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Abstract 

 

The integration of biological and genetic data has established that diverse biological 

processes, involving multiple effectors, influence circulating levels of triglyceride and 

cholesterol.  This diversity may underlie the genetic complexity of human 

dyslipidemias, including the common and highly atherogenic condition, Familial 

Combined Hyperlipidemia (FCHL). The aetiologies of FCHL are currently 

undetermined.   

 

In this thesis, a multi-pronged approach was employed to identify genes/variants 

contributing to the linkage observed between the chromosome 21q22.2-22.3 interval 

and lipid traits, in white-British FCHL families.  Additionally GPIHBP1, which encodes 

glycosylphosphatidylinositol-anchored high-density lipoprotein-binding protein 1, was 

studied.  GPIHBP1 represents a strong FCHL candidate gene due to its role in the 

lipolytic processing of triglyceride-rich lipoproteins. 

 

Combined genetic and gene expression analyses, focussed upon a refined 3.8Mb 

interval on chromosome 21q22.3 that was linked to lipid abnormalities in subsets of 

FCHL families, identified two genes (COL18A1 and PKNOX1 ) that warrant further 

investigation with regard to their contribution to FCHL.  Promising results were also 

obtained for C21orf57, which resides just outside the 3.8Mb interval.  Genetic 

association analyses in 1725 members of 239 FCHL families identified nominal 

association (P=0.0009) between a TSPEAR variant, rs34163868, and plasma 

triglyceride levels.  Furthermore, transcript levels of CBS and TRPM2 were 

significantly altered by treatment with the PPAR-agonist bezafibrate in a rat 

hepatoma cell line, thus implicating these genes in triglyceride/fatty acid metabolism. 

 

In combined analysis of five independent cohorts, the minor allele of the GPIHBP1 

variant, rs11538388 was protective against hypertriglyceridemia (P=2.98x10-4).  The 

same allele was associated with decreased risk of coronary heart disease in the 

prospective Northwick Park Heart Study II (hazard ratio for carriers=0.76, P=0.0480) 

and delayed age of onset in the Southampton Atherosclerosis Study (odds 

ratio=0.76, P=0.0146).  Collectively, these data demonstrate that the rs11538388 

minor allele, or variant in linkage disequilibrium, is associated with more favourable 

processing of atherogenic lipoproteins. 
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Chapter 1 – General Introduction 

 

According to World Health Organisation statistics, Coronary Heart Disease (CHD) is 

the leading cause of death across the globe.  Based upon 2004 data, it was 

responsible for over 7.2 million annual deaths (Mackay and Mensah, 2004).  More 

recent British Heart Foundation figures show that in 2007, around 91,000 people in 

the United Kingdom died as a result of CHD (URL1).   

 

There are numerous established risk factors for the development of CHD.  Tobacco 

exposure (Qiao et al., 2000), a lack of physical activity (Rosengren and Wilhelmsen, 

1997) and poor diet (Hu et al., 2000) all increase risk.  In a prospective study of 

44,875 men, over the 8-year follow-up period, those consuming a ‘Western’ diet 

(defined by a greater consumption of red and processed meat, refined grains, sweets 

and high-fat dairy products) were at a 1.64-times (95% confidence intervals (CI): 

1.24-2.17) greater risk of developing CHD than their peers who consumed a more 

prudent diet, rich in fruit, vegetables, wholegrains, fish and poultry (Hu et al., 2000).  

The polyunsaturated fats that are prominent in such a ‘prudent’ diet are believed to 

be important in reducing CHD risk.  Thus in Eskimo populations the low rates of 

cardiovascular mortality, despite a high overall dietary fat consumption are attributed 

to their high levels of consumption of oily fish, rich in omega (n)-3 polyunsaturated 

fatty acids (PUFAs) (Bang et al., 1980).  In an analysis of data from 11 cohort 

studies, including 344,696 participants over a 4-10 year follow-up period (median=6.5 

years), it was observed that substituting 5% of daily energy intake from saturated 

fatty acids with PUFAs was associated with a decreased risk of death from a 

coronary event (hazard ratio (HR) 0.74, (95% CI: 0.61-0.89)) (Jakobsen et al., 2009).   

 

The beneficial effects of n-3 PUFAs may, in part, be mediated by their impact upon 

plasma triglyceride levels.  The meta-analysis of Balk and colleagues combined data 

from 17 studies to examine the effect of fish-oil n-3 fatty acids upon this trait (Balk et 

al., 2006).  With daily doses ranging from ~0.1 to 5g per day, a net reduction of 

27mg/dl (95% CI: –33 to –20) was observed.  Overall, a 1g/day increase in fish oil 

dose was associated with an ~8mg/dL decrease in plasma triglycerides.  This meta-

analysis also showed a slight net increase in high-density lipoprotein (HDL)-

cholesterol levels with fish-oil consumption of 1.6 mg/dl (95% CI: + 0.8 to +2.3), with 

no overall effect on total cholesterol levels (Balk et al., 2006). 
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Mechanistically, the triglyceride-lowering effects of n-3 fatty acids may be mediated 

by their effect upon lipogenic gene expression.  Specifically, PUFAs lead to a 

reduction in hepatic nuclear protein levels of the transcription factor sterol regulatory 

element binding-protein (SREBP)-1c (Xu et al., 1999; Yahagi et al., 1999).  SREBP-

1c regulates the expression lipogenic genes such as fatty acid synthase (Magana 

and Osborne, 1996) and acetyl coenzyme A carboxylase (Magana et al., 1997).   

