might be a feeble attempt
(Kaptoge et al., 2007).

Acknowledging the reports of great heritability in a pathologically relevant protein, researchers
set out to identify the single nucleotide polymorphisms (SNPs) associated with the heritable
component of the fibrinogen phenotype. With limited success, the totality of genome-wide
association studies (GWAS) have only accounted for 3.7% of the variation in plasma fibrinogen
by common SNPs to date (Sabater-Lleal et al.,, 2013). The vast discrepancy between
heritability and association studies has made a case for researchers to try to find the missing

heritability of fibrinogen.

The present study aimed to address the missing heritability of fibrinogen in a study population
suitable to overcome some of the barriers in the literature thus far, as will be discussed below.

The study population was the South African arm of the Prospective Urban and Rural



Epidemiology (PURE) study, consisting of self-identified black Tswana-speaking individuals in
the North West province. The high fibrinogen concentrations and great genetic variability in this
population made it ideal for investigating the missing heritability, as both the phenotype and
genotype are different from those of Europeans, among whom most of the research on
fibrinogen’s heritability has been conducted (Wassel et al., 2011; Kotzé et al., 2015). This study
adopted three primary approaches to explore the missing heritability of the fibrinogen phenotype

in an African population.

Firstly, polymorphisms within the fibrinogen gene cluster identified in the literature to have
possible functional effects were investigated. These polymorphisms were investigated in terms
of their individual association with the fibrinogen phenotypes, as well as in terms of the linkage
disequilibrium (LD) and haplotypes between them. This is the first report of LD and haplotypes
within the fibrinogen gene cluster in this African study population and is of international
relevance, as it has previously not been possible to identify the true functional variants because
of very high LD in the fibrinogen genes in Europeans (Green, 2001; Baumann & Henschen,
1994; Behague et al.,, 1996; Mannila et al., 2005; Verschuur et al., 2005). Studies on the
population-specific genetic variation have revealed Africans to have genetic diversity greater
than any other population in the world (Chen et al., 1995; Schuster et al., 2010; Teo et al.,
2010). Low LD in the fibrinogen genes has been reported in the PURE study population
specifically (Kotzé et al., 2015). Research in African populations might, therefore, be able to
identify which of the highly linked SNPs in Europeans are in fact causally associated with
fibrinogen concentrations and functionality, and truly contribute to its heritability. Furthermore,
the possibility of an additive effect when harbouring more than one truly independent risk allele

was investigated for the first time, aiming to explain a greater part of the fibrinogen variance.

The second approach was the investigation of gene-environment interactions. The regulation of
fibrinogen through genetic (up to 51%) and environmental influences (up to 64%) has been
reported (Manolio et al., 2009; Sabater-Lleal et al., 2013). Environmental factors alter the
magnitude of the effect of polymorphic variance on fibrinogen expression (Humphries et al.,
1997; Lim et al., 2003; Baumert et al., 2014). Investigating the interaction between these two
great influencers could explain a larger part of the variance than their separate contribution
could (Manolio et al., 2009). The gene-environment interaction that was focused on was the
interaction of fibrinogen polymorphisms with interleukin-6 (IL-6). The interaction between
inflammatory markers, specifically IL-6 (as one of the main fibrinogen production stimuli), and
the fibrinogen genes has been greatly explored in the global literature (Anderson et al., 1993;
Dalmon et al., 1993; Verschuur et al., 2005; Fish & Neerman-Arbez, 2012). In response to

injury or physiological stress, IL-6 triggers the inflammatory response through the production of
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acute phase proteins, such as fibrinogen, by hepatocytes (Heinrich et al., 1990). The fibrinogen
genes carry upstream IL-6 responsive elements that alter the level of fibrinogen expression in
vivo (Fuller & Zhang, 2001; Fish & Neerman-Arbez, 2012). In addition to total fibrinogen
regulation, IL-6 is also able to up-regulate the production of ¢y’ fibrinogen independently
(Alexander et al., 2011; Rein-Smith et al., 2013). Evidence for the differential expression of the
fibrinogen genotypes and haplotypes during the acute phase influencing gene- and protein
expression is clear (Verschuur et al., 2005; Morozumi et al., 2009), although the effect of IL-6 on

fibrinogen genotype behaviour in Africans has not been determined

The third approach was to explore SNPs beyond those in the fibrinogen gene cluster we
hypothesise to have pleiotropic associations with the fibrinogen phenotype, and therefore might
be able to regulate fibrinogen expression polygenically. This approach is rooted in humerous
GWAS identifying more associations with the fibrinogen phenotype outside of, than within the
fibrinogen gene cluster (de Vries et al., 2016). Fibrinogen-related GWAS have only been
performed in European and ad-mixed population groups, from whom the extrapolation of
genetic data to the unique African genome is not possible (Tishkoff et al., 2009; Teo et al.,
2010). In addition, the lack of a genome-wide chip for ethnic subgroups in Africa hinders the
possibility of pursuing a genome-wide approach (Teo et al., 2010). Consequently, a candidate
gene approach was followed to overcome the barrier of the lack of a genome-wide method, and
strengthened by the ability to identify candidate SNPs of plausible relevance. The approach
involved the identification of SNPs that code for proteins significantly associated with the
fibrinogen phenotype that might regulate fibrinogen concentrations on a molecular, rather than
protein level. Biochemical markers are susceptible to a large amount of variance due to
lifestyle, metabolism, environmental factors, season or physiological stress. Genes, on the
other hand, are constant predictors of a baseline phenotype unchangeable by the above-
mentioned factors (Keavney et al., 2006). The genotype underlying several phenotypes known
to be associated with fibrinogen may, therefore, provide greater mechanistic insight into the high
fibrinogen concentrations observed in the South African and other black populations. These
variants were also investigated in terms of their co-regulatory transcriptional properties,
alongside the polygenic effect of carrying several candidate risk alleles concurrently through the

investigation of transcription factor binding sites and genetic risk score models.

To this end, this dissertation presents a focused investigation on selected fibrinogen SNPs and
their haplotypes in terms of their independent (first approach) and IL-6-interactive (second
approach) effects on the fibrinogen phenotype (Chapter 3). In addition, a candidate gene
analysis investigating the effects of polymorphisms from several genes related to proteins

known to be associated with the fibrinogen phenotype is presented (third approach, Chapter 4).
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The fibrinogen phenotype investigated in this study consists of three components. Both total
and vy fibrinogen concentrations were investigated, as 7y fibrinogen is independently
physiologically relevant in terms of clot properties and CVD risk. Furthermore, as one of the
main mechanistic pathways through which increased total and vy’ fibrinogen contribute to CVD
risk is through the effects thereof on plasma clot properties (Ariéns, 2013), measurable features
of clot formation (lag time and slope), structure (maximum absorbance) and lysis (clot lysis
time), obtained from turbidimetry, were included as phenotype outcomes to establish the
functional effects of changes in total and y' fibrinogen concentrations. Investigating the
molecular mechanisms that underlie the susceptibility to hypercoagulability in black South
Africans will be insightful in the development of individualised prevention frameworks that could
lower the burden of CVD-related pathology in Africa.

1.2 AIMS AND OBJECTIVES

This study is a genotypic exploration of the fibrinogen phenotype in terms of protein
concentration (both total and y’ fibrinogen) and functionality (as measured through turbidimetric

analysis) investigated using cross-sectional data from the South African PURE study population.
The primary objectives of this study were:

1. To investigate the association of specific fibrinogen polymorphisms and their haplotypes

with the fibrinogen phenotypes;

2. To determine the IL-6-interactive effect of polymorphisms and haplotypes within the

fibrinogen gene cluster on total and vy’ fibrinogen concentration and clot properties;

3. To identify SNPs beyond those in the fibrinogen genes that are associated with the
fibrinogen phenotype based on the principles of pleiotropic and polygenic regulation.

1.3 STRUCTURE OF THE DISSERTATION

This dissertation is presented in the form of five chapters, two of which are original articles.
Chapters 1, 2 and 5 meet the technical, language and referencing requirements stipulated by
the North-West University, whereas Chapters 3 and 4 were written in accordance with the
respective journals’ specifications. A literature review, Chapter 2, follows this introductory
chapter. In the literature review the biochemical structure and physiological functions of
fibrinogen, together with the pathophysiological consequences of increased fibrinogen, are
discussed. In addition, the genetics of fibrinogen, including the molecular composition,

transcriptional regulation, heterogeneity, polymorphic variance and heritability are reviewed,;
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elucidating the problem of fibrinogen’s missing heritability. Lastly, three approaches that could
address the missing heritability are discussed, including the investigation of fibrinogen
polymorphisms and their haplotypes, gene-environment interactions, specifically with regard to
IL-6, and the pleiotropic and polygenic co-regulation of the fibrinogen phenotype.

Chapter 3 is the first original research article to be submitted for publication in the British Journal
of Haematology titled: “Independent and IL-6-interactive associations of selected fibrinogen
polymorphisms in predicting fibrinogen and clot-related phenotypes”. Thereafter, the second
article, published in Matrix Biology, titled: “Candidate gene analysis of the fibrinogen phenotype
reveals the importance of polygenic co-regulation” (Cronjé et al., 2016, e-pub ahead of print),
forms Chapter 4. A concluding chapter, Chapter 5, captures the main findings and the
implications of the results in the greater body of literature, as well as limitations of the current
study and recommendations for future research. A bibliography, including references cited in

the first, second and fifth chapters and addenda, concludes this dissertation.
1.4 RESEARCH TEAM

The primary research team consisted of Ms H. Toinét Cronje (M.Sc. candidate), Dr Cornelie
Nienaber-Rousseau (supervisor), Prof. Marlien Pieters and Dr Zelda de Lange (co-supervisors).
In addition, Mr Tinashe Chikowore, Dr Tertia van Zyl, Dr Lizelle Zandberg and Dr Fiona R.
Green co-authored one or more of the manuscripts resulting from this dissertation. By signing
below, each contributor accepted their indicated involvement as true, and approved the

inclusion of the resultant manuscripts in this dissertation.
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LITERATURE REVIEW

2.1 INTRODUCTION

Cardiovascular disease (CVD) is one of the leading causes of mortality worldwide (Mozaffarian
et al., 2016), and is at the moment, the second largest cause of death in South Africa, steadily
increasing from 16.4% in 2012 to 17.3% in 2014 (Statistics South Africa, 2015). An increased
fibrinogen concentration is an established risk factor for cardiovascular pathology, and is
consistently associated with a greater risk of myocardial infarction (Ml), atherosclerosis, deep
vein thrombosis (DVT), stroke and coronary heart disease (CHD), owing to its involvement in
thrombotic and inflammatory processes (Danesh et al., 1998; Danesh et al., 2005; Kaptoge et
al., 2007; Kaptoge et al., 2012; Kaptoge et al., 2013). It was recently reported that black South
Africans had a greater longitudinal worsening of CVD risk compared to whites, particularly with
regard to unfavourable haemostatic profiles (Hamer et al., 2015). In addition, local and
international epidemiological research has shown that black ethnicities have higher fibrinogen
concentrations than their white counterparts (Folsom et al., 1991; Cook et al., 2001; Greyling et
al., 2007; Pieters & Vorster, 2008; Albert et al., 2009; Lammertyn et al., 2015).

Fibrinogen concentrations correlate strongly between family members, specifically twins,
suggesting that the fibrinogen phenotype has a large heritable component. Heritability
estimates ranged from 20 to 51% in various pedigree structures (Hamsten et al., 1987;
Friedlander et al., 1995; de Lange et al., 2001). Environmental factors such as body mass
index (BMI), tobacco and alcohol use, lipid profiles and physical activity contribute to the
remaining variance (Kaptoge et al., 2007; Arbustini et al., 2013). Although heritability estimates
have been significant, genome-wide association studies (GWAS) have allocated a mere 3.7% of
this heritability to common single nucleotide polymorphisms (SNPs) to date (Sabater-Lleal et al.,
2013; de Vries et al., 2016). Furthermore, genetic association studies in Europeans have had
some difficulty in trying to identify functional SNPs in the fibrinogen gene cluster, owing to great
linkage disequilibrium (LD), particularly in the upstream B chain gene region where highly
associated SNPs are in full LD (Green, 2001; Baumann & Henschen, 1994; Behague et al.,
1996; Mannila et al., 2005; Verschuur et al., 2005). The black South African population, in
contrast, have great genetic variability, as observed in their complex LD and haplotype pattern
(Teo et al., 2010; Kotzé et al., 2015), which can be utilised in an effort to identify possible

functional SNPs.

Acknowledging that twin studies have allocated up to 51% of fibrinogen concentrations to be
heritable, and GWAS have only been able to allocate 3.7% thereof, a case is made to
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investigate the missing heritability of the fibrinogen phenotype. This dissertation aims to do just
that, using three primary approaches to explore the genotypic composition of the fibrinogen
phenotype in Africans. Firstly, investigating polymorphisms and haplotypes within the fibrinogen
genes themselves in a population known for genetic diversity and low LD could assist in the
identification of functional variants. Secondly, gene-environment interactions, particularly
regarding the effect of cytokines such as IL-6, have not been investigated in an African context
where the prevalence of low-grade chronic inflammation is significant (Pieters et al., 2011;
Lammertyn et al., 2015). These interactions could explain a larger part of the variance than the
contribution of polymorphisms and environmental influencers separately. Lastly, an
investigation of candidate genes and polymorphisms coding for phenotypes biologically relevant
to fibrinogen, overcomes the methodological barriers in terms of a genome-wide investigation in
Africans (Chapter 1), and utilises the genetic and phenotypic diversity of the African study
population to identify novel associations. Furthermore, investigating these candidate SNPs in
terms of their pleiotropic and polygenic co-regulatory properties could contribute to the broader

understanding of the genetic regulation of the fibrinogen phenotype.

This literature review appraises the theoretical principles that underlie these three approaches
by reviewing the basic principles of linkage, LD and haplotypes, gene-environment interactions
and cytokine involvement, as well as pleiotropic and polygenic regulation of complex
phenotypes. Prior to the overview of these three approaches, the fibrinogen phenotype will be
reviewed in terms of its biochemical composition, (patho)physiological relevance, genetic
regulation and heterogeneity, as well as heritability. The research question in terms of missing

heritability will then be presented as an introduction to the three approaches.

2.2 FIBRINOGEN: BIOCHEMISTRY, PHYSIOLOGY AND PATHOPHYSIOLOGY
2.2.1 Biochemical composition of the fibrinogen protein

Fibrinogen is a 45 nm soluble glycoprotein with a molecular weight (MW) of 340 kilo Dalton
(kDa), synthesised and assembled mainly by the hepatic parenchymal cells (Caspary &
Kekwick, 1957). Secretion of fibrinogen by the intestinal and alveolar epithelial cells upon
stimulation by inflammatory cytokines has also been described (Guadiz et al., 1997; Lawrence &
Simpson-Haidaris, 2004).

The hexameric fibrinogen protein is composed of two sets of non-identical disulphide-bridged
alpha (a), beta (8) and gamma (y) chains (Blomback et al., 1976; Henschen et al., 1983; Zhang
& Redman, 1992; Huang et al., 1993; Herrick et al., 1999). Fibrinogen has a trinodular structure

that consists of firstly a central E-domain containing the amino-termini of the six polypeptide
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chains and secondly, two distal D-regions (Blombéck, 1996) containing binding pockets crucial
for fibrinogen polymerisation. These three structural components are joined by two o-helical
coiled coils made up of three polypeptide chains (AaBfy), which provide elasticity to the
fibrinogen molecule (Henschen et al., 1983). The amino-termini of the o and B chains
represent the fibrinopeptides A (FPA) and B (FPB) and are situated in the E-region as the
cleavage site for thrombin (Yang et al.,, 2000). The carboxyl termini of the § and y chains
terminate at the respective D-regions, whereas the a chains’ carboxyl termini extend to flexible
aC domains of more than 350 residues protruding from the D-regions (Mosesson, 1998;

Tsurupa et al., 2009). Fibrinogen is depicted in Figure 2.1.

oiz-domain
FF';ﬂlx FFE
o — Ea
o—Es
C-region Central E-domain Chregion
Figure 2.1 Biochemical composition of the fibrinogen protein

Adapted from Herrick et al. (1999) and Mosesson (2005)

Common variants of the fibrinogen protein exist, including high, low, and very low MW variants
(3.40, 3.05 and 2.70 kDa respectively), depending on the presence of both, one or none of the a
chain carboxyl termini (Holm & Godal, 1984; Holm et al., 1985; Holm et al., 1986). Variation in
the B and y chains has also been reported (Mosesson et al., 1972; Brennan et al., 2009). These

heterogeneities will be discussed in Section 2.3.4.
2.2.2 The (patho)physiology of fibrinogen

Fibrinogen is present in the plasma at a basal concentration of 1.5 to 4.5 g/L, and varies as a
result of numerous genetic and environmental influences (Kamath & Lip, 2003; Weinstock &
Ntefidou, 2006). As an acute phase protein, fibrinogen concentrations increase significantly
during times of physiological stress, and have a biological half-life of approximately 100 hours
(Herrick et al., 1999; Pulani¢ & Rudan, 2005).

Fibrinogen, both in shortage and excess, has pathophysiological consequences. In shortage, a

lack of blood coagulation causes increased haemorrhaging and excessive blood loss, whereas

excess fibrinogen concentrations result in hypercoagulability and delayed fibrinolysis (Ariéns,
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2013). This literature review will focus on pathophysiology resulting from excess fibrinogen, as
it is the most prominent occurrence in the South African population and a known contributor to
CVD (Lovely et al., 2002; Mannila et al., 2007; Bertram et al., 2013; Hamer et al., 2015).

In this section the main physiological functions of fibrinogen, haemostasis and inflammation, as
well as the pathophysiological consequences related to these functions in the presence of high
fibrinogen concentrations, are discussed. The section concludes with an overview of the
literature regarding the prospective association of increased fibrinogen concentration with CVD
risk.

2.2.2.1 The (patho)physiology of fibrinogen: haemostasis and thrombogenesis

Haemostasis refers to the maintenance of day-to-day blood flow and the physiological ability to
respond to excessive bleeding by sealing damaged vessel walls to cease haemorrhaging
(Widmaier et al., 2011). The coagulation cascade (Figure 2.2) is composed of two pathways,
intrinsic and extrinsic, that differ owing to the cause of coagulation initiation (Davie et al., 1991).
Both pathways consist of a range of stepwise enzymatic conversions of inactive plasma proteins
(zymogens) to, mostly, serine proteases (Davie & Ratnoff, 1964). The intrinsic pathway initiates
when Factor (F)XII is activated through contact activation by collagen or connective tissue
(Wilner et al., 1968) to form FXlla. The extrinsic pathway initiates when the membrane protein,
tissue factor (TF), which has a strong affinity for FVII, forms an enzymatically active TF-FVlla
complex in the presence of calcium ions (Jesty & Nemerson, 1974). The two pathways
converge at the formation of active serine protease FXa. FX is activated through stepwise
reactions within the intrinsic pathway, resulting in FIXa, which, in the presence of FVIII,
phospholipids and calcium, is able to initiate the cleavage of FX (Davie et al., 1991).
Extrinsically, the FX-to-FXa conversion occurs through either the direct ‘attack’ of the TF-FVlla
complex on the FX protein (Davie & Ratnoff, 1964; Nemerson, 1966; Jesty & Nemerson, 1974),
or indirectly through the activation of FXI (Osterud & Rapaport, 1977; Marlar et al., 1982). The
presence of phospholipids and calcium ions assists in the formation of a FXa-FVa complex, also
known as “prothrombinase” (Rosing et al., 1980). This converts prothrombin to thrombin
through hydrolysis. Factors Va and FVllla participate in the cascade as cofactors (Davie et al.,
1991).
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Figure 2.2 Blood coagulation cascade
Adapted from Davie et al. (1991)and Widmaier et al. (2011)

Upon the generation of thrombin, fibrinogen is converted to fibrin, the greatest constituent of a
blood clot. This conversion takes place when the proteolytic cleavage of the peptide bonds in
the amino-termini of both the o and  chains releases FPA and FPB (Scheraga & Laskowski,
1957). Cleavage of FPA exposes the E, polymerisation site at the amino-terminal of the o chain
(17" to 20™ amino acid) and the B chain (between the 15" and 42" amino acid), respectively
(Yang et al., 2000; Mosesson et al., 2001). The consequent cleavage of FPB exposes an
alternative polymerisation site at the E-terminal (Eg) (Sporn et al., 1995). Complementary
binding pockets in the y chains situated in the D-domains (D, and Dg) bind to the E, and Eg
polymerisation sites to stagger fibrin molecules in an end-to-middle attachment manner, so that
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the central E-domain binds to the outer D-domain of the adjacent molecule (Smith, 1980;
Mosesson et al., 2001). The aC regions are also released by FPB cleavage, thereby allowing

the lateral aggregation of the protofibrils (Tsurupa et al., 2009; Riedel et al., 2011).

During fibrin formation, thrombin also facilitates the conversion of FXIIl to an active FXllla
enzyme that enables the covalent cross-linking of the fibrin monomers by covalent bonds in the
o and y chains (Ariéns et al., 2002). Cross-linking by FXIIl and the incorporation of additional
plasma proteins (fibrinectin and a-antiplasmin) assist in the stabilisation and strengthening of a

secure fibrin clot (Davie et al., 1991; Ariéns et al., 2002).

In addition to the role of fibrinogen in clot formation, fibrinogen chronically regulates blood
viscosity and promotes wound healing through vasoconstriction at injury sites, and enhanced
wound stability and cell-to-cell interaction and adhesion (Herrick et al., 1999; Drew et al., 2001;
Reinhart, 2003; Pulani¢ & Rudan, 2005). Furthermore, fibrinogen acts as an adhesive by
enhancing platelet aggregation through its binding to the platelet glycoprotein llib/llla receptor,
thereby producing a platelet-rich blood clot (Cabhill et al., 1992; Calvete, 1995; Lefkovits et al.,
1995; Koenig, 2003).

Although the formation of a blood clot is essential, all blood clots that have formed have to be
lysed upon adequate tissue repair and blood loss control. The fibrinolytic system is initiated
when plasminogen, activated by tissue plasminogen activator (tPA) and urokinase
plasminogen activator (UPA), forms plasmin (Davie et al., 1991; Collen, 1999). Plasmin is able
to lyse the fibrin clot by cleaving individual fibrin fibres at C-terminal lysines and releasing
soluble fibrin degradation products into the vasculature (Collen, 1999). Hyperfibrinogenaemia
interferes with the ability of clots to lyse efficiently, and disturbs the balance between
haemostatic and fibrinolytic function in favour of thrombogenesis, consequently leading to a
hypercoagulable state (McDonagh & Lee, 1997; Machlus et al., 2011). Hyperfibrinogenaemia
is associated with a larger platelet and fibrin rich clot structure, with thin fibres packed densely
in a rigid clot network structure with lower porosity (Fatah et al., 1992; Scrutton et al., 1994;
Mills et al., 2002; Collet et al.,, 2006; Undas & Ariéns, 2011). These clots remain in the
vasculature for a longer time owing to the inability of degradation enzymes to enter the clot,
thereby impairing clot lysis (Machlus et al., 2011). Hyperfibrinogenaemia also increases blood
viscosity and aggregation of erythrocytes, further enhancing the risk of thrombosis (Koenig &
Ernst, 1992; Lowe, 1992).

Apart from fibrinogen’s role in blood coagulation and thrombosis, fibrinogen is also an acute

phase protein, involved in the inflammatory process, and in excess, contributes to
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atherogenesis and inflammatory disease. These (patho)physiological properties of fibrinogen

are discussed in the following section.

2.2.2.2 The (patho)physiology of fibrinogen: inflammation and atherogenesis

Fibrinogen’s involvement as both a haemostatic and an acute phase reactant in the coagulation
and inflammatory systems is essential, as are both of these biological pathways (Pulani¢ &
Rudan, 2005). The interplay and cross-talk between these two systems is complex and the
initiation or up-regulation of one is mirrored in the other (Dahlback, 2012). Coagulation and
inflammation are kept under strict homeostatic control by anti-coagulant and anti-inflammatory
mechanisms and the chronic disturbance thereof has pathological consequences (Dahlback,
2012; Davalos & Akassoglou, 2012).

IL-6 and glucocorticoids primarily up-regulate the hepatic expression of fibrinogen during the
acute phase initiated by pro-inflammatory cytokines such as interleukin-1p (IL-18) and tumour
necrosis factor-a (TNF-a) (Herrick et al., 1999; Redman & Xia, 2000). The increase in the
expression of fibrinogen is observed upon physiological stress such as smoking, strenuous
exercise or surgery (Koster et al., 1994; Folsom, 2001; Danesh et al., 2005; Smith et al., 2005;
Folsom et al., 2007; Kaptoge et al., 2007; Spiel et al., 2008; Davalos & Akassoglou, 2012). In
addition to hepatic up-regulation, fibrinogen synthesis is also stimulated in the lung and
endothelial epithelium (Guadiz et al., 1997; Lawrence & Simpson-Haidaris, 2004).

The inflammatory response relies on the interaction of leukocytes and their surface receptors
(integrins) with inflammatory proteins such as fibrinogen. The main integrins through which
fibrinogen exerts its inflammatory effect are CD11g/CDg (Macrophage-1 antigen, Mac-1) and
CD11./CDyg (axp2). Fibrinogen is able to bind to Mac-1 as well as the intercellular adhesion
molecule-1 (ICAM-1), through which monocyte-endothelial cell interaction is enhanced owing to
the bridging of monocytes (Mac-1) to endothelial cells (ICAM-1) (Languino et al., 1995; Van de
Stolpe et al., 1996; Duperray et al., 1997). Fibrinogen also has the ability to up-regulate the
expression of ICAM-1, specifically through the release of FPB, resulting in greater monocyte
adhesion and cellular proliferation (Gardiner & D’Souza, 1997; Harley et al., 2000; Tsakadze et
al., 2002). The migration and binding of leukocytes to the endothelial tissue through ICAM-1
(Languino et al., 1995) enhance subsequent chemotaxis, resulting in the influx of monocytes,
lymphocytes, eosinophils, fibroblasts and endothelial cells to the site of injury (Forsyth et al.,
2001). Rubel et al. (2001) also observed that the binding of fibrinogen to integrins activated
neutrophils and resulted in a delay in phagocytosis. Binding of fibrinogen to the endothelial
cells through ICAM-1 also stimulates the release of vasoactive mediators, that can rapidly

induce vasodilation or constriction (Hicks et al., 1996; Herrick et al., 1999).
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Pathogenically, endothelial attachment modulates the permeability of the endothelial tissue that
allows the deposition of fibrin(ogen) remnants in the sub-endothelium, thereby providing an
adsorptive surface for LDL-c and apolipoprotein-A (Lou et al., 1998; Retzinger et al., 1998).
Fibrin(ogen) deposits have been found in atherosclerotic plaque (Bini et al., 1989; Reinhart,
2003; Borissoff et al., 2011), where it contributes to risk of atherosclerosis (Naito et al., 1990;
Lou et al., 1998). Small arterial lesions that occur within the plaque allows fibrin(ogen) deposits,
leading to the incorporation of fibrin(ogen) in the growing plagque mass, thereby contributing to
chemotaxis of smooth muscle cells and greater instability of atherosclerotic plague (Collet et al.,
2000; Feinbloom & Bauer, 2005; Ariéns, 2013). These mechanisms support the causal role of
fibrinogen in atherosclerosis, although the lack of an effective isolated fibrinogen-lowering
pharmacological product has made the investigation and establishment of fibrinogen as either a
marker or mediator of atherosclerosis problematic (Reinhart, 2003). Opposing the above-
mentioned pathophysiological consequences, fibrinogen also possesses antioxidant properties
that are able to minimise oxidative damage during inflammation, offering a protective
mechanism during the inflammatory process (Kaplan et al., 2001; Olinescu & Kummerow,
2001).

The involvement of hyperfibrinogenaemia in thrombo- and atherogenesis provides mechanisms
that support the increased risk of CVD observed in individuals with high fibrinogen
concentrations. A brief summary of the prospective data on fibrinogen and the broad spectrum

of cardiovascular pathology will now be discussed.
2.2.2.3 Fibrinogen and cardiovascular disease risk

Increased fibrinogen concentrations are prospectively associated with an increased risk of
atherosclerosis (Chambless et al., 2002), Ml (Ernst & Resch, 1993; Danesh et al., 2005;
Mannila et al., 2005), stroke (Wilhelmsen et al., 1984; Kannel et al., 1987; Qizilbash et al., 1991;
Lee et al., 1993; Maresca et al., 1999), DVT (Koster et al., 1994; Uitte de Willige et al., 2005)
and CHD (Meade et al., 1986; Palmieri et al., 2003; Danesh et al., 2005). Apart from
fibrinogen’s association with these CVDs, fibrinogen is known to contribute to autoimmune and
inflammatory diseases, including inflammatory bowel disease and cancer, through its pro-
inflammatory properties (Davalos & Akassoglou, 2012). The -causality of fibrinogen
concentrations in these above-mentioned illnesses remains a highly debated topic (Reinhart,
2003; Sabater-Lleal et al., 2013). Fibrinogen has been reported as a marker of the increased
inflammatory state that contributes to CVD risk, more so than as an independent CVD risk
contributor (Sabater-Lleal et al., 2013). Several mechanistic pathways do however exist

through which an increased fibrinogen concentration can contribute to CVD. This includes the
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formation of pro-atherogenic clot structure, increased viscosity, increased platelet activation and

the above-mentioned inflammatory pathways (Machlus et al., 2011; Sabater-Lleal et al., 2013).

The study of causality is challenging, as fibrinogen is greatly associated with numerous
independent CVD risk factors and intertwined with the inflammatory process, making the
investigation of fibrinogen as a truly independent contributor difficult (Keavney et al., 2006).
Furthermore, effective fibrinogen-lowering medication is not available, inhibiting randomised
control trials to isolate the true contribution of fibrinogen to CVD (Lowe & Rumley, 2001).
Regardless of the controversy, the Emerging Risk Factors Collaboration (2012) reported that
the inclusion of fibrinogen concentrations in the conventional list of risk factors could result in
the prevention of one cardiovascular event in every 400 to 500 screened individuals in ten

years.

In the South African context, higher fibrinogen concentrations have been reported in black
population groups (Greyling et al., 2007; Pieters & Vorster, 2008; Lammertyn et al., 2015), in
agreement with global literature (Folsom et al., 1991; Green et al., 1994; Lutsey et al., 2006;
Kaptoge et al., 2007; Albert et al., 2009; Wassel et al., 2011). Research into the risk of CVD
and fibrinogen concentrations in South Africa is limited, with a weak, but significant, association
reported by Pieters et al. (2011). A predisposition to hypercoagulability has been noted in black
South Africans (Hamer et al., 2015) compared to their white counterparts, which greatly

enhances their prospective risk of CVD outcomes.

A large portion of increased fibrinogen concentration and the consequent increased risk of
pathogenic clot kinetics and structure have been reported to be heritable (de Maat, 2001; Mills

et al., 2002). The following section will review the genetics of fibrinogen.
2.3 GENETICS OF FIBRINOGEN

Fibrinogen concentration is to a large extent genetically pre-determined. This section will focus
on the molecular composition and expression of the three fibrinogen genes. The well-known
splice variants and polymorphic variation within these genes will also be discussed, after which
the reported heritability will be reviewed and the case of fibrinogen’s missing heritability will be

presented.
2.3.1 The molecular composition of fibrinogen

The a, B and y chain sets of the fibrinogen molecule are coded for individually by the respective

a, B and y chain genes (FGA, FGB and FGG), situated in a 50 kb region on the g-arm of
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chromosome 4 (Henry et al., 1984). The B chain transcript opposes that of the a and y chain
orientation, and the a chain gene encodes the largest of the three transcripts. The composition

of the fibrinogen gene cluster is briefly summarised in Figure 2.3.

Fibrinogen B chain gene

S UTR 8 exons
7 introns ‘
l |
I
154 562 958 Translation length 491 residues 154 5?1 086

Fibrinogen a chain gene

3 UTR 5 exons
| ‘ 4 introns |
154 585 260 Translation length 644 residues 154 590 766

Fibrinogen y chain gene

S HTR 10 exons
9 introns
154 6804 134 Translation length 437 residues 154 812 849
Figure 2.3 Composition of the fibrinogen gene cluster

Adapted from Ensembl, Release 86 (Yates et al., 2016)

Transcription and translation of the genes depicted above form the functional fibrinogen protein.
The following section will discuss the transcriptional regulation of the fibrinogen gene cluster,
and how two distinct mechanisms of transcriptional control enable fibrinogen to both chronically
regulate blood flow and acutely respond to tissue damage and excessive bleeding.
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2.3.2 Transcriptional regulation of fibrinogen

As summarised in the previous section, the fibrinogen protein is composed of three polypeptide
chains coded for by three individual genes. These genes are independently transcribed and the
co-regulatory nature of their expression has been greatly investigated (Fish & Neerman-Arbez,
2012). As all three chains are required to form the functional protein, theoretically, regulatory
change in any of the chains would reflect on the entire protein. This has been proven in in vitro
research where the induction of the expression of one of the polypeptide chains resulted in the
up-regulation of the entire protein (Otto et al., 1987; Roy et al.,, 1990; Roy et al., 1994). In
addition, a circadian rhythm to hepatic fibrinogen expression has been observed, with a peak in
fibrinogen concentrations and expression observed in the early morning, in the presence of light
stimuli (Bremner et al., 2000; Sakao et al., 2003).

The B chain gene has a transcriptional orientation opposing that of the a and y chain genes that
are in tandem, and has previously been indicated to be rate-limiting in the transcriptional
process (Yu et al., 1983; Yu et al., 1984; Roy et al., 1990; Herrick et al., 1999). Fibrinogen is
expressed primarily in hepatocytes, in which two distinct forms of transcriptional control have
been observed: Firstly, basal fibrinogen expression that controls day-to-day blood flow and
viscosity, and secondly acute phase response (APR) transcriptional regulation, that regulates
fibrinogen expression during physiological trauma in order to replenish fibrinogen lost either by
excessive bleeding or vessel and wound repair (Ritchie & Fuller, 1983; Fuller et al., 1985;
Gabay & Kushner, 1999; Fish & Neerman-Arbez, 2012).

The basal expression of fibrinogen relies on three primary promoter cis-acting transcription
factors, hepatic nuclear factor 1 (HNF1), CCAAT enhancer-binding protein (C/EBP) and an
upstream stimulatory factor (USF) (Figure 2.2). HNF1, positively regulated by hepatocyte
nuclear factor-4 o, and C/EBP are involved in the basal transcription of the o and § chain genes
(Courtois et al., 1987; Dalmon et al., 1993; Hu et al., 1995) and are located -59 to -47 and -132
to -124 (FGB) (Dalmon et al., 1993) and -91 to -79 and -142 to -132 (FGA) (Hu et al., 1995)
base pairs (bps) from the transcription start site (TSS). Transcription of the y chain is
dependent on the USF located -77 to -66 bps from the TSS (Mizuguchi et al., 1995).

APR transcriptional regulation relies on the elevated secretion of IL-6 by macrophages that
follows in response to pro-inflammatory cytokines such as TNF-a and IL-13 (Fish & Neerman-
Arbez, 2012). Increased IL-6 stimulates the hepatic production of acute phase proteins, such
as C-reactive protein, heptoglobulin and fibrinogen (Redman & Xia, 2000). The up-regulation of

fibrinogen expression during the APR is under the transcriptional control of the IL-6 and
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glucocorticoid signalling pathways. IL-6 responsive elements (IL-6RES) have been observed
upstream of all three of the fibrinogen genes and are functional through their interaction with the
signal transducer and activator of transcription-3 (STAT-3) transcription factor (Fish & Neerman-
Arbez, 2012). Variants within the STAT-3 gene have been identified in a recent GWAS to affect
fibrinogen concentration, reiterating the role of STAT-3 in fibrinogen regulation (de Vries et al.,
2016). The IL-6REs are located between -150 and -82 bps upstream of the FGB TSS
(Anderson et al., 1993; Dalmon et al., 1993), between -127 and -122 bps upstream of the FGA
TSS (Hu et al., 1995), and between -306 and -301 upstream of the FGG TSS (Mizuguchi et al.,
1995). The IL-6-RE at the FGA and FGB promoter is only functional when the nearby C/EBP
site (FGA) (Hu et al., 1995) or HNF1 (FGB) (Dalmon et al., 1993) site is intact and functional.
The IL-6RE at the y chain, however, is independent from the C/EBP site’s activity (Mizuguchi et
al., 1995).

In addition, glucocorticoid responsive enhancer elements have been identified in the B and vy
chain promoter regions between -2900 and -1500, and -1116 to -1102 upstream of the TSS,
respectively (Anderson et al., 1993; Dalmon et al., 1993; Asselta et al., 1998). Glucocorticoids
also influence STAT-3 by down-regulating the expression of suppressor of cytokine signalling 3,
thereby relieving the inhibitory effect thereof on STAT-3 phosphorylation (Dittrich et al., 2012).

Repression of the response of the fibrinogen genes to IL-6 has been reported for TNF-a and
interleukin-1p that are upstream of IL-6 in the acute phase response. Phosphorylation of the
STAT-3 transcription factor is prolonged through IL-1p in a nuclear factor kappa  dependent
mechanism, inhibiting the APR response (Albrecht et al., 2007).
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Figure 2.4 Transcriptional regulation of the fibrinogen gene cluster
Adapted from Redman and Xia (2000) and Fish and Neerman-Arbez (2012)

Mechanisms depicted at the top of the diagram are applicable to the same transcription factors in the o and y chain promoters.

Dashed outline = involvement in basal transcriptional regulation; Solid arrow = positive regulation/induction; Dashed arrow =
repression; * activated through phosphorylation; C/EBP = CCAAT enhancer binding protein element; GRE = Glucocorticoid
responsive enhancer element; HNF1 = hepatocyte nuclear factor-1; HNF4a = hepatocyte nuclear factor-4 o, IL-6RE = interleukin-6
responsive element; SOCS-3 = suppressor of cytokine signaling-3; STAT-3 = signal transducer and activator of transcription-3; USF

= upstream stimulatory factor

It has been shown that polymorphisms within the promoter regions of the fibrinogen genes can
affect the IL-6-induced expression of fibrinogen by causing either greater or lesser increases in
the hepatic expression of fibrinogen (Verschuur et al., 2005; Morozumi et al., 2009). Apart from
these effects, several polymorphisms within and outside of the fibrinogen genes’ promoter
regions have been described to associate with the fibrinogen phenotype in terms of protein
concentrations or disease risk, independent of cytokine interactions (Jacquemin et al., 2008;
Dehghan et al., 2009). Polymorphisms that are associated with the fibrinogen phenotype and

are investigated in this study will be discussed in the following section.
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2.3.3 Common genetic variation within the fibrinogen gene cluster

The fibrinogen cluster is highly polymorphic, with hundreds of SNPs and insertions/deletions
identified to date (Yates et al., 2016). Focused investigations have concentrated on only a few
SNPs, thought to be biologically significant in terms of either alterations in protein function or
structure, or the rate of expression. These SNPs are investigated in terms of either fibrinogen
concentrations as an intermediate phenotype, or in terms of cardiovascular outcomes and
disease risk (Behague et al., 1996; de Maat et al., 1998; Lim et al., 2003). Results have been
controversial (Keavney et al., 2006; Sabater-Lleal et al., 2013). Several SNPs, as summarised
in Table 2.2, have for instance been associated with increased fibrinogen concentrations, which
are thought to be independently associated with CVD risk and cardiovascular-related pathology
(Section 2.2.3). However, as reported in Mendelian randomisation studies, the same SNPs that
are associated with increased fibrinogen concentrations are not necessarily associated with
increased CVD risk, placing a question mark over the causative role of fibrinogen in CVD (Ken-
Dror et al., 2012). The causality of fibrinogen in CVD, as well as the efficacy of Mendelian
randomisation to refute causality claims, remains a debated topic (Keavney et al., 2006; Meade
et al., 2006; Sabater-Lleal et al., 2013).

In Table 2.2 some of the SNPs that have been most prevalent in the context of the fibrinogen
phenotype are summarised. For the purpose of this literature review, only the polymorphisms
reported on further in this dissertation will be included, as the totality of literature on SNP

associations is too broad for the scope of this dissertation.
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Table 2.1 The association of selected fibrinogen polymorphisms with total fibrinogen concentrations and
(patho)physiological outcomes
Variant Gene Association with total fibrinogen concentrations . )
: (Patho)physiological affects
name Location Increase Decrease None
FGB .
rs7439150 de Vries et al. (2016)
5 UTR

Kathiresan et al. (2006) T CAD severity in Ml patients (Behague et
rs1800789 FGB Dehghan et al. (2009) al., 1996)
-1420G/A 5 UTR ' | CAD risk (Theodoraki et al., 2010

Sabater-Lleal et al. (2013) ( )

Kathiresan et al. (2006)

Behague et al. (1996) .
rs1800791 FGB van't Hooft et al. (1999) Mannila et al. (2006)
-854G/A 5 UTR ' Carty et al. (2008)

Jacquemin et al. (2008)
T CAD severity in Ml patients (Behague et

Humphries et al. (1987) al., 1996)

Behague et al. (1996) 1t CAD risk in patients with NIDDM (Carter et

Tybjeerg-Hansen et al. al., 1996)

(1997) < CAD risk (Gardemann et al., 1997; Wang

de Maat et al. (1998) | 5 et al., 1997)
rs1800790 FGB Van Der Bom et al. (1998) Connor et al. (1992) <> IHD risk (Tybjeerg-Hansen et al., 1997)
-455G/A 5 UTR Wang et al. (1997)

van’'t Hooft et al. (1999)
Liu et al. (2005)
Kathiresan et al. (2006)
Carty et al. (2010)
Ken-Dror et al. (2012)

T CAD progression (de Maat et al., 1998)

T Ischemic stroke risk (Nishiuma et al.,
1998)

<> Ml risk (Gardemann et al., 1997;
McCarthy et al., 2004)

T CAD risk (McCarthy et al., 2004)
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Association with total fibrinogen concentrations

Variant Gen.e (Patho)physiological affects
name Location Increase Decrease None
Mannila et al. (2005)
rs1800788 FGB Uitte de Willige et al. T CVD risk (Liu et al., 2005)
-249CIT Liu et al. (2005) (2005) < CAD risk (Behague et al., 1996)
5 UTR i i i
1643C/T Kathiresan et al. (2006) < Ml risk (Mannila et al., 2005)
Jacquemin et al. (2008)

Humphries et al. (1987) 1 CAD risk (Theodoraki et al., 2010)
rs1800787 FGB | schadt et al. (2008) Mannila et al. (2005) MI risk (Mannila et al., 2005
148C/T 5 UTR . . <> Ml risk (Mannila et al., )

Wassel et al. (2011)

Kathiresan et al. (2006)
(84220 EFGBs Danik et al. (2009) Mannila et al. (2005) < Mirisk (Mannila et al., 2005)

xon

Ken-Dror et al. (2012)

1s4463047 3 FGB ) Sabater-Lleal et al. (2013) | Wassel et al. (2011) Mannila et al. (2005) © Mirisk (Mannila et al., 2005)
Intergenic
<> Stroke risk (Carter et al., 1999)

rs6050 o Altered fibrin gel structure (Carter et al.,
Thr312Ala Carty et al. (2010) Mannila et al. (2005) 1999; Lim et al., 2003)
6534A/G Exon 2 1 thromboembolism risk (Lim et al., 2003)

«> Ml risk (Mannila et al., 2005)
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Association with total fibrinogen concentrations

Variant Gen.e (Patho)physiological affects
name Location Increase Decrease None
rs2070011 FGA ]
58G/A 5 UTR Ken-Dror et al. (2012) Mannila et al. (2005) < MI risk (Mannila et al., 2005)
FGG
rs2066865 , Carty et al. (2008) Jacquemin et al. (2008)
10034C/T 3 UTR
FGG Jacquemin et al. (2008 ; ;
rs1049636 q (2008) Mannila et al. (2005) < Ml risk (Mannila et al., 2005)
9340T/C 3 UTR Danik et al. (2009)

Associations reported refer to the association with the minor allele; A = adenine; C = cytosine; CAD = coronary artery disease; CVD = cardiovascular disease; FGA = fibrinogen alpha chain gene;

FGB = fibrinogen beta chain gene; FGG = fibrinogen gamma chain gene; G = guanine; IHD = ischaemic heart disease; MI = myocardial infarction; NIDDM = non-insulin dependent diabetes mellitus; rs

= reference sequence; T = thymine; UTR = untranslated region; T = increase; | = decrease; <> no association.
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In addition to the SNPs listed above, two FGB promoter region SNPs were also investigated in
this dissertation, FGB-rs2227385 and FGB-rs2227388. These are novel variants identified
through sequencing of the FGB promoter region in selected Tswana individuals (Kotzé et al.,
2015). The 1000 genomes project has identified the same variants in individuals of other
African countries, including Nigeria, Sierra Leone, Kenya, Gambia and Nigeria, with minor allele
frequencies (MAFs) of 0.5 to 5% (Yates et al., 2016). The MAF of these variants in the current
study population is 3% and 16%, respectively (Kotzé et al., 2015). No other publications on

these novel variants, to our knowledge, exist.

As summarised in Table 2.2, most of the investigated fibrinogen variants are in and around the
B chain gene, specifically within the promoter area. These SNPs are non-coding variants and
do not alter the amino acid sequence of the protein, but exert a regulatory role (Roche et al.,
2003). Polymorphisms within this region can, therefore, affect the expression of fibrinogen and

thereby associate with increased or decreased protein concentrations (Roche et al., 2003).

Most of the studies summarised in Table 2.2 were epidemiological research conducted in adult
men and women of European descent. In vitro research was performed only by van’t Hooft et
al. (1999). There is some inconsistency in the literature. Results obtained by Behague et al.
(1996), van’'t Hooft et al. (1999), Mannila et al. (2005), Liu et al. (2005), Carty et al. (2010),
Wassel et al. (2011) and Ken-Dror et al. (2012) differed on the larger consensus, although the
discrepancy seems to be accounted for by differences in ethnicity, disease status and possibly
study population size. Regardless of these differences, the notion that polymorphisms are able
to contribute protectively or pathogenically to the fibrinogen phenotype in terms of expression
and functionality is clear. Lack of consensus regarding functionality and isolated effects
remains troublesome and clear mechanisms have not been elucidated, as a large degree of LD

between these SNPs makes the identification of possible functional variants problematic.

In addition to the polymorphic effects on the fibrinogen phenotype, several alternative
modifications to the fibrinogen genes have also been documented. These variants will be
discussed in the following section. The fibrinogen y’ variant will be discussed in detail, as it will

be used as a phenotype outcome throughout this dissertation.
2.3.4 Common fibrinogen splice variants

Fibrinogen is a highly heterogenous protein, of which over a million non-identical variations exist
owing to polymorphic variation (Section 2.3.3), alternative splicing, proteolytic degradation, and
post-translational modification (Henschen-Edman, 1995; Blomback, 1996). Fibrinogen occurs

primarily in a high MW (HMW) form (340 kDa), although proteolysis of one or both of the o
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chains’ COOH-termini results in low (LMW) and very low (VLMW) MW variants (Holm & Godal,
1984; Holm et al., 1986). These variants are depicted in Figure 2, where the alterations in the
aC domains are shown in red. In any individual, the distribution of molecular weight variants is
typically 70% (HMW), 26% (LMW) and 4% (VLMW), although HMW fibrinogen can increase to
up to 85% of total fibrinogen during the acute phase (Jensen et al., 2000). Apart from the
alterations to the aC domain, o chain transcript variants also exist. The major a chain transcript
consist of five exonic regions (aA), although 1-3% of the o transcripts (aE) possess an
additional exon and COOH-terminal (Mosesson, 2005; Standeven et al., 2005).

Variation in the B chain, due to a 5-residue deletion close to the centre of the B chain
polypeptide, has also been reported. This deletion results in a minor  chain isoform, 554
Dalton lower in MW, that comprises about 10% of the B chains (Brennan et al., 2009). The
minor isoform is associated with longer clotting times due to hindered polymerisation and a

lower functional fibrinogen concentration resulting in faster clot lysis (Brennan et al., 2009).

High maolecular weight fibrinogen
340 kDa

Yery low malecular weight fibrinogen
270 kDa

Figure 2.5 High, low and very low molecular weight fibrinogen molecules
Adapted from Weijers (2011)

Lastly, splice variation in the y chain also exists. This review will focus specifically on the minor
y fibrinogen chain, y’. In addition to being one of the phenotype outcomes in the current study, v’

fibrinogen is independently associated with altered clot structure (Collet et al., 2004) and
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increased CVD risk (Drouet et al., 1999; Lovely et al., 2002; Mannila et al., 2007; Cheung et al.,
2008; Cheung et al., 2009) and is, therefore, a critical variant to investigate.

The y’ fibrinogen chain arises owing to alternative messenger ribonucleic acid (mRNA) splicing
in the 9" intronic region (Chung & Davie, 1984). To explain this adequately, consider the main
fibrinogen y chain variant, yA (Table 2.1). The yA fibrinogen transcript (FGG) consists of 10
exons (upon splicing out the introns). The yA chain terminates at a stop codon after the addition
of a poly-A tail to the 10" exon (Fornace et al., 1984). The y’ chain, however, occurs when
alternative splicing results in the translation of the 20 amino acid 9" intron, containing two
sulphated tyrosines, which replaces the four amino acids originating from exon 10 (Fornace et
al., 1984). Polyadenylation prior to the stop codon occurs similarly to the yA chain (Wolfenstein-
Todel & Mosesson, 1980; Fornace et al., 1984). Alternative splicing of the y chain results ina vy’
chain, 16 amino acids longer than what is coded for by only the FGG exons (Wolfenstein-Todel
& Mosesson, 1980; Chung & Davie, 1984; Meh et al., 1996). The mechanism described above
is depicted below (Figure 2.4).

The y chains of the fibrinogen protein occur mostly (85 to 92%) in a homodimeric manner with
two yA chains, and rarely (< 1%) as two y’ chains (Wolfenstein-Todel & Mosesson, 1980). The
heterodimeric variation yA/y’ constitutes 8 to 15% of total fibrinogen concentrations (Mosesson
et al., 1972). Fibrinogen consisting of one or more y’ chains has alternative physiological effects
to that of homodimeric yA/yA fibrinogen, and is clinically associated with opposing effects on
thrombosis in arterial and venous circulation. Fibrinogen vy’ is prothrombotic through its ability to
interact with thrombin by binding to thrombin exosite Il, thereby localising thrombin to the fibrin
clot where it remains active and is protected against degradation (Lovely et al., 2003; Uitte de
Willige et al., 2009). Additionally, fibrinogen y’ has been shown to co-purify with FXIIl and is
associated with increased FXIII concentrations within the fibrin clot (Siebenlist et al., 2005).
Lastly, fibrinogen vy’ alters fibrin clot properties and is associated with slower polymerisation,
thinner fibrin fibres, altered intrafibrillar packing, and a prolonged clot lysis time (Allan et al.,
2012; Domingues et al., 2016). On the contrary, fibrinogen y’ is associated with antithrombotic
properties such as the inhibition of platelet aggregation owing to the elimination of a platelet
binding site through the alternative splicing mechanism (Peerschke et al., 1986; Farrell, 2004),
increased activated protein C sensitivity, and decreased FV and FVIII activity (Macrae et al.,
2016). Fibrinogen vy’ is associated with an increased risk of arterial thrombosis where the
prothrombotic effects of the y chain prevails, whereas the opposite, antithrombotic effects,
dominate venous circulation, where vy’ is inversely associated with thrombotic risk (Uitte de

Willige et al., 2009; Macrae et al., 2016).
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Figure 2.6 Alternative splicing mechanism of the fibrinogen y chain

Adapted from Uitte de Willige et al. (2009)

The fibrinogen phenotype is heritable and subject to all the transcriptional and genetic
processes discussed thus far. The following section will discuss the heritability of fibrinogen,
including a brief summary of heritability studies to date, as well as the question regarding the
missing heritability of fibrinogen.

2.3.5 The heritability of fibrinogen

Fibrinogen is a multifactorial phenotype, determined and influenced by a combination of various
genetic and environmental contributors. A meta-analysis conducted by the Fibrinogen Studies
Collaboration, using prospective data of more than 150 000 adults, concluded that the totality of
modifiable factors investigated in the included studies only contributed to half of the fibrinogen
variance (Kaptoge et al., 2007). The other 51%, as mentioned previously, is reported to be
genetic composition, as reported by various heritability studies. A brief summary of the findings

of heritability studies conducted with fibrinogen as phenotype is presented in Table 2.2.
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Table 2.2

Studies performed to estimate the heritability of fibrinogen

Study population size

Quantification of

Study Estimated Environmental contribution to the variance in o
Study reference 4 L L : fibrinogen
population heritability fibrinogen concentrations
performed by
458 (Ml survivors and
Hamsten et al. (1987) Swedish their families) 51% Obesity and smoking had a negligible effect Polymerisation time
407 (control subjects)
Berg and Kierulf (1989)* | Norwegian 118 (59 twin pairs) 27% Not reported Clauss method
Reed et al. (1994)* American 166 (83 twin pairs) 30% Great_er than g(_—:-netlc contribution, particularly Clauss method
smoking and diabetes
. e . o :
Friedlander et al. (1995) | Israeli 452 (82 pedigrees) 20 — 48% ;86)64 % (environmental contribution increases with Clauss method
Livshits et al. (1996) Israeli 808 (204 pedigrees) 39% Not reported Kinetic method
Pankow et al. (1998) American 2 029 (512 pedigrees) 34% Age, _anthropometry, lifestyle and metabolic factors Clauss method
contributed 19-29 %
Souto et al. (2000) Spanish 397 (21 pedigrees) 34% 14% Clauss method
de Lange et al. (2001)* | European 1 002 (501 twin pairs) 44% 56% Clauss method
1 595 (330 pedigrees) Clauss method and
Yang et al. (2003) European 24% Not reported modified method of

Ratnoff and Menzie

*Twin study design; Clauss method = Clauss (1957); Modified method of Ratnoff and Menzie = Ratnoff and Menzie (1951) and Swaim and Feders (1967); Kinetic method = Hemker et al. (1979);

Polymerisation time = Vermylen et al. (1963)
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Heritability estimates have ranged from a modest 20% (Friedlander et al., 1995) in an Israeli
population to 51% (Hamsten et al., 1987) in Swedish individuals. Differing results could be
owing to a difference in study population ethnicities and inclusion criteria (e.g. apparently
healthy or CVD patients classified by various disease definitions), as well as inconsistent
statistical and biochemical methodologies, such as the quantification of fibrinogen
concentration. Fibrinogen concentrations can be measured through either functional or antigen
methodologies. The results obtained from these two methods are well correlated, but still
somewhat discrepant, as these assays measure alternative properties of the same protein
(Kamath & Lip, 2003; Lowe et al., 2004). Functional assays quantify the ‘clotting fibrinogen’ by
measuring the rate of the conversion of fibrinogen to stable fibrin, by fitting turbidity graphs to
determine the concentration of the functional fibrinogen against the clotting time of known
fibrinogen concentrations (Clauss, 1957). The antigen assays, however, are designed to
measure the total fibrinogen concentration present in the plasma (Lowe et al., 2004). As non-
functional fibrinogen variants and splice variants with alternate clotting properties have been
reported, it is important to note that functional assays may under-report true total
concentrations, and antigen assays may over-report on physiologically relevant/functional
fibrinogen. These differences in measurement of fibrinogen concentration may therefore, at
least in part, explain the different heritability estimates. Twin studies are the greatest predictors
of heritability, and in the context of fibrinogen, estimations from twin studies vary from 20 to
44%. Although the studies discussed above report different heritability estimates and vary in
conclusion, the moderate to great heritable component of the fibrinogen phenotype remains

clear.

Subsequently, various GWAS have been conducted in an effort to identify common SNPs that
contribute to the above-mentioned heritability. These GWAS include up to 10.7 million SNPs in
populations of more than 120 000 individuals and have, as yet, only been able to allocate 1.3 to
3.7% of the genetic variability of fibrinogen (Sabater-Lleal et al., 2013; Huffman et al., 2015; de
Vries et al., 2016). These investigations have included all the autosomal chromosomes as well
as the X-chromosome, and used all of the available imputation methods (Sabater-Lleal et al.,
2013; de Vries et al., 2016). The SNPs contributing to the 3.7% were mostly located outside the
fibrinogen gene cluster (as will be discussed in Section 2.4.3), and consisted of a large number

of variants, each contributing a relatively small amount.

The discrepancy between heritability and SNP associations affirms the research question
regarding the missing heritability of the fibrinogen phenotype. The main aim of this dissertation
is to address the question regarding fibrinogen’s missing heritability by investigating the

fibrinogen phenotype in terms of variability in concentration and functionality in an African
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population. The African continent is the ancestral origin of human genetics and is imperative in
the clarification of the genetic aetiology of common variants, particularly those that carry
pathological relevance. Three approaches will be adopted in the effort to address the missing
heritability of fibrinogen, and the theoretical background of these approaches will be discussed
in the following section.

2.4 ADDRESSING THE MISSING HERITABILITY OF FIBRINOGEN

The large gap between genetic association and heritability studies raised the question of the
missing heritability of the genetic architecture of fibrinogen. Furthermore, information on the
fibrinogen phenotype in Africans remains largely unexplained, although the phenotype is
pathological in the African setting (Pieters et al., 2011; Lammertyn et al., 2015). ldentifying
possible causal genes and variants in the greatly diverse African genome could advance not
only the understanding of thrombogenesis in Africa, but also the global understanding of the

genotypic regulation of the fibrinogen phenotype.

The theoretical background of the three main approaches to addressing the missing heritability
of fibrinogen that will be incorporated further in this study will be discussed in the following three
sub-sections. These include firstly the basic principles of genetic linkage, LD and haplotypes;
secondly, gene-environment interactions, with specific focus on the role of IL-6; and lastly

pleiotropic and polygenic co-regulatory mechanisms within a candidate gene approach.
2.4.1 Genetic linkage, linkage disequilibrium and haplotypes

Genetic linkage refers to the co-segregation of alleles based on the genomic distance between
them (Flint-Garcia et al., 2003). Genetic linkage is reflected in the associated inheritance of
polymorphisms in close proximity, as genes that are physically situated close to one another are
often inherited without recombination events. Linkage disequilibrium (also known as allelic
association) is the non-random inheritance of alleles owing to shared inheritance, natural
selection and migration (Devlin & Risch, 1995; Jorde, 2000; Pritchard & Przeworski, 2001).
Simplified, it is the co-occurrence of specific alleles, more than would be expected by chance.
Theoretically, complete LD implies that the information of a specific allele can be imputed based
on the knowledge of an SNP in LD with it (Collins et al., 1997; Goldstein, 2001). Loci situated
closely together (high linkage) may result in high LD between them, although high linkage is not
a requirement for LD (Flint-Garcia et al., 2003).

LD is statistically quantified primarily by D’ and r* values ranging from 0 to 1; where 0 indicates
independent loci and 1 complete LD (Lewontin, 1964; Hill & Robertson, 1968; Jorde, 2000). D
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is an indication of the difference between the observed and expected frequency of the co-
occurrence of alleles under complete linkage equilibrium, which is the product of the respective
MAFs (Lewontin, 1964; Devlin & Risch, 1995). The D-value is scaled to a | D’
produce comparable outcome measures between 0 and 1. D’ is the calculated D value divided
by the maximum probable D (Lewontin, 1964; Hedrick, 1987; Lewontin, 1988). As the

calculation of D’ involves the MAF, the sample size greatly influences the reliability of lower D’

value in order to

values (Jorde, 2000). The r? variable is the statistical correlation between the two loci involved
(Hill & Robertson, 1968), and is an indication of both recombination and mutation (Wall &
Pritchard, 2003). It is calculated by dividing the square of the D-value by the product of the four
genotype frequencies involved (Pritchard & Przeworski, 2001). The inverse of the r? value is
useful as a predictor of sufficient population and control group size estimates can be inferred
through this value (Carlson et al., 2003; Wall & Pritchard, 2003).

LD between SNPs in large genomic regions often form block-like patterns across these
chromosomal regions, referred to as haplotype blocks (Daly et al., 2001; Patil et al., 2001; Reich
et al., 2001; Gabriel et al., 2002). The term “haplotype” refers to the particular combination of
alleles carried along a gene or chromosome (International HapMap Consortium, 2005) . The
term is based on “haploid”, and refers to the inherited single chromosomal set compiled from
both the paternal and maternal chromosome. Haplotype blocks are regions with consistently
high LD and low population haplotype diversity, which are separated by regions of great
recombination, also referred to as “recombination hotspots” (Goldstein, 2001; Jeffreys et al.,
2001; Patil et al., 2001; Cardon & Abecasis, 2003). Haplotype blocks are identified when: (1)
the average D’ is closer to 1 than the pre-determined D’ threshold throughout a selected
chromosomal region (Reich et al., 2001); (2) a few selected SNPs are able to predict the SNPs
contained in the larger chromosomal region adequately (Patil et al., 2001), or (3) the diversity of
haplotype combinations is low (Daly et al., 2001). The confidence intervals of the D’ statistic are
used to generate haplotype blocks within the genome (Gabriel et al., 2002). Upon removal of all
SNPs with a MAF of less than 5%, each SNP pair comparison is termed “strong LD”, “strong
recombination” or “inconclusive”. A block is then generated if more than 95% of the informative
SNPs are evident of “strong LD” (Gabriel et al., 2002; Barrett et al., 2005). Alternative
algorithms, including the “four gamete rule” (Wang et al., 2002) and “solid spine of LD” (Barrett
et al., 2005), are also used to define haplotype blocks, although as subsequent chapters report

the method suggested by Gabriel et al. (2002), these methods will not be elaborated on.

Haplotypes have greatly advanced genetic association studies to narrow the search for causal
variants, as well as to uncover a larger stretch of genome with fewer genotyped SNPs (Risch &

Merikangas, 1996; Goldstein, 2001; Patil et al., 2001; Zhang et al., 2002). Associations are,
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therefore, firstly identified with specific haplotypes, where after functional research will be
performed on single SNPs. Haplotypes are labelled using tagging SNPs that are efficient
proxies for the entire haplotype, and provide an excellent platform for imputation (Johnson et al.,
2001; Patil et al., 2001; Gabriel et al., 2002). The limitation of this approach is that with high LD
and few haplotypes, it is often difficult to differentiate between functional SNPs and bystanders
in high LD with the actual causal variant (Crawford & Nickerson, 2005). In the context of
fibrinogen, this has been particularly problematic in the promoter area of the g chain where
almost complete LD exists between FGB -1420G/A, -455G/A, -993C/T and -148C/T (Green,
2001; Baumann & Henschen, 1994; van’'t Hooft et al., 1999; Mannila et al., 2005).

The aim of this investigation is, therefore, to overcome this barrier by using a study population
known to have low LD and high recombination. Genetic variability in Africans is greater than in
any other ethnic group (Chen et al., 1995; Teo et al., 2010). An investigation by Schuster et al.
(2010) reported greater genetic diversity within a single ethnic group in Africa (Khoisan
compared to Khoisan) than in unrelated ethnic groups elsewhere (Asian and European). In
addition, preliminary results obtained in the investigation of the fibrinogen gene cluster in the
South African Tswana population revealed much higher recombination rates than those
reported for Europeans (Kotzé et al., 2015).

In terms of haplotypes, clear differences in haplotype blocks between individuals of African
descent (Yoruban and admixed African Americans), and non-African individuals (Asian and
European) have been reported (Gabriel et al., 2002). Haplotype blocks in 54 chromosomal
regions each spanning 250 kb, in various population groups, were investigated by Gabriel et al.
(2002), using the confidence bounds of D’ where “strong LD” was defined as: 0.98 2 D’ = 0.70,
and strong evidence of recombination as a D’ <0.9. Recombination rates were three to four
times higher in individuals of African descent, and were affected by distance more severely, as
observed when recombination rates were 50% at an 8 kb region in Africans but only at 22 kb in
the non-African population groups. Gabriel et al. (2002) concluded that more than three times
as many SNPs would be needed to generate a fully powered haplotype association study in
African population groups. This observation is consistent with many others, as reviewed by
Wall and Pritchard (2003), reporting that LD in non-African populations is less complex and
extends over wider genomic regions, probably because of population bottlenecks occurring at
the time when humans first left the African continent (Frisse et al., 2001; Reich et al., 2001;
Wall, 2001; Tishkoff & Williams, 2002). Although lack of LD is limiting to imputation and
genome-wide investigations, the possible limitation will be used as a strength in the attempt to
identify functionality in a small genomic region. This dissertation is the first investigation of

haplotypes in the fibrinogen genes in an African population, has the potential to generate novel
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SNP combinations and haplotypes and could advance the investigation of fibrinogen’s missing

heritability.

The first approach to be pursued in this dissertation is, therefore, a focused investigation of the
fibrinogen gene SNPs that have shown functional relevance in Europeans, as well as the
haplotypes of which these SNPs form part. The second approach, investigating the interaction
of environmental contributors, specifically IL-6, with fibrinogen SNPs will be discussed in the

following section.
2.4.2 Gene-environment interactions

Apart from the clear genetic influence, strong and recurring associations of various external
stimuli with fibrinogen concentrations have been reported in large-scale epidemiological studies,
and have been thoroughly reviewed in various publications (Folsom et al., 1991; Dotevall et al.,
1994; de Maat, 2001; Kamath & Lip, 2003; Pulani¢ & Rudan, 2005; Pieters & Vorster, 2008;
Arbustini et al., 2013). Briefly, fibrinogen concentrations are positively associated with age,
female gender (also menopause, pregnancy and oral contraceptives), BMI, low-density
lipoprotein, triglycerides, physiological trauma such as surgery, infection, strenuous exercise
and diabetes mellitus (blood glucose and insulin concentrations). In contrast, fibrinogen
concentrations are inversely associated with socio-economic status, level of education, regular
exercise and fitness, moderate alcohol consumption, high-density lipoprotein and the
consumption of fish, vitamin A, C and E (Folsom et al., 1991; Dotevall et al., 1994; de Maat,
2001; Kamath & Lip, 2003; Pulani¢ & Rudan, 2005; Pieters & Vorster, 2008; Arbustini et al.,
2013).

The environmental control of fibrinogen has been acknowledged by heritability studies, reporting
14% to 64% of the fibrinogen phenotype to be environmentally determined (Table 2.3). Almost
half of the variance in fibrinogen concentrations in the large meta-analysis performed by the
Fibrinogen Studies Collaboration was determined by physical activity, BMI, smoking and alcohol
consumption habits (Kaptoge et al., 2007). BMI, IL-6 concentrations, smoking and insulin
concentrations contributed to 30.6% of the variation in the study performed by Mannila et al.
(2005), while in the GWAS conducted by Sabater-Lleal et al. (2013), smoking and BMI alone
contributed to 5.3%. Environmental factors and genetics each seemed to contribute to about

half of the variance in fibrinogen.

Theoretically, all the modifiable and non-modifiable contributors, including both environmental

and genetic factors identified to date, should represent the full variance of fibrinogen. This is,

however, not the case (Manolio et al., 2009; Sabater-Lleal et al., 2013). The large contribution
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of both factors inspired a research question based on what the interactive effect of these two
highly influential determinants would be on the ability to explain the missing heritability of
fibrinogen. Could the polymorphic variance within the fibrinogen genes react to environmental
queues, and thereby have a greater regulatory effect? There is ample evidence from the
literature that suggests that gene-environment interactions can influence protein phenotypes
(Hunter, 2005; Manolio et al., 2009; Manuck & McCaffery, 2014).

Some evidence in terms gene-environment interactions influencing fibrinogen concentration is
also available. Greater increases in fibrinogen concentrations have been reported in the
presence of the FGB -455 A allele in current smokers, upon intensive exercise, and after
surgery (Green et al., 1993; Thomas et al., 1996; Cotton et al., 2000; Brull et al., 2002; Baumert
et al., 2014). Similarly, an interactive effect of the FGB -1420 A allele and smoking (Baumert et
al., 2014) and FGA -rs6050 G allele and BMI (Jeff et al., 2015) on fibrinogen concentrations has
been reported. These interactions could all be linked through a common causal pathway:
inflammation. Livshits et al. accurately hypothesised in their heritability study in 1996 that loci
with regulatory functions in terms of fibrinogen exist. Although these loci had not been
adequately described at the time of their publication, their large effect on the observed
fibrinogen variance was clear. The effect of these loci on the transcriptional regulation of
fibrinogen has now been fully elucidated (Section 2.3.2). As mentioned previously, the
transcriptional regulation of fibrinogen is mediated by cytokine interaction, and is observed in
the ability of IL-6 and glucocorticoids to induce fibrinogen expression greatly (Dalmon et al.,
1993; Vasse et al., 1996).