 

Elevated circulating cholesterol and triglyceride levels accelerate the underlying 

pathological processes of heart disease (Arsenault et al., 2009; Bainton et al., 1992; 

Kannel et al., 1971; Lewington et al., 2007).  The impact of high cholesterol on CHD 

mortality is illustrated by data published by the Prospective Studies Collaboration 

(Lewington et al., 2007) which involved 892,337 individuals, from 61 studies, of 

whom, over a mean follow-up period of 13-years, 33,744 died due to CHD.  The 

mean baseline total cholesterol measurement of the study participants was 

5.8mmol/l. Regression analysis revealed a log-linear relationship between every 

1mmol/l drop in total cholesterol level and the risk of heart disease mortality, across 

all age groups.  This effect was particularly evident in the younger study participants 

(40-49 years old) where each 1mmol/l drop in cholesterol level halved the risk of 

mortality (Lewington et al., 2007).   

 

The strength of the association between triglyceride levels and CHD risk is more 

difficult to estimate since elevated triglyceride levels are concomitant with low HDL-

cholesterol levels (Deckelbaum et al., 1984).  Recently, Arsenault and colleagues 

examined data from 21,448 participants of the European Prospective Investigation 

Into Cancer and Nutrition cohort (Arsenault et al., 2009).  Over an 11-year follow-up 

period, 2086 of the study participants developed heart disease (encompassing the 

clinical spectrum of the condition, from unstable angina to myocardial infarction).  

These individuals were more likely to be past or present smokers and undertake 

lower levels of physical activity than their healthy counterparts.  In addition, those 

with higher (non-fasting) plasma triglyceride levels at the start of the study had 

increased hazard ratios for developing CHD (triglyceride 150-199mg/dl, HR 1.25 

(95% CI: 1.12–1.39); triglyceride 200-249.9mg/dl, HR 1.26 (95% CI: 1.10–1.43) and 

triglyceride >250mg/dl, HR 1.57 (95% CI: 1.38–1.79).  This increased risk was 

independent of cholesterol level (Arsenault et al., 2009).  Hopkins and colleagues 

similarly reported an independent association between plasma triglyceride levels and 

CHD risk when examining the lipid levels of 653 premature familial CHD cases and 

1029 controls (Hopkins et al., 2005).  In their study, plasma triglyceride levels above 
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200mg/dl, adjusted for HDL-cholesterol level were associated with increased risk of 

CHD. Specifically, the odds ratios for CHD were 1.7, 2.8 and 11.4 in individuals with 

triglyceride levels of 200-299, 300-499 and 500-799mg/dl, respectively when 

compared to those with levels of <100mg/dl (P≤0.01) (Hopkins et al., 2005). 

 

Plasma cholesterol and triglyceride levels have significant heritable components, 

each in the order of 50% (Heller et al., 1993; Kathiresan et al., 2007; Weiss et al., 

2006).  The study of Heller and colleagues examined correlation between lipid levels 

of 302 pairs of twins raised together (156) or raised apart (146).  Using model-fitting 

approaches, they estimated a heritability of 0.46 for total cholesterol and 0.52 for 

triglyceride (Heller et al., 1993).  Additionally Kathiresan et al., estimated heritability 

of fasting total cholesterol and triglyceride to be 0.57 and 0.48 (both P<0.0001), 

respectively using data from extended family members participating in the 

Framingham Heart Study (Kathiresan et al., 2007).  Their model employed maximum 

likelihood estimation to a mixed effects model, incorporating additive genetic and 

fixed covariate effects to produce heritability estimates broadly in line with those of 

Heller and colleagues.    

 

Cholesterol and triglyceride are primarily carried through the circulation in the form of 

lipoprotein particles.  The majority of plasma cholesterol exists in low-density 

lipoproteins (LDL) whilst triglyceride circulates as a component of very low-density 

lipoprotein (VLDL) and chylomicron particles. These particles consist of a neutral lipid 

core containing triglyceride and cholesterol esters, with an outer shell of phospholipid 

and unesterified cholesterol around which apolipoprotein (apo) B, the major structural 

component of these moieties, is wrapped in a bow-like structure (Chatterton et al., 

1995).   

 

A recent lipidomic analysis of pooled fasting plasma samples from 100 individuals, 

aged 40-50 years, from ethnic backgrounds representative of the United States 

population, revealed a remarkable diversity in the lipid species present 

(Quehenberger et al., 2010).  In total, 588 different plasma lipid species were 

recorded, including 36 species of sterol lipids and 73 species of glycerolipid (tri- and 

diacylglycerol) (Quehenberger et al., 2010).  Many of these species may be carried 

by the apoB-containing lipoproteins and as such could affect their properties. 

 

Cholesterol, the predominant plasma sterol (constituting 99% of free and esterifed 

sterols (Quehenberger et al., 2010)), has diverse physiological functions.  As a 
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membrane component, cholesterol participates in signalling activities (Simons and 

Toomre, 2000).  It acts as an essential precursor for oxysterols (Schroepfer, 2000) 

and bile acids (Russell, 2003) and is also required for myelination (Chrast et al., 

2011).  In addition, 7-dehydrocholesterol, the cholesterol precursor, can be converted 

into vitamin D (1.2.2). Triglycerides (triacylglycerols) meanwhile provide an essential 

energy source.  Triglyceride is the final product of the multi-step glycerolipid 

synthesis pathway which may also provide lipid intermediates such as phosphatidic 

acid, lysophosphatidic acid and diacylglycerol for participation in signalling pathways 

(Eyster, 2007; Tigyi, 2010). 

 

1.1) Classification of Hyperlipidemias and their Biology 

For over four decades, hyperlipidemias have been classified on the basis of the 

elevated plasma lipoprotein fraction by which they are characterised (Fredrickson 

and Lees, 1965).  However, given the evident diversity in plasma lipid species, this 

measurement of circulating lipoproteins may, in most people, represent only a 

simplified readout of the complex biological processes that underpin whole-body lipid 

metabolism. 

 

It is now apparent that defects in lipid absorption from the diet, de novo synthesis, 

lipoprotein production and secretion, clearance or catabolism disrupt the balance in 

circulating lipid levels.  To illustrate this, Table 1.1 summarises current knowledge 

regarding the heterogeneous array of genetic variants that predispose to 

dyslipidemia, while the following sections describe important lipid metabolic 

processes and how both common and rare genetic variants within the effectors of 

these processes can cause perturbation in circulating lipid levels.  This information 

serves as a platform for further understanding of where the molecular defects that 

underlie the complex genetic disorder, Familial Combined Hyperlipidemia may lie. 
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Table 1.1) Genes Implicated in Monogenic or Polygenic Dyslipidemia and Perturbations of Cellular Lipid Processing 
 

   Common Variants Associated with Plasma TG/TC 

Gene Main Function  Mendelian Disorder  Varianta Effect of Minor Allele 

NPC1L1 Absorption: cholesterol uptake Noneb rs2072183 TC + 

ABCG5/8 Absorption: cholesterol efflux Sitosterolemia rs4299376 TC + 

HGMCR De novo cholesterol synthesis None rs12916 TC + 

DHCR7 De novo cholesterol synthesis Smith-Lemli Opitz syndrome None na 

AGPAT2 Triglyceride synthesis Congenital Generalised Lipodystrophy None na 

APOB CM & VLDL assembly/secretion/ FHBL/ rs1042034/ TG - 

 Lipoprotein clearance/catabolism ADH-2 rs1367117 TC + 

MTTP CM & VLDL assembly/secretion Abetalipoproteinemia None na 

SAR1B CM & VLDL assembly/secretion Chylomicron retention disease None na 

LPL CM & VLDL catabolism Lipoprotein lipase deficiency rs12678919 TG - 

LMF1 CM & VLDL catabolism Combined lipase deficiency None na 

GPIHBP1 CM & VLDL catabolism ‘Monogenic’ HTG/Chylomicronemia None na 

APOC2 CM & VLDL catabolism ‘Monogenic’ HTG/Chylomicronemia None na 

APOA5 CM & VLDL catabolism ‘Monogenic’ HTG/Chylomicronemia rs964184c TG/TC + 

ANGPTL3 CM & VLDL catabolism ‘FHBL’/familial combined hypolipidemia rs2131925 TG/TC - 

APOE ApoE-containing lipoprotein 

clearance 

Dysbetalipoproteinemia rs4420638 

rs439401 

TC + 

TG - 
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   Common Variants Associated with Plasma TG/TC 

Gene Main Function  Mendelian Disorder  Varianta Effect of Minor Allele 
LDLR ApoB/ApoE-containing 

lipoprotein clearance ADH-1 rs6511720 TC - 

LDLRAP ApoB-containing lipoprotein 

clearance ARH rs12027135 TC - 

PCSK9 ApoB-containing Lipoprotein 

clearance ADH-3 rs2479409 TC+ 

NPC1/2 Cholesterol utilisation Niemann-Pick disease, type C None na 

MLN64 Cholesterol utilisation None rs11869286 d 

CYP7A1 Cholesterol utilisation Nonee rs2081687 TC + 

‘+’=increased, ‘-‘=decreased, ADH=autosomal dominant hypercholesterolemia, ARH=autosomal recessive hypercholesterolemia, 

CM=chylomicron, FHBL=familial hypobetalipoproteinemia, HTG=hypertriglyceridemia, TC=total cholesterol, TG=triglyceride, VLDL=very low-

density lipoprotein 
a Lead SNP at locus from Global Lipid Genetics Consortium data (Teslovich et al., 2010) 
b Low sterol absorbers enriched for rare NPC1L1 variants (Cohen et al., 2006) 
c Variant resides at APOA1/C3/C4/A5 locus 
d Variant associated with decreased high-density lipoprotein cholesterol 
e CYP7A1 frameshift mutation identified in family with statin-resistant hypercholesterolemia (Pullinger et al., 2002) 
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1.2) Molecular Determinants of Circulating Cholesterol and Triglyceride 

 

1.2.1) Effectors of Dietary Sterol and Triglyceride Absorption 

The recommended upper limit for dietary cholesterol consumption in the United 

States is 300mg per day (Lichtenstein et al., 2006).   Cholesterol is the predominant 

sterol absorbed from the diet; only approximately 5% of plant-derived sterols such as 

campesterol and sitosterol, and stanols are absorbed (Salen et al., 1992).  There is 

however, a high degree of inter-individual variability in the extent to which dietary 

sterols are taken up.  For example, Bosner and colleagues used dual stable isotopic 

tracers, given intravenously and orally, to assess cholesterol absorption (Bosner et 

al., 1999).  Absorption was calculated by determining the ratios of plasma tracer to 

the administered tracer.  In 94 adults, absorption values ranged from 29.0% to 80.1% 

(mean=56.3±12.1%, standard deviation, sd).  In a similar study of 18 adults, 

absorption rates varied from 15.3% to 57.9% (mean=40.7±2.3% sd), though 

absorption efficiency was decreased when subjects were given high doses (188mg 

and 421mg) of dietary cholesterol (Ostlund et al., 1999).   