As discussed in Section 2.3.2, the three fibrinogen genes all have response elements contained
in their respective promoter areas that respond particularly to IL-6 during the APR. IL-6 is the
primary inflammatory mediator of fibrinogen synthesis and genotype-IL-6 interactions potentially
influencing the expression of fibrinogen have been reported in other ethnic groups (Krobot et al.,
1992; Folsom, 1995; Cushman et al.,, 1996; Burger et al.,, 2004; Sinha et al., 2005;
Wannamethee et al., 2005; Kaptoge et al., 2007). In Europeans, the minor allele at FGB -455
and FGB -854 is associated with greater IL-6-induced fibrinogen expression, whereas the
opposite has been reported for FGB -1420A and -148T (Verschuur et al., 2005; Morozumi et al.,
2009).

The second approach to address the missing heritability of fibrinogen is, therefore, to
investigate the interactive effect of IL-6 and fibrinogen SNPs in determining fibrinogen
phenotypes in an African population. This approach offers the opportunity to identify novel

interactions, as Africans differ in terms of both the fibrinogen genotype and the IL-6 and
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fibrinogen phenotypes. Unique interactions could be observed, as the current study population
is evident of a state of low-grade chronic inflammation (Kotzé et al., 2014; Kotzé et al., 2015).
In addition, two novel B chain promoter region variants are investigated in this dissertation that

are not polymorphic elsewhere, but could be located in an IL-6 responsive region.

The following section will review the theoretical background for the third approach, the
regulation of complex phenotypes by a wide range of polymorphic variance able to regulate

fibrinogen pleiotropically and polygenically through common pathways.
2.4.3 Pleiotropic and polygenic co-regulation

A “cross-phenotype” association refers to the observation of a single locus or genetic region that
is associated with more than one, often unrelated, phenotype (Solovieff et al., 2013).
“Pleiotropy” is based on the same principle; although pleiotropic relationships are indicative of
each locus exerting a true independent genetic effect and not simply both loci being associated
with a common pathway (Parkes et al., 2013; Gratten & Visscher, 2016). The investigation of
cross-phenotype and pleiotropic relationships is valuable, as biochemical phenotypes fluctuate
in response to various external influences, whereas the genome remains static. The molecular
associations may, therefore, present more accurate observations of a true and constant

phenotype.

Previous GWAS have identified numerous cross-phenotype and pleiotropic effects in relation to
the fibrinogen phenotype (Table 2.4). Fibrinogen is regulated by the small accumulative effect
of a large number of SNPs across the genome. Although the genetic architecture of the
fibrinogen phenotype is highly polygenic and reflects the influence of numerous loci, these loci
are all involved in only a few pathways or physiological mechanisms, including the inflammatory,
immunological, coagulation and metabolic pathways (Dehghan et al., 2009; Wassel et al., 2011;
Sabater-Lleal et al., 2013; Baumert et al., 2014; de Vries et al., 2016). Table 2.4 provides a
summary of the main findings of GWAS that have investigated the fibrinogen phenotype,
indicating the loci that are involved in the above-mentioned pathways in the footnote. Very few
loci outside of these pathways have been identified. Figure 2.5 depicts the variants that have
been associated with the fibrinogen phenotype. These summaries provide some indication of
the widespread genomic control of the fibrinogen phenotype and include 233 variants outside
the fibrinogen gene cluster (Yates et al., 2016) Even though progress has been made in the

identification of these variants, the total amount of variance explained remains negligible.
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Table 2.3

Summary of genome-wide association studies with fibrinogen as phenotype

Mean

. Fibrinogen fibrinogen/range of
Ref Participants Variants S ¢ main findi Varllqncz quantified via fibrinogen means
elerence N (Ethnicity) included ummary ot main tinding exp ;me a combination of: among included
(%) studies
(9/L)
de Vriesetal. | 120 246 =~ 10.7m SNPs | 41 significant loci identified, of which 18 were | 3% Clauss method 2.63 -4.56
Prominent loci include FGB, IRF1 Prothrombin
STATS3, HNF4, SH2B3 conversion time
Huffman etal. | 76 316 (AFR, | Low frequency | 6 significant loci identified in the following 1.3% (EUR) | Clauss method 2.51 - 4.55 (EUR)
HIS) variants (NR) (AFR) .
Prothrombin 3.29 (ASI)
conversion time 3.59 (HIS)
Sabater-Lleal | 81 668 (EUR) | = 2.5m SNPs 985 SNPs in 23 genes 8 known (IL6R, 3.7% Clauss method 2.67 —4.56
etal. (2013) | gogg (AA) NLRP3, ILIRN, CPS1, PCCB, FGB, Immunophelometric
1366 (HIS) IRF1 and CD300LF), and 15 novel JIMJD1C, method
LEPR, PSMG1, CHD9, SPPL2A, PLEC1,
FARP2, MS4A6A, TOMM7/IL6, ACTNL1,
HGFAC, IL1R1, DIP2B and SHANK3/CPT1B
Wassel et al. 23 634 (EA) 47 539 SNPs In EA 32 SNPs spanning 11 genes FGA, 1.8-3.8% | Clauss method 2.97 - 3.57 (EA)
(2011) 6 657 (AA) FGB, FGG, IL6R, CPS1, PCCB, HDLBP, (AA) Immunophelometric 3.20 — 3.63 (AA)
ILARN, NLRP3, IRF1-SCL22A5 22 _15% method
In AA 6 SNPs spanning FGA, FGB, FGG (EA) Ratnoff and Menzie
19 SNPs in 5 chromosomal regions near IL-
Danik et al. 6R, CPS1, FGA, FGB, FGG, IRF1, o Immunoturbimetric .
(2009) 17686 (EUR) | 337 343 SNPs | o) ~ooA5, SLC22A4, SLCOA3R1, NATY, 1.93% assay 3.51 (median)

CD300LF
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Dehghan et
al. (2009)

22 096 (EUR)

2661 766
SNPs

73 SNPs clustered around 4 genes: FGB,
IRF1, PCCB, NLRP3*

<2%

Clauss method
Immunophelometric
Ratnoff and Menzie

Prothrombin
conversion time

2.70-3.20

AFR = African; ACTNL1 = actinin alpha 1; ASI = East Asian; CD300LF = CD300 molecule-like family member F% CHD9 = chromodomain helicase DNA binding protein 9% CPS1 =

carbamoyl-phosphate synthase 1% DIP2B = Disco interacting protein 2 homolog B ; EA = European American; EUR = European; FARP2 = FERM, ARH/RhoGEF and pleckstrin

domain protein 2; FGA = fibrinogen alpha chain gene#; FGB = fibrinogen beta chain gene#; FGG = fibrinogen gamma chain gene#; HDLBP = high density lipoprotein binding

protein®, HGFAC = hepatocyte growth factor activator®; HIS = Hispanic; HNF4A = hepatocyte nuclear factor 4 alpha®; IL1R1 = interleukin 1 receptor, type I*; ILLRN = interleukin 1

receptor antagonist*; IL6R = interleukin 6 receptor*; IRF1 = interferon regulatory factor 1*%; JMIDIC = jumonji domain containing 1C % LEPR = leptin receptor&; MS4A6A =

Membrane Spanning 4-Domains A6A; NAT9 = N-Acetyltransferase 9% NLRP3 = nucleotide-binding domain and leucine-rich repeat containing Pyrin Domain Containing*; PCCB =

propionyl-coa carboxylase beta subunit®, PDLIM4 = PDZ and LIM domain protein 4; SH2B3 = SH2B adaptor protein 3*% PLEC1 = plectin 1| PSMG1 = proteasome assembly

chaperone 1; SHANK3 = SH3 and multiple ankyrin repeat domains 3; CPT1B = carnitine palmitoyltransferase 1bg; SLC22A4 = solute carrier family 22 member 4; SLC22A5 =

solute carrier family 22 member 5; SLC9A3R1 = solute carrier family 9 member a3 regulator 1; SNPs = single nucleotide polymorphisms; SPPL2A= signal peptide peptidase like

2A; STAT3 = signal transducer and activator of transcription 3*; TOMM?7 = translocase of outer mitochondrial membrane 7; “Related to coagulation; “Related to immunity; *Related

to the inflammation; °Related to metabolism

)]
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LD
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.
.
)
)
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(Yates et al., 2016)
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Regardless of the large sample sizes and genomic ranges covered by GWAS, the fibrinogen
phenotype still remains largely unexplained. The most successful attempt at exploring the
fibrinogen genotype was made by Sabater-Lleal et al. (2013), although the authors concluded
that large variability still exists, and has remained unexplained by them or any other study thus
far. The study performed by Sabater-Lleal et al. (2013) included Europeans (n = 91 323),
African-Americans (n = 8 289) and Hispanic-Americans (n = 1 366). SNP-associations
observed in individuals of European descent were largely reflected in the African-American
study population. Although never identical, each European lead SNP was mirrored in an
African-American SNP within a 200kB margin. While data from Sabater-Lleal et al. (2013) and
other GWAS (Dehghan et al., 2009; Wassel et al., 2011; Baumert et al., 2014; de Vries et al.,
2016) have been extremely valuable in identifying possible SNPs to be investigated, the unique
composition of the African genome, compared to previously investigated population groups,
does not allow for the extrapolation of data from European or ad-mixed African-American
populations (Tishkoff & Williams, 2002; Campbell & Tishkoff, 2008). The investigation of
pleiotropic and cross-phenotype associations in Africans using GWAS is additionally hindered
by several methodological challenges, as reviewed by Teo et al. (2010), including low MAFs,

complex LD patterns and the lack of ethnic-specific chips for whole genome analysis.

Regardless of the large sample sizes and genomic ranges covered by GWAS, the fibrinogen
phenotype still remains largely unexplained. The most successful attempt at exploring the
fibrinogen genotype was made by Sabater-Lleal et al. (2013), although the authors concluded
that large variability still exists, and has remained unexplained by them or any other study thus
far. GWAS data, although extremely valuable in identifying possible SNPs to be investigated,
have been examined mostly in European and ad-mixed African-American populations (Wassel
et al., 2011; Sabater-Lleal et al., 2013) and cannot be generalised to the black South African
population because of the unique composition of the African genome (Tishkoff & Williams,
2002; Campbell & Tishkoff, 2008).

Therefore, the third objective of this dissertation investigates pleiotropic associations through a
candidate gene approach. A candidate gene approach will provide an opportunity to investigate
variation beyond that contained in global GWAS chips, including rare and novel variants.
Furthermore, targeted genes with possible biological significance will be investigated in a more
focussed manner. Specific genes or polymorphisms will be selected based on their
phenotype’s association with fibrinogen concentrations or the functional fibrinogen phenotype,
namely turbidity-derived fibrin clot properties. This will serve as a biological filter to ensure a
physiologically sound mechanism by which these SNPs could exert their effects. These SNPs

will be selected from genotyping performed within the PURE population where the association
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of the intermediate phenotypes are known. Genotyping was performed upon sequencing, to
ensure the identification of rare and low MAF variants that might not have been identified in
global GWAS (Wassel et al., 2011). The resulting associations will be investigated in terms of
specific regulatory sequence divergences ensuing polygenic regulation. As gene expression is
under the control of transcriptional enhancers consisting of transcription factor binding and
regulatory sites, SNPs will be investigated in terms of their functional significance through these
pathways (Doniger & Fay, 2007; Han et al., 2015; Tugrul et al., 2015).

Finally, in addition to the investigation of single polymorphisms with multiple phenotypic
outcomes, there is also value in exploring the effect of a combination of numerous
polymorphisms in predicting a single phenotype. This is calculated by means of polygenic risk
scores (Dudbridge, 2013). These risk scores have the ability to determine the polygenic effect
of harbouring several of the identified minor/risk alleles concurrently. A candidate gene
approach in a study population that has not been investigated in terms of the fibrinogen
phenotype could lead to the identification of novel associations and mechanisms and to greater

understanding of the molecular regulation of the fibrinogen phenotype.
2.5 CONCLUSION

In this literature review, the theoretical background used to conceptualise and conduct this
study is provided. It is clear that although fibrinogen is a physiological necessity, a higher
fibrinogen concentration, as observed in the black South African population, does have
pathological consequences. The involvement of fibrinogen in thrombogenesis is discussed,
along with the genetic regulation thereof, including transcriptional regulation, influential

polymorphisms and common splice variants.

This study originates from the discrepant literature regarding heritability versus genetic
association data and aims to address the missing heritability of the fibrinogen phenotype by
following the three approaches elaborated on in this chapter. This literature review is followed
by two original articles. In Chapter 3, the investigation of the first and second approach, namely
the independent (approach 1) and IL-6 interactive (gene-environment interactions, approach 2)
association of selected fibrinogen gene variants and their haplotypes in terms of the fibrinogen
phenotype, is presented. Thereafter, the candidate gene analysis of variants able to contribute
to the fibrinogen phenotype through pleiotropic and polygenic regulation is reported

(approach 3).
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CHAPTER 3

INDEPENDENT AND IL-6-INTERACTIVE ASSOCIATIONS OF
SELECTED FIBRINOGEN POLYMORPHISMS IN PREDICTING
FIBRINOGEN AND CLOT-RELATED PHENOTYPES

This chapter includes:

e Guide for authors , British Journal of Haematology (Impact factor: 5.8);

e The original article titled: “Independent and IL-6-interactive associations of
selected fibrinogen polymorphisms in predicting fibrinogen and clot-related
phenotypes”.
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SUMMARY

Interleukin-6 (IL-6) promotes the expression of fibrinogen, and polymorphic variation within
the fibrinogen genes alters the magnitude of this expression. The identification of functional
fibrinogen polymorphisms has been hindered by the high linkage disequilibrium (LD)
reported in the fibrinogen gene cluster of Europeans. This study investigated two novel and
12 previously identified fibrinogen polymorphisms hypothesised to be of functional
relevance, in 2010 Tswana individuals. We aimed to identify functional polymorphisms that
contribute to total and ¢y fibrinogen concentrations and clot-related phenotypes
independently and through their interaction with IL-6, by utilising the high fibrinogen and IL-6
concentrations and the low LD reported in black South Africans. Fibrinogen was significantly
associated with IL-6, thereby mediating associations of IL-6 with clot formation and structure,
although confounding the association of IL-6 with clot lysis time. None of the common
European fibrinogen haplotypes was present in this study population. Single nucleotide
polymorphisms of particular functional relevance were FGB-rs7439150, -1420G/A
and -148C/T that were significantly associated with fibrinogen concentration and altered clot
properties, with several of these associations influenced by IL-6 concentrations. In addition,
harbouring more minor alleles across the fibrinogen gene cluster concurrently led to a

greater increase in IL-6-induced fibrinogen expression.

Key words: genotype-phenotype association, environment-gene interaction, inflammation,

turbidity, gamma prime fibrinogen
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INTRODUCTION

Fibrinogen is central to blood coagulation and the inflammatory response. As a haemostatic
protein, fibrinogen is activated by thrombin to form fibrin, the main constituent of a blood clot
(Sidelmann et al, 2000). As an acute phase reactant, fibrinogen is up-regulated upon
stimulation by inflammatory cytokines, primarily interleukin-6 (IL-6), in response to physiological
trauma such as infection/inflammation (Davalos and Akassoglou 2012). Both fibrinogen and
IL-6 are prospectively associated with cardiovascular disease (CVD) risk (Danesh et al, 2005;
Kaptoge et al, 2013; Tzoulaki et al, 2007), although causality is under debate (Hinds et al, 2016;
Keavney et al, 2006; Meade et al, 2006; Sabater-Lleal et al, 2013).

The fibrinogen phenotype is heritable and several single nucleotide polymorphisms (SNPs)
within the fibrinogen a, B and y chain genes (FGA, FGB, FGG) have been identified as
contributors to this heritability in Europeans (de Lange et al, 2001; Green 2001; Hamsten et al,
1987; Jacquemin et al, 2008). Fibrinogen expression is regulated on two levels: under basal
conditions and during the acute phase response (Fish and Neerman-Arbez 2012; Fuller and
Zhang 2001). This acute phase-induced increase in fibrinogen is largely mediated by IL-6,
through the JAK/STAT pathway. In addition, sequences responsive to IL-6, and crucial for full
IL-6-induced fibrinogen expression, have been identified upstream of the fibrinogen genes (Fish
and Neerman-Arbez 2012; Fuller and Zhang 2001).

Genetic variation in the fibrinogen genes is hypothesised to alter the magnitude of fibrinogen
expression in response to IL-6 (Jacquemin et al, 2008; Morozumi et al, 2009; Verschuur et al,
2005). Thus far, the focus of previous investigations have been on polymorphisms within the
FGB promoter region that have been implicated in both epidemiological (Morozumi et al, 2009)
and in vitro (Verschuur et al, 2005) investigations to interact with IL-6 in influencing fibrinogen
concentrations.  Greater IL-6-induced fibrinogen expression has been reported for the
FGB -455A and -854A alleles (Brull et al, 2002; Cotton et al, 2000; Montgomery et al, 1996;
Morozumi et al, 2009; Verschuur et al, 2005), while the opposite has been observed for
FGB -1420A and -148T (Morozumi et al, 2009; Verschuur et al, 2005). Apart from the FGB
polymorphisms, IL-6 interacted with FGA-rs2070011T in vivo to enhance fibrinogen expression,
whereas FGA-rs6050, FGG-rs2066865 and FGG-rs1049636 had no effect (Jacquemin et al,
2008).

In addition to regulating total fibrinogen concentration, IL-6 is able to up-regulate the production
of v’ fibrinogen, a common splice variant, comprising 8 to 15% of total fibrinogen concentration
(Meh et al, 1996; Rein-Smith et al, 2013; Wolfenstein-Todel and Mosesson 1980). IL-6 specific
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responsive elements have been characterised in the FGG promoter region (Duan and Simpson-
Haidaris 2003; Zhang et al, 1995), and in vitro research reported greater increases in y’
compared to total fibrinogen in the presence of IL-6, suggesting alterations to the alternative
splicing of the y fibrinogen gene during inflammation (Rein-Smith et al, 2013). A higher
concentration of the fibrinogen y isoform is a risk factor for arterial thrombosis, although
research on the individual and IL-6-interactive effects of fibrinogen polymorphisms predicting y’
fibrinogen concentrations is lacking (Alexander et al, 2011; Cheung et al, 2008; Drouet et al,
1999; Uitte de Willige et al, 2009). Increased IL-6, total and vy’ fibrinogen are also independently
associated with altered clot properties, including faster clot formation, increased fibrin density,
thinner fibrin fibres and decreased clot permeability (Bester and Pretorius 2016; Machlus et al,
2011; Macrae et al, 2016; Pieters et al, 2013; Undas et al, 2008). The functional effects of the
interactions between genetic variants and IL-6 on clot properties have, however, not been

described previously.

Tight LD within the fibrinogen SNPs in European individuals has made the identification of
functional SNPs difficult. Studies have implicated the FGB -455G/A, -854G/A and - 148C/T
polymorphisms to be functional in Europeans, although some of the literature thus far is
contradictory, particularly when comparing epidemiological (Morozumi et al, 2009) and
experimental work (Verschuur et al, 2005). The African population is known for its complex LD
pattern and great genetic diversity, more so than any other population group (Chen et al, 1995;
Teo et al, 2010). A previous publication from the South African arm of the prospective urban
and rural epidemiology (PURE) study has indicated that this is also the case for the fibrinogen
genes in the Tswana population (Kotzé et al, 2015). The lack of complete LD among
polymorphisms in the fibrinogen genes in individuals of African descent is utilised in this current
investigation to identify potentially functional polymorphisms in the fibrinogen gene cluster. In
addition, increased fibrinogen and IL-6 concentrations have been observed in black South
Africans when compared to their white counterparts (Lammertyn et al, 2015; Pieters and Vorster
2008). Individuals from the South African PURE population specifically have markers indicative
of chronic low-grade inflammation, as reported by increased fibrinogen, IL-6, homaocysteine and
C-reactive protein (Pieters et al, 2011), making this population ideal for the investigation of

IL-6-regulated gene interactions.

The objective of this study was to investigate selected fibrinogen polymorphisms in terms of
their independent and IL-6-interactive effects on total and y’ fibrinogen concentrations, and the

downstream functional effects in terms of clot formation, structure and lysis, thereby contributing
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to the broader understanding of potential factors that regulate fibrinogen-related, clinically

relevant phenotypes.
MATERIALS AND METHODS
Study population and ethical considerations

This study is affiliated with the international PURE (Teo et al, 2009) study and is a cross-
sectional investigation of the baseline data collected in South Africa Details pertaining to
participant selection and recruitment were published previously (Kotzé et al, 2015). In short, the
study population consisted of 2010 apparently healthy, self-identified black Tswana-speaking
South African adults. Participants were between the ages of 35 and 70 years, and were not
suffering from any acute or chronic diseases. Ethical approval for the research was obtained
from the Health Research Ethics Committee of the North-West University (NWU-00016-10-A1)
and the study was conducted in accordance with the revised version (2000) of the Helsinki
Declaration of 1975.

Blood collection and storage

Fasting blood samples were collected between 7:00 and 11:00 am, and centrifuged within 30
minutes of collection at 2000 x g for 15 minutes. Blood samples for haemostatic variables were
collected in 3.2% sodium citrate tubes, for lipid and IL-6 analyses in tubes without anti-
coagulants and for glycated haemoglobin (HbALl.) in sodium fluoride tubes. Upon blood

collection and centrifugation, samples were shap-frozen and stored at -80°C until analysis.
Biochemical analyses

HbA1. concentrations were quantified using a hexokinase method from Synchron® systems
(Beckman Coulter Co., Fulleron, CA, USA), and the D-10 haemoglobin testing system (Bio-Rad,
Hercules, California, USA). A Sequential Multiple Analyser Computer, using the Konelab™
auto-analyser (Konelab 20i, Thermo Fischer Scientific, Vantaa, Finland) was used to measure
high-density lipoprotein cholesterol (HDL-c) concentrations. Plasminogen activator inhibitor
type 1 activity (PAI-1,y) was quantified by an indirect enzymatic method (Spectrolyse PAI-1,
Trinity Biotech, Bray, Ireland). Serum IL-6 was measured by means of the Elecsys, through

ultra-sensitive enzyme immunoassays (Elecsys 2010, Roche, Basel, Switzerland).

Total fibrinogen concentrations were quantified using the modified Clauss method on the Dade
Behring BCS coagulation analyser (Multifibrin U-test Dade Behring, Deerfield, IL, USA). An

enzyme-linked immunosorbent assay using a 2.G2.H9 mouse monoclonal coating antibody
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against human v fibrinogen (Santa Cruz Biotechnology, Santa Cruz, USA) and a goat
polyclonal horseradish peroxidase-conjugated antibody against human fibrinogen (Abcam
Cambridge, USA) was used to measure vy’ fibrinogen concentrations. Fibrinogen vy’ is expressed

both as absolute concentration and as a percentage of total fibrinogen (y’ ratio).

Plasma fibrinolytic potential was determined by measuring turbidity with a spectrophotometer
(A405) (de Lange et al, 2013). Tissue plasminogen activator (tPA; Actilyse, Boehringer
Ingelheim, Ingelheim, Germany) was added to plasma clots induced by tissue factor (TF; Dade
Innovin, Siemens Healthcare Diagnostics Inc., Marburg, Germany) according to the method of
Lisman et al. (Lisman et al, 2005). The tPA and TF concentrations were modified to obtain clot
lysis times (CLTs) between 60 and 100 minutes. Final concentrations in the plasma clots were
125 x diluted TF, 100 ng/mL tPA, 17 mmol/L CaCl,, and 10 mmol/L phospholipid vesicles
(Rossix, MéIndal, Sweden). Resultant turbidity curves were analysed using Origin® software
version 8.5 (Origin lab®, 2010). CLT (minutes) was calculated as the difference between the
time at the midpoint of clear and maximum turbidity (clot formation) and the midpoint between
maximum and clear turbidity (clot lysis). In addition, lag time (minutes) was calculated as an
indicator of the time required for the activation of the coagulation cascade by TF and for
protofibrils to reach sufficient length to allow lateral aggregation. The slope of the curve (x107
au/s) during clot formation was used as a representation of the rate of lateral aggregation of the
fibrin protofibrils. Lastly, maximum absorbance, the increase in absorbance at the peak of the

curve (nm), was used as an indicator of fibre diameter.
DNA isolation, SNP selection and genotyping

Genomic DNA was extracted from buffy coat using the QIAGEN FlexiGene™ kit. Unsuccessful
extractions were repeated by means of the Maxwell® 16 DNA purification kit. The quality of the
DNA was determined using the NanoDrop™ spectrophotometer (ND-1000, Wilmington, DE,
USA). Fourteen SNPs, spanning the three fibrinogen genes, were selected for genotyping
based on literature reporting the independent and IL-6-induced association of these SNPs with
total or y’ fibrinogen concentrations (Cook et al, 2001; Green 2001; Jacquemin et al, 2008; Lim
et al, 2003; Mannila et al, 2006; Reiner et al, 2006; Sabater-Lleal et al, 2013; Uitte de Willige et
al, 2005; van’t Hooft et al, 1999). Furthermore, the promoter region of FGB was sequenced in a
subgroup of 28 randomly selected individuals for the identification of novel SNPs. ABI Prism®,
BIGDye® Terminator version 3.1 Ready Reaction Cycle Sequencing Kits (Applied Biosystems,
CityFoster, CA, USA) were used, and electropherograms were aligned using BioEdit (version
7.1.3.0, Ibis Biosciences, Carlsbad, CA, USA).
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The polymorphisms selected for genotyping were FGB - rs7439150, rs2227385 (novel),
rs1800789 (-1420G/A), rs2227388 (novel), rs1800791 (-854G/A), rs1800790 (-455G/A),
rs1800788 (-249C/T), rs1800787 (-148C/T), rs4220, rs4463047, FGA - rs6050, rs2070011
(2224G/A), and FGG - rs2066865 and rs1049636 (9340T/C). Three methods were used to
genotype these polymorphisms, of which two (Thermo Fischer Scientific® Tagman based
assays and the Illumina® VeraCode GoldenGate assay technology using a BeadXpress®
platform), have been described previously (Kotzé et al, 2015). In addition, FGB-rs1800789,
rs1800790, rs4463047 and rs7439150 were genotyped by competitive allele-specific
polymerase chain reactions (KASP) with supplies obtained from LGC Limited. Custom-
designed assays and synthetic controls were manufactured by KBioscience (LGC, Middlesex,

TW11 0LY, UK) and are presented in the online supporting information (Table 3.5).

A two-step 61-t0-55°C touchdown polymerase chain reaction (PCR) protocol was performed in
a Hydrocycler 4™ water bath thermal cycler (LGC, Middlesex, TW11 OLY, UK). The fluorescent
signal of the PCR products was measured by a FLUOstar Omega SNP plate reader (BMG
LABTECH Ltd) and the data were analysed by means of KlusterCaller™ V. 3.4.1.36 software
(LGC, Middlesex, TW11 OLY, UK).

Statistical analyses

The statistical analyses were performed in three phases. Firstly, the SNPs were investigated in
terms of their location, LD and haplotypes using the Ensembl database release 84 (Yates et al,
2016) and Haploview version 4.2 (Barrett et al, 2005). In addition, their independent
associations with phenotype outcomes (total and y’ fibrinogen concentration, lag time, slope,
maximum absorbance and CLT) were determined by independent t-tests and analysis of co-
variance (ANCOVA) adjusting for confounders, using the statistical package for the social
sciences (SPSS®) version 23 (IBM® Corp, 2015).

The second phase involved investigating the association of the fibrinogen phenotypes with IL-6
independent from the polymorphisms. Differences in phenotypes were tested with analysis of
variance (ANOVA) and ANCOVA using IL-6 stratified by quartiles as the categorical variable.
Tukey’s honest significant difference post-hoc tests were performed to determine significant

inter-group differences.

Lastly, interaction effects between IL-6 and the fibrinogen polymorphisms on the fibrinogen

phenotypes were determined by creating interaction terms and entering them into an ANCOVA

with full factorial analysis. Adjustments were made for age, gender, body mass index (BMI),

human immunodeficiency virus (HIV) status, HbAl, and HDL-c based on Pearson correlations
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and independent t-tests revealing these variables as possible confounders. When CLT was
used as an outcome variable, it was also adjusted for PAI-1,,. Multiple testing was accounted
for by setting significance at a p < 0.01 following Benjamini and Hochberg adjustments
(Benjamini and Hochberg 1995). Q-Q plots were used to evaluate the normality of the
standardised residuals. Interaction data are reported as the slope of the linear regression line
between IL-6 and the fibrinogen phenotypes split according to genotype.

In order to determine the possibility of a cumulative effect of the SNPs on the IL6-fibrinogen
relationship, polymorphisms indicating significant interactions were grouped by means of the
generation of a simple genetic ‘risk score’. Each genotype forming part of the model (significant
interaction upon adjustment for multiple testing), was given a score per individual genotype. A
score of one was given for major allele homozygotes; two was given to the heterozygotes and
three to minor allele homozygotes. Where the minor allele frequency (MAF) was low and only

two groups were compared (see below), a score of two was given all minor allele carriers.

A power calculation indicated that the smallest group of 71 individuals (predicted by promoter
sequencing variation) would provide 80% power to detect a medium effect size (Cohen’s d-
value of 0.3) (Faul et al, 2007). Analyses for SNPs having fewer than 71 individuals in the minor
allele homozygote group were therefore performed using two groups only, combining

heterozygotes and minor allele homozygotes.

Any analyses (t-tests, ANOVA, full factorial analysis ANCOVA) yielding significant results in
terms of total or y’ fibrinogen were followed by adjustments for these proteins during statistical
testing using clot properties as outcome variables. These adjustments were made to identify
SNP/IL-6-clot property outcomes that were not mediated by total and/or y’ fibrinogen

concentration.
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RESULTS
Description of individual polymorphisms

Ten of the 14 investigated polymorphisms are situated in and around the 3 chain gene, of which
eight are within the promoter area, one in exon 8 (Arg478Lys, previously reported as
Arg448Lys) and one in the 3’ untranslated region (UTR). Two a chain variants, one in exon 2
(Thr331Ala, previously reported as Thr312Ala) and one in the promoter area, and two y chain
variants, both in the 3’ UTR, are also included. The relative positions of these SNPs, spanning
a 50 Kb region on chromosome 4, are illustrated in Figure 3.1. All the variants were in Hardy-
Weinberg equilibrium (Hardy 1908).

LD and haplotype construction

Figure 3.2 depicts the LD pattern (illustrated by D’ values upon an r? colour scheme) observed
for the 14 SNPs. Lower recombination rates are indicated by increased numerical values (D’)
and darker coloured blocks (r?). Blocks containing no numerical value indicate a D’ of 1.0. Two
haplotype blocks FGB-rs7439150*rs2227385*rs1800789 and FGG-rs2066865*rs1049636 were
constructed via the method suggested by Gabriel et al, (2002). No complete LD (D’ and r* =
1.0) was observed, as the LD pattern was disturbed owing to differing MAFs that led to relatively
low r? values. Acknowledging the limited LD, all further analyses were performed using

individual polymorphisms only.

I 56.27 kb Forward strand
154.56Mb 154.57Mb 154.58Mb 154.59Mb 154.60Mb 154.61Mb
] q31.3 q32.1
[ | | | | |
rs7439150 rs4220 rs4463047 rs6050 rs2070011 rs2066865
| |
rs2227385/40A/G rs1049636
|
rs1800789/-1420G/A
|
rs2227388/-246C/T
|
rs1800791/-854G/A
|
rs1800790/-455G/A
|
rs1800788/-249C/T
I
rs1800787/-148C/T
FGB >
L m i ame | L 1.
< FGA < FGG
Figure 3.1 Fourteen polymorphisms spanning the fibrinogen gene cluster

Image generated through the Ensembl database (Yates et al, 2016)
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Figure 3.2 Pairwise LD structure of 14 fibrinogen SNPs, illustrated by D’ values on

an r? colour scheme

Empty boxes indicate D’ values of 1.0. Increased numerical values indicate stronger evidence of LD.
Image generated through Haploview software (Barrett et al, 2005)\

Associations of individual polymorphisms with fibrinogen-related phenotypes

Ten of the 14 SNPs have been reported previously (Kotzé et al, 2015) and the results are
therefore shown in the online supporting information only (Table 3.6 and 3.7). Briefly,
FGB -854A and FGG-rs1049636C were positively associated with total fibrinogen (p = 0.04 and
0.0009), and FGA-rs2070011A with higher y’ fibrinogen concentrations (p = 0.008). In terms of
clot properties, FGB -148T was associated with a larger fibre diameter (p = 0.001), whereas
FGA-rs2070011A and FGG-rs1049636C, lost significance in terms of their effect on maximum
absorbance (fibre diameter) upon adjustment for y’ and total fibrinogen, respectively (p = 0.06
and 0.33).

Associations of each of the four newly investigated promoter region SNPs with the outcome
phenotypes are shown in Table 3.1. FGB -1420A was associated significantly with total
fibrinogen concentrations (p = 0.02) and the same trend was observed for FGB-rs7439150A
and FGB -455A (p = 0.05). Larger fibre diameter and longer CLT were observed in the
presence of the FGB -1420A allele (p=0.04 and 0.02). In addition, FGB —455A and
FGB-rs7439150A were positively associated with y’ fibrinogen concentrations (p = 0.02 and
0.005), and FGB-rs7439150A with fibre diameter (p = 0.02). Associations with clot properties
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were greatly mediated by the primary fibrinogen associations, as most of the significance was
lost upon adjustment for total and/or y fibrinogen, apart from the association between
FGB -1420A and CLT, which remained (p=0.03).