 

A common approach to measuring cholesterol absorption is to use the ratio of serum 

non-cholesterol sterols to cholesterol.  Specifically, the ratios of serum cholesterol to 

the absorption sterols campesterol and sitosterol are an indicator of cholesterol 

absorption, whereas ratios of cholesterol to precursor sterols such as lathosterol and 

desmosterol are an indicator of cholesterol synthesis (Miettinen et al., 1989; 

Miettinen et al., 1990).  Using this methodology in siblings of high and low cholesterol 

absorbing probands, Gylling and Miettinen showed that the variation in cholesterol 

absorption efficiency is partly due to inherited factors (Gylling and Miettinen, 2002). 

 

Niemann-Pick C1 like-1 (NPC1L1) protein and adenosine triphosphate binding 

cassette (ABC) G5/G8 heterodimers are effectors of the sterol absorption process 

which involves a balance between sterol uptake (NPC1L1) into the enterocyte and 

efflux back into the intestinal lumen (ABCG5/8) (Figure 1.1). 

 

The properties of NPC1L1, first identified in rodent jejunal cDNA, include those 

fundamental to a membrane transporter: a signal peptide, predicted transmembrane 

domains, N-linked glycosylation sites, as well as a sterol-sensing domain (Altmann et 

al., 2004).   In Npc1l1-deficient mice cholesterol absorption was reduced ~69% 

compared to age-matched wild-type mice yet when treated with the drug ezetimibe, 
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which inhibits the uptake of dietary and biliary cholesterol, no further reduction 

occurred, thus implying that NPC1L1 is involved in the ezetimibe-sensitive 

cholesterol absorption pathway (Altmann et al., 2004).  Npc1l1-deficient mice also 

have dramatically reduced plasma phytosterol levels and decreased uptake of 

sitosterol (Davis et al., 2004), illustrating that NPC1L1 is a relatively non-selective 

transporter of sterols.   

 

ABCG5/ABCG8 are predominantly expressed in the small intestine and liver where 

they act as obligate heterodimers (Berge et al., 2000; Graf et al., 2002; Graf et al., 

2003).  In humans, ABCG5 and ABCG8 are normally positioned at the apical 

membrane of the intestinal enterocytes were they function to efflux sterols back into 

the intestinal lumen (Figure 1.1).  In the liver they are found in cells lining the 

hepatobiliary tract, both hepatocytes and bile ductular cells and function by promoting 

sterol efflux into bile (Klett et al., 2004a; Yu et al., 2002).  

 

In Abcg8- knockout mice the secretion of cholesterol into bile is impaired (Klett et al., 

2004b) whilst in mice overexpressing both Abcg5/8, fractional cholesterol absorption 

is decreased by ~50% and biliary cholesterol secretion is increased three- to six-fold 

over that of wild-type mice.  A compensatory increase in cholesterol synthesis 

(assessed using plasma lathosterol levels) is observed  (Klett et al., 2004a; Yu et al., 

2002).   
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Figure 1.1) Effectors of Intestinal Lipid Uptake  
Mixed micelles, synthesised in biliary canaliculi and stored in the gall bladder until required, facilitate the solubilisation and subsequent 

absorption of dietary lipids.  Solubilised sterols are taken up across the brush border of the enterocyte by NPC1L1 in an ezetimibe (EZ)-



 

24

sensitive process (Altmann et al., 2004).  Three proteins, expressed at the enterocyte brush border, are implicated in mediating the uptake of 

hydrolysed triglyceride (TG) in the form of sn-2-monoacylglycerol/fatty acids:  plasma membrane associated fatty acid binding protein 

(Stremmel et al., 1985), fatty acid transport protein 4 (Stahl et al., 1999) and fatty acid transporter, CD36 (Poirier et al., 1996).  However, the 

involvement of any of these in mediating fatty acid or sn-2-monoacylglycerol uptake into the enterocyte has yet to be conclusively determined.  

Absorbed cholesterol (CH) is packaged, with re-synthesised TG and apolipoprotein-B48 into chylomicron (CM) particles and secreted into the 

circulation.  In contrast, dietary non-cholesterol sterols (P) and stanols (S) are preferentially pumped back into the intestinal lumen via 

ABCG5/8.  This process is blocked in the autosomal recessive condition sitosterolemia, leading to a characteristic accumulation of non-

cholesterol sterols in the body.   In the liver, sterols, bile acids and phospholipids are secreted into the biliary canaliculus to form mixed micelles 

which are stored by the gall bladder until release is stimulated by the arrival of chyme in the duodenum.  Further sterols may be transported into 

bile across the gall bladder epithelium by ABCG5/8.  In the small intestine, the micelles solubilise and facilitate the uptake of dietary lipids and 

fat-soluble vitamins.  Around 95% of bile acids contained in mixed micelles are recycled to the liver, via the portal circulation, whilst the 

remainder are eliminated in faeces. (Adapted from (Calandra et al., 2011).   
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Rare and common sequence variants in NPC1L1 and ABCG5/ABCG8 are 

associated with variation in cholesterol absorption efficiency and plasma sterol levels.   