Table 3.1 Association of selected upstream FGB polymorphisms with

fibrinogen-related phenotypes

FGB-rs7439150°  FGB-rs1800789°  FGB-rs1800790  FGB-rs4463047
SNP pseudonym FGB-1420 G>A FGB-455 G>A
Minor allele frequency (%) A=6.95 A=6.78 A=3.32 T=114

Genotype groups (n) GG!' (1548) GG' (1513) GG!' (1652) CC' (1424)
GA/AA? (215) GA/AA? (292) GA/AA? (108) CT/TT? (357)

Total fibrinogen 3.66 +2.13 3.64+2.12° 3.66 +2.12 3.71+2.18
(9lL) 3.97+2.29 3.96+2.29° 4.05+234 3.52 +1.99
Fibrinogen y' 0.37 +£0.25' 0.38 +0.25 0.38+0.26" 0.38 +0.27
(mg/mL) 041+£0.32 042 +0.33 046 +0.37" 0.37 £0.22
Fibrinogen y' 12.1 + 8.07 12.3+8.27 12.1+8.01 121+ 827

(%) 11.6 £8.82 11.6£7.80 13.2+10.1 12.2+7.90

Lag time 6.47 +1.97 6.47 + 1.96 6.48 + 1.99 6.47 +1.97

(min) 6.59 + 1.96 6.55 + 1.99 6.49 +1.98 6.52 +1.98

Slope 9.58 +4.42 9.54 +4.35 9.65 +4.36 9.67 +4.41

(x1073 au/s) 10.0 £3.99 10.3 £4.09 9.75+3.95 9.60 + 4.32
Maximum absorbance 043+159" 043+0.16" 0.43+0.16 0.43+0.16
(nm) 046 +0.17" 046 +0.17" 0.46 +0.19 044 +0.16

Clot lysis time 56.9 + 11.2 56.8 +11.2°* 57.0+11.3 573+113
(min) 58.0 +12.0 58.3+12.1 *# 58.7 + 11.1 56.3+11.3

A = adening; C = cytosine; FGB = fibrinogen beta chain gene; G = guanine; rs = reference sequence; T = thymine; Lag time = time required for the
activation of the coagulation cascade by TF and for protofibrils to reach sufficient length to allow lateral aggregation; Slope = rate of lateral
aggregation of fibrin protofibrils; Maximum absorbance = indicator of fibre diameter.

Data presented as mean + SD; group 1 (major allele homozygotes) first and group 2 (minor allele carriers) below.

*p < 0.05; # p < 0.05 upon adjustment for total and y’ fibrinogen; ® Strong evidence of LD (2 = 0.89; D’ = 0.95).

Age, gender, BMI, HIV-status, HbA1. and HDL-c were confounders. Associations with CLT were adjusted for PA-I1act additionally.

63



The association of IL-6 with fibrinogen-related phenotypes

The basic descriptive characteristics of the study population have been reported in a previous
publication (Kotzé et al, 2015). Descriptive statistics for fibrinogen and clot properties, including
their association with IL-6 (presented as quartiles), are shown in Table 3.2. The mean IL-6
concentration was 6.50 + 21.0 pg/mL. Total and y’ fibrinogen concentrations were positively,
although not linearly, associated with IL-6 with significantly higher concentrations in the fourth
IL-6 quartile compared to the first three quartiles. The y’ fibrinogen ratio did not reach
significance (p = 0.55), implying that the fibrinogen y’ association is probably a reflection of the
association of IL-6 with total fibrinogen. Positive associations were also observed for lag time,
slope and maximum absorbance, although subsequent adjustment for total and vy’ fibrinogen led
to loss of significance. CLT decreased as IL-6 increased, with total fibrinogen concentration
confounding this effect. Adjustments for total and y’ fibrinogen, and thereafter PAI-1, (as a

main modulator of CLT) significantly increased this negative association (Figure 3.3).
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Table 3.2

Outcome phenotypes descriptive statistics and association with

IL-6- quartiles

Interleukin-6 quartiles (pg/mL) p-value
. Whole .
Variable - - - - unadjusted
group Quartile 1 Quartile 2 Quartile 3 Quartile 4 ;
(adjusted)
<0.76 1.50 - 2.84 2.85-5.75 5.76 — 424
Total
fibrinogen | 369+218 | 3.02+1.622 | 3.32+1.86 | 3.95+2.17 e | 453 + 2,66 bde <0.001
(glL)
Fibrinogen
Y 0.38+0.27 | 0.32+0.22a | 0.36+0.25¢ | 0.39+0.212 | 0.46 +0.37 bed <0.001
(mglL)
Fibrinogen
Y 121+8.25 | 12.5+8.56 124 +7.58 118+7.77 11.8 + 8.94 0.552
(%)
Lag ti 0.033
A9HME | 646 +107 | 6241992 | 646+203 | 664+1932 | 638+194
(min) (0.126)
Slope <0.001
970+442 | 9.19+3.80° 9.60 +4.37 9.86 +4.30 10.5+5.152
(x10-% au/s) (0.897)
Maximum
<0.001
absorbance | 043+0.16 | 041+0.142 | 043+0.15 045+0.152 0.45+0.18¢ 0.183
(nm) (0.183)
CLT 0.066
573+112 | 58.3+10.8" 56.9+109 56.8+11.5 56.2+11.9"
(min) (0.002)

Data presented as mean + SD

Adjusted p-value = adjusted for total and v’ fibrinogen; CLT = clot lysis time; Lag time = time required for the activation of the coagulation cascade by
TF and for protofibrils to reach sufficient length to allow lateral aggregation; Slope = rate of lateral aggregation of fibrin protofibrils; Maximum
absorbance = indicator of fibre diameter. 2bcde Means with the same symbol differ significantly for individual outcome variables; ' Means with the same

numerical value differ significantly for individual outcome variables upon adjustment.
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Figure 3.3 CLT across IL-6 quartiles before (A) and after (B) adjustment for total

fibrinogen, y’ fibrinogen and PAI-1,.
Vertical bars denote 95% confidence interval. P-values: 0.066 (A); <0.00001 (B).
Images are equally scaled

Genotype-IL-6 interactions in terms of phenotype predictions

Interaction analyses were performed for each polymorphism with IL-6 in relation to each of the
fibrinogen measures and clot properties (Table 3.3 and 3.4). Three significant SNP-IL-6-
interactions were observed in predicting y’ fibrinogen, one of which (FGA-rs2070011) showed a
corresponding effect with total fibrinogen concentrations. IL-6 concentration was associated
with a steeper increase in fibrinogen concentration in minor allele carriers of six SNPs and a
shallower increase in total fibrinogen in FGA-rs6050G. For FGG-rs2066865, a shallower
increase was observed in the presence of one minor allele, with a steeper increase in the
presence of two minor alleles, more so than for the wild type. Six SNPs interacted with IL-6 in
determining fibre diameter (maximum absorbance), in which the presence of the minor allele
resulted in a stronger positive association between IL-6 and maximum absorbance than the
respective major alleles. Adjustment for fibrinogen concentration largely nullified these
associations, with only two associations remaining significant (FGB - rs7439150 and -148C/T).
FGB -1420G/A, which is in high LD with FGB - rs7439150 and -148C/T, however, lost its
significance after adjustment for fibrinogen owing to its independent association with fibrinogen
concentration. No significant interactions were observed for lag time, slope or CLT. Removal of
individuals with IL-6 concentrations higher than 100 pg/mL (n = 8) resulted in a loss of
significance for many of the interactions presented in Table 3.3 and 3.4. The remaining IL-6
interactions were with FGG-rs1049636 in terms of fibrinogen concentration and with
FGB - rs7439150, -455G/A, -148C/T in terms of v’ fibrinogen (data reported in Table 3.8).
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Table 3.3 Genotype-IL-6 interactions modulating total and y’ fibrinogen concentrations

Heterozygotes or minor allele .
¥e Minor allele homozygotes

IL-6 - Major allele homoz carriers
Phenotype Gene irxﬁ:\agtr‘il%n In:;a;l:::n ajor allele homozygotes (where only two groups) (where three groups)
N Slope (95% CI) N Slope (95% Cl) N Slope (95% CI)
FGB rs7439150°  0.001 GG 1293 0.015 (0.009 - 0.020) 174 0.072 (0.040 - 0.104)
FGB rs1800789°  <0.001 GG 1263 0.012 (0.006 - 0.018) 240 0.071 (0.050 - 0.093)
FGB rs1800788 <0.001 CC 1419 0.017 (0.012 - 0.023) 154 0.083 (0.045 - 0.121)
Total FGB rs1800787°  0.001 CC 1164 0.016 (0.010 - 0.022) 152 0.077 (0.043 - 0.111)
fibrinogen  FGp rs4220 0.003 GG 1121 0.016 (0.010 - 0.022) 224 0.061 (0.035 - 0.087)
(L) FGA rs6050 <0.001 AA 676 0.039 (0.028 - 0.049) 526 0.016 (0.006 — 0.027) 132 1x104(-0.010-0.010)
FGA rs2070011 0.010 GG 925 0.015 (0.009 - 0.021) 416 0.042 (0.024 - 0.060)
FGG rs2066865 <0.001 CC 746 0.040 (0.029 - 0.050) 482 0.005 (-0.003 - 0.012) 108 0.111(0.067 - 0.156)
FGG rs1049636 <0.001 T 975 0.014 (0.008 - 0.020) 371 0.110 (0.082 - 0.138)
Fibrinogeny® B rs1800790 0.010 GG 1309 0.014 (-0.009 - 0.037) 93 0.242 (0.051 - 0.433)
ratio FGB rs4463047 0.005 cC 1139 0.007 (-0.017 - 0.031) 283 0.134 (0.060 - 0.207)
(%) FGA rs2070011 0.008 GG 890 0.010 (-0.017 - 0.038) 400 0.128 (0.057 - 0.199)

A = adenine; C = cytosine; Cl = confidence interval; G = guanine; IL-6 = interleukin-6; rs = reference sequence; T = thymine; rs1800789 = -1420G/A; rs1800788 = -249C/T; rs1800787 = -148C/T;
rs1800790 = -455G/A; rs2070011 = 2224G/A, rs1049636 = 9340T/C; Variants in high linkage disequilibrium (r2 > 0.82; D’ > 0.92)
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Table 3.4

Genotype-IL-6 interactions modulating clot properties

Interaction p-value

Heterozygotes or minor allele

Minor allele homozygotes

IL-6 Major allele homozygotes carriers
Phenotype Gene interaction Unadjusted Adjusted (where only two groups) (where three groups)
with SNP
N Slope (95% Cl) N Slope (95% Cl) N Slope (95% CI)
FGB  rs7439150° <0.001 0.01 GG 1274 1x10+ (-3x104 -0.001) 179 0.003 (0.002 - 0.003)
FGB  rs1800789° <0.001 0.82 GG 1245 2x104 (-3x10-4 —0.001) 241 0.002 (0.002 - 0.003)
Maximum FGB  rs1800788 0.001 0.04 cC 1407 0.001 (2x10+ —0.001) 153 0.004 (0.002 - 0.007)
absorbance
(nm) FGB  rs1800787° <0.001 0.01 CcC 1157 1x10 (-3x104 -0.001) 157 0.003 (0.002 - 0.003)
FGA  rs6050 0.001 0.04 AA 663 -1x10-% (-0.001 - 0.001) 531 0.002 (0.001 - 0.002) 133 1x10-5(-0.001 - 0.001)
FGG  rs1049636 0.003 0.23 TT 970 0.001 (3x10+ —0.001) 369 0.003 (0.001 - 0.005)

A = adenine; C = cytosine; Cl = confidence interval; G = guanine; IL-6 = interleukin-6; rs = reference sequence; T = thymine; rs1800789 = -1420G/A; rs1800788 = -249C/T; rs1800787 = -148C/T; rs1049636 = 9340T/C

Adjusted = adjusted for total fibrinogen (g/L); Slope = rate of lateral aggregation of fibrin protofibrils; Maximum absorbance = indicator of fibre diameter.

dVariants in high linkage disequilibrium (2 > 0.82; D’ > 0.92)
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In addition to the individual interaction analyses, the seven variants resulting in a steeper
fibrinogen increase in the presence of IL-6 (Table 3.3) were grouped in a genetic ‘risk score’ to
determine whether there were additive effects when these genotypes occurred together in an
individual. Each individual’'s score was composed of the sum of the seven polymorphisms
allocated a value of either one (major allele homozygote) or two (minor allele carrier). Final
scores ranked from 7 to 13, therefore scores represented the presence of zero to six minor
allele groups. The risk score showed a significant interaction with IL-6 (p < 0.001) in the
prediction of fibrinogen concentrations. Figure 3.4 schematically represents the slope of each
score in the relationship of IL-6 and fibrinogen. The addition of a minor allele group to the ‘risk
score’ increased the slope of the IL-6-fibrinogen association. The 12th and 13th risk score were
removed from Figure 3.4 as the sizes of these groups were too small to provide adequate power
(n = 24 and 5, respectively). The interaction, however, remained significant upon removal of
these groups (p < 0.001). The regression coefficient for the line indicating the risk score of 8
differed significantly from the score of 7 (p = 0.04), with 9, 10 and 11 differing from 8 (p = 0.01,
0.048, 0.005, respectively) but not from each other, indicating a possible threshold to the

additive effect when more than three risk alleles occurred together.
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Figure 3.4 Association of total fibrinogen concentrations with circulating
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[ ]indicates the number of minor allele (MA) groups predicting the score.

69



DISCUSSION

High LD in the fibrinogen gene cluster in Europeans continues to hinder the identification of
functional polymorphisms contributing to fibrinogen concentration and functionality (specifically
fibrin clot properties). This becomes even more complex when taking the role of transcriptional
enhancers, such as IL-6, into consideration. Although little is known about the fibrinogen
genotype in Africans, preliminary evidence suggests distinct genetic differences from that of
Europeans, including higher recombination rates and polymorphic variance. In addition, this
population is known for altered fibrinogen and IL-6 phenotypes. This study therefore aimed to
identify possible functional fibrinogen SNPs and novel IL-6-interactions related to total and y’
fibrinogen, as well as indicators of clot formation, structure and lysis by using the unique African
genetic and phenotypic profile. Our data revealed that none of the common European
fibrinogen haplotypes is present in this African population. We demonstrate that in a population
with chronic low-grade inflammation, IL-6 interacted with several of the fibrinogen SNPs to
influence fibrinogen concentration and even resulted in altered fibrin clot properties. A novel
finding with important implications for the causal role of fibrinogen in CVD was that IL-6 not only
interacted with individual SNPs, but that an additive effect was also observed when harbouring

more than one risk allele concurrently.

The MAF of 12 of the 14 investigated SNPs was significantly lower in this Tswana population
than that reported globally (Yates et al, 2016). No variation has been reported for the
FGB-rs2227385 and FGB-rs2227388 SNPs outside Africa (Yates et al, 2016). As predicted, a
high recombination rate was observed in this study population, resulting in no complete LD
among any of the SNPs. However, strong LD between FGB -1420G/A and -148C/T was
observed, similar to the finding of Dehghan et al, (2009), although the LD observed for
FGB-rs7439150 with these SNPs is novel. This lack of full LD differs from numerous reports of
almost complete LD between the -1420G/A, -933C/T, -455G/A and -148C/T SNPs in Europeans
(Baumann and Henschen 1994; Behague et al, 1996; Green 2001; Morozumi et al, 2009;
Thomas et al, 1994; van't Hooft et al, 1999; Verschuur et al, 2005). None of the frequently
occurring haplotypes, consisting of -1420G/A, -933C/T, -854G/A, -455G/A, -249C/T
and -148C/T, (Green 2001; Morozumi et al, 2009; Verschuur et al, 2005), was present in this
study population, highlighting the genetic diversity in Africans. In addition, FGB-933C/T

revealed no genetic variation in this population.

In the present study, FGB -854A, -1420A and FGG-rs1049636C were associated with higher

total fibrinogen concentrations. Higher y' fibrinogen concentrations (but not y
observed in the presence of FGB -455A, rs7439150A and FGA-rs2070011A. Furthermore, a

ratio) were
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positive association between FGB - 148T and fibre diameter, and FGB - 1420A and CLT was
observed. IL-6 correlated positively with total and y fibrinogen, thereby accelerating clot
formation and increasing fibre diameter. CLT was, however, negatively associated with IL-6,
and both total and y’ fibrinogen concentration confounded this association. Five FGB, one FGA
and one FGG SNP significantly interacted with circulating IL-6 to enhance the IL-6-induced
expression of total fibrinogen effectively. These interactions proved to be additive, with the
presence of more than one minor allele across the gene cluster resulting in greater increases in
IL-6-induced fibrinogen expression, although a threshold was reached when more than three
minor allele variants occurred together in an individual. Lastly, these interactive associations
reflected functional effects in terms of the rate of lateral aggregation and fibre diameter, thus
indicating a possible mechanism by which the fibrinogen SNPs, during the acute phase, could

enhance thrombotic risk.

Individual SNP associations for ten of the polymorphisms investigated have been reported
previously (Kotzé et al, 2015). The associations of the four additionally genotyped SNPs,
although not all reaching significance, are in agreement with the existing literature. Increased
fibrinogen concentrations in the presence of FGB-rs7439150A, - 1420A and -455A have been
reported in case-control and genome-wide association analyses (Behague et al, 1996; Brown
and Fuller 1998; Carty et al, 2010; Danik et al, 2009; de Vries et al, 2016; Dehghan et al, 2009;
Kathiresan et al, 2006; Ken-Dror et al, 2012; Klovaite et al, 2013; Sabater-Lleal et al, 2013; Van
Der Bom et al, 1998). The lack of association between rs4463047 and total fibrinogen
concentrations is suggestive of it being a non-functional SNP, as the only two association
studies to date reported inconsistent associations: positive (Sabater-Lleal et al, 2013) and
negative (Wassel et al, 2011), probably reflecting differences in LD with a functional SNP
elsewhere. The novel association of -1420A with faster CLT, independent of fibrinogen

concentration, deserves further investigation.

Most of the research into both the heritability of and variant associations with fibrinogen has
been conducted in European populations. The lack of LD, and common haplotypes alongside
the inability to reproduce results of independent SNP associations in this current investigation,
shows that heritability estimates obtained in Europeans cannot be extrapolated to Africans. This
necessitates the replication of heritability studies in African ethnic sub-groups. The 14 SNPs

investigated here contributed a mere 0.5% to the variance in total fibrinogen.

Total fibrinogen and IL-6 concentrations were generally higher than those reported in
Europeans (Carty et al, 2010; Jacquemin et al, 2008). IL-6 correlated positively with fibrinogen

concentration, thereby accelerating clot formation and increasing fibre diameter, consequently

71



contributing to clot pathology and CVD (Undas and Ariéns 2011). In the present study, higher
IL-6 was associated with a faster CLT, independent of fibrinogen. This is probably the result of
increases in other biomarkers influencing CLT, such as plasminogen concentrations leading to
faster clot lysis. Previous reports have positively associated IL-6 with increased plasminogen
transcription (Jenkins et al, 1997; Kida et al, 1997).

Fibrinogen y’ was also positively associated with IL-6, although the non-significant association of
IL-6 with the total to y’ fibrinogen ratio revealed the observation to be largely a reflection of the
relationship with total fibrinogen. This finding suggests that in this study population,
characterised by chronic low-grade inflammation, the influence of IL-6 on total and vy’ fibrinogen
is probably due to up-regulation of the entire fibrinogen gene cluster, while alterations in the
FGG alternative splicing mechanism may be more relevant in pronounced inflammatory

conditions such as have been reported for CVD (Alexander et al, 2011; Cheung et al, 2009).

IL-6-induced fibrinogen gene expression can be altered by polymorphic variation (Morozumi et
al, 2009; Verschuur et al, 2005), therefore it is important to take genotype-IL-6 interactions into
consideration when determining the influence of genetic variance on the fibrinogen phenotype,
particularly in populations with prevalent inflammatory conditions. Nine SNPs interacted
significantly with IL-6 in predicting fibrinogen concentrations and three SNPs with vy’ fibrinogen,
highlighting the importance of considering IL-6 levels when investigating the influence of genetic
variance on fibrinogen. These interactions furthermore led to altered fibrin clot properties, in
particular increased fibre diameter, which has been associated with CVD (Mills et al, 2002).
The number of significant genotype-IL-6 interactions was reduced when individuals with high
IL-6 concentrations (>100 pg/mL) were removed from analyses, suggesting that these
interactions are physiologically more relevant in the presence of high IL-6 plasma
concentrations. The interactions with FGB - rs7439150, -455G/A, -148C/T and FGG-rs1049636
remained however, indicating their potential relevance to fibrinogen regulation during chronic
low-grade inflammatory conditions thought to be associated with increased CAD (Adukauskiené
et al, 2016). In addition, these interactions had an additive effect that could only be detected
because of the lack of LD in the fibrinogen gene cluster in this African study population. The
additive effect reached a threshold when more than three risk alleles occurred together. This
observation should be investigated in a larger study population to allow analysis of the number
of risk alleles, rather than just the presence thereof, thereby exploring dominant/co-
dominant/recessive effects. Nonetheless, the observed additive effects reflect true physiological
mechanisms, as the particular combinations are harboured concurrently in each individual. This

data are in agreement with the findings of Ken-Dror et al, (2012) who suggested that the
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fibrinogen phenotype is not regulated by one functional SNP only, but by a combination of minor
alleles spanning the whole cluster. The lack of a causal contribution of fibrinogen to CVD by
Mendelian randomisation studies should, in our opinion, therefore, be interpreted with caution,
as these studies investigated single variants only and focussed on fibrinogen concentration
alone while omitting qualitative effects such as altered clot properties (De Moerloose et al,
2010).

In this Tswana population, of the 14 SNPs investigated, FGB-rs7439150, -1420G/A
and -148C/T had the most pronounced effects on the fibrinogen phenotype in terms of both
concentration and altered clot properties, with several of these associations altered by IL-6
concentrations. FGB-rs7439150 is located in a regulatory feature (ENSR00000175110)
spanning 623 base pairs (4:154560017-154560640), and is predicted to have methylation
potential. This feature could be the transcriptional enhancer that is essential to the functional
role of FGB-rs7439150 portrayed in this study (Zerbino et al, 2016). In addition, possible
functionality of -148C/T has been described by Verschuur et al, (2005) owing to its ability to alter
fibrinogen’s response to IL-6 by interfering with the hepatocyte nuclear factor 3 and CCAAT
enhancer binding protein binding sites. Although the association of the FGB
promoter -1420G/A polymorphism with fibrinogen concentration has been reported before
(Dehghan et al, 2009; Sabater-Lleal et al, 2013), it is not associated with any known regulatory
features (Zerbino et al, 2016) and further investigation into its functionality is required. Despite
the higher genetic recombination rates in Africans, these three SNPs were however found to be
in high, albeit not complete LD (D’>0.92, r*>0.82), therefore the possibility of inferred
functionality can also not be excluded. These variants did, however, have unrelated
independent genotype-phenotype associations; FGB-rs7439150 with fibrinogen v,
FGB -1420G/A with total fibrinogen, and FGB -148C/T with maximum absorbance, respectively.
Distinct differences in their IL-6-interactive associations (Tables 3.3, 3.4 and 3.8) were also
observed, strengthening their hypothesised independent functional contribution to the

fibrinogen-related phenotypes.

In conclusion, the genotypic exploration of the fibrinogen phenotype in the Tswana population
proved the unique genetic composition of black South Africans. It is clear that international
research cannot be extrapolated to Africans and that the risk profile in terms of the relative
contribution of genetics and environmental factors might differ. The results demonstrate that
IL-6 can modulate the influence of fibrinogen SNPs on fibrinogen concentration individually and
in an additive manner, with the presence of more minor alleles across these genes leading to
greater increases in IL-6-induced fibrinogen expression in an apparently healthy study

population. Therefore, when investigating the effect of fibrinogen genetics on fibrinogen
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concentrations and CVD outcome, the possible interactions with modulating factors and the fact

that SNP effects seem to be additive should be taken into account.
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Table 3.5 Primer and synthetic control sequences used for KASP analyses

Assay ID Primer_AlleleFAM# Primer_AlleleHEX* Primer_Common’
FGB- CATTATGATATAACATTACTATTGATTT A CATTATGATATAACATTACTATTGATT G ACAATGACATAATTCTATTTCAAAAGGG
rs1800790 | TAATA TTAATG GC
FGB- TCCTGTATATATTTTAATTAATAGCCAC A CCTGTATATATTTTAATTAATAGCCAC G GGTTTTTAAAGGGATACATGATCTGACA
rs1800789 | ATAA ATAG GA
rs7’;§g1- 50 CAGCTAATATGAAGAACACTGCACTA A CAGCTAATATGAAGAACACTGCACTG G (T3 GGAAAGGGAGTACTATTTGTTCAGTTA
FGB- CTTGGTTCATAAATAAAGAGGAACTAGA CTTGGTTCATAAATAAAGAGGAACTAG CTATAATGGATGTATGCACTTGGGACAT
T C
rs4463047 | A AG A

Control Major 5’ TCATAGAATAGGGTATGAATTTGTTATTTTGTTATTTTGATTAATGTCTAAAACAAAAGATAAACACATTATGATATAACATTACTATTGATTTTAA
FGB T[G]GCCCCTTTTGAAATAGAATTATGTCATTGTCAGAAAACATAAGCATTTATGGTATATCATTAATGAGTCACGATTTTAGTGGTTGCCTTGTGAGTAG’ 3

rs1800790 Minor 5’ TCATAGAATAGGGTATGAATTTGTTATTTTGTTATTTTGATTAATGTCTAAAACAAAAGATAAACACATTATGATATAACATTACTATTGATTTTAA
T[A]GCCCCTTTTGAAATAGAATTATGTCATTGTCAGAAAACATAAGCATTTATGGTATATCATTAATGAGTCACGATTTTAGTGGTTGCCTTGTGAGTAG' 3

Control Major 5’ TGTTATCAGTTATATTTTCATGGAAAATATTCCTGTATATATTTTAATTAATAGCCACATA[G]ATATTTGCTTTTTCTGTCAGATCATGTATCCCT
FGB- TTAAAAACCATTAAAGCTAAAGAAAAAAATCTTAAAATATAATATTTACTCATTGCTAATAAAGGGAACACAAATTTGGAAAGACTCAAGTGAATATTTTT' 3

rs1800789 Minor 5’ TGTTATCAGTTATATTTTCATGGAAAATATTCCTGTATATATTTTAATTAATAGCCACATA[AJATATTTGCTTTTTCTGTCAGATCATGTATCCCT
TTAAAAACCATTAAAGCTAAAGAAAAAAATCTTAAAATATAATATTTACTCATTGCTAATAAAGGGAACACAAATTTGGAAAGACTCAAGTGAATATTTTT' 3

Control Major 5’ TCAAGCCAGAGAGCTGCTGGGCAGGACAGATTATCTCTGTTTTCTCTGTCACTGATTTACTACCCTTGACTTATGCAATGACAT CAGCTAATATGAA
FGB GAACACTGCACT[G]ATGACCTCAAAATAACTGAACAAATAGTACTCCCTTTCCCCTCCACCAATGGCATCAACATTCTAAAAAAATTTAAGCATCTTAAT' 3

rs7439150 Minor 5’ TCAAGCCAGAGAGCTGCTGGGCAGGACAGATTATCTCTGTTTTCTCTGTCACTGATTTACTACCCTTGACTTATGCAATGACAT CAGCTAATATGAA
GAACACTGCACT [A]JATGACCTCAAAATAACTGAACAAATAGTACTCCCTTTCCCCTCCACCAATGGCATCAACATTCTAAAAAAATTTAAGCATCTTAAT' 3

Control Major 5’ ATACATATATATATATACACATATATAATTATATATATGTATATATAATTATACAATTAGGACTGAAAGTCTGCAACAAACTATAATGGATGTATGC
FGB ACTTGGGACATAAGC [T]TCTAGTTCCTCTTTATTTATGAACCAAGAGAAACAGCTAACTCAGGGATTGTTTTTAAACTGACTACAGATTCCCACCATGGG! 3

rs4463047 Minor 5’ ATACATATATATATATACACATATATAATTATATATATGTATATATAATTATACAATTAGGACTGAAAGTCTGCAACAAACTATAATGGATGTATGC
ACTTGGGACATAAGC [C]TCTAGTTCCTCTTTATTTATGAACCAAGAGAAACAGCTAACTCAGGGATTGTTTTTAAACTGACTACAGATTCCCACCATGGG! 3

FGB = fibrinogen beta chain gene; “ Underlined sequences correspond to the common primer annealing position; # Italic sequences correspond to the discriminating primer annealing position; Heterozygote control
comprised 50/50 major/minor mixture.
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Table 3.6

total fibrinogen as published by Kotzé et al, (2015)

Associations of individual SNPs with fibrinogen y’, y' ratio and

Genotype Fibrinogen y' (g/l) ¥' ratio Fibrinogen (g/l)

rs2070011

GG 0.30 (0.23-0.44) * 10.1 (7.14-14.7) 2.80 (2.30-5.00)
(n=1021) (n=987) (n=1112)

GA 0.32 (0.23-0.46) © 10.3 (7.42-15.0) 2.90 (2.20-5.00)
(n=428) (n =405) (n=422)

AA 0.39 (0.33-0.55) * 0 11.1 (6.55-17.6) 3.70 (2.80-6.20)
(n=40) (n=36) (n=37)

p-value 0.008 0.50 0.11

p-value after adjustment for 0.52 0.52

fibrinogen y’

rs1049636

TT 0.31(0.23-0.45) 10.3 (7.22-14.8) 2.80 (2.20-4.50) *
(n=1058) (n=1020) (n=1069)

TC 0.31(0.23-0.47) 10.3 (7.05-15.1) 3.00 (2.20-5.30) ©
(n=392) (n=371) (n=2383)

CC 0.32 (0.22-0.57) 8.30 (5.67-13.6) 5.00 (2.80-6.25) * 0
(n'=45) (n=43) (n =44)

p-value 0.61 0.08 0.0009

p-value after adjustment for 0.93 0.93

fibrinogen

rs1800791

GG 0.31(0.23-0.45) 10.2 (7.21-14.5) 2.90 (2.20-5.00) *
(n=1462) (n=1402) (n=1460)

GA 0.31(0.23-0.46) 10.3 (7.11-15.1) 3.00 (2.30-5.00)
(n=274) (n = 265) (n=286)

AA 0.35 (0.28-0.50) 6.97 (5.39-10.2) 5.30 (2.90-6.40) *
(n=11) (n=11) (n=11)

p-value 0.21 0.40 0.04

p-value after adjustment for 0.48 0.48

fibrinogen

Data reported as median (250-75% percentile). *°Means with the same symbol differ significantly. A, adenine; C, cytosine; G, guanine;

SNP, single nucleotide polymorphism; T, thymine; y', gamma prime.
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Table 3.7

as published by Kotzé et al, (2015)

Associations of individual SNPs with clot-related phenotypes

Genotype Clot lysis time (minutes) Lagtime (minutes) Slope Maximum absorbance

rs1800787

cC 57.3[56.7-57.9] 6.36 [6.25-6.47] 9.83[9.58-10.1] 0.43[0.42-0.44] *
(n=1317) (n=1345) (n=1316) (n=1318)

CT 56.2 [54.3-58.0] 6.53 [6.23-6.83] 9.93[9.30-10.6] 0.47 [0.44-0.50] *
(n=165) (n=170) (n=168) (n=165)

T 57.3[49.8-64.7] 7.06 [5.51-8.60] 9.76 [8.00-11.5] 0.48[0.42-0.54]
(n=9) (n=9) (n=9) (n=9)

p-value 0.27 0.16 0.82 0.001

rs2070011

GG 57.4 [56.7-58.1] 6.43 [6.30-6.55] 9.69 [9.41-9.96] 0.43[0.42-0.43] *
(n=1034) (n=1061) (n=1038) (n=1035)

GA 56.9 [55.9-57.9] 6.29 [6.11-6.47] 10.2[9.79-10.7] 0.45[0.43-0.46] *
(n=440) (n = 448) (n=438) (n = 440)

AA 59.1[55.2-63.0] 6.91[6.34-7.48] 9.11[7.88-10.3] 0.4510.41-0.50]
(n=43) (n=42) (n=42) (n=43)

p-value 0.93 0.90 0.22 0.01

p-value adjusted for 0.97 0.81 0.21 0.06

fibrinogen y’

rs1049636

T 57.3 [56.7-58.0] 6.37 [6.25-6.48] 9.76 [9.49-10.0] 0.43[0.42-0.44] *
(n=1082) (n=1106) (n=1081) (n=1083)

TC 57.2 [56.0-58.3] 6.47 [6.28-6.67] 9.93[9.48-10.4] 0.44[0.43-0.46]
(n=39%4) (n=401) (n=2395) (n=39%)

cC 57.7 [54.3-61.0] 6.58 [6.09-7.08] 10.1[8.74-11.5] 0.48[0.43-0.53] *
(n=46) (n=48) (n=48) (n=46)

p-value 0.94 0.27 0.42 0.01

p-value adjusted for 0.88 0.84 0.72 0.33

fibrinogen

rs5985

cC 57.0 [56.3-57.7] 6.31[6.20-6.42] * 9.91[9.65-10.2] 0.43[0.42-0.44]
(n=1105) (n=1130) (n=1110) (n=1105)

CA 57.8 [56.6-58.9] 6.61[6.39-6.84] * 9.7419.23-10.2) 0.44[0.42-0.45)]
(n=360) (n = 366) (n=1357) (n=1361)

AA 58.8 [54.9-62.7] 6.22 [5.61-6.83] 8.67 [7.45-9.90] 0.40[0.32-0.48]
(n=28) (n=30) (n=28) (n=28)

p-value 0.39 0.04 0.30 0.55

Data reported as mean [95% confidence interval]. * Means with the same symbol differ significantly. A, adenine; C, cytosine; G, guanine; SNP, single nucleotide

polymorphism; T, thymine; y', gamma prime.
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Table 3.8 Genotype-IL-6 interactions modulating total and y’ fibrinogen concentrations upon removal of individuals
with IL-6 > 100pg/mL
IL-6 Interaction Major allele carriers Minor allele carriers
Phenotype Gene interaction
with SNP BRale
N Slope (95% Cl) N Slope (95% Cl)
Total
fibrinogen  FGG rs1049636 <0.001 TT 969 0.056 (0.041 - 0.071) 371 0.110 (0.082 - 0.138)
(/L)
Fibrinogen y’ FGB rs7439150° 0.01 GG 1236 -0.008 (-0.067 — 0.050) 166 0.182 (0.040 - 0.325)
ratio FGB rs1800790 0.01 GG 1304 -0.012 (-0.068 — 0.043) 93 0.242 (0.051 - 0.433)
(%) FGB rs1800787° 0.005 CcC 1120 -0.036 (-0.097 - 0.025) 144 0.169 (0.014 - 0.323)

C = cytosine; Cl = confidence interval; G = guanine; IL-6 = interleukin-6; rs = reference sequence; T = thymine;

rs1049636 = 9340T/C; &Variants in high linkage disequilibrium (2 = 0.88; D’ = 0.95)

88

rs1800790 = -455G/A; rs1800787 = -148C/T;



CHAPTER 4

CANDIDATE GENE ANALYSIS OF THE FIBRINOGEN
PHENOTYPE REVEALS THE IMPORTANCE OF POLYGENIC CO-
REGULATION

This chapter includes:

e Guide for authors , Matrix Biology (Impact factor: 4.5);

e Letter of acceptance for publication in Matrix Biology;

e The original article titled: “Candidate gene analysis of the fibrinogen phenotype
reveals the importance of polygenic co-regulation”.

The manuscript as published online can be viewed in Annexure A

89




GUIDE FOR AUTHORS: MATRIX BIOLOGY

https://www.elsevier.com/journals/matrix-biology/0945-053x/guide-for-authors

YOUR PAPER YOUR WAY

We now differentiate between the requirements for new and revised submissions. You may choose to
submit your manuscript as a single Word or PDF file to be used in the refereeing process. Only when your
paper is at the revision stage, will you be requested to put your paper in to a 'correct format' for
acceptance and provide the items required for the publication of your article.

To find out more, please visit the Preparation section below.

INTRODUCTION

Matrix Biology publishes Regular Research Papers, Brief Reports, Mini Reviews, Landmark Essays, Full
Length Reviews and Announcements. The section Types of Papers describes the conditions each of
these submission types should meet.

Papers that do not conform to the general criteria for publication in Matrix Biology will be returned
immediately to authors to avoid unnecessary delay in submission elsewhere.

The decision of the Editor is final; the Editor cannot enter into correspondence about a paper that is
considered unsuitable for publication.

Revisions should be submitted within 90 days. If we do not receive your revision within 120 days, your

paper will be withdrawn and removed from the system.

Types of papers

Regular Research Papers

are studies utilizing most scientific technologies including molecular biology, cell biology,
immunochemistry, structural biology, computational biology, theoretical biology, and macromolecular
chemistry where the subject is extracellular matrix or is substantially related to matrix and its
biological role. The journal will publish articles that are scientifically rigorous, complete within a logical
framework, and, most importantly, address molecular or cellular mechanisms that are timely and

represent above average significance.

Brief Reports

are short papers that meet the same standards of quality and field of interest as regular papers, but have
a narrower scope and a more focused interest. Brief reports should present new information of
exceptional novelty, importance and interest to the broad readership of the journal. Reports should have
a maximum of 3 figures, and no longer than 30,000 characters, including spaces. There are no

limitations for references.

Commentaries
are brief reviews that present a sharply focused view of a rapidly advancing area of research.
Authorship is normally by invitation. Generally, commentaries include a manuscript of 6-10 double-

spaced pages with 1-2 schematics. References are limited to 20-30.
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Mini Reviews

are timely and original analyses of current topics of high interest. The mini-reviews should summarize the
general concepts in the field, provide a brief summary of the new information and define
unresolved questions about currently available data. The mini reviews must contain up to 3 original
graphics of high quality or equivalent images, and a manuscript containing 12-15 double-spaced
pages. There are no limitations for references. We do not accept previously-published graphics or
images. The Editor-in-Chief should be consulted in advance by anyone wishing to submit an unsolicited mini

review.

Full Length Reviews

are comprehensive and critical analyses of topics that have been under investigation for some time. Most
of them are invited reviews from experts in the relevant topic. The reviews must contain up to five high-quality,
original graphics or equivalent images, and a manuscript containing 20-40 double-spaced pages. No
limitations for references. We do not accept previously-published graphics or images. The Editor-in-Chief

should be consulted in advance by anyone wishing to submit an unsolicited full-length review.

Announcements

Announcements of national or international meetings may be published in Matrix Biology.

Contact details for submission
Manuscripts for Matrix Biology should be submitted via the journal's online submission page at

http://www.evise.com/evise/faces/pages/ navigation/NavController.jspx? JRNL_ACR=MATBIO.

For all technical queries please consult our help site at http://epsupport.elsevier.com/. Here you will be
able to learn more about the online submission system via interactive tutorials, explore a range of online
submission solutions via our knowledgebase, and find answers to frequently asked questions. You will
also find our 24/7 support contact details should you need any assistance from one of our customer

service representatives.

Submission checklist
You can use this list to carry out a final check of your submission before you send it to the journal for

review. Please check the relevant section in this Guide for Authors for more details.

Ensure that the following items are present:
One author has been designated as the corresponding author with contact details:
E-mail address

Full postal address

All necessary files have been uploaded:
Manuscript:

Include keywords

All figures (include relevant captions)

All tables (including titles, description, footnotes)

Ensure all figure and table citations in the text match the files provided
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Indicate clearly if color should be used for any figures in print
Graphical Abstracts / Highlights files (where applicable)

Supplemental files (where applicable)

Further considerations

Manuscript has been 'spell checked' and 'grammar checked'

All references mentioned in the Reference List are cited in the text, and vice versa

Permission has been obtained for use of copyrighted material from other sources (including the
Internet)

Relevant declarations of interest have been made

Journal policies detailed in this guide have been reviewed

Referee suggestions and contact details provided, based on journal requirements For further information,

visit our Support Center.

BEFORE YOU BEGIN
Ethics in publishing

Please see our information pages on Ethics in publishing and Ethical guidelines for journal publication.

Declaration of interest

All authors are requested to disclose any actual or potential conflict of interest including any financial,
personal or other relationships with other people or organizations within three years of beginning the
submitted work that could inappropriately influence, or be perceived to influence, their work. More

information.

Submission declaration and verification

Submission of an article implies that the work described has not been published previously (except in the
form of an abstract or as part of a published lecture or academic thesis or as an electronic preprint,
see 'Multiple, redundant or concurrent publication' section of our ethics policy for more information),
that it is not under consideration for publication elsewhere, that its publication is approved by all
authors and tacitly or explicitly by the responsible authorities where the work was carried out, and that, if
accepted, it will not be published elsewhere in the same form, in English or in any other language,
including electronically without the written consent of the copyright-holder. To verify originality, your article

may be checked by the originality detection service CrossCheck.

Contributors

Each author is required to declare his or her individual contribution to the article: all authors must have
materially participated in the research and/or article preparation, so roles for all authors should be
described. The statement that all authors have approved the final article should be true and included in the

disclosure.

Changes to authorship
Authors are expected to consider carefully the list and order of authors before submitting their
manuscript and provide the definitive list of authors at the time of the original submission. Any

addition, deletion or rearrangement of author names in the authorship list should be made only
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before the manuscript has been accepted and only if approved by the journal Editor. To request such a
change, the Editor must receive the following from the corresponding author: (a) the reason for the
change in author list and (b) written confirmation (e-mail, letter) from all authors that they agree with the
addition, removal or rearrangement. In the case of addition or removal of authors, this includes

confirmation from the author being added or removed.

Only in exceptional circumstances will the Editor consider the addition, deletion or rearrangement of
authors after the manuscript has been accepted. While the Editor considers the request, publication of the
manuscript will be suspended. If the manuscript has already been published in an online issue, any

requests approved by the Editor will result in a corrigendum.

Copyright

Upon acceptance of an article, authors will be asked to complete a 'Journal Publishing Agreement’ (see more
information on this). An e-mail will be sent to the corresponding author confirming receipt of the
manuscript together with a 'Journal Publishing Agreement' form or a link to the online version of this

agreement.

Subscribers may reproduce tables of contents or prepare lists of articles including abstracts for internal
circulation within their institutions. Permission of the Publisher is required for resale or distribution
outside the institution and for all other derivative works, including compilations and translations. If
excerpts from other copyrighted works are included, the author(s) must obtain written permission from
the copyright owners and credit the source(s) in the article. Elsevier has preprinted forms for use by

authors in these cases.

For open access articles: Upon acceptance of an article, authors will be asked to complete an
‘Exclusive License Agreement' (more information). Permitted third party reuse of open access articles is

determined by the author's choice of user license.

Author rights
As an author you (or your employer or institution) have certain rights to reuse your work. More
information.

Elsevier supports responsible sharing

Find out how you can share your research published in Elsevier journals.

Role of the funding source

You are requested to identify who provided financial support for the conduct of the research and/or
preparation of the article and to briefly describe the role of the sponsor(s), if any, in study design; in the
collection, analysis and interpretation of data; in the writing of the report; and in the decision to submit the

article for publication. If the funding source(s) had no such involvement then this should be stated.

Funding body agreements and policies
Elsevier has established a humber of agreements with funding bodies which allow authors to comply with
their funder's open access policies. Some funding bodies will reimburse the author for the Open Access
Publication Fee. Details of existing agreements are available online.
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Open access
This journal offers authors a choice in publishing their research:

Open access
Articles are freely available to both subscribers and the wider public with permitted reuse.
An open access publication fee is payable by authors or on their behalf, e.g. by their research funder or

institution.

Subscription
Articles are made available to subscribers as well as developing countries and patient groups through our
universal access programs.

No open access publication fee payable by authors.

Regardless of how you choose to publish your article, the journal will apply the same peer review

criteria and acceptance standards.

For open access articles, permitted third party (re)use is defined by the following Creative Commons user

licenses:

Creative Commons Attribution (CC BY)

Lets others distribute and copy the article, create extracts, abstracts, and other revised versions,
adaptations or derivative works of or from an article (such as a translation), include in a collective work
(such as an anthology), text or data mine the article, even for commercial purposes, as long as they
credit the author(s), do not represent the author as endorsing their adaptation of the article, and do not

modify the article in such a way as to damage the author's honor or reputation.

Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

For non-commercial purposes, lets others distribute and copy the article, and to include in a collective work
(such as an anthology), as long as they credit the author(s) and provided they do not alter or modify the
article.

The open access publication fee for this journal is USD 3300, excluding taxes. Learn more about

Elsevier's pricing policy: https://www.elsevier.com/openaccesspricing.

Green open access

Authors can share their research in a variety of different ways and Elsevier has a number of
green open access options available. We recommend authors see our green open access page for
further information. Authors can also self-archive their manuscripts immediately and enable public
access from their institution's repository after an embargo period. This is the version that has been
accepted for publication and which typically includes author-incorporated changes suggested during
submission, peer review and in editor-author communications. Embargo period: For subscription
articles, an appropriate amount of time is needed for journals to deliver value to subscribing customers before
an article becomes freely available to the public. This is the embargo period and it begins from the date the
article is formally published online in its final and fully citable form. Find outmore.

This journal has an embargo period of 12 months.
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Language (usage and editing services)

Please write your text in good English (American or British usage is accepted, but not a mixture of these).
Authors who feel their English language manuscript may require editing to eliminate possible grammatical
or spelling errors and to conform to correct scientific English may wish to use the English Language Editing

service available from Elsevier's WebShop.

Submission

Our online submission system guides you stepwise through the process of entering your article
details and uploading your files. The system converts your article files to a single PDF file used in the
peer-review process. Editable files (e.g., Word, LaTeX) are required to typeset your article for final
publication. All correspondence, including notification of the Editor's decision and requests for revision, is

sent by e-mail.

Referees
Please submit the names and institutional e-mail addresses of several potential referees. For more
details, visit our Support site. Note that the editor retains the sole right to decide whether or not the

suggested reviewers are used.

PREPARATION

New submissions

Submission to this journal proceeds totally online and you will be guided stepwise through the creation and
uploading of your files. The system automatically converts your files to a single PDF file, which is used in

the peer-review process.

As part of the Your Paper Your Way service, you may choose to submit your manuscript as a single file to be
used in the refereeing process. This can be a PDF file or a Word document, in any format or lay- out that
can be used by referees to evaluate your manuscript. It should contain high enough quality figures for
refereeing. If you prefer to do so, you may still provide all or some of the source files at the initial
submission. Please note that individual figure files larger than 10 MB must be uploaded separately.

Figures and tables embedded in text
Please ensure the figures and the tables included in the single file are placed next to the relevant text in the

manuscript, rather than at the bottom or the top of thefile.

REVISED SUBMISSIONS

Use of word processing software

Regardless of the file format of the original submission, at revision you must provide us with an
editable file of the entire article. Keep the layout of the text as simple as possible. Most formatting codes
will be removed and replaced on processing the article. The electronic text should be prepared in a way
very similar to that of conventional manuscripts (see also the Guide to Publishing with Elsevier). See
also the section on Electronic artwork.

To avoid unnecessary errors you are strongly advised to use the 'spell-check’ and 'grammar-check’

functions of your word processor.
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Article structure

Subdivision - numbered sections

Divide your article into clearly defined and numbered sections. Subsections should be numbered

1.1 (then 1.1.1, 1.1.2, ..), 1.2, etc. (the abstract is not included in section numbering). Use this
numbering also for internal cross-referencing: do not just refer to 'the text'. Any subsection may be given

a brief heading. Each heading should appear on its own separate line.

Introduction
State the objectives of the work and provide an adequate background, avoiding a detailed literature

survey or a summary of the results.

Results

Results should be clear and concise.

Discussion
This should explore the significance of the results of the work, not repeat them. A combined Results and
Discussion section is often appropriate. Avoid extensive citations and discussion of published

literature.

Essential title page information

Title. Concise and informative. Titles are often used in information-retrieval systems. Avoid
abbreviations and formulae where possible.

Author names and affiliations. Please clearly indicate the given name(s) and family name(s) of each
author and check that all names are accurately spelled. Present the authors' affiliation addresses
(where the actual work was done) below the names. Indicate all affiliations with a lower- case superscript
letter immediately after the author's name and in front of the appropriate address. Provide the full postal
address of each affiliation, including the country name and, if available, the e-mail address of each
author.

Corresponding author. Clearly indicate who will handle correspondence at all stages of refereeing and
publication, also post-publication. Ensure that the e-mail address is given and that contact details are
kept up to date by the corresponding author.

Present/permanent address. If an author has moved since the work described in the article was done, or
was visiting at the time, a 'Present address' (or 'Permanent address') may be indicated as a footnote to
that author's name. The address at which the author actually did the work must be retained as the

main, affiliation address. Superscript Arabic numerals are used for such footnotes.

Abstract

A concise and factual abstract is required. The abstract should state briefly the purpose of the
research, the principal results and major conclusions. An abstract is often presented separately from the
article, so it must be able to stand alone. For this reason, References should be avoided, but if essential,
then cite the author(s) and year(s). Also, non-standard or uncommon abbreviations should be avoided, but
if essential they must be defined at their first mention in the abstractitself.

An abstract is not required for Landmark Essays.
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Keywords

Immediately after the abstract, provide a maximum of 6 keywords, using American spelling and
avoiding general and plural terms and multiple concepts (avoid, for example, 'and’, 'of'). Be sparing with
abbreviations: only abbreviations firmly established in the field may be eligible. These keywords will be

used for indexing purposes.

Abbreviations
Define abbreviations that are not standard in this field in a footnote to be placed on the first page of the
article. Such abbreviations that are unavoidable in the abstract must be defined at their first mention

there, as well as in the footnote. Ensure consistency of abbreviations throughout the article.

Acknowledgements

Collate acknowledgements in a separate section at the end of the article before the references and do not,
therefore, include them on the title page, as a footnote to the title or otherwise. List here those individuals
who provided help during the research (e.g., providing language help, writing assistance or proof reading

the article, etc.).

Formatting of funding sources

List funding sources in this standard way to facilitate compliance to funder's requirements:

Funding: This work was supported by the National Institutes of Health [grant numbers xxxx, yyyy]; the Bill
& Melinda Gates Foundation, Seattle, WA [grant number zzzz]; and the United States Institutes of Peace
[grant number aaaa]. Itis not necessary to include detailed descriptions on the program or type of grants and
awards. When funding is from a block grant or other resources available to a university, college, or other

research institution, submit the name of the institute or organization that provided the funding.

If no funding has been provided for the research, please include the following sentence:
This research did not receive any specific grant from funding agencies in the public, commercial, or not-

for-profit sectors.

Math formulae

Please submit math equations as editable text and not as images. Present simple formulae in line
with normal text where possible and use the solidus (/) instead of a horizontal line for small fractional
terms, e.g., X/Y. In principle, variables are to be presented in italics. Powers of e are often more
conveniently denoted by exp. Number consecutively any equations that have to be displayed separately

from the text (if referred to explicitly in the text).

Footnotes

Footnotes should be used sparingly. Number them consecutively throughout the article. Many word
processors build footnotes into the text, and this feature may be used. Should this not be the case,
indicate the position of footnotes in the text and present the footnotes themselves separately at the end of

the article.
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Artwork

Electronic artwork

General points

Make sure you use uniform lettering and sizing of your original artwork.

Preferred fonts: Arial (or Helvetica), Times New Roman (or Times), Symbol, Courier.

Number the illustrations according to their sequence in the text.

Use a logical naming convention for your artwork files.

Indicate per figure if it is a single, 1.5 or 2-column fitting image.

For Word submissions only, you may still provide figures and their captions, and tables within a single
file at the revision stage.

Please note that individual figure files larger than 10 MB must be provided in separate source files. A
detailed guide on electronic artwork is available.

You are urged to visit this site; some excerpts from the detailed information are given here.

Formats
Regardless of the application used, when your electronic artwork is finalized, please 'save as' or
convert the images to one of the following formats (note the resolution requirements for line drawings,

halftones, and line/halftone combinations given below):

EPS (or PDF): Vector drawings. Embed the font or save the text as'graphics'.

TIFF (or JPG): Color or grayscale photographs (halftones): always use a minimum of 300 dpi. TIFF (or
JPG): Bitmapped line drawings: use a minimum of 1000 dpi.

TIFF (or JPG): Combinations bitmapped line/half-tone (color or grayscale): a minimum of 500 dpi is

required.

Please do not:
Supply files that are optimized for screen use (e.g., GIF, BMP, PICT, WPG); the resolution is too low.
Supply files that are too low in resolution.

Submit graphics that are disproportionately large for the content.

Color artwork

Please make sure that artwork files are in an acceptable format (TIFF (or JPEG), EPS (or PDF), or MS
Office files) and with the correct resolution. If, together with your accepted article, you submit usable color
figures then Elsevier will ensure, at no additional charge, that these figures will appear in color online
(e.g., ScienceDirect and other sites) regardless of whether or not these illustrations are reproduced in
color in the printed version. For color reproduction in print, you will receive information regarding
the costs from Elsevier after receipt of your accepted article. Please indicate your preference for

color: in print or online only. Further information on the preparation of electronic artwork:

Figure captions
Ensure that each illustration has a caption. A caption should comprise a brief title (not on the figure itself)
and a description of the illustration. Keep text in the illustrations themselves to a minimum but explain all

symbols and abbreviations used.
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Tables

Please submit tables as editable text and not as images. Tables can be placed either next to the
relevant text in the article, or on separate page(s) at the end. Number tables consecutively in
accordance with their appearance in the text and place any table notes below the table body. Be
sparing in the use of tables and ensure that the data presented in them do not duplicate results

described elsewhere in the article. Please avoid using vertical rules.

References

Citation in text

Please ensure that every reference cited in the text is also present in the reference list (and vice
versa). Unpublished results and personal communications are not recommended in the reference list, but
may be mentioned in the text. If these references are included in the reference list they should follow the
standard reference style of the journal and should include a substitution of the publication date with either
"Unpublished results" or "Personal communication”. Citation of a reference as "in press" implies that
the item has been accepted for publication and a copy of the title page of the relevant article must be
submitted.

Web references

As a minimum, the full URL should be given. Any further information, if known (DOI, author names, dates,
reference to a source publication, etc.), should also be given. Reference to material which is available on
the Internet but has not been published elsewhere should be made in the text only and should not be

included in the reference list.

Data references

This journal encourages you to cite underlying or relevant datasets in your manuscript by citing them in your
text and including a data reference in your Reference List. Data references should include the following
elements: author name(s), dataset title, data repository, version (where available), year, and global
persistent identifier. Add [dataset] immediately before the reference so we can properly identify it as a

data reference. This identifier will not appear in your published article.

References in a special issue
Please ensure that the words 'this issue' are added to any references in the list (and any citations in the

text) to other articles in the same Special Issue.

Reference management software

Most Elsevier journals have their reference template available in many of the most popular reference
management software products. These include all products that support Citation Style Language
styles, such as Mendeley and Zotero, as well as EndNote. Using the word processor plug-ins from
these products, authors only need to select the appropriate journal template when preparing their article,
after which citations and bibliographies will be automatically formatted in the journal's style. If no template
is yet available for this journal, please follow the format of the sample references and citations as shown in
this Guide. Users of Mendeley Desktop can easily install the reference style for this journal by clicking the

following link: http://open.mendeley.com/use-citation-style/matrix-biology
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When preparing your manuscript, you will then be able to select this style using the Mendeley plug- ins
for Microsoft Word or LibreOffice.

Reference style

Text: Indicate references by number(s) in square brackets in line with the text. The actual authors can be
referred to, but the reference number(s) must always be given.

Example: '..... as demonstrated [3,6]. Barnaby and Jones [8] obtained a different result....'

List: Number the references (numbers in square brackets) in the list in the order in which they appear in the
text.

Examples:

Reference to a journal publication:

[1] J. van der Geer, J.A.J. Hanraads, R.A. Lupton, The art of writing a scientific article, J. Sci. Commun. 163
(2010) 51-59.

Reference to a book:

[2] W. Strunk Jr., E.B. White, The Elements of Style, fourth ed., Longman, New York, 2000. Reference to a
chapter in an edited book:

[3] G.R. Mettam, L.B. Adams, How to prepare an electronic version of your article, in: B.S. Jones, R.Z. Smith
(Eds.), Introduction to the Electronic Age, E-Publishing Inc., New York, 2009, pp. 281-304.

Reference to a website:

[4] Cancer Research UK, Cancer statistics reports for the UK. http://www.cancerresearchuk.org/
aboutcancer/statistics/cancerstatsreport/, 2003 (accessed 13.03.03).

[dataset][5] M. Oguro, S. Imahiro, S. Saito, T. Nakashizuka, Mortality data for Japanese oak wilt disease
and surrounding forest compositions, Mendeley Data, v1, 2015. http://dx.doi.org/10.17632/ xwj98nb39r.1.

Reference style

References should be listed at the end of the manuscript. They should be listed in the order in which they
appear in the text, tables, and figure legends and numbered sequentially. When cited in the text, reference
numbers should be in brackets. Only papers that have been published or accepted should be cited in the
reference list. The title of the article, the volume number, and first and last pages should be cited.

Journal titles should be abbreviated, e.g.,

1. Sanger, F. & Coulson, A. R. (1975). A rapid method for determining sequences in DNA by the primed
synthesis with DNA polymerase. J. Mol. Biol. 94, 441-448.

2. Goto, Y, Calciano, L. J. & Fink, A. F. (1990). Acid-induced folding of proteins. Proc. Natl. Acad. Sci.
USA 87, 573-577. Articles in books should include the title of the article, the name of the book,
editor(s), edition number, first and last page numbers, the name and the location of the publisher, e.g.,

3. Hanks, S. K. & Hunter, T. (1995). The eukaryotic protein kinase superfamily. In The Protein Kinase

FactsBook: Protein-Serine Kinases (Hardie, G. & Hanks, S., eds), pp. 747, Academic Press, London.

Journal abbreviations source

Journal names should be abbreviated according to the List of Title Word Abbreviations.

Video
100


http://www.cancerresearchuk.org/
http://dx.doi.org/10.17632/
http://www.issn.org/services/online-services/access-to-the-ltwa/

Elsevier accepts video material and animation sequences to support and enhance your scientific
research. Authors who have video or animation files that they wish to submit with their article are strongly
encouraged to include links to these within the body of the article. This can be done in the same way as a
figure or table by referring to the video or animation content and noting in the body text where it should
be placed. All submitted files should be properly labeled so that they directly relate to the video file's
content. In order to ensure that your video or animation material is directly usable, please provide the files
in one of our recommended file formats with a preferred maximum size of 150 MB. Video and animation files
supplied will be published online in the electronic version of your article in Elsevier Web products, including
ScienceDirect. Please supply 'stills' with your files: you can choose any frame from the video or animation
or make a separate image. These will be used instead of standard icons and will personalize the link to your
video data. For more detailed instructions please visit our video instruction pages. Note: since video and
animation cannot be embedded in the print version of the journal, please provide text for both the electronic

and the print version for the portions of the article that refer to this content.

Supplementary material

Supplementary material can support and enhance your scientific research. Supplementary files offer
the author additional possibilities to publish supporting applications, high-resolution images, background
datasets, sound clips and more. Please note that such items are published online exactly as they are
submitted; there is no typesetting involved (supplementary data supplied as an Excel file or as a
PowerPoint slide will appear as such online). Please submit the material together with the article and
supply a concise and descriptive caption for each file. If you wish to make any changes to supplementary
data during any stage of the process, then please make sure to provide an updated file, and do not
annotate any corrections on a previous version. Please also make sure to switch off the Track Changes'
option in any Microsoft Office files as these will appear in the published supplementary file(s). For more

detailed instructions please visit our artwork instruction pages.

RESEARCH DATA

Data in Brief

Authors have the option of converting any or all parts of their supplementary or additional raw data into
one or multiple Data in Brief articles, a new kind of article that houses and describes their data. Data in
Brief articles ensure that your data, which is normally buried in supplementary material, is actively
reviewed, curated, formatted, indexed, given a DOl and publicly available to all upon publication.
Authors are encouraged to submit their Data in Brief article as an additional item directly alongside the
revised version of their manuscript. If your research article is accepted, your Data in Brief article will
automatically be transferred over to Data in Brief where it will be editorially reviewed and published in the
new, open access journal, Data in Brief. Please note an open access fee is payable for publication in Data in
Brief. Full details can be found on the Data in Brief website. Please use this template to write your Data in
Brief.

Database linking
Elsevier encourages authors to connect articles with external databases, giving readers access to

relevant databases that help to build a better understanding of the described research. Please refer to
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relevant database identifiers using the following format in your article: Database: xxxx (e.g., TAIR:
AT1G01020; CCDC: 734053; PDB: 1XFN). More information and a full list of supported databases.

AudioSlides

The journal encourages authors to create an AudioSlides presentation with their published article.
AudioSlides are brief, webinar-style presentations that are shown next to the online article on
ScienceDirect. This gives authors the opportunity to summarize their research in their own words and
to help readers understand what the paper is about. More information and examples are available.
Authors of this journal will automatically receive an invitation e-mail to create an AudioSlides presentation

after acceptance of their paper.

3D molecular models

You can enrich your online articles by providing 3D molecular models (optional) in PDB, PSE or
MOL/MOL2 format, which will be visualized using the interactive viewer embedded within the article. Using
the viewer, it will be possible to zoom into the model, rotate and pan the model, and change display
settings. Submitted models will also be available for downloading from your online article on
ScienceDirect. Each molecular model will have to be uploaded to the online submission system

separately, via the '3D molecular models' submission category. More information.

3D models

You can enrich your online articles by providing 3D models (optional) in PLY, OBJ or U3D format,
which will be visualized using the interactive viewer next to the article. Each 3D model will have to be
zipped and uploaded to the online submission system via the ‘3D models' submission category. Please
be advised that the recommended model size before zipping is maximum 150 MB. Multiple models can
be submitted. Please provide a short informative description for each model by filling in the 'Description’
field when uploading a dataset. Note: all datasets will be available for download from the online article on
ScienceDirect. If you have concerns about your data being downloadable, please provide a video instead.
More information on OBJ and PLY models or U3D models.

Interactive plots
This journal enables you to show an Interactive Plot with your article by simply submitting a data file.
Full instructions.

Virtual Microscope

The journal encourages authors to supplement in-article microscopic images with corresponding high
resolution versions for use with the Virtual Microscope viewer. The Virtual Microscope is a web based
viewer that enables users to view microscopic images at the highest level of detail and provides
features such as zoom and pan. This feature for the first time gives authors the opportunity to share
true high resolution microscopic images with their readers. More information and examples. Authors of
this journal will receive an invitation e-mail to create microscope images for use with the Virtual
Microscope when their manuscript is first reviewed. If you opt to use the feature, please contact
virtualmicroscope@elsevier.com for instructions on how to prepare and upload the required high

resolution images.
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Amino acid and nuclei sequences
Sequences should be computer printed using a monospace font and high quality printer. They should be

assembled as a camera-ready figure, not a table, so that the alignment can be maintained.

AFTER ACCEPTANCE
Online proof correction
Corresponding authors will receive an e-mail with a link to our online proofing system, allowing
annotation and correction of proofs online. The environment is similar to MS Word: in addition to
editing text, you can also comment on figures/tables and answer questions from the Copy Editor. Web-
based proofing provides a faster and less error-prone process by allowing you to directly type your

corrections, eliminating the potential introduction of errors.

If preferred, you can still choose to annotate and upload your edits on the PDF version. All instructions for
proofing will be given in the e-mail we send to authors, including alternative methods to the online version
and PDF.

We will do everything possible to get your article published quickly and accurately. Please use this proof
only for checking the typesetting, editing, completeness and correctness of the text, tables and figures.
Significant changes to the article as accepted for publication will only be considered at this stage with
permission from the Editor. It is important to ensure that all corrections are sent back to us in one
communication. Please check carefully before replying, as inclusion of any subsequent corrections

cannot be guaranteed. Proofreading is solely yourresponsibility.

Offprints

The corresponding author will, at no cost, receive a customized Share Link providing 50 days free
access to the final published version of the article on ScienceDirect. The Share Link can be used for
sharing the article via any communication channel, including email and social media. For an extra
charge, paper offprints can be ordered via the offprint order form which is sent once the article is
accepted for publication. Both corresponding and co-authors may order offprints at any time via
Elsevier's Webshop. Corresponding authors who have published their article open access do not receive
a Share Link as their final published version of the article is available open access on ScienceDirect

and can be shared through the article DOI link.

AUTHOR INQUIRIES
Visit the Elsevier Support Center to find the answers you need. Here you will find everything from
Frequently Asked Questions to ways to get in touch. You can also check the status of your submitted

article or find out when your accepted article will be published.
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LETTER OF ACCEPTANCE FOR PUBLICATION IN MATRIX BIOLOGY

Date: 13 October 2016

Ms. Ref. No.: MATBIO-D-16-00084R1

Title: Candidate gene analysis of the fibrinogen phenotype reveals the importance of polygenic
co-regulation

Matrix Biology

Dear Cornelie,

| am pleased to confirm that your paper "Candidate gene analysis of the fibrinogen phenotype
reveals the importance of polygenic co-regulation" has been accepted for publication in Matrix

Biology.
Comments from the Editor and Reviewers can be found below.

When your paper is published on ScienceDirect, you want to make sure it gets the attention it
deserves. To help you get your message across, Elsevier has developed a new, free service
called AudioSlides: brief, webcast-style presentations that are shown (publicly available) next to
your published article. This format gives you the opportunity to explain your research in your
own words and attract interest. You will receive an invitation email to create an AudioSlides
presentation  shortly. For more information and examples, please visit

http://www.elsevier.com/audioslides.

Your accepted manuscript will now be transferred to our production department and work will
begin on creation of the proof. If we need any additional information to create the proof, we will
let you know. If not, you will be contacted again in the next few days with a request to approve

the proof and to complete a number of online forms that are required for publication.
Thank you for submitting your work to this journal.
With kind regards,

Thomas H. Barker, Ph.D.
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ABSTRACT

Fibrinogen and its functional aspects have been linked to cardiovascular disease. There is vast
discrepancy between the heritability of fibrinogen concentrations observed in twin studies and
the heritability uncovered by genome wide association studies. We postulate that some of the
missing heritability might be explained by the pleiotropic and polygenic co-regulation of
fibrinogen through multiple targeted genes, apart from the fibrinogen genes themselves. To this
end we investigated single nucleotide polymorphisms (SNPs) in genes coding for phenotypes
associated with total and y’ fibrinogen concentrations and clot properties. Their individual and
accumulative associations with the fibrinogen variables were explored together with possible co-
regulatory processes as a result of the gain and loss of transcription factor binding sites (TFBS).
Seventy-eight SNPs spanning the APOB, APOE, CBS, CRP, F13A1, FGA, FGB, FGG, LDL-R,
MTHFR, MTR, PCSK-9 and SERPINE-1 genes were included in the final analysis. A novel
PCSK-9 SNP (rs369066144) was identified in this population, which associated significantly (p =
0.04) with clot lysis time (CLT). Apart from SNPs in the fibrinogen (FGA, FGB and FGG) and
FXIl (F13A1) genes, the fibrinogen phenotypes were also associated with SNPs in genes
playing a role in lipid homeostasis (LDL-R, PCSK-9) together with CBS and CRP
polymorphisms (particularly, CRP-rs3093068). The genetic risk scores, presenting
accumulative genetic risk, were significantly associated (p < 0.007) with total and y’ fibrinogen
concentrations, lag time, slope and CLT, highlighting the importance of a polygenetic approach
in determining complex phenotypes. SNPs significantly associated with the fibrinogen
phenotypes, resulted in a total of 75 TFBS changes, of which 35 resulted in a loss and 40 in a
gain of TFBS. In terms of co-regulation, V$IRF4.02, V$E2FF and V$HIFF were of particular
importance. The investigation into TFBS provided valuable insight as to how sequence
divergences in seemingly unrelated genes can result in transcriptional co-regulation of the
fibrinogen phenotypes. The observed associations between the identified SNPs and the
fibrinogen phenotypes therefore do not imply direct effects on cardiovascular disease outcomes,
but may prove useful in explaining more of the genetic regulation of the investigated fibrinogen

phenotypes.

Keywords: fibrinolysis; gamma prime fibrinogen; transcription factor binding sites; lipids,

turbidimetry

106



INTRODUCTION

Fibrinogen is a hexameric glycoprotein consisting of two alpha (a), two beta () and two gamma
(y) polypeptide chains, and is encoded for by the fibrinogen a, p and y chain genes (FGA, FGB
and FGG) on the g-arm of chromosome four [1]. Several variants of the fibrinogen molecule
exist, of which fibrinogen gamma prime (y’) is considered to be a common splice variant
contributing to between 8 and 11% of total plasma fibrinogen concentrations [2, 3]. Fibrinogen
Y’ arises in response to alternative splicing of the carboxyl-terminal region of y mRNA, resulting
in a higher molecular weight y’ than the yA chain [2, 3]. Fibrinogen is an essential haemostatic
protein, as the precursor of fibrin in the final stages of blood coagulation [4]. Both total and y’
fibrinogen influence clot structure [5, 6], and increased levels have been related to denser blood
clots resistant to clot lysis [7]. Denser clots that remain in the vasculature for a longer time are
associated with cardiovascular disease (CVD) outcomes such as myocardial infarction, stroke
and coronary artery disease [8]. Increased fibrinogen concentration, irrespective of its

functional properties, is also associated with CVD [9].