However, only rare mutations in ABCG5 or ABCG8 cause a truly recessive disorder, 

namely sitosterolemia (Berge et al., 2000; Lee et al., 2001).  Sitosterolemia is 

characterised by the accumulation of plant sterols in the circulation and in tissues, 

apart from the brain (Salen et al., 1985).  Sitosterol levels in affected individuals tend 

to be 10-25 times higher than those in unaffected individuals (Lee et al., 2001).  The 

clinical presentation of the disorder includes tendon and tuberous xanthomas as well 

as accelerated atherosclerosis, leading to premature CHD (Salen et al., 1992). 

 

Genetic variants in NPC1L1 are associated with both low (Cohen et al., 2006; Fahmi 

et al., 2008) and high sterol levels (Polisecki et al., 2010).  Cohen and colleagues 

examined the coding region of NPC1L1 in 128 high cholesterol absorbers and 128 

low cholesterol absorbers (as determined by plasma campesterol:lathosterol ratio, 

with a high ratio indicating a high rate of absorption).  They found an enrichment of 

non-synonymous sequence variants in NPC1L1 in the low sterol absorbing African 

American subjects (Cohen et al., 2006).  A subsequent study showed that 14 of the 

20 non-synonymous variants identified were associated with decreased NPC1L1 

expression in a Chinese Hamster Ovary (CHO) cell line.  In addition, cholesterol 

absorption, measured using stable isotope tracers, was decreased in members of 

two extended families harbouring the I647N or R693C variants (Fahmi et al., 2008).   

 

In the PROSPER cohort, the minor alleles of two common NPC1L1 variants, 

rs41279633 and rs207218, were associated with increased plasma LDL-cholesterol 

levels.  Homozygotes for the rs41279633 rare allele were also more likely to develop 

CHD (fatal or non-fatal) over the 3.2-year follow-up period of the study than carriers 

of the major allele (HR 1.67 (95%CI: 1.10-2.54), P=0.04) (Polisecki et al., 2010). 

 

Common ABCG5/ABCG8 variants are also associated with sterol metabolism.  For 

example, rs11887534, a non-synonymous variant which changes the 19th amino acid 

in ABCG8 from aspartic acid to histidine, is associated with decreased sterol 

absorption.  In a study of 148 unrelated, healthy individuals, carriers of the 19H allele 

(n=14) had significantly lower plant sterol/stanol:cholesterol ratios than those 

homozygous for the 19D allele (n=128) (sitosterol:cholesterol 0.94±0.32 versus 

1.28±0.45, campesterol:cholesterol 1.21±0.36 versus 1.67±0.62 and 

cholestanol:cholesterol 1.76± 0.31 versus 2.09±0.40, all P<0.005).  These lower 
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ratios are indicative of decreased cholesterol absorption in 19H homozygotes (Berge 

et al., 2002).   

 

In a further study involving 263 mildly hypercholesterolemic individuals, the 19H 

allele was overrepresented in the lowest tertile of cholesterol absorbers whilst the 

19D allele was more common in the upper tertile (both n=87, P<0.001) (Gylling et al., 

2004).  These findings were more recently substantiated in a meta-analysis involving 

over 20,000 individuals where Kathiresan et al, demonstrated significant association 

(P=1x10-10) between the D19H variant and LDL-cholesterol levels (Kathiresan et al., 

2009b).  In addition, the same study identified a second, independent association 

between another ABCG8 single nucleotide polymorphism (SNP), rs6544713, and 

LDL-cholesterol levels (r2 between the two markers=0.02) (Kathiresan et al., 2009b).   

 

Both D19H and a marker in complete linkage disequilibrium (LD) with rs6544713 

(rs4299376) were also associated with risk of gallstone disease (cholelithiasis) in a 

case-control genome-wide association study (GWAS) (Buch et al., 2007), thus 

suggesting that ABCG8 gain-of-function variants increase sterol efflux into bile. 

This effect could also explain the association of the 19H allele with decreased 

circulating (LDL) cholesterol levels and decreased sterol absorption. 

 

In summary, both rare variants of moderate to large effect and common variants with 

a small effect size can perturb the molecular process involved in net sterol absorption 

and in turn modulate differences in plasma sterol levels. 

 

In contrast to intestinal sterol uptake, relatively little is known about absorption of 

dietary triglycerides. Since triglycerides cannot be absorbed directly by the 

enterocytes they must initially undergo hydrolysis to yield sn-2-monoacylglycerol 

(plus fatty acids).  This process occurs primarily in the small intestine, under the 

action of pancreatic lipase, the deficiency of which causes fat-malabsorption, leading 

to steatorrheoa (Figarella et al., 1980).  The resultant fatty acids and sn-2-

monoacylglycerol are incorporated into bile salt mixed micelles and it is proposed 

that their uptake into the enterocytes occurs via a protein-mediated process (Murota 

and Storch, 2005).  Using an in vitro model of the human post-prandial intestinal 

milieu, Murota and Storch demonstrated that the uptake of both resultant fatty acids 

and sn-2-monoacylglycerol was saturable at low concentrations of lipid, suggesting 

that it was facilitated by a protein-carrier.  However, at higher concentrations, a linear 



 27

relationship existed between uptake and lipid concentration, suggesting that some 

passive diffusion may also occur (Murota and Storch, 2005).  

 

For transport to peripheral sites, triglyceride must be re-synthesised (1.2.4) and then 

assembled into chylomicrons (1.2.5) for secretion into the circulation. 