Family and twin studies investigating the genetics of fibrinogen have reported the heritability of
fibrinogen concentrations to be between 30 and 51% [10-16]. Genome wide association studies
(GWAS) have only allocated 3.7% of this possible 51% fibrinogen heritability to common single
nucleotide polymorphisms (SNPs; single base pair variations occurring at frequencies of > 1%
in the population) to date [17]. As these GWAS included millions of SNPs without significant
results, investigating pleiotropic and polygenic sequence divergences and the possible co-
regulation thereof among candidate genes chosen based on association analyses of
phenotypes related to fibrinogen, might prove valuable. There is growing evidence that a
significant proportion of the heritability of complex phenotypes, such as fibrinogen, may be
explained by a combination of genetic variants, and their combined effects can be calculated in
the form of polygenic risk scores [18], making use of a biological filtering approach by taking into
account the mechanistic pathways associated with the complex phenotypes. Furthermore, the
combination of genetics and molecular biology has greatly facilitated the identification of
candidate genes [19, 20]. Multifactorial phenotypes can now be represented as complex
interactive networks, which consist of a combination of genetic and non-genetic factors.
Therefore, genetic variations in multiple genes in one particular pathway or disease network
could lead to synergistic heterozygosity [21]. We have incorporated the concept of synergistic
heterozygosity into our hypothesis, through genetic risk score (GRS) analyses, to observe the
polygenic effects of harbouring several risk alleles concurrently. In addition, gene expression is

generally controlled by transcriptional enhancers, which consist of a cluster of transcription
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factor binding sites (TFBS) spaced by spacer sequences and enhancers. SNPs in these
regions have potential functional significance, which is not necessarily obvious when observed
independently from a functional context [22-24]. Being in regulatory regions, these SNPs may,
therefore, associate with the outcome phenotype through polygenic co-regulation rather than

being in the causal pathway.

In agreement with international research [25, 26], ethnic differences in fibrinogen concentrations
have been reported in the South African population. Black South Africans present with higher
total fibrinogen concentrations than their counterparts from European ancestry [27, 28]. A pre-
disposition to hypercoagulability has also been observed in the black South African population
[29]. Studies on the genetic variation in African individuals have revealed vast genetic diversity
in Africa [30, 31]. Furthermore, research conducted in the South African Prospective Urban and
Rural Epidemiology (PURE) study population revealed less linkage disequilibrium (LD;
neighbouring polymorphisms that are inherited together) in the fibrinogen genes than what has
been observed in European populations [32]. The higher variance in fibrinogen concentrations,
together with a unigue genetic diversity and low LD, presents a promising opportunity to unravel

the missing heritability observed for fibrinogen.

To this end, we conducted a candidate gene association study by investigating SNPs of
variables associated with fibrinogen-related phenotypes. Candidate genes to be included were
further verified through an in silico pathway and network analysis to increase our understanding
of the polygenic regulation of the fibrinogen phenotype. Polygenetic and pleiotropic co-
regulation were explored via GRS and TFBS analyses. Protein concentration (both total and y’

fibrinogen) and functionality (plasma clot properties) were used as outcome variables.
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RESULTS AND DISCUSSION

The total study population consisted of 1 677 participants included after quality control (QC).
Table 1 presents the descriptive characteristics of the study population. Total and vy’ fibrinogen
concentrations, together with lag time, slope, maximum absorbance and clot lysis time (CLT),
were used as phenotype outcomes for all further analyses.

Table 4.1 Descriptive characteristics of the study participants

Variable Median
(25 - 75t percentiles)
Age (years) 48 (41 - 56)
Gender [n (%)]
Male 628 (37.4)
Female 1049 (62.6)
HIV status [n (%)]
Positive 269 (16.1)
Negative 1401 (83.9)
Total fibrinogen (g/L) 29(22-50)
Fibrinogen v' (%) 10.2 (1.2-14.7)
Lag time (min) 6.5(5.1-7.8)
Slope (x10-3 au/s) 9.0(6.5-12.0)
Maximum absorbance (nm) 04(0.3-0.5)
CLT (min) 57.1(50.9 - 63.9)

CLT = clot lysis time; HIV = human immunodeficiency virus

This study is the first exploration of the pleiotropic and polygenetic co-regulation of candidate
SNPs associated with the fibrinogen protein and its functional phenotypes in a large black South
African population. Association analyses were conducted to identify appropriate SNPs to
include. Table 2 presents the phenotypes that correlated significantly (r > 0.1; p < 0.001) with
the fibrinogen variables in this study population. Genes were identified for inclusion in genetic
association analyses based on associations of their respective phenotypes with the outcome
variables. In addition, the continuous variables presented in Table 2 were treated as covariates
and adjusted for in all further analyses. Categorical variables, gender and human
immunodeficiency virus (HIV) status were identified as covariates when investigating total and y’
fibrinogen concentrations; however, for CLT we co-varied for gender alone, and for slope and
maximum absorbance we only adjusted for HIV status, based on the significance of these

associations.
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Table 4.2 Phenotypes correlating significantly with total and y’ fibrinogen

concentration and clot properties

Total fibrinogen* Fibrinogeny"™ Clot lysis time*
(glL) (%) (min)
Variable r Variable r Variable r
Age (years) 0.15 Age (years) -0.11 BMI (kg/m?2)# 0.28
BMI (kg/m2)# 0.16 Hey (umol/L) -0.11 Hip C (cm)* 0.27
Hip C (cm)* 0.17 HDL-c (mmol/L) -0.12 HbA1c (%) 0.22
HbA1c (%) 0.20 PAI-1act (U/mL) -0.17 TG (mmol/L) 0.20
LDL-c (mmoliL) 0.13 LDL-c (mmol/L)® 0.17
CRP (mg/L) 0.42 HDL-c (mmol/L)’ 0.20
IL-6 (pg/mL) 0.26 PAI-14¢t (U/mL) 0.31
Lag time* Slope* Maximum absorbance*
(min) (x10-% au/s) (nm)
Variable r Variable r Variable r
Age (years) 0.14 PA Index 0.18 Age (years) 0.14
PA Index -0.18 Hey (umol/L) 0.10 BMI (kg/m2)* 0.10
SBP (mmHg) 0.13 PAI-14t (U/mL) -0.17 Hip C (cm)* 0.10
CRP (mg/L) 0.23 CRP (mglL) 0.26

*p < 0.001 for all variables; *Adjustments were made only for the highest correlating variable when both BMI and Hip C were correlated to the
outcome variable owing to co-linearity; $Only TG and HDL-c adjusted for owing to co-linearity. BMI = body mass index; CRP = C-reactive
protein; HbA1c = glycated haemoglobin; Hcy = homocysteine; HDL-c = high-density lipoprotein cholesterol; Hip C = hip circumference; IL-6 =
interleukin-6; LDL-c = low-density lipoprotein cholesterol; PAI-1act = plasminogen activator inhibitor type 1 activity; PA index-= physical activity

index; SPB = systolic blood pressure; TG = triglycerides

The 13 genes of interest, coding for apolipoprotein-B (Apo-B), apolipoprotein-E (Apo-E),
cystathionine beta synthase (CBS), C reactive protein (CRP), factor XIII (FXIII), fibrinogen, low-
density lipoprotein receptor (LDL-R), methylenetetrahydrofolate reductase (MTHFR), methionine
synthase (MTR), proprotein convertase subtilisin/kexin type 9 (PCSK 9) and plasminogen
activator inhibitor type 1 (PAI-1), identified via association analyses (Table 2), were uploaded
into the Genomatix Pathways System application of the Genomatix Software Suite package.
The connectivity between these genes was explored to verify whether they would meaningfully
contribute to further statistical models. All the genes included were significantly (13/892, p =
9.38 x 10”) related to the CVD pathway. The direct and indirect relationships indicative of the
shortest route between the genes are depicted in Figure 1. The interconnectivity between these
genes demonstrates the rationale for their inclusion to explore the polygenic co-regulation as

contributing factors to the fibrinogen phenotypes observed in this study population.
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Upon evaluation of the results presented in Figure 1 and Table 2, SNP selection commenced
(as detailed in the Methods section). One hundred and eight polymorphisms analysed in
previous PURE sub-studies were included prior to QC. Four polymorphisms were removed on
account of having a minor allele frequency (MAF) < 1%, three SNPs did not adhere to the
Hardy-Weinberg equilibrium (HWE), and 15 SNPs were pruned because of linkage with other
SNPs in the model (r? > 0.5; p < 0.05). A further eight polymorphisms were removed as a result
of insufficient call rates. Final analyses consisted of 78 SNPs with a genotype call rate of 97%,
spanning the APOB, APOE, CBS, CRP, F13Al, FGA, FGB, FGG, LDL-R, MTHFR, MTR,
PCSK-9 and SERPINE-1 genes. A complete list of polymorphisms included in this study is
presented in a supplementary table (Supplementary Table 1).

Individual association of SNPs with fibrinogen variables

Regression analyses were performed for individual phenotype outcomes, with all 78 SNPs and

covariates as determined for each phenotype (Table 2) included. The 27 SNPs that presented

with significant results, after adjusting for covariates, prior to adjustment for multiple testing, are

reported in Table 3. Apart from SNPs directly related to the outcome variables (i.e. FGA, FGB,

FGG and F13A1), loci in the LDL-R, PCSK-9, CRP and CBS genes also contributed significantly

to the fibrinogen phenotypes. After adjusting for multiple testing PCSK-9-rs369066144 (which
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was not in LD with any of the other PCSK-9 SNPs) and CRP-rs3093068 (also no LD with other
CRP SNPs) remained significantly associated with CLT (p = 0.04) and v' fibrinogen (p = 0.02),
respectively.

Table 4.3 SNPs significantly associated with the fibrinogen phenotypes

Chr Gene SNP pseu?i:‘)l:ymﬁ Location MAF (%) B p
Total fibrinogen (g/L)

1 PCSK-9  rs28362202 c.-26 G>A promoterexon 7.4 0.41 0.004
1 PCSK-9  rs2483205 €.658-7 C>T intron 471 0.17 0.021
1 PCSK-9  rs2495477 C.799+3 G>A intron 27.1 -0.19  0.022
1 PCSK-9  rs374941781 c.829 G>C intron 6.5 0.43 0.003
1 PCSK-9  rs584626* .1354+102 T>C intron 33.2 0.19 0.013
4 FGA rs2070011 c.-58 G>A promoter exon 17.0 0.22 0.032
4 FGG rs1049636 .1299+79 T>C exon intron 15.6 0.32 0.002

Fibrinogen y' (%)

1 CRP rs2808630 g.159711078 A>G intergenic 14.2 1.00 0.024
1 CRP rs3093068** 9.159711574 C>G  intergenic 37.5 -1.28  0.001
1 CRP rs3093062* c.-409 G>A %rt‘;r:‘g‘ﬁﬁlrc 16.2 441 0011
1 CRP rs7553007# 9.159728759 G>A  intergenic 23.7 1.19 0.001

Lag time (min)

1 PCSK-9  rs499718 €.523+230 C>T intron 48.5 -1.60  0.025
1 PCSK-9  rs505151 ¢.2009 G>A exon 30.1 0.18 0.024
6 F13A1 rs5985 c.344 G>A exon 14.2 0.29 0.007

Slope (x10-* auls)

1 PCSK-9  rs2495482 c.207+15 G>A intron 13.2 059  0.012
1 PCSK-9  rs4927193 €.399+165 T>C intron 324 -0.37  0.020
1 PCSK-9  rs28362263 c.1327 A>G exon intron 3.8 -0.86 0.034
1 PCSK-9  rs584626* .1354+102 T>C intron 33.2 0.33 0.042
4 FGA rs6050 c.991 A>G exon intron 30.2 0.41 0.016
19 LDL-R rs2228671 c.81C>T exon 3.0 1.15 0.010
19 LDL-R rs3826810 c.*141 G>A exon 12.9 0.52 0.030
19 LDL-R rs2738465 c.*504 G>A 3 UTR 25.2 0.37 0.033
19 LDL-R rs1433099 €.*666 T>C 3 UTR 47.2 0.31 0.049
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Maximum absorbance (nm)

4 FGB rs4463047 g.154574381 T>C intergenic 10.5 0.02 0.027

4 FGA rs2070011 c.-98 G>A promoter exon 17.0 0.02 0.014

19 LDL-R rs17242759 c.67+18 C>A intron 8.9 0.02 0.045
Clot lysis time (min)

1 PCSK-9  rs494198 €.799+64 A>C intron 41.9 -0.76  0.043

1 PCSK-9  rs369066144** ¢.*500 C>T JUTR 3.5 -3.61 0.001

21 CBS rs5742905* c.833T>C exon 27.2 -0.97  0.022

SEnsembl release 84 - March 2016, retrieved 27 May 2016 [33] **Remained significant after adjustment for multiple testing; #rs3093062 is in
linkage with rs3093058; rs7553007 is in LD with rs1341665, rs2027471, rs1205 and rs2794520; rs584626 is in LD with rs533375 and
rs585131; rs5742905 is in LD with CBS 844ins68. CBS = cystathionine beta synthase; Chr = chromosome; CRP = C-reactive protein; FGA =
fibrinogen alpha chain gene; FGB = fibrinogen beta chain gene; FGG = fibrinogen gamma chain gene; F13A1 = factor XIII; LDL-R = low-density
lipoprotein receptor; MAF = minor allele frequency; PCSK-9 = proprotein convertase subtilisin/kexin type 9; rs = reference sequence; SNP =

single nucleotide polymorphism; UTR = untranslated region

PCSK-9-rs369066144 (c.500 C>T) was a novel variant identified in the PURE population with a
MAF of 3.5%. It is situated in the 3’ untranslated region (3’'UTR), generally known to be
involved in the regulation of gene expression. The functional relevance of this particular variant
is still to be determined. Twelve of the 24 PCSK-9 polymorphisms, together with five of the 19
LDL-R polymorphisms under investigation, presented with significant associations with one or
more of the outcome phenotypes. Both of these genes encode for proteins involved in blood
lipid homeostasis and have been associated with low-density lipoprotein cholesterol (LDL-c)
concentrations in the PURE population in which statin use was negligible [34]. PCSK-9 is the
gene coding for the PCSK-9 enzyme that is involved in the degradation of the LDL-R, thereby
inhibiting the ability of the LDL-R to remove LDL-c from the bloodstream [35, 36]. The number
of significant associations seen between these genes and all fibrinogen phenotypes (apart from
y' fibrinogen) indicates that these lipid mediating genes might provide some insight into the
missing heritability observed for fibrinogen and the genetic regulation of clot properties.
Literature on the LDL-R and PCSK-9 and the current phenotypes is limited, with only a single
study revealing PCSK-9 protein concentrations positively correlated to fibrinogen concentrations
[37], and some evidence of an association between LDL-c concentrations and the enhanced
onset of clot formation via enhanced platelet activation and tissue factor expression [38]. One
LDL-R polymorphism, rs2228671, has specifically been observed to be an independent
predictor of Factor VIII (FVIII), a component of the coagulation cascade, with the T-allele being
associated with increased FVIII concentrations [39]. Enhanced functioning of the coagulation
cascade could explain the accelerated clot formation indicated by an increase in slope. The

current investigation is, to our knowledge, the first exploration of the association of the genetic
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determinants of PCSK-9 and LDL-R with fibrinogen and clot properties. Future studies,
investigating PCSK-9 and LDL-R concentrations and how they are associated with fibrinogen
and its functional aspects, will shed more light on our observations.

As mentioned above, CRP-rs3093068 also remained significantly associated with y’ following
multiple testing (p = 0.02). The fibrinogen y' phenotype was associated exclusively with four of
the included six SNPs of the CRP gene. These associations may be explained by co-regulatory

processes, rather than being in the fibrinogen causal pathway, as detailed in Section 2.3.
Polygenic association of SNPs with fibrinogen variables

The idea of combining multiple genetic markers into a single score for predicting disease risk
has recently become a popular avenue to explore [40]. Generally, individual markers show no
detected effect on their own; however, when combined in a score of several genetic factors it
has a stronger predictive power for a particular phenotype. With this in mind we made use of a
GRS model as a way of measuring the accumulative effect these SNPs have on each
phenotype outcome. The model uses a basic weighted polygenic risk score approach where a
combination of genetic variants, in this case SNPs that associated significantly with the
respective fibrinogen phenotypes (Table 3) prior to adjustment for multiple testing, are
evaluated as a combined score allocated to each outcome. The GRS model takes the direction
of the B-values obtained above into account, thereby allocating higher scores to the risk allele,
not necessarily the minor allele (see section 3.5.1). As the African population has been
observed to have a predisposition to hypercoagulability, any allele adding to the risk of
hypercoagulability was identified as a risk allele in this population. Being a weighted score, it

also considers the magnitude of the contribution of the allele to the phenotype.

Adjustments were made for the specific covariates identified previously (Table 2) for each
outcome variable. Table 4 presents the individual contribution of each GRS to the variance of
the respective fibrinogen phenotypes, as well as the contribution of the total model. Each GRS
was positively associated with its respective fibrinogen phenotype (p < 0.007) except for
maximum absorbance (p = 0.31), highlighting the value of the polygenic approach. The use of a
GRS is more valuable than investigating SNPs individually, as it considers the accumulative
genetic variation present in an individual and calculates the combined effect of a specific set of
sequence variations across the genome on the outcome phenotype. Though significant, the
fibrinogen phenotypes’ variance explained by the GRS, ranged from 4 to 29% only, placing the
SNPs’ contributions into perspective in terms of other contributing factors such as environmental

factors or SNPs not genotyped in this study.
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Table 4.4

Contribution of genetic risk scores to phenotypes

Phenotype GRS B GRS GRS tota2|I model
(95% ClI) p-value r
Total fibrinogen (g/L) 0.54 (0.34 - 0.75) <0.001 0.29
Fibrinogen y' (%) 0.55(0.32-0.79) <0.001 0.04
Lag time (min) 0.12 (0.03-0.21) 0.007 0.05
Slope (x10-% auls) 0.79 (0.54 — 1.05) <0.001 0.15
Maximum absorbance (nm) 0.71 (-0.67 - 2.10) 0.31 0.01
CLT (min) 1.07 (0.64 - 1.50) <0.001 0.18

Cl = confidence interval; CLT = clot lysis time; GRS = genetic risk score

Polygenic co-regulation

In an effort to examine the mechanism behind the cumulative effect observed in the GRS
results, we investigated possible co-regulation of the genes included in this study through the
gain and loss of TFBS resulting from the SNPs identified. Considering the majority of these
variations were not necessarily coding for molecules in the fibrinogen causal pathway, and were
found in the non—protein coding regions, the functionality of the particular variation is not as
obvious as in the case of the coding region variants. The possible effects of the variation of the
non-coding region become evident only when viewed in a particular functional context, such as
when investigating TFBS, which the included genes have in common. The gain and loss of
TFBS due to SNPs create the possibility for seemingly unrelated genes to be co-regulated via
the recruitment of a common transcription factor (TF). The importance of the gain and loss of
TFBS lies within the resultant secondary signalling response, which follows as a consequence
of transcriptional demand. The 27 SNPs in Table 3 gave rise to a total of 75 TFBS changes, of
which 35 sequence divergences resulted in a loss of TFBS and 40 formed a new TFBS, hence
an overall gain (Supplementary Table 2).

One noticeable feature in terms of fibrinogen concentrations was the loss and gain of the
V$IRF4.02 matrix that binds the TF interferon regulatory factor 4 (IRF4). The loss of this TFBS
occurs at the PCSK-9 loci as a result of PCSK-9-rs37494178 and the gain of the same
V$IRF4.02 matrix at the FGG loci was created as a result of FGG-rs1049636. The gain and
loss of the same TFBS might be indicative of a possible TF interaction between PCSK-9 and
FGG. However, the exact mechanism between the TFBS gain and loss and TF recruitment still
needs to be elucidated. It is known that the interferon regulatory factor family of proteins has a
particularly important function in the regulatory effect of interferons on interferon-inducible

genes. IRF4 is a family member specific for lymphocytes and negatively regulates toll-like-
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receptor (TLR) signalling that is central to the activation of innate and adaptive immune systems
[41, 42]. Recently, several TFs, of which IRF4 is one, have been observed to contribute to
cardiac hypertrophy [42]. The role of IRF4 in the context of fibrinogen concentrations and its
regulation needs further investigation. Similarly, the V$E2FF family matrix was lost at the
PCSK-9 loci as a result of rs28362202 and gained for FGA-rs2070011. The significance of the
gain and loss of E2FF in the context of fibrinogen remains unclear. However, E2F TFs such as
E2F1 regulate specific biological pathways such as cell responses to inflammation, hypoxia,
DNA damage and proliferation [43] and, therefore, might be important in the fibrinogen

phenotype context.

In terms of the CRP SNPs associated with y’ fibrinogen, the gain of TFBS, V$HIFF, a binding
site for hypoxia inducible factor 1 alpha (HIF1A) was noted. The induction of HIF1A expression
is thought to regulate the expression of hepatocyte nuclear factor 4 alpha (HNF4A), which
activates HNF1 expression and is followed by an increased expression of y chain fibrinogen.
Therefore, the gain of the V$HIFF site on the CRP gene allows the binding of a regulatory
component (HIFIA), suggesting a possible co-regulatory pathway for CRP and y’ fibrinogen.
HIF1 also plays an essential role in vasculogenesis [44] and has an effect on other acute phase
proteins such as interleukin-6 (IL-6). The relationship between CRP SNPs and y’ fibrinogen
might be modulated through IL-6 and not through CRP directly, since IL-6 stimulates the hepatic
production of both fibrinogen and CRP concentrations [45, 46]. As for the phenotypes related to
clot properties, no clear mechanism in terms of TFBS was observed. Supplementary Table 2

reports all TFBS gains and losses present for the respective loci.

Although our association results uncovered SNPs that significantly associated with fibrinogen
phenotypes, it remains possible that our findings were attributable to other SNPs that were in
strong LD with these polymorphisms, which we did not genotype. In addition, the development
of a GWAS chip for black South African populations will contribute significantly to the
identification of SNPs related to the fibrinogen phenotype, beyond what we were able to
determine in this study, including a more extensive array of SNPs involved in the inflammatory
pathway being critical in fibrinogen regulation. The concept of the polygenic regulation of
fibrinogen phenotypes proved valuable in our study, since it gave a more integrative approach
to groupings of SNPs that contributed alone and as a collective to our fibrinogen phenotypes.
Future studies gathering transcriptomic data will provide stronger evidence of the possible

effects of the gain and/or loss of TFBS explored in this study.

In conclusion, our results revealed not only the regulation of the fibrinogen phenotypes through
fibrinogen (FGA, FGB and FGG) and FXIIl (F13A1) SNPs, but also through SNPs in the LDL-R,
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PCSK-9, CBS and CRP genes. The last-mentioned genes have not previously been related to
the fibrinogen phenotypes. The accumulating associations of these SNPs as determined
through the GRSs proved the importance of a polygenetic approach in determining complex
phenotypes and might be of practical importance to an individual’s risk in terms of
hypercoagulability. Further investigation of TFBS indicated that polygenic transcriptional co-
regulation may form the basis of the SNPs’ association with the fibrinogen phenotypes. The
associations between the SNPs identified here and the fibrinogen phenotypes do not imply any
causal link to CVD outcomes, but adds to our current knowledge of the genetic regulation of
fibrinogen and may prove useful in explaining more of the variance of the investigated

fibrinogen phenotypes.
METHODS
Study population

This is a cross-sectional study embedded in the international multi-centred PURE study [47].
Baseline measurements of the South African arm of the PURE study, consisting of 2 010 self-
identified Tswana individuals of the North West province, are reported. Apparently healthy men
and women who were between the ages of 35 and 70 and not suffering from any acute or
chronic illness were recruited for this study. Data collection was performed in accordance with
the Declaration of Helsinki and ethical approval was granted by the ethics committee of the
North-West University, South Africa (NWU-00016-10-A1).

Blood sampling and biochemical analyses

Blood samples were collected from the antecubital vein by a registered nurse between 7:00 am
and 11:00 am after an overnight fast. Samples were centrifuged within 30 minutes of collection
at 2 000 x g for 15 minutes. A detailed description of the analyses of the biochemical markers
associated with the fibrinogen phenotype, namely IL-6, homocysteine, high-sensitivity CRP,
plasminogen activator inhibitor type 1 activity and serum lipids has been published previously
[48-50]. The modified Clauss method on the Dade Behring BCS coagulation analyser was used
to quantify total fibrinogen (Multifibrin U-test Dade Behring, Deerfield, IL, USA). Fibrinogen y’
concentration was measured with an enzyme-linked immunosorbent assay making use of a
2.G2.H9 mouse monoclonal coating antibody against human y fibrinogen (Santa Cruz
Biotechnology, Santa Cruz, USA) and a goat polyclonal horseradish peroxidase-conjugated

antibody against human fibrinogen (Abcam Cambridge, USA) [6].
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Plasma fibrinolytic potential was determined by adding tissue plasminogen activator (tPA) to
tissue-factor-induced plasma clots and measuring turbidity with a spectrophotometer [51].
Tissue factor and tPA concentrations were modified slightly for the purpose of obtaining
comparable CLTs of about 60-100 minutes. Final concentrations in the clots were: tissue factor
diluted 125 times (Dade Innovin, Siemens Healthcare Diagnostics Inc., Marburg, Germany), 17
mmol/l CaCl,, 100 ng/mL tPA (Actilyse, Boehringer Ingelheim, Ingelheim, Germany) and 10
mmol/l phospholipid vesicles (Rossix, MdIndal, Sweden). CLT was calculated as the difference
between the time at the midpoint of clear and maximum turbidity (clot formation) and the
midpoint between maximum and clear turbidity (clot lysis). In addition to CLT, the following
variables were calculated from the turbidity curves: lag time, an indicator of the time required
for the activation of the coagulation cascade and for protofibrils to reach sufficient length to
allow lateral aggregation; slope, as a representation of the rate of lateral aggregation of fibrin

protofibrils; and maximum absorbance, as an indicator of fibre diameter.
Selection of genetic variants

Correlation analyses were used for the identification of phenotypes significantly associated (r >
0.1; p<0.05) with one or more of our outcome variables, i.e. total and y fibrinogen
concentrations, lag time, slope, maximum absorbance and CLT. Subsequently polymorphisms
previously genotyped in the PURE population, that were located in genes coding for Apo-B,
Apo-E, CBS, CRP, FXIIl, LDL-R, MTHFR, MTR, PCSK-9 and PAI-1 were included based on
these phenotypic associations. Included polymorphisms were selected based on sequencing of
the respective genes in 28 individuals in the PURE population. The sequencing data was used
to determine genetic variation at the loci involved to establish the viability of genotyping
candidate SNPs within this specific population, as well as to identify novel SNPs. In addition,
SNPs known from the literature to be associated with the respective phenotypes were also

included.
Genotyping

Isolation of genomic deoxyribonucleic acid (DNA) from the leukocyte layer was performed using
QIAGEN® Flexigene® DNA extraction kits (QIAGEN® Valencia, CA, USA; catalogue number
51206), and concentrations were determined by the NanoDrop™ spectrophotometer (ND-1000,
Wilmington, DE, USA).
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Four major genotyping methods were used for the genotyping of the polymorphisms included.
The BeadXpress® platform was used to genotype selected loci in the APOB, APOE, CRP,
F13Al, FGA, FGB, FGG, LDL-R and PCSK-9 [34, 52, 53] genes. PCR-based restriction
fragment length polymorphism (RFLP) analysis was used for the genotyping of the CBS,
MTHFR and MTR polymorphisms [54]. TagMan-based assays (Thermo Fischer Scientific®,
Walthem MA, USA), using the MylQ5 Bio-Rad® real-time polymerase chain reaction (RT-PCR)
thermal cycler (Bio-Rad® Laboratories Inc., Hercules, CA, USA) were used for the genotyping of
selected loci within the FGB, SERPINE-1 and PCSK-9 genes [49, 52]. Competitive allele-
specific polymerase chain reaction (KASP) methods with supplies obtained from LGC Limited
were used to genotype four additional FGB polymorphisms. Supplementary Table 1 presents

the genotyping method used for each SNP included.
Statistical analysis

The statistical package for the social sciences (SPSS®) version 23 (IBM® Corp, 2015) and
PLINK version 1.9 [55] were used for statistical analyses. Significance was set at a p-value of
<0.05. Kolmogorov-Smirnov testing together with histograms and Q-Q plots were used to
evaluate the normality of our data. Most of the variables were not normally distributed and,
therefore, non-parametric analyses were performed. Correlations between continuous variables
were determined by Spearman rank order correlations. Between-group comparisons for gender
and HIV status were performed by conducting Mann-Whitney U tests. The results of these
analyses were used to identify the phenotypes associated with the fibrinogen variables.

Quality control and statistical analysis of genetic data

QC included the removal of loci with a MAF below 1%, and failure to meet the requirements of
the HWE. Correlated SNPs with LD indicated by r® of 0.5 or more where pruned and only one
of these genetic variants were used for further statistical analysis. These pruned SNPs were,

however, taken into consideration again when determining possible functional effects.

Association tests for the genetic variants that had passed QC were performed through PLINK
software. One thousand permutation tests were used to adjust for multiple testing. The variants
that presented with significant results prior to multiple testing were then grouped and used to
compute a GRS [56]. A weighted method was used to calculate the GRS, which assumes the
additive genetic model for each SNP. The additive genetic model performs well when the true
genetic model is unknown or wrongly indicated [57]. The genotypes of the selected SNPs were
assigned a weight of 0, 1 and 2 depending on the number of minor alleles. This score was then
multiplied with the B-value obtained for each variant. The GRS was determined by adding the
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scores of the selected SNPs [57, 58]. Linear regression models were used to evaluate the
association of the GRS with total and vy’ fibrinogen concentrations, lag time, slope, maximum
absorbance and CLT, respectively. Both the association and linear regression models for each
phenotype outcome were performed without (results not shown) and after inclusion of
covariates as determined by the Spearman correlations and Mann-Whitney U tests discussed

previously.
In silico network analyses

The Genomatix Software Suite, version 3.6 (Genomatix Software GmbH, Munich, Germany)
was applied for the in silico network analyses. Genomatix Pathways System was used to
explore the network connectivity between the genes of interest and the literature mining
extracted from the Genomatic Literature Mining database (Release 02-2016). SNPinspector
imbedded in the Genomatix Software Suite package was used to inspect the gain and loss of
TFBS and the TFBS information was extracted from the Matrix Library version 9.4 (December
2015) and ElDorado genome database (Release 02-2016). The in silico analyses were

performed in the default settings as recommended for Homo sapiens data mining.
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Table 4.5

Supplementary Table 1: SNPs, their minor allele frequencies and the methods used for genotyping

Chr  Gene SNP pseudonym?* SNP Genotype frequencies Minor allele MAF HWE (p) Gt:::ttgg;ng
1 MTHFR 677 C>T rs1801133 13/253/1397 T 8.39 0.633 RFLP

1 PCSK-9 c.-26 G>A rs28362202 71234/1429 A 743 0.592 BeadXpress®
1 PCSK-9 c.207+15 G>A rs2495482 27/385/1251 A 13.20 0.749 BeadXpress®
1 PCSK-9 c.208-161 T>C rs2495480 43/486/1140 C 17.14 0.343 BeadXpress®
1 PCSK-9 €.399+165 T>C rs4927193 190/706/779 C 32.42 0.119 BeadXpress®
1 PCSK-9 c.400-24 C>T rs200109442 0/54/1620 T 1.61 1.000 BeadXpress®
1 PCSK-9 €.523+230 C>T rs499718 394/836/443 T 48.54 1.000 BeadXpress®
1 PCSK-9 .524-68 C>G rs624612 6/195/1476 G 6.17 1.000 BeadXpress®
1 PCSK-9 .657+114 C>A rs7552350 137/587/951 A 25.70 0.001 BeadXpress®
1 PCSK-9 c.658-7 C>T rs2483205 365/846/463 T 47.07 0.590 BeadXpress®
1 PCSK-9 .799+3 G>A rs2495477 132/644/900 A 27.09 0.266 BeadXpress®
1 PCSK-9 c.799+64 A>C rs494198 307/761/573 C 41.90 0.054 BeadXpress®
1 PCSK-9 c.829 C>G rs374941781 6/205/1463 G 6.48 0.841 BeadXpress®
1 PCSK-9 c.996+379C>T rs28362256 6/211/1460 T 6.65 0.697 BeadXpress®
1 PCSK-9 c.1274 A>G rs28362261 0/34/1643 G 1.01 1.000 BeadXpress®
1 PCSK-9 c.1327 A>G rs28362263 4/110/1436 G 3.81 0.279 TagMan®

1 PCSK-9 C.1354+102 T>C rs584626 190/734/752 C 33.23 0.582 BeadXpress®
1 PCSK-9 c.1504-16 C>T rs28362269 5/172/1496 T 5.44 1.000 BeadXpress®
1 PCSK-9 c.1658 A>G rs28362270 2/115/1556 G 3.56 1.000 BeadXpress®
1 PCSK-9 c.1696 T>C rs111563724 3/107/1567 C 3.37 0.434 BeadXpress®
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Genotyping

Chr Gene SNP pseudonym? SNP Genotype frequencies Minor allele MAF HWE (p) method

1 PCSK-9 c.1781 C>A rs372506466 6/141/1514 A 4.61 0.159 BeadXpress®
1 PCSK-9 €.2009 G>A rs505151 151/687/805 A 30.10 0.815 BeadXpress®
1 PCSK-9 €.2037C>A rs28362286 0/72/1328 A 2.57 1.000 TagMan®

1 PCSK-9 .*500 C>T rs369066144 4/110/1562 T 3.52 0.147 BeadXpress®
1 PCSK-9 c.*571C>T rs662145 118/679/875 T 27.36 0.390 BeadXpress®
1 CRP 0.159711078 A>G rs2808630 31/389/1168 G 14.20 0.918 BeadXpress®
1 CRP 0.159711574 C>G rs3093068 212/767/608 G 37.52 0.239 BeadXpress®
1 CRP 0.159713301G>A rs1130864 24/380/1184 A 13.48 0.334 BeadXpress®
1 CRP c.61+29 T>A rs1417938 0/82/1502 A 2.59 0.623 BeadXpress®
1 CRP c.-409 G>A rs3093062 31/453/1103 A 16.23 0.052 BeadXpress®
1 CRP 0.159728759 G>A rs7553007 87/578/923 A 23.68 0.835 BeadXpress®
1 F13A1 c.344 G>A rs6003 200/670/710 A 33.86 0.038 TagMan®

1 MTR c.2756 A>G rs1805087 85/514/1060 G 20.61 0.035 RFLP
2 APOB c.12541 G>A rs1042031 17/278/1266 A 9.99 0.673 BeadXpress®
2 APOB 0.21014672 G>A rs673548 42/410/1110 A 15.81 0.569 BeadXpress®
2 APOB .2817-1223 C>A rs10199768 19/300/842 A 14.56 0.237 BeadXpress®
2 APOB €.2816+374 A>C rs3791980 59/485/1014 C 19.35 0.935 BeadXpress®
2 APOB €.693+410 A>G rs1469513 15/257/1291 G 9.18 0.544 BeadXpress®
2 APOB 0.21047682 C>A rs585967 63/534/964 A 21.14 0.324 BeadXpress®
4 FGB 0.154560389 G>A rs7439150 12/177/1353 A 6.52 0.033 KASP
4 FGB 0.154561159 A>G rs2227385 0/87/1573 G 2.62 0.626 TagMan®
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Chr Gene SNP pseudonym? SNP Genotype frequencies Minor allele MAF HWE (p) method
4 FGB 0.154561868 G>A rs2227388 39/451/1175 A 15.89 0.647 TagMan®
4 FGB 0.154562157 G>A rs1800791 10/276/1389 A 8.84 0.447 TagMan®
4 FGB 0.154562556 G>A rs1800790 5/89/1449 A 3.21 0.018 KASP
4 FGB 0.154562762 C>T rs1800788 3/163/1511 T 5.04 0.796 TagMan®
4 FGB c.1433 G>A rs4220 11/231/1341 A 7.99 0.732 BeadXpress®
4 FGB 0.154574381 T>C rs4463047 7/314/1243 C 10.49 0.004 KASP
4 FGA c.991 A>G rs6050 158/634/782 G 30.18 0.083 BeadXpress®
4 FGA c.-58 G>A rs2070011 42/452/1087 A 16.95 0.592 BeadXpress®
4 FGG c.1299+79 T>C rs1049636 47/399/1137 C 15.57 0.104 BeadXpress®
6 F13A1 c.103 G>A rs5985 30/380/1143 A 1417 0.917 TagMan®
7 SERPINE-1 0.101125148 G>A rs36228614 26/297/1349 A 10.44 0.049 TagMan®
19 LDL-R c.-314 C>T rs369850745 0/35/1640 T 1.05 1.000 BeadXpress®
19 LDL-R c.67+18 C>A rs17242759 9/281/1386 A 8.92 0.229 BeadXpress®
19 LDL-R c.81C>T rs2228671 3/94/1580 T 2.98 0.181 BeadXpress®
19 LDL-R c.314-50 T>C rs10423288 31/402/1242 C 13.85 0.918 BeadXpress®
19 LDL-R c.1171 G>A rs11669576 38/457/1173 A 15.98 0.465 BeadXpress®
19 LDL-R c.1187-25 C>T rs72658862 7/169/1479 T 5.53 0.342 BeadXpress®
19 LDL-R c.1413 G>A rs5930 34/385/1253 A 13.55 0.466 BeadXpress®
19 LDL-R c.1586+53 A>G rs1569372 287/806/577 G 41.32 0.840 BeadXpress®
19 LDL-R c.1617 C>T rs5929 22/309/1346 T 10.52 0.364 BeadXpress®
19 LDL-R c.1705+56 C>T rs4508523 332/800/536 T 43.88 0.296 BeadXpress®
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Chr Gene SNP pseudonym? SNP Genotype frequencies Minor allele MAF HWE (p) method
19 LDL-R c.1773 C>T rs688 3/149/1502 T 4.69 1.000 BeadXpress®
19 LDL-R c.1959 T>C rs5925 66/516/1095 C 19.32 0.584 BeadXpress®
19 LDL-R .2232 A>G rs5927 104/691/876 G 26.90 0.040 BeadXpress®
19 LDL-R c.231149 T>G rs369402076 1/75/1598 G 2.30 0.591 BeadXpress®
19 LDL-R c.*62 G>A rs14158 20/306/1335 A 10.42 0.598 BeadXpress®
19 LDL-R c.*141 G>A rs3826810 19/384/1233 A 12.90 0.078 BeadXpress®
19 LDL-R c.*315C>G rs2738464 193/702/782 G 32.44 0.066 BeadXpress®
19 LDL-R €.*504 G>A rs2738465 113/619/943 A 25.22 0.400 BeadXpress®
19 LDL-R c.*666 T>C rs1433099 354/870/448 C 47.19 0.077 BeadXpress®
19 APOE 0.44904820 C>T rs1081101 21/295/1126 T 11.69 0.702 BeadXpress®
19 APOE 9.44905579 G>A rs405509 45/430/967 A 18.03 0.790 BeadXpress®
19 APOE C.-24+69 G>C rs440446 10/216/1216 C 8.18 0.861 BeadXpress®
19 APOE c.388 T>C rs429358 93/586/763 C 26.77 0.179 BeadXpress®
19 APOE c.526 C>T rs7412 32/392/1247 T 13.64 0.836 BeadXpress®
21 CBS 833 T>C rs5742905 122/662/884 C 27.16 0.951 RFLP
21 CBS G9276A 132/669/866 A 27.98 0.856 RFLP

*Ensembl release 84 - March 2016, retrieved 27 May 2016 [33]; A = adenine; Apo-B = apolipoprotein B; Apo-E = apolipoprotein E; CBS = cystathionine beta synthase; CRP = C-reactive protein; C = cytosine; FGA =
fibrinogen alpha chain gene; FGB = fibrinogen beta chain gene; FGG= fibrinogen gamma chain gene; FXIII = factor XIlI; G = guanine; HWE = Hardy-Weinberg equilibrium; KASP = Competitive allele-specific polymerase
chain reaction; LDL-R = low density lipoprotein receptor; MAF = minor allele frequency; MTHFR = methylenetetrahydrofolate reductase; MTR = methionine synthase; PCSK-9 = proprotein convertase subtilisin/kexin type
9; RFLP = restriction fragment length polymorphism; rs = reference sequence; SNP = single nucleotide polymorphism; T = thymine.
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Table 4.6

Supplementary Table 2: Single nucleotide polymorphisms and the gain and loss of transcription factor binding

sites
Allle 1755 Matrix Start  End Core  Matrix
Gene SNP Pos. Loss/ . Matrix Further Information Strand . .
change gain family pos.  pos. sim. sim.
CBS 5742005 251 T loss  VSZFO2  ZNF30001  hoomamngzneingerprotein gy g 1 0.993
CBS 15742905 251  C>T  gan  VSCAAT NFY.04 ?‘a‘éfc')erfr factor Y (Y-box binding 244 258 1 0921
CBS 1s5742005 251  C>T  gan  VSGCMF  GcM103  Chal cells missing homolog 1 247 261 1 0853
(secondary DNA binding preference)
Promyelocytic leukemia zink finger
CRP rs3093068 501 C>G loss V$PLZF PLZF.02 (TF with nine Krueppel-like zink 496 510 + 1 0.873
fingers)
. Cysteine-serine-rich nuclear protein 1
CRP rs3093068 501 C>G gain VSTAIP CSRNP1.01 (AXUD1, AXIN{ up-regulated 1) 500 506 + 1 1.000
CRP 153093062 256  A>G  loss  VSMITF mTo1  MIT (Microphthalmia transcription 249 263 1 0939
factor) and TFE3
CRP rs3093062 256 A>G gain V$EBOX USF.01 Upstream stimulating factor 247 263 1 0.995
Hypoxia response elements, binding
CRP rs3093062 256 A>G gain VSHIFF HRE.03 sites for HIF 1alpha/ARNT 247 263 + 1 0.972
heterodimers
CRP rs3093062 256 A>G gain VSEBOX MNT.01 MAX binding protein 248 264 + 1 0.997
. Basic helix-loop-helix protein known
CRP rs3093062 256 A>G gain V$HESF DEC1.02 as Dec1, Stra13, Sharp2 or BHLHE40 248 262 1 0.923
CRP rs3093062 256 A>G gain V$HIFF HRE.02 Hypoxia-response elements 248 264 1 0.975
. Basic helix-loop-helix protein known
CRP rs3093062 256 A>G gain V$HESF DEC1.02 as Dec1, Stra13, Sharp2 or BHLHE40 249 263 + 1 0.976
Member of the RSRF (related to
CRP rs2808630 501 C>T gain VSMEF2 SL1.01 serum response factor) protein family 491 513 + 1 0.938
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TFBS

Gene SNP Pos. Allele Loss/ Mat|:|x Matrix Further Information Start  End Strand Cpre Ma}trlx
change gain family pos.  pos. sim. sim.
CRP rs2808630 501 C>T gain O$PTBP PTATA.02  Plant TATA box 496 510 1 0.923
FA13 %5985 401 AG  gan  VSAHRR  AHRARNTO2 A Morocarbon/Amtheterodmers, - gq g3 10776
FA13 <5985 401 AG  gan  VSKLFS  GKLF03  oporenedfueppeblietacorl g g0 w1 008
FA13 rs5985 401 A>G gain V$HASF HAS.01 HIF-1 ancillary sequence 396 406 1 0.923
FGA 6050 501 ASG  loss  VENKXH Ntz o fomeorox TNKRSALEHA g gy 1 0852
Zinc finger transcription factor RU49
(zinc finger proliferation 1 - Zipro 1).
FGA 6050 501  A>G  loss  VSRU49  RU4gQ1  roooexnbilsastongpreferencefor yo; o3, 4 (ggg
binding to tandem repeats of the
minimal RU49 consensus binding
site.
Zinc finger transcription factor RU49
(zinc finger proliferation 1 - Zipro 1).
FGA 16050 501  ASG  loss  VSRUAQ  RU4901  RU49exhibits astrong preference for  yqq 5oy 1 0983
binding to tandem repeats of the
minimal RU49 consensus binding
site.
FGA rs2070011 501 A>G gain VSE2FF  E2F1_DP1.01  E2F-1/DP-1 heterodimeric complex 494 510 + 1 0.882
FGA 152070011 501  AsG  gan  VSTHAP  THAP1.01  |TAPdomaincontaining, apoplosis o5 5o 4 1 0911
associated protein
. Krueppel-associated box-containing
FGA rs2070011 501 A>G gain V$ZF57 ZFP57.01 zinc-finger protein 57 (KRAB-ZFP 57) 495 507 1 0.962
FGA rs2070011 501 A>G gain VSE2FF  E2F1_DP1.01 E2F-1/DP-1 heterodimeric complex 494 510 + 1 0.882
FGA 152070011 501  AsG  gan  VSTHAP  THAP1.01  |HAPdomaincontaining, apoplosis o5 5o 4 1 091
associated protein
FGA 12070011 501  AsG  gan  V$ZF57  ZFP57.01  ‘ueppel-associated box-containing o5 5oy 1 0962

zinc-finger protein 57 (KRAB-ZFP 57)
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TFBS

Gene SNP Pos. Allele Loss/ Mat|:|x Matrix Further Information Start  End Strand Cpre Ma}trlx
change gain family pos.  pos. sim. sim.
FGB rs1800788 501 C>T loss V$ZF10 PRDM14.01 PR domain zinc finger protein 14 495 509 1 0.853
FGB 151800788 501  C>T  loss  VSHICF  Hictoz  Hypermethylated in cancer f 49 508+ 1 0974
(secondary DNA binding preference)
V-maf musculoaponeurotic
FGG rs1049636 501 C>T loss V$AP1R MAFK.01 fibrosarcoma oncogene homolog K 486 508 1 0.838
(half site)
FGG 151049636 501  C>T  loss  VSSORY  SOX9.08  onY (sexdetermining regionY)box 9, 5y 1 0697
9, dimeric binding sites
FGG rs1049636 501 C>T gain VS$DLXF DLX3.02 Distal-less homeobox 3 489 507 + 1 0.958
FGG rs1049636 501 C>T gain VSLHXF LHX4.01 LIM homeobox 4, Gsh4 439 511 + 1 0.830
FGG rs1049636 501 C>T gain VSHOXF HOXA5.01  Homeobox A5 / Hox-1.3 490 508 - 1 0.848
FGG rs1049636 501 C>T gain V$OCT1 OCT1.06 Octamer-binding factor 1 491 505 + 1 0.819
FGG 151040636 501  C>T  gan  VSHBOX  GSH2.01 (H;ghm_g°d°ma'” transcription factor 400 519 4 1 0961
Interferon regulatory factor (IRF)-
FGG rs1049636 501 C>T gain VS$IRFF IRF4.01 related protein (NF-EM5, PIP, LSIRF, 494 518 1 0.950
ICSAT)
LDL-R rs2738465 501 A>G loss V$HOXC PBX—EP XAS. PBX - HOXA9 binding site 494 510 1 0.797
IDL-R  rs2738465 501  AsG  loss  VSGFH  GFHBo1  Crowihfactorindependence fzinc 499 53 1 0886
finger protein Gfi-1B
LDL-R rs2228671 401 C>G loss V$OCT1 OCT.01 Octamer binding site (OCT1/0CT2) 395 409 + 1 0.780
IDL-R  rs2228671 401  C>G  gan  VSMYOD  TCFE2AQp  anscriptionfactorE2a (E12/B47) 599 4o 1 0947
(secondary DNA binding preference)
[DL-R 15228671 401  C>G  gan  VSHUBI  ZNFsgo1  Zncfingerproten2B2(HTLVAUS qg) 4o 0775
repressive element-binding protein 1)
. Mammalian transcriptional repressor
LDL-R rs2228671 401 C>G gain V$RBPF RBPJK.02 RBP-Jkappa/CBF 1 395 407 + 1 0.946
LDL-R rs2228671 401 C>T loss V$OCT1 OCT.01 Octamer binding site (OCT1/0CT2) 395 409 + 1 0.780
IDL-R 152228671 401  C>T  gain  VSMYOD  TCFEPAQ2  anscriptionfactorB2a (E12/E47) — ggq 405 1 0943
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TFBS

Gene SNP Pos. Allele Loss/ Mat|:|x Matrix Further Information Start  End Strand Cpre Ma}trlx
change gain family pos.  pos. sim. sim.

Zinc finger protein RP58 (ZNF238),

LDL-R rs2228671 401 C>T gain V$RP58 RP58.01 associated preferentially with 392 404 1 0.899
heterochromatin

LDL-R rs2228671 401 C>T gain VSGATA GATA3.02 GATA-binding factor 3 393 405 + 1 0.925

IDL-R  rs2228671 401 C>T  gan  VSCEBP  CEBPB.02 g;QAT/ enhancer binding protein 394 408+ 1 0979

LDL-R rs2228671 401 C>G loss V$OCT1 OCT.01 Octamer binding site (OCT1/0CT2) 395 409 + 1 0.780

IDL-R  rs2228671 401  C>G  gan  VSMYOD  TCFE2AQp | anscriptionfacorB2a (E12/B47) 599 4o 1 0947
(secondary DNA binding preference)

IDL-R  rs2228671 401 C>G  gan  VSHUBI  zNFogpQ1  Znefngerprotein 282 (HTLVIUS o agq 40 0778
repressive element-binding protein 1)

. Mammalian transcriptional repressor

LDL-R rs2228671 401 C>G gain V$RBPF RBPJK.02 RBP-Jkappa/CBF1 395 407 + 1 0.946

LDL-R rs2228671 401 C>T loss V$OCT1 OCT.01 Octamer binding site (OCT1/0CT2) 395 409 + 1 0.780

IDI-R  r1s2228671 401  C>T  gain  VSMYOD  TCFEpAQ2  anscription factor B2a (E12/E47) — g9q 405 1 0943
(secondary DNA binding preference)
Zinc finger protein RP58 (ZNF238),

LDL-R rs2228671 401 C>T gain V$RP58 RP58.01 associated preferentially with 392 404 1 0.899
heterochromatin

LDL-R rs2228671 401 C>T gain VSGATA GATA3.02 GATA-binding factor 3 393 405 + 1 0.925

LDLR 12228671 401  C>T  gan  VSCEBP  CEBPBOZ  _o1/emnancerbindng protein 34 408+ 1 0979

[DL-R 151433099 501  A>G  gan  VSTALE  TGIF2Lxo1 | Of Dinducedfactorhomeobox2- g, 5o 0833
like, X-linked, dimeric binding site

PCSK-9 rs584626 501 A>G loss V$HICF HIC1.01 Hypermethylated in cancer 1 492 504 1 0.918

PCSK-9  rs584626 501  ASG  loss  VSEVIA MEL103  MELT(MDSVEVIT-ike gene 1) DNA- g7 543 1 0961
binding domain 2

PCSK-9  1s584626 501  A>G  gan  VSBRAC  EOMES(Q  Comesodermin TBR-2(secondary — so5 543 1 0887
DNA binding preference)

PCSK-9 rs584626 501 A>G gain V$CREB ATF1.02 Activating transcription factor 1 490 510 1 0.936

PCSK-9 rs584626 501 A>G gain V$CREB CREB.02 cAMP-responsive element binding 493 513 1 0.967
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TFBS

Gene SNP Pos. Allele Loss/ Mat|:|x Matrix Further Information Start  End Strand Cpre Ma}trlx
change gain family pos.  pos. sim. sim.

protein
Winged helix protein, involved in hair

PCSK-9 rs584626 501 A>G gain V$WHNF WHN.01 keratinization and thymus epithelium 495 505 1 0.964
differentiation

PCSK-9 rs584626 501 A>G loss V$HICF HIC1.01 Hypermethylated in cancer 1 492 504 1 0.918

PCSK-9  rs584626 501 ASG  loss  VSEVIA MEL103  MEL1(MDSVEVIT-ike gene 1) DNA- g7 545 1 0961
binding domain 2

PCSK-9  rs584626 501  A>G gain  VSBRAC  EOMES02  comesodermin, TBR-2 (secondary 485 513 " 1 0.887
DNA binding preference)

PCSK-9 rs584626 501 A>G gain V$CREB ATF1.02 Activating transcription factor 1 490 510 1 0.936

PCSK-9  rs584626 501  AsG  gain  VSCREB  CREB.02 gﬁ)'\t"eﬁ:resr’°“s"’e clementbinding ;g5 543 1 0967
Winged helix protein, involved in hair

PCSK-9 rs584626 501 A>G gain VSWHNF WHN.01 keratinization and thymus epithelium 495 505 1 0.964
differentiation

PCSK-9  1s505151 501  AG  gan  VSNRSF  NRSF0z  heurontestrcvesiencerfactor(il 7z g, 4 g7
bp spacer between half sites)

PCSK-9 rs505151 501 A>G gain VSKLFS GKLF.01 Gut-enriched Krueppel-like factor 490 508 + 1 0.868

PCSK-9 rs499718 264 C>T loss VSNFAT NFAT.01 Nuclear factor of activated T-cells 250 268 1 0.970
Transcriptional repressor B

PCSK-9 rs499718 264 C>T loss V$PRDF BLIMP1.01 lymphocyte-induced maturation 259 277 1 0.818
protein-1 (Blimp-1, prdm1)

PCSK-9 rs494198 501 A>C loss V$ZF05 ZFP410.01  Zinc finger protein 410, APA-1 492 506 + 1 0.900

PCSK-9 rs494198 501 A>C loss VSNF1F NF1.04 Nuclear factor 1 493 513 1 0.910

PCSK-9 4927193 501  C>T  gan  VSSORY  SOX21.03 oY (sexdetermining region Y)-box  4gq gy 1 0769
21, dimeric binding sites

PCSK-9  rs37494178 201 G>T loss V$IRFF IRF4.02 Interferon regulatory factor 4 187 211 + 1 0.700

PCSK-9  r1s37494178 201 G>T  loss  VSZFHX  AREB6O4  ~REBO (Atplalregulatoryelement o) 5, 1 0988
binding factor 6)

PCSK-9  rs28362263 301 A>G loss V$GLIF GLI3.02 GLI-Kruppel family member GLI3 295 311 + 1 0.908
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Gene SNP Pos. Allele Loss/ Mat|:|x Matrix Further Information Start  End Strand Cpre Ma}trlx
change gain family pos.  pos. sim. sim.
PCSK-9  rs28362202 256 A>G loss V$E2FF E2F7.01 E2F transcription factor 7 242 258 1 0.714
PCSK-9  rs28362202 256  A>G  loss  VSSMAD  SMAD4o1  omadétranscription factorinvolvedin - 5g 56 1 0943
TGF-beta signaling
. Farnesoid X - activated receptor
PCSK9 128362202 256 AG  gan  VBRXRE  FXREOT  ouppiera o oddes 255 267 1 0821
PCSK-9  rs2495482 501 C>T  loss  VSEGRF  EGRp02  C9™-2/Krox-20earlygrowthresponse o5 5og 1 0964
gene product
PCSK-9  rs2495482 501  C>T  loss  VSGCF2  LRRFIP1.01  -eucine rich repeat (in FLI 485 503+ 1 0834
interacting protein 1
PCSK-9  rs2495482 501  C>T loss  V$EGRF WT1.01  Wilms Tumor Suppressor 487 505 1 0937
PCSK-9 rs2495482 501 C>T loss V$KLFS KLF2.01 Krueppel-like factor 2 (lung) (LKLF) 490 508 1 0.995
PCSK-9  rs2495482 501  C>T loss  VSNDPK NM23.01 El'r\]"aEsﬂMaznz r‘zuc'eos'de diphosphate 49 5og 1 0.916
PCSK-9  rs2495482 501  C>T loss  V$KLFS KKLF.01 ﬁ'LdF”fg -enriched kruppel-like factor, 495 513 1 0.933
PCSK-9  r1s2495482 501 C>T  loss  VSSAL2  SALL2.01 5'1”;0?239'% protein Spalt-2, salike 2, 495 5o5 1 0969
PCSK-9  rs2495482 501  C>T  loss  VSGCMF  GCMio3  Cial cells missing homolog f 49 510+ 1 0844
(secondary DNA binding preference)
BTB/POZ-bZIP transcription factor
PCSK-9  rs2495477 501  C>T loss  VSAPIR  BACH1.01  BACHforms heterodimers withthe 488 510 1 0833
small Maf protein family
PCSK-9 rs2495477 501 C>T loss V$AP1F AP1.02 Activator protein 1 493 505 1 0.929
PCSK-9  rs2495477 501  C>T  gain  O$VTBP  ATATAO!  Avian C-type LTR TATA box 493 509 1 0803
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CONCLUSIONS AND RECOMMENDATIONS

5.1 INTRODUCTION

Although family and twin studies have identified the fibrinogen phenotype as heritable, genetic
association studies have not been able to allocate a significant proportion of this heritability to
common single nucleotide polymorphisms (SNPs). This dissertation sought to investigate the
‘missing heritability’ of fibrinogen in a highly recombinant African population using three
approaches (reviewed in Chapters 1 and 2): firstly a focused investigation of fibrinogen gene
polymorphisms and haplotypes hypothesised to be functional; secondly, fibrinogen genotype-
interleukin-6 (IL-6) interactions, and lastly, pleiotropic and polygenic co-regulation of candidate
SNPs largely outside the fibrinogen gene cluster. These three approaches were investigated in
terms of their effect on the outcome phenotypes, total and vy’ fibrinogen, as well as fibrin clot
properties measured through turbidimetric analysis. Cross-sectional data from the South
African arm of the prospective urban and rural epidemiology (PURE) study population was
used, as the high fibrinogen and IL-6 concentrations, together with vast genetic diversity and
lack of linkage disequilibrium (LD), offered a unique opportunity to explore the missing

heritability of the fibrinogen phenotype.
The primary objectives of this study were:

1. To investigate the association of specific fibrinogen polymorphisms and their

haplotypes with the fibrinogen phenotypes;

2. To determine the IL-6-interactive effect of polymorphisms and haplotypes within the

fibrinogen gene cluster on total and y’ fibrinogen concentration and clot properties;

3. To identify SNPs beyond those in the fibrinogen genes that are associated with the
fibrinogen phenotype based on the principles of pleiotropic and polygenic regulation.

These objectives were formulated in an effort to identify SNPs and haplotypes within the
fibrinogen genes that are functional contributors to the fibrinogen phenotype independently and
through their interaction with the transcriptional enhancer of fibrinogen, IL-6. Furthermore, an
attempt was made to locate polymorphic variance outside the fibrinogen gene cluster that
contributes to the heritability of fibrinogen through polygenic co-regulation, using a candidate

gene approach.
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This final chapter briefly captures the main findings of the current investigation under the
primary goals addressed by the above-mentioned objectives. Objective-specific results were
interpreted and discussed in each manuscript (Chapters 3 and 4) in terms of the encompassing
literature, and will not be repeated in this chapter. Rather, the larger contribution of the current
study will be put in the context of the broader knowledge economy. Possible study limitations
and future research recommendations will be discussed under each particular outcome

heading.
5.2 GENETIC COMPOSITION OF THE PURE POPULATION

The genetic composition of the PURE population differed extensively from that previously
reported of Europeans. None of the frequently occurring European fibrinogen haplotypes
(Mannila et al., 2005; Verschuur et al., 2005; Morozumi et al., 2009) was present in the PURE
population. In addition, a SNP located in the fibrinogen beta chain gene, FGB -993C/T,
prominent in European literature for its relevance to the fibrinogen phenotype (Green, 2001;
Verschuur et al., 2005; Morozumi et al., 2009), revealed no allelic variance in the current
investigation. In contrast, three novel SNPs, FGB-rs2227385, FGB-rs2227388 and proprotein
convertase subtilisin/kexin type 9 (PCSK-9)-rs369066144, were identified in the PURE

population and are reported on in this dissertation (Yates et al., 2016).

The PURE population generally presented with lower minor allele frequencies (MAFs) than what
has been published globally (Yates et al., 2016). As predicted, the genetic recombination in the
fibrinogen gene cluster was significantly higher than what has been described in Europeans
(Baumann & Henschen, 1994; Behague et al., 1996; van’'t Hooft et al., 1999). This same
phenomenon was noted in other regions such as the low-density lipoprotein receptor (LDL-R)
and PCSK-9 genes where no complete LD was observed between any of the 27 and 26
investigated SNPs, respectively (Yates et al., 2016).

5.3 FUNCTIONALITY OF FIBRINOGEN SNPS AND HAPLOTYPES IN TERMS OF THEIR
ASSOCIATION WITH FIBRINOGEN-RELATED PHENOTYPES

FGB-rs7439150, -1420G/A and -148C/T were the SNPs indicative of functionality in the PURE
population. These SNPs had the most pronounced independent and IL-6-interactive
associations with fibrinogen concentrations and clot properties. It was additionally
demonstrated that in the presence of IL-6, risk alleles across the fibrinogen gene cluster
harboured concurrently contributed to fibrinogen concentrations in an additive manner,
indicating that multiple SNPs functionally influence the fibrinogen phenotype when they are
carried collectively.
141



The value of conducting an investigation into the fibrinogen gene cluster in Africans was the
ability to investigate SNPs independently in an effort to locate functionality that has previously
been hindered by tight LD observed in this region in Europeans. The high recombination rates
of the PURE study population did enable the investigation of SNPs more independently than
ever before, but also resulted in a lack of common haplotypes in the study population. The lack
of haplotypes in this highly recombinant study population, therefore, led to the inability to
investigate fibrinogen gene haplotypes and their associations with the fibrinogen phenotypes in
the current study.

The 14 fibrinogen SNPs that were investigated contributed 0.05% to the variance in fibrinogen
concentrations, which is less than what would be expected, considering that 12 of these SNPs
were selected based on prior reports of their independent contribution to fibrinogen (Cook et al,
2001; Green 2001; Jacquemin et al., 2008; Lim et al., 2003; Mannila et al., 2006; Sabater-Lleal
et al., 2013; Uitte de Willige et al., 2005; van’'t Hooft et al., 1999). Consequently, in terms of
future research, the following recommendations are made. Firstly, conducting a heritability
study for the fibrinogen phenotype in Africans is a necessity, not simply owing to the lack of
replication of previous results, but also owing to differences in genotype frequencies, genetic
recombination and haplotypes (section 5.2) observed in the fibrinogen genes of Europeans
compared to Africans. These distinct differences reveal that European heritability estimates
cannot simply be inferred to Africans. Furthermore, it should be considered that within the
South African population large genomic differences exist between well-defined ethnic sub-
groups, of which the Tswana population (PURE study population) is only one, emphasising the
large research gap that still needs to be addressed (Tishkoff & Williams, 2002; Tishkoff et al.,
2009; Teo et al., 2010).

Secondly, future research should investigate genotype-IL-6 interaction differences between
basal and acute phase associations with the fibrinogen phenotypes. Some of these interactions
lost significance in the current study when individuals with high IL-6 were removed from
analyses, suggesting that the interactive effects are more pronounced during the acute phase,
or in individuals with inflammatory diseases. Carrying out an experimental or case-control study
in an African population will further clarify the results reported in this study. Furthermore, a
study population with well-defined chronic inflammation should be investigated to determine the
haemostatic risk associated with a chronic up-regulation of acute phase proteins such as
fibrinogen, which could have different regulatory mechanisms involved than those previously

described as part of the basal and short-term exposure to acute phase regulation.
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Thirdly, the current study, although large (nh = 2010), was unable to investigate three genotype
groups for each variant because of the low MAF of some of the investigated SNPs. A future
investigation of the independent, IL-6-interactive and additive effect of fibrinogen polymorphisms
in a larger study population would be useful, as it will allow differences in the number of risk
alleles to be analysed, rather than only the presence thereof.

5.4 PLEIOTROPIC AND POLYGENIC REGULATION OF THE FIBRINOGEN PHENOTYPES
BY SNPS BEYOND THOSE IN THE FIBRINOGEN GENES

The candidate gene analysis offered significant direction to future research endeavours by
reporting several novel associations of SNPs outside of the fibrinogen gene cluster, including
the association of 12 PCSK-9 and five LDL-R polymorphisms, with the fibrinogen phenotypes.
In addition, the co-regulatory transcriptional mechanisms that are fundamental to the observed
genotype-phenotype associations were elucidated for the first time in the current study. Lastly,
the exploration of the genotypic control of fibrinogen-related phenotypes by genetic risk score
(GRS) analyses, as with the additive effect reported in section 5.3, confirmed the necessity of
investigating a larger array of SNPs to represent individual risk or genetic contribution more
holistically. Overall, this study was able to address more of fibrinogen’s missing heritability than
genome-wide association studies have, due to the investigation of the cumulative contribution of
numerous SNPs in an individual (GRS) rather than the investigation of the per SNP contribution
of thousands of individual SNPs in a population. The current study explained 29% of
fibrinogen’s variance using the GRS composed of seven SNPs, which falls within fibrinogen’s
heritability estimate of 20 to 51%.

Future research should explore the association of polymorphic variance within the LDL-R and
PCSK-9 genes, not only with total and y’ fibrinogen concentrations, but also with clot properties,
as SNPs located in these genes contributed significantly to all four the turbidity-derived
indicators of fibrin clot properties. The novel PCSK-9-rs369066144 polymorphism should be
further investigated within the PURE study, and possibly other African population groups, as this
SNP made the most significant contribution, and appeared to be protective in terms of
thrombotic risk. The latter association and the identification of many novel genotype-phenotype
associations within this candidate gene analysis reiterated the urgent need for a whole-genome
genotyping method that will capture the functional rare and minor variants in Africans that do not
occur elsewhere. Furthermore, the value of investigating the underlying co-regulatory
processes driven by common transcription factors that are shared by seemingly unrelated
sequence divergences is emphasised in this study. Future research should continue to

investigate more than mere genotype-phenotype associations; it should consider their
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regulatory effects as well, as the identification of more common co-regulatory pathways could
enhance the understanding of the genomic and transcriptional control of complex phenotypes,
such as fibrinogen.

The search for variants that contribute to fibrinogen-related phenotypes outside the fibrinogen
genes themselves was limited in that some of the variants suggested for investigation by
international GWAS, particularly related to genes involved in the inflammatory, haemostatic and
immunological pathways, were not included. The current investigation only included genes for
which a measurable phenotype outcome was quantified in the PURE population, to be used in
the pathway analysis. Future research endeavours within PURE will include a larger array of
SNPs and measured phenotypes, including firstly those of Factor Xl (F13A1) and IL-1 and 6
and their respective receptors (IL-6R and IL1R1).

5.5 CONCLUSION

The investigation of the missing heritability of fibrinogen in the PURE population reiterated the
value of genetic research in Africans. Novel findings that are able to direct future research
efforts include the first investigation of fibrinogen SNPs in a highly recombinant manner in which
FGB-rs7439150, -1420G/A and -148C/T, were identified as possible functional variants;
secondly, an additive effect associated with harbouring several minor allele variants within the
fibrinogen gene cluster on fibrinogen concentrations, and thirdly, the involvement of PCSK-9
and LDL-R SNPs in the genetic regulation of fibrinogen-related phenotypes. Lastly, this study
described more than genotype-phenotype associations by investigating the co-regulatory
transcriptional factors that are reflected in these associations. The value generated by the
investigation of polygenic co-regulation in the current study advanced the capacity of genetic
research to a level beyond genetic coding, i.e. to the transcriptional co-regulation thereof. This
dissertation also revealed that polymorphisms are able to exert effects beyond what has been
observed in terms of fibrinogen concentrations, i.e. through intermediate clot-related effects, not

only through their association with fibrinogen, but also independently.
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Abstract

Fibrinogen and its functional aspects have been linked to cardiovascular disease. There is vast discrepancy
between the heritability of fibrinogen concentrations observed in twin studies and the heritability uncovered by
genome wide association studies. We postulate that some of the missing heritability might be explained by the
pleiotropic and polygenic co-regulation of fibrinogen through multiple targeted genes, apart from the fibrinogen
genes themselves. To this end we investigated single nucleotide polymorphisms (SNPs) in genes coding for
phenotypes associated with total and y’ fibrinogen concentrations and clot properties. Their individual and
accumulative associations with the fibrinogen variables were explored together with possible co-regulatory
processes as a result of the gain and loss of transcription factor binding sites (TFBS). Seventy-eight SNPs
spanning the APOB, APOE, CBS, CRP, F13A1, FGA, FGB, FGG, LDL-R, MTHFR, MTR, PCSK-9 and
SERPINE-1 genes were included in the final analysis. A novel PCSK-9 SNP (rs369066144) was identified in
this population, which associated significantly (p = 0.04) with clot lysis time (CLT). Apart from SNPs in the
fibrinogen (FGA, FGB and FGG) and FXIll (F13A1) genes, the fibrinogen phenotypes were also associated
with SNPs in genes playing a role in lipid homeostasis (LDL-R, PCSK-9) together with CBS and CRP
polymorphisms (particularly, CRP-rs3093068). The genetic risk scores, presenting accumulative genetic risk,
were significantly associated (p < 0.007) with total and y’ fibrinogen concentrations, lag time, slope and CLT,
highlighting the importance of a polygenetic approach in determining complex phenotypes. SNPs significantly
associated with the fibrinogen phenotypes, resulted in a total of 75 TFBS changes, of which 35 resulted in a
loss and 40 in a gain of TFBS. In terms of co-regulation, V$IRF4.02, V$E2FF and VSHIFF were of particular
importance. The investigation into TFBS provided valuable insight as to how sequence divergences in
seemingly unrelated genes can result in transcriptional co-regulation of the fibrinogen phenotypes. The
observed associations between the identified SNPs and the fibrinogen phenotypes therefore do not imply
direct effects on cardiovascular disease outcomes, but may prove useful in explaining more of the genetic
regulation of the investigated fibrinogen phenotypes.