 

1.2.2) De novo Cholesterol Biosynthesis  

De novo cholesterol synthesis occurs via a multi-step pathway (Figure 1.2) with the 

liver (Ho and Taylor, 1970), intestine (Sviridov et al., 1986) and brain (Jurevics and 

Morell, 1995) all being important sites of production.  De novo cholesterol synthesis 

is controlled via transcriptional and post-translational mechanisms that regulate the 

endoplasmic reticulum (ER)-membrane protein, 3-hydroxy-3-methylglutaryl 

coenzyme A reductase (HMG CoA reductase, HMGCR), in response to cellular sterol 

levels (Kuwabara and Labouesse, 2002).  HMGCR consists of N-terminal domain, 

which has 8 transmembrane helices, including a sterol-sensing domain 

encompassing helices 2-6, as well as a cytosolic C-terminal domain which possesses 

the catalytic properties required to generate mevalonate from HMG-CoA (Liscum et 

al., 1985; Roitelman et al., 1992). 

 

Common HMGCR variants have recently been associated with perturbations in LDL-

cholesterol levels.  An initial GWAS involving the population of the Micronesian island 

of Kosrae, identified three HMGCR variants whose minor alleles were associated 

with slight increases in LDL-cholesterol level (0.30 mmol/l).  Further investigation 

found that these markers were in LD with a functional variant, rs3846662 which was 

found to modulate HMGCR pre-mRNA alternative splicing (Buckhardt et al., 2008).  

The results of this study are further substantiated by the findings of the Global Lipid 

Genetics Consortium (GLGC) meta-analysis which showed significant association 

between the minor (C) allele of rs12916 ( in strong LD with rs3846662) and LDL-

cholesterol levels (LDL-cholesterol +0.07mmol/l per copy of C allele, P=9x10-47) 

(Teslovich et al., 2010).  Thus, these studies provide fine examples of genetic 

determinants that increase circulating cholesterol levels through increased de novo 

cholesterol synthesis. 
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Figure 1.2) Overview of the Cholesterol Biosynthesis Pathway 
Cholesterol biosynthesis is multi-step pathway which begins with the precursor 

molecule acetyl-CoA. Acetyl CoA can be converted into fatty acids for storage or be 

utilised for the synthesis of cholesterol or non-sterol isoprenoids.  The conversion of 

HMG-CoA to mevalonate by HMG-CoA reductase (HMGCR) is an irreversible 

reaction and mevalonate is a crucial building block for the formation of isoprenoid 

groups that are incorporated into a variety of products including cholesterol, heme, 

dolichol and ubiquinone.  HMGCR is the target of the hypolipidemic drugs, statins. 

Subsequently in the pathway, squalene epoxide undergoes cyclisation to lanosterol, 

by lanosterol synthase (LSS), and this represents the first committed step to sterol 
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synthesis. Lanosterol can be converted to cholesterol via two routes, differentiated by 

the by the timing of the reduction of the Δ24-bond in the aliphatic side chain.  The 

most common pathway is the Kandutsch-Russel pathway (Porter and Herman, 

2011). In this pathway, cholesterol is ultimately formed by the reduction of 7-

Dehydrocholesterol by 7-Dehydrocholesterol reductase (DHCR7).  Mutations of 

DHCR7 or sterol Δ24-reductase (DHCR24) cause the human malformation 

syndromes Smith-Lemli Opitz syndrome (SLOS, (Tint et al., 1994)) and 

desmosterolosis (FitzPatrick et al., 1998), respectively. SLOS can result in plasma 

cholesterol levels are less than 5% of those measured in controls (Tint et al., 1994).   

ACAT=acetyl-Coenzyme A acetyltransferase, HMGCS=HMG-CoA synthase, 

SQLE=squalene epoxidase 
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1.2.3) Regulation of De novo Cholesterol Biosynthesis by Control of HMGCR 

When cellular sterol levels are high, accumulation of the cholesterol precursor 

lanosterol triggers the proteasomal mediated degradation of HMGCR (Song et al., 

2005), a process that may involve binding to the sterol-sensing domain of HMGCR.  

Upon sterol accumulation, HMGCR binds to the ER protein, insulin induced gene 1 

(Insig-1) and is subsequently degraded via the proteasome (Sever et al., 2003).   

The Insig-mediated degradation of HMGCR is thought to involve the interaction of 

Insig-1 with the E3 ubiquitin ligase, gp78.  The prevailing view is that, in concert, 

gp78, the E2 ubiquitin conjugating enzyme UBE2G2 and other recruited cofactors, 

facilitate ubiquitination of HMGCR on lysines 89 and 248 and target it to the 

proteasome for degradation (Cao et al., 2007). 

 

When sterol levels are low, expression of HMGCR is facilitated by SREBPs.  The 

active forms of these transcription factors are delivered to the nucleus with the aid of 

the escort protein, SREBP cleavage activating protein (SCAP), which associates with 

SREBP by its C-terminus (Hua et al., 1996).  However, as sterols accumulate they 

bind to the sterol-sensing domain of SCAP (Nohturfft et al., 1998).  This sterol-SCAP 

binding causes a conformational change in SCAP (Brown et al., 2002) which permits 

it to bind to Insig-1 (Yang et al., 2002) or Insig-2 (Yabe et al., 2002).  The Insigs 

cause the SCAP:SREBP complex to be retained in the ER preventing transit to the 

Golgi and subsequently the nucleus, thus impairing trans-activation of SREBP target 

genes, including HMGCR (Yabe et al., 2002; Yang et al., 2002). 

 

Studies utilising ezetimibe and statin treatment, to block cholesterol absorption 

(NPC1L1-mediated) and synthesis (via HMG-CoA reductase inhibition), respectively, 

illustrate the homeostatic interplay that exists between cholesterol absorption and 

synthesis.  For example, in a five-year study of simvastatin treated CHD patients, 

serum levels of plant sterols (markers of cholesterol absorption) were increased 

whereas levels of cholesterol precursors (as markers of cholesterol synthesis) were 

decreased (Miettinen et al., 2000).  In another study, two-week treatment of 

hyperlipidemic men with atorvastatin, led to decreased ratios of the cholesterol 

precursor lathosterol to the plant sterols campesterol and sitosterol (87.1 and 88.4%, 

respectively, both P<0.0001), when compared to those given a placebo (Tremblay et 

al., 2011).  In addition, intestinal levels of NPC1L1 mRNA were increased by 19% 

(P=0.03) thus collectively demonstrating an increase in cholesterol absorption when 

cholesterol synthesis is blocked (Tremblay et al., 2011). Conversely, the ratio of 
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plasma lathosterol to cholesterol in 18 men treated with ezetimibe for two-weeks was 

significantly higher than when a placebo was given (ezetimibe 1.895μg/mg, placebo 

1.103μg/mg, P=0.001), indicating an increase in cholesterol biosynthesis (Sudhop et 

al., 2002).  Therefore, when either the endogenous or exogenous source of 

cholesterol is blocked, mechanisms to upregulate the alternative source appear to be 

activated. 

 

1.2.4) Triglyceride Biosynthesis 

Synthesis of triglyceride is a multi-step process, especially prominent in the small 

intestine, adipose tissue, liver and mammary gland and is required for diverse 

biological processes including, dietary lipid absorption, storage, lipoprotein 

assembly/secretion, lactation and signal transduction (Coleman and Lee, 2004).  

There are two distinct pathways by which triglyceride can be synthesised; the 

monoacylglycerol pathway or the glycerol-3-phosphate pathway (Figure 1.3).    

 

The human genome encodes multiple glycerol-3-phosphate acyltransferases 

(GPATs), acylglycerol-P acyltransferases (AGPATs), lipins and diacylgylcerol 

acyltransferases (DAGs).  This is a likely reflection of the extensive fatty acid (n=31), 

diacylglycerol (n=55), triacylglycerol (n=18) and phospholipid (n=160) species 

diversity that exists in human plasma (Quehenberger et al., 2010) and of differences 

in the sites of expression of these enzymes.   
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Figure 1.3) Triacylglycerol Synthesis Pathways 
In the enterocytes, the monoacylglycerol pathway is the predominant route of diacylglycerol (DAG) synthesis. DAG is synthesised by the 

acylation of sn-2-monoacylglycerol (formed by pancreatic lipase hydrolysis of dietary triacylgycerol), catalysed by monoacylglycerol 

acyltransferase (MGAT).  DAG is then acylated further by the action of (DGAT) to form triacylglycerol. 
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Most other cell types utilise the glycerol-3-phosphate pathway, whereby successive acylations generate triacylglycerol.  The first committed 

step in triglyceride synthesis is catalysed by glycerol-3-phosphate acyltransferase (GPAT) and involves the acylation of glycerol-3-phosphate 

by fatty acyl-CoA to form lysophosphatidic acid.  The activation of fatty acids by thioester linkage to coenzyme A, mediated by acyl coA 

synthetase, produces the fatty-acyl-CoA for this initial reaction.  Mutations of AGPAT2 cause the autosomal recessive disorder congenital 

generalised lipodystrophy, which is characterised by lack of visceral and subcutaneous adipose tissue, hypertriglyceridemia and hepatic 

steatosis (Agarwal et al., 2002).
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1.2.5) Assembly and Secretion of ApoB-Containing Lipoproteins 

The production and secretion of apoB-containing lipoproteins, for the transport of 

lipids into the circulation is complex, involving multiple cellular compartments. 

The first step of lipoprotein assembly involves production of an apoB-containing 

precursor molecule, through partial lipidation of apoB, which occurs concomitantly 

with its translation in the endoplasmic reticulum.  Subsequently, bulk lipidation of the 

precursor is thought to take place.  This is presumed to occur through fusion of the 

precursor with a triglyceride-rich (apoB-free) particle.  The N-terminal βα1 domain of 

apoB is vital for the initiation of lipoprotein assembly (Herscovitz et al., 1991; Wang et 

al., 2010).  Lipoprotein assembly involves microsomal triglyceride transfer protein 

(MTP).  In mouse hepatocytes (which can secrete both apoB-48 and apoB-100 

containing lipoproteins), treatment with the MTP inhibitor BMS-197636 caused a 90% 

decrease in the secretion of apoB-100 and led to the secretion of lipid-poor apoB-48 

lipoproteins (Kulinski et al., 2002).  Inhibition of MTP also led to depletion of non-

apoB triglyceride in the microsomal lumen but did not block transfer of these pools to 

the partially lipidated apoB particle (Kulinski et al., 2002).  The significance of this 

finding is unknown.   

 

Mutations of APOB are a cause of familial hypobetalipoproteinemia (FHBL), an 

autosomal dominant condition characterised by very low plasma levels (<5th 

percentile of the population distribution) of LDL-cholesterol and apoB (Schonfeld et 

al., 2005). Heterozygotes for FHBL mutations may be asymptomatic.  Rare 

homozygotes have a more severe phenotype and may exhibit a failure to thrive, 

intestinal fat malabsorption and develop fatty liver.  Most FHBL-APOB mutations 

cause premature truncation of the encoded protein and there is a general inverse 

correlation between phenotype severity and protein length (Calandra et al., 2011). 

Truncated proteins shorter than apoB-30 are not detectable in the plasma of patients 

(Tarugi et al., 2007), resulting in a clinical presentation of severe fat malabsorption 

(Calandra et al., 2011).  Furthermore, whilst lipoproteins containing longer truncated 

apoB, such as apoB-89, are secreted, these moieties are themselves rapidly cleared 

from the circulation (Parhofer et al., 1992) thus resulting in hypocholesterolemia.   

 

Mutations of the MTTP gene lead to the rare autosomal recessive disorder 

abetalipoproteinemia (Narcisi et al., 1995).  The defect in lipoprotein assembly that 

occurs in this condition may also lead to a compensatory increase in de novo 

cholesterol synthesis, as illustrated by almost double blood levels of dolichols 
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(synthesised through the cholesterol biosynthetic pathway) in patients with 

abetalipoproteinemia compared to control individuals (Kuriyama et al., 1999). 

 

The processes regulating the transport of lipidated-apoB particles from the ER to 

Golgi are not yet fully understood.  Protein transport from the ER to Golgi is typically 

facilitated by coat protein (COP) complexes.  The COPII complex consists of the 

proteins Sar1 GTPase, Sec23/24p complex, and Sec13/31p (Barlowe, 2002).  The 

transport process initiates with the exchange of guanosine diphosphate (GDP) on 

Sar1 for guanosine triphosphate (GTP) in a reaction catalysed by Sec12, a guanine 

nucleotide exchange factor.  This reaction, in turn, leads to the recruitment of other 

COPII proteins to regions of the ER membrane and subsequent vesicle budding, 

generating ER to Golgi carriers (Barlowe, 2002).   

 

Triglyceride-rich lipoproteins are large; indeed chylomicrons may reach >250nm in 

diameter (Bhattacharya and Redgrave, 1981) whilst, in contrast, COPII vesicles are 

generally 60-80nm in diameter.  These size differences led Siddiqi and colleagues to 

propose a specialised transport vesicle for ER to Golgi chylomicron transport (Siddiqi 

et al., 2003).  Although the exact mechanism of ER to Golgi trafficking of 

chylomicrons is not established, it is known that the COPII protein, Sar1b is required.  

Mutations of the SARA2 gene which encodes Sar1b lead to Chylomicron Retention 

Disorder (Jones et al., 2003).  This rare autosomal recessive disorder is 

characterised by a failure to thrive, severe fat malabsorption and the absence of 

circulating apoB48-containing lipoprotein particles.  Extremely low plasma levels of 

LDL- and HDL-cholesterol also result (Nemeth et al., 1995; Roy et al., 1987) 

 

1.2.6) Catabolism of Triglyceride-Rich Lipoproteins  

Mendelian forms of severe hypertriglyceridemia are genetically heterogeneous, 

involving mutations in a minimum of five genes.  Specifically, lipoprotein lipase (LPL), 

APOA5, APOC2 and the recently characterised genes/proteins 

glycosylphosphatidylinositol-anchored high-density lipoprotein–binding protein 1 

(GPIHBP1) and lipase maturation factor 1 (LMF1) are all implicated in the catabolism 

of triglyceride-rich lipoproteins. 

 

The triglyceride-rich cores of chylomicron and VLDL particles are hydrolysed at the 

capillary endothelium by LPL, thereby releasing fatty acids to peripheral tissues.  LPL 

is abundant in adipose tissue, heart or skeletal muscle and mammary gland 
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presumably because these tissues require large amounts of fatty acids for storage or 

energy (Camps et al., 1990).  

 

Active LPL exists as a homodimer (Osborne et al., 1985).  Correct folding and 

assembly of LPL into this form requires LMF1.  In mice with combined lipase 

deficiency (cld), severe and progressive hypertriglyceridemia causes death a few 

hours after birth (Paterniti et al., 1983).  This extreme phenotype results from a lack 

of active LPL (and hepatic lipase) which must occur post-translationally since in 

cld/cld mice LPL mRNA and protein levels are unaffected (Davis et al., 1990).  LMF1 

was identified as the gene underlying this defect by Péterfy and colleagues: 

transfection of the full-length LMF1 cDNA into a cld cell line was able to restore LPL 

activity (Peterfy et al., 2007).  The LMF1 mutations Y439X and W464X cause 

combined lipase deficiency in humans (Cefalu et al., 2009; Peterfy et al., 2007). 

 

GPIHBP1 is thought to transport LPL to the capillary endothelial cell surface from the 

parenchymal cells within which it is synthesised (Davies et al., 2010).  In Gpihbp1-

deficient mice, LPL is mislocalised to the outside of the parenchymal cells, rather 

than at the capillary endothelium (Davies et al., 2010).  In addition, Gpihbp1-null mice 

are severely chylomicronemic (Beigneux et al., 2007) and rare homozygous 

mutations of GPIHBP1 in humans cause severe hypertriglyceridemia since the 

mutant protein is unable to interact with LPL (Beigneux et al., 2009a; Franssen et al., 

2010; Olivecrona et al., 2010).   

 

Rare mutations in APOA5 and APOC2 can cause severe