© 2016 Published by Elsevier B.V.

Introduction

Fibrinogen is a hexameric glycoprotein consisting
of two alpha (a), two beta (B) and two gamma (y)
polypeptide chains, and is encoded for by the
fibrinogen a, B and y chain genes (FGA, FGB and
FGQG) on the g-arm of chromosome four [1]. Several
variants of the fibrinogen molecule exist, of which

0022-2836/© 2016 Published by Elsevier B.V.

fibrinogen gamma prime (y') is considered to be a
common splice variant contributing to between 8 and
11% of total plasma fibrinogen concentrations [2,3].
Fibrinogen y' arises in response to alternative
splicing of the carboxyl-terminal region of y-mRNA,
resulting in a higher molecular weight y’ than the yA
chain [2,3]. Fibrinogen is an essential haemostatic
protein, as the precursor of fibrin in the final stages of
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Fibrinogen candidate gene analysis

Table 1. Descriptive characteristics of the study participants.

Variable Median (25-75th percentiles)
Age (years) 48 (41-56)
Gender [n (%)]
Male 628 (37.4)
Female 1049 (62.6)
HIV status [n (%)]
Positive 269 (16.1)
Negative 1401 (83.9)
Total fibrinogen (g/L) 2.9 (2.2-5.0)
Fibrinogen y' (%) 10.2 (1.2-14.7)
Lag time (min) 6.5 (5.1-7.8)
Slope (x1072 au/s) 9.0 (6.5-12.0)
Maximum absorbance (nm) 0.4 (0.3-0.5)
CLT (min) 57.1 (50.9-63.9)

CLT = clot lysis time; HIV = human immunodeficiency virus

blood coagulation [4]. Both total and y’ fibrinogen
influence clot structure [5,6], and increased levels
have been related to denser blood clots resistant to
clot lysis [7]. Denser clots that remain in the
vasculature for a longer time are associated with
cardiovascular disease (CVD) outcomes such as
myocardial infarction, stroke and coronary artery
disease [8]. Increased fibrinogen concentration,
irrespective of its functional properties, is also
associated with CVD [9].

Family and twin studies investigating the genetics of
fibrinogen have reported the heritability of fibrinogen
concentrations to be between 30 and 51% [10-16].
Genome wide association studies (GWAS) have only
allocated 3.7% of this possible 51% fibrinogen
heritability to common single nucleotide polymor-
phisms (SNPs; single base pair variations occurring
at frequencies of >1% in the population) to date [17].
As these GWAS included millions of SNPs without
significant results, investigating pleiotropic and poly-
genic sequence divergences and the possible
co-regulation thereof among candidate genes chosen
based on association analyses of phenotypes related
to fibrinogen, might prove valuable. There is growing
evidence that a significant proportion of the heritability
of complex phenotypes, such as fibrinogen, may be
explained by a combination of genetic variants, and
their combined effects can be calculated in the form of
polygenic risk scores [18], making use of a biological
filtering approach by taking into account the mecha-
nistic pathways associated with the complex pheno-
types. Furthermore, the combination of genetics and
molecular biology has greatly facilitated the identifi-
cation of candidate genes [19,20]. Multifactorial
phenotypes can now be represented as complex
interactive networks, which consist of a combination of
genetic and non-genetic factors. Therefore, genetic
variations in multiple genes in one particular pathway
or disease network could lead to synergistic hetero-
zygosity [21]. We have incorporated the concept of
synergistic heterozygosity into our hypothesis,

through genetic risk score (GRS) analyses, to observe
the polygenic effects of harbouring several risk alleles
concurrently. In addition, gene expression is generally
controlled by transcriptional enhancers, which consist
of a cluster of transcription factor binding sites (TFBS)
spaced by spacer sequences and enhancers. SNPs
in these regions have potential functional significance,
which is not necessarily obvious when observed
independently from a functional context [22-24].
Being in regulatory regions, these SNPs may,
therefore, associate with the outcome phenotype
through polygenic co-regulation rather than being in
the causal pathway.

In agreement with international research [25,26],
ethnic differences in fibrinogen concentrations have
been reported in the South African population. Black
South Africans present with higher total fibrinogen
concentrations than their counterparts from European
ancestry [27,28]. A pre-disposition to hypercoagula-
bility has also been observed in the black South
African population [29]. Studies on the genetic
variation in African individuals have revealed vast
genetic diversity in Africa [30,31]. Furthermore,
research conducted in the South African Prospective
Urban and Rural Epidemiology (PURE) study popu-
lation revealed less linkage disequilibrium (LD;
neighbouring polymorphisms that are inherited
together) in the fibrinogen genes than what has
been observed in European populations [32]. The
higher variance in fibrinogen concentrations, together
with a unique genetic diversity and low LD, presents a
promising opportunity to unravel the missing heritability
observed for fibrinogen.

To this end, we conducted a candidate gene
association study by investigating SNPs of variables
associated with fibrinogen-related phenotypes.
Candidate genes to be included were further verified
through an in silico pathway and network analysis
to increase our understanding of the polygenic
regulation of the fibrinogen phenotype. Polygenetic
and pleiotropic co-regulation were explored via GRS
and TFBS analyses. Protein concentration (both
total and y’ fibrinogen) and functionality (plasma clot
properties) were used as outcome variables.

Results and discussion

The total study population consisted of 1677
participants included after quality control (QC).
Table 1 presents the descriptive characteristics of
the study population. Total and y’ fibrinogen concen-
trations, together with lag time, slope, maximum
absorbance and clot lysis time (CLT), were used as
phenotype outcomes for all further analyses.

This study is the first exploration of the pleiotropic
and polygenetic co-regulation of candidate SNPs
associated with the fibrinogen protein and its
functional phenotypes in a large black South African
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Table 2. Phenotypes correlating significantly with total and y’ fibrinogen concentration and clot properties.

Total fibrinogen” (g/L)

Fibrinogen y'* (%)

Clot lysis time” (min)

Variable r Variable r Variable r

Age (years) 0.15 Age (years) -0.11 BMI (kg/m?)? 0.28
BMI (kg/m?)? 0.16 Hey (pmol/L) -0.11 Hip C (cm)? 0.27
Hip C (cm)? 0.17 HDL-c (mmol/L) -0.12 HbA1c (%) 0.22
HbA1c (%) 0.20 PAI-1 4 (U/mL) -0.17 TG (mmol/L)° 0.20
LDL-c (mmol/L) 0.13 LDL-c (mmol/L)® 0.17
CRP (mg/L) 0.42 HDL-c (mmol/L)® 0.20
IL-6 (pg/mL) 0.26 PAI-14¢ (U/mL) 0.31

Lag time" (min)

Slope” (x 1072 au/s)

Maximum absorbance” (nm)

Variable r Variable r Variable r
Age (years) 0.14 PA Index 0.18 Age (years) 0.14
PA index -0.18 Hcy (umol/L) 0.10 BMI (kg/m?)? 0.10
SBP (mm Hg) 0.13 PAI-14¢ (U/mL) -0.17 Hip C (cm)? 0.10
CRP (mg/L) 0.23 CRP (mg/L) 0.26

BMI = body mass index; CRP = C-reactive protein; HbA1c = glycated haemoglobin; Hcy = homocysteine; HDL-c = high-density lipoprotein
cholesterol; Hip C = hip circumference; IL-6 = interleukin-6; LDL-c = low-density lipoprotein cholesterol; PAI-1, = plasminogen activator
inhibitor type 1 activity; PA index- = physical activity index; SPB = systolic blood pressure; TG = triglycerides

p < 0.001 for all variables.

2 Adjustments were made only for the highest correlating variable when both BMI and Hip C were correlated to the outcome variable

owing to co-linearity
P Only TG and HDL-c adjusted for owing to co-linearity.

population. Association analyses were conducted
to identify appropriate SNPs to include. Table 2
presents the phenotypes that correlated significant-
ly (r > 0.1; p < 0.001) with the fibrinogen variables in
this study population. Genes were identified for
inclusion in genetic association analyses based on
associations of their respective phenotypes with the
outcome variables. In addition, the continuous vari-
ables presented in Table 2 were treated as covariates
and adjusted for in all further analyses. Categorical
variables, gender and human immunodeficiency virus
(HIV) status were identified as covariates when

CRP

investigating total and y' fibrinogen concentrations;
however, for CLT we co-varied for gender alone, and
for slope and maximum absorbance we only adjusted
for HIV status, based on the significance of these
associations.

The 13 genes of interest, coding for apolipoprotein-B
(Apo-B), apolipoprotein-E (Apo-E), cystathionine
beta synthase (CBS), C-reactive protein (CRP),
factor XIII (FXIII), fibrinogen, low-density lipoprotein
receptor (LDL-R), methylenetetrahydrofolate
reductase (MTHFR), methionine synthase (MTR),
proprotein convertase subtilisin/kexin type 9 (PCSK 9)

SERP:INEI FGB FGA

F13A1 APOE APOB FGG
extracellular extracellular
membrane membrane

LDLR
membrane - | membrane
cytosol PCSKO MTHFR cytosol
cytosol IR cytosol
nucleus ! nucleus
c8s
Fig. 1. The in silico portrayal of the 13 genes included in a CVD network. ----- Indirect relationship ——Direct

relationship 7Suppressive relationship —— Directional relationship.
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Table 3. SNPs significantly associated with the fibrinogen phenotypes.

Chr Gene SNP SNP pseudonyms? Location MAF (%) B p
Total fibrinogen (g/L)

1 PCSK-9 rs28362202 c.-26 G>A Promoter exon 7.4 0.41 0.004
1 PCSK-9 rs2483205 c.658-7 C>T Intron 471 0.17 0.021
1 PCSK-9 rs2495477 c.799+3 G>A Intron 271 -0.19 0.022
1 PCSK-9 rs374941781 c.829 G>C Intron 6.5 0.43 0.003
1 PCSK-9 rs584626° c.1354+102 T>C Intron 33.2 0.19 0.013
4 FGA rs2070011 c.-58 G>A Promoter exon 17.0 0.22 0.032
4 FGG rs1049636 €.1299+79 T>C Exon intron 15.6 0.32 0.002
Fibrinogen y' (%)

1 CRP rs2808630 g.159711078 A>G Intergenic 14.2 1.00 0.024
1 CRP rs3093068° g.159711574 C>G Intergenic 37.5 -1.28 0.001
1 CRP rs3093062° c.-409 G>A Promoter intergenic 16.2 -1.11 0.011
1 CRP rs7553007° g.159728759 G>A Intergenic 23.7 1.19 0.001
Lag time (min)

1 PCSK-9 rs499718 c.523+230 C>T Intron 48.5 -1.60 0.025
1 PCSK-9 rs505151 €.2009 G>A Exon 30.1 0.18 0.024
6 F13A1 rs5985 c.344 G>A Exon 14.2 0.29 0.007
Slope (x 1072 au/s)

1 PCSK-9 rs2495482 c.207+15 G>A Intron 13.2 -0.59 0.012
1 PCSK-9 rs4927193 €.399+165 T>C Intron 324 -0.37 0.020
1 PCSK-9 rs28362263 c.1327 A>G Exon intron 3.8 -0.86 0.034
1 PCSK-9 rs584626° c.1354+102 T>C Intron 33.2 0.33 0.042
4 FGA rs6050 c.991 A>G Exon intron 30.2 0.41 0.016
19 LDL-R rs2228671 c.81C>T Exon 3.0 1.15 0.010
19 LDL-R rs3826810 c.*141 G>A Exon 12.9 0.52 0.030
19 LDL-R rs2738465 c.*504 G>A 3'UTR 25.2 0.37 0.033
19 LDL-R rs1433099 c.*666 T>C 3'UTR 47.2 0.31 0.049
Maximum absorbance (nm)

4 FGB rs4463047 g.154574381 T>C Intergenic 10.5 0.02 0.027
4 FGA rs2070011 c.-58 G>A Promoter exon 17.0 0.02 0.014
19 LDL-R rs17242759 c.67+18 C>A Intron 8.9 0.02 0.045
Clot lysis time (min)

1 PCSK-9 rs494198 €.799+64 A>C Intron 41.9 -0.76 0.043
1 PCSK-9 rs369066144° c.*500 C>T 3'UTR 3.5 -3.61 0.001
21 CBS rs5742905° c.833T7>C Exon 27.2 -0.97 0.022

CBS = cystathionine beta synthase; Chr = chromosome; CRP = C-reactive protein; FGA = fibrinogen alpha chain gene; FGB = fibrinogen
beta chain gene; FGG = fibrinogen gamma chain gene; F13 A1 = factor XIII; LDL-R = low-density lipoprotein receptor; MAF = minor allele
frequency; PCSK-9 = proprotein convertase subtilisin/kexin type 9; rs = reference sequence; SNP = single nucleotide polymorphism;
UTR = untranslated region.

2 Ensembl release 84 - March 2016, retrieved 27 May 2016 [33].

b 1s3093062 is in linkage with rs3093058; rs7553007 is in LD with rs1341665, rs2027471, rs1205 and rs2794520; rs584626 is in LD
with rs533375 and rs585131; rs5742905 is in LD with CBS 844ins68.

¢ Remained significant after adjustment for multiple testing.

and plasminogen activator inhibitor type 1 (PAI-1),
identified via association analyses (Table 2), were
uploaded into the Genomatix Pathways System
application of the Genomatix Software Suite package.
The connectivity between these genes was explored
to verify whether they would meaningfully contribute to
further statistical models. All the genes included were
significantly (13/892, p = 9.38 x 107°) related to the
CVD pathway. The direct and indirect relationships
indicative of the shortest route between the genes are
depicted in Fig. 1. The interconnectivity between
these genes demonstrates the rationale for their
inclusion to explore the polygenic co-regulation as
contributing factors to the fibrinogen phenotypes
observed in this study population.

Upon evaluation of the results presented in Fig. 1
and Table 2, SNP selection commenced (as detailed
in the Methods section). One hundred and eight
polymorphisms analysed in previous PURE
sub-studies were included prior to QC. Four polymor-
phisms were removed on account of having a minor
allele frequency (MAF) < 1%, three SNPs did not
adhere to the Hardy—Weinberg equilibrium (HWE),
and 15 SNPs were pruned because of linkage with
other SNPs in the model (r? > 0.5; p < 0.05). A further
eight polymorphisms were removed as a result of
insufficient call rates. Final analyses consisted of 78
SNPs with a genotype call rate of 97%, spanning the
APOB, APOE, CBS, CRP, F13A1, FGA, FGB, FGG,
LDL-R, MTHFR, MTR, PCSK-9 and SERPINE-1
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Table 4. Contribution of genetic risk scores to phenotypes.

GRS total
model r?

Phenotype GRS B (95% ClI) GRS

p-value

Total fibrinogen (g/L) 0.54 (0.34-0.75) <0.001 0.29

Fibrinogen vy’ (%) 0.55 (0.32-0.79) <0.001 0.04

Lag time (min) 0.12 (0.03-0.21) 0.007 0.05

Slope (x1072 au/s) 0.79 (0.54-1.05) <0.001 0.15

Maximum 0.71 (-0.67-2.10) 0.31 0.01
absorbance (nm)

CLT (min) 1.07 (0.64—1.50) <0.001 0.18

Cl = confidence interval; CLT = clot lysis time; GRS = genetic
risk score.

genes. A complete list of polymorphisms included
in this study is presented in a supplementary table
(Supplementary Table 1).

Individual association of SNPs with fibrinogen
variables

Regression analyses were performed for individual
phenotype outcomes, with all 78 SNPs and covariates
as determined for each phenotype (Table 2) included.
The 27 SNPs that presented with significant results,
after adjusting for covariates, prior to adjustment
for multiple testing, are reported in Table 3. Apart
from SNPs directly related to the outcome variables
(i.e. FGA, FGB, FGG and F13A1), loci in the LDL-R,
PCSK-9, CRP and CBS genes also contributed
significantly to the fibrinogen phenotypes. After
adjusting for multiple testing PCSK-9-rs369066144
(which was not in LD with any of the other PCSK-9
SNPs) and CRP-rs3093068 (also no LD with other
CRP SNPs) remained significantly associated with
CLT (p =0.04) and y’' fibrinogen (p = 0.02),
respectively.

PCSK-9-rs369066144 (c.500 C>T) was a novel
variant identified in the PURE population with a MAF
of 3.5%. It is situated in the 3’ untranslated region (3'
UTR), generally known to be involved in the regulation
of gene expression. The functional relevance of this
particular variant is still to be determined. Twelve of
the 24 PCSK-9 polymorphisms, together with five of
the 19 LDL-R polymorphisms under investigation,
presented with significant associations with one or
more of the outcome phenotypes. Both of these genes
encode for proteins involved in blood lipid homeosta-
sis and have been associated with low-density
lipoprotein cholesterol (LDL-c) concentrations in the
PURE population in which statin use was negligible
[34]. PCSK-9 is the gene coding for the PCSK-9
enzyme that is involved in the degradation of the
LDL-R, thereby inhibiting the ability of the LDL-R
to remove LDL-c from the bloodstream [35,36]. The
number of significant associations seen between
these genes and all fibrinogen phenotypes (apart

from y' fibrinogen) indicates that these lipid mediating
genes might provide some insight into the missing
heritability observed for fibrinogen and the genetic
regulation of clot properties. Literature on the LDL-R
and PCSK-9 and the current phenotypes is limited,
with only a single study revealing PCSK-9 protein
concentrations positively correlated to fibrinogen
concentrations [37], and some evidence of an
association between LDL-c concentrations and the
enhanced onset of clot formation via enhanced
platelet activation and tissue factor expression [38].
One LDL-R polymorphism, rs2228671, has specifi-
cally been observed to be an independent predictor of
Factor VIII (FVIIl), a component of the coagulation
cascade, with the T-allele being associated with
increased FVIII concentrations [39]. Enhanced func-
tioning of the coagulation cascade could explain the
accelerated clot formation indicated by an increase in
slope. The current investigation is, to our knowledge,
the first exploration of the association of the genetic
determinants of PCSK-9 and LDL-R with fibrinogen
and clot properties. Future studies, investigating
PCSK-9 and LDL-R concentrations and how they
are associated with fibrinogen and its functional
aspects, will shed more light on our observations.

As mentioned above, CRP-rs3093068 also
remained significantly associated with y’ following
multiple testing (p = 0.02). The fibrinogen y’ phenotype
was associated exclusively with four of the included six
SNPs of the CRP gene. These associations may be
explained by co-regulatory processes, rather than
being in the fibrinogen causal pathway, as detailed in
Section 2.3.

Polygenic association of SNPs with
fibrinogen variables

The idea of combining multiple genetic markers into
a single score for predicting disease risk has recently
become a popular avenue to explore [40]. Generally,
individual markers show no detected effect on their
own; however, when combined in a score of several
genetic factors it has a stronger predictive power for a
particular phenotype. With this in mind we made
use of a GRS model as a way of measuring the
accumulative effect these SNPs have on each
phenotype outcome. The model uses a basic weight-
ed polygenic risk score approach where a combina-
tion of genetic variants, in this case SNPs that
associated significantly with the respective fibrinogen
phenotypes (Table 3) prior to adjustment for multiple
testing, are evaluated as a combined score allocated
to each outcome. The GRS model takes the direction
of the B-values obtained above into account, thereby
allocating higher scores to the risk allele, not
necessarily the minor allele (see Section 3.5.1). As
the African population has been observed to have a
predisposition to hypercoagulability, any allele adding
to the risk of hypercoagulability was identified as a risk
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allele in this population. Being a weighted score, it also
considers the magnitude of the contribution of the
allele to the phenotype.

Adjustments were made for the specific covariates
identified previously (Table 2) for each outcome
variable. Table 4 presents the individual contribution
of each GRS to the variance of the respective
fibrinogen phenotypes, as well as the contribution of
the total model. Each GRS was positively associated
with its respective fibrinogen phenotype (p < 0.007)
except for maximum absorbance (p = 0.31), highlight-
ing the value of the polygenic approach. The use of a
GRS is more valuable than investigating SNPs
individually, as it considers the accumulative genetic
variation present in an individual and calculates
the combined effect of a specific set of sequence
variations across the genome on the outcome
phenotype. Though significant, the fibrinogen pheno-
types' variance explained by the GRS, ranged from 4
to 29% only, placing the SNPs' contributions into
perspective in terms of other contributing factors such
as environmental factors or SNPs not genotyped in
this study.

Polygenic co-regulation

In an effort to examine the mechanism behind the
cumulative effect observed in the GRS results, we
investigated possible co-regulation of the genes
included in this study through the gain and loss of
TFBS resulting from the SNPs identified. Considering
the majority of these variations were not necessarily
coding for molecules in the fibrinogen causal pathway,
and were found in the non—protein coding regions, the
functionality of the particular variation is not as obvious
as in the case of the coding region variants. The
possible effects of the variation of the non-coding
region become evident only when viewed in a
particular functional context, such as when investigat-
ing TFBS, which the included genes have in common.
The gain and loss of TFBS due to SNPs create the
possibility for seemingly unrelated genes to be
co-regulated via the recruitment of a common
transcription factor (TF). The importance of the gain
and loss of TFBS lies within the resultant secondary
signalling response, which follows as a consequence
of transcriptional demand. The 27 SNPs in Table 3
gave rise to a total of 75 TFBS changes, of which 35
sequence divergences resulted in a loss of TFBS and
40 formed a new TFBS, hence an overall gain
(Supplementary Table 2).

One noticeable feature in terms of fibrinogen
concentrations was the loss and gain of the
V$IRF4.02 matrix that binds the TF interferon regula-
tory factor 4 (IRF4). The loss of this TFBS occurs at the
PCSK-9loci as a result of PCSK-9-rs37494178 and the
gain of the same V$IRF4.02 matrix at the FGG loci was
created as a result of FGG-rs1049636. The gain and
loss of the same TFBS might be indicative of a possible

TF interaction between PCSK-9 and FGG. However,
the exact mechanism between the TFBS gain and loss
and TF recruitment still needs to be elucidated. It is
known that the interferon regulatory factor family of
proteins has a particularly important function in the
regulatory effect of interferons on interferon-inducible
genes. IRF4 is a family member specific for lympho-
cytes and negatively regulates toll-like-receptor (TLR)
signalling that is central to the activation of innate and
adaptive immune systems [41,42]. Recently, several
TFs, of which IRF4 is one, have been observed to
contribute to cardiac hypertrophy [42]. The role of IRF4
in the context of fibrinogen concentrations and its
regulation needs further investigation. Similarly, the
V$E2FF family matrix was lost at the PCSK-9loci as a
result of rs28362202 and gained for FGA-+s2070011.
The significance of the gain and loss of E2FF in the
context of fibrinogen remains unclear. However, E2F
TFs such as E2F1 regulate specific biological path-
ways such as cell responses to inflammation, hypoxia,
DNA damage and proliferation [43] and, therefore,
might be important in the fibrinogen phenotype context.

In terms of the CRP SNPs associated with y’
fibrinogen, the gain of TFBS, V$HIFF, a binding site
for hypoxia inducible factor 1 alpha (HIF1A) was
noted. The induction of HIF1A expression is thought
to regulate the expression of hepatocyte nuclear
factor 4 alpha (HNF4A), which activates HNF1
expression and is followed by an increased expres-
sion of y chain fibrinogen. Therefore, the gain of the
V$HIFF site on the CRP gene allows the binding of a
regulatory component (HIFIA), suggesting a possi-
ble co-regulatory pathway for CRP and y’ fibrinogen.
HIF1 also plays an essential role in vasculogenesis
[44] and has an effect on other acute phase proteins
such as interleukin-6 (IL-6). The relationship be-
tween CRP SNPs and y’ fibrinogen might be
modulated through IL-6 and not through CRP
directly, since IL-6 stimulates the hepatic production
of both fibrinogen and CRP concentrations [45,46].
As for the phenotypes related to clot properties, no
clear mechanism in terms of TFBS was observed.
Supplementary Table 2 reports all TFBS gains and
losses present for the respective loci.

Although our association results uncovered SNPs
that significantly associated with fibrinogen pheno-
types, it remains possible that our findings were
attributable to other SNPs that were in strong LD with
these polymorphisms, which we did not genotype. In
addition, the development of a GWAS chip for black
South African populations will contribute significantly
to the identification of SNPs related to the fibrinogen
phenotype, beyond what we were able to determine in
this study, including a more extensive array of SNPs
involved in the inflammatory pathway being critical in
fibrinogen regulation. The concept of the polygenic
regulation of fibrinogen phenotypes proved valuable
in our study, since it gave a more integrative approach
to groupings of SNPs that contributed alone and as a
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collective to our fibrinogen phenotypes. Future studies
gathering transcriptomic data will provide stronger
evidence of the possible effects of the gain and/or loss
of TFBS explored in this study.

In conclusion, our results revealed not only the
regulation of the fibrinogen phenotypes through
fibrinogen (FGA, FGB and FGG) and FXIII (F13A1)
SNPs, but also through SNPs in the LDL-R, PCSK-9,
CBS and CRP genes. The last-mentioned genes
have not previously been related to the fibrinogen
phenotypes. The accumulating associations of
these SNPs as determined through the GRSs
proved the importance of a polygenetic approach
in determining complex phenotypes and might be of
practical importance to an individual's risk in terms of
hypercoagulability. Further investigation of TFBS
indicated that polygenic transcriptional co-regulation
may form the basis of the SNPs' association with the
fibrinogen phenotypes. The associations between the
SNPs identified here and the fibrinogen phenotypes
do not imply any causal link to CVD outcomes, but
adds to our current knowledge of the genetic
regulation of fibrinogen and may prove useful in
explaining more of the variance of the investigated
fibrinogen phenotypes.

Methods

Study population

This is a cross-sectional study embedded in the
international multi-centred PURE study [47]. Baseline
measurements of the South African arm of the PURE
study, consisting of 2010 self-identified Tswana
individuals of the North West province, are reported.
Apparently healthy men and women who were
between the ages of 35 and 70 and not suffering
from any acute or chronic iliness were recruited for this
study. Data collection was performed in accordance
with the Declaration of Helsinki and ethical approval
was granted by the ethics committee of the North-West
University, South Africa (NWU-00016-10-A1).

Blood sampling and biochemical analyses

Blood samples were collected from the antecubital
vein by a registered nurse between 7:00 am and
11:00 am after an overnight fast. Samples were
centrifuged within 30 min of collection at 2000 x g for
15 min. A detailed description of the analyses of
the biochemical markers associated with the fibrino-
gen phenotype, namely IL-6, homocysteine,
high-sensitivity CRP, plasminogen activator inhibitor
type 1 activity and serum lipids has been published
previously [48-50]. The modified Clauss method
on the Dade Behring BCS coagulation analyser
was used to quantify total fibrinogen (Multifibrin

U-test Dade Behring, Deerfield, IL, USA). Fibrinogen
y' concentration was measured with an enzyme-linked
immunosorbent assay making use of a 2.G2.H9
mouse monoclonal coating antibody against human
y' fibrinogen (Santa Cruz Biotechnology, Santa Cruz,
USA) and a goat polyclonal horseradish
peroxidase-conjugated antibody against human
fibrinogen (Abcam Cambridge, USA) [6].

Plasma fibrinolytic potential was determined by
adding tissue plasminogen activator (tPA) to
tissue-factor-induced plasma clots and measuring
turbidity with a spectrophotometer [51]. Tissue factor
and tPA concentrations were modified slightly for
the purpose of obtaining comparable CLTs of about
60—100 min. Final concentrations in the clots were:
tissue factor diluted 125 times (Dade Innovin, Siemens
Healthcare Diagnostics Inc., Marburg, Germany),
17 mmol/L CaCl,, 100 ng/mL tPA (Actilyse, Boehringer
Ingelheim, Ingelheim, Germany) and 10 mmol/L phos-
pholipid vesicles (Rossix, MéIndal, Sweden). CLT was
calculated as the difference between the time at the
midpoint of clear and maximum turbidity (clot formation)
and the midpoint between maximum and clear turbidity
(clot lysis). In addition to CLT, the following variables
were calculated from the turbidity curves: lag time, an
indicator of the time required for the activation of the
coagulation cascade and for protofibrils to reach
sufficient length to allow lateral aggregation; slope, as
a representation of the rate of lateral aggregation of
fibrin protofibrils; and maximum absorbance, as an
indicator of fibre diameter.

Selection of genetic variants

Correlation analyses were used for the identifica-
tion of phenotypes significantly associated (r > 0.1;
p < 0.05) with one or more of our outcome variables,
i.e. total and y' fibrinogen concentrations, lag time,
slope, maximum absorbance and CLT. Subse-
quently polymorphisms previously genotyped in
the PURE population, that were located in genes
coding for Apo-B, Apo-E, CBS, CRP, FXIIl, LDL-R,
MTHFR, MTR, PCSK-9 and PAI-1 were included
based on these phenotypic associations. Included
polymorphisms were selected based on sequencing
of the respective genes in 28 individuals in the
PURE population. The sequencing data was used to
determine genetic variation at the loci involved to
establish the viability of genotyping candidate SNPs
within this specific population, as well as to identify
novel SNPs. In addition, SNPs known from the
literature to be associated with the respective pheno-
types were also included.

Genotyping
Isolation of genomic deoxyribonucleic acid (DNA)

from the leukocyte layer was performed using
QIAGEN® Flexigene® DNA extraction Kkits
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(QIAGEN® Valencia, CA, USA; catalogue number
51,206), and concentrations were determined by
the NanoDrop™ spectrophotometer (ND-1000,
Wilmington, DE, USA).

Four major genotyping methods were used for the
genotyping of the polymorphisms included. The
BeadXpress® platform was used to genotype select-
edlociin the APOB, APOE, CRP, F13A1, FGA, FGB,
FGG, LDL-R and PCSK-9 [34,52,53] genes.
PCR-based restriction fragment length polymorphism
(RFLP) analysis was used for the genotyping of the
CBS, MTHFR and MTR polymorphisms [54].
TagMan-based assays (Thermo Fischer Scientific®,
Walthem MA, USA), using the MylQ5 Bio-Rad®
real-time polymerase chain reaction (RT-PCR) ther-
mal cycler (Bio-Rad® Laboratories Inc., Hercules, CA,
USA) were used for the genotyping of selected loci
within the FGB, SERPINE-1 and PCSK-9 genes
[49,52]. Competitive allele-specific polymerase
chain reaction (KASP) methods with supplies
obtained from LGC Limited were used to genotype
four additional FGB polymorphisms. Supplementary
Table 1 presents the genotyping method used for
each SNP included.

Statistical analysis

The statistical package for the social sciences
(SPSS®) version 23 (IBM® Corp, 2015) and PLINK
version 1.9 [55] were used for statistical analyses.
Significance was set at a p-value of <0.05. Kolmo-
gorov—Smirnov testing together with histograms and
Q-Q plots were used to evaluate the normality of our
data. Most of the variables were not normally
distributed and, therefore, non-parametric analyses
were performed. Correlations between continuous
variables were determined by Spearman rank order
correlations. Between-group comparisons for gen-
der and HIV status were performed by conducting
Mann-Whitney U tests. The results of these analy-
ses were used to identify the phenotypes associated
with the fibrinogen variables.

Quality control and statistical analysis of genetic data

QC included the removal of loci with a MAF below
1%, and failure to meet the requirements of the
HWE. Correlated SNPs with LD indicated by r? of 0.5
or more were pruned and only one of these genetic
variants were used for further statistical analysis.
These pruned SNPs were, however, taken into
consideration again when determining possible
functional effects.

Association tests for the genetic variants that had
passed QC were performed through PLINK software.
One thousand permutation tests were used to adjust
for multiple testing. The variants that presented with
significant results prior to multiple testing were then
grouped and used to compute a GRS [56]. A weighted

method was used to calculate the GRS, which
assumes the additive genetic model for each SNP.
The additive genetic model performs well when the
true genetic model is unknown or wrongly indicated
[57]. The genotypes of the selected SNPs were
assigned a weight of 0, 1 and 2 depending on the
number of minor alleles. This score was then
multiplied with the B-value obtained for each variant.
The GRS was determined by adding the scores of
the selected SNPs [57,58]. Linear regression
models were used to evaluate the association of
the GRS with total and y' fibrinogen concentrations,
lag time, slope, maximum absorbance and CLT,
respectively. Both the association and linear re-
gression models for each phenotype outcome were
performed without (results not shown) and after
inclusion of covariates as determined by the
Spearman correlations and Mann-Whitney U tests
discussed previously.

In silico network analyses

The Genomatix Software Suite, version 3.6
(Genomatix Software GmbH, Munich, Germany)
was applied for the in silico network analyses.
Genomatix Pathways System was used to explore
the network connectivity between the genes of
interest and the literature mining extracted from
the Genomatic Literature Mining database (Release
02-2016). SNPinspector imbedded in the Genomatix
Software Suite package was used to inspect the gain
and loss of TFBS and the TFBS information
was extracted from the Matrix Library version 9.4
(December 2015) and ElDorado genome database
(Release 02-2016). The in silico analyses were
performed in the default settings as recommended
for Homo sapiens data mining.
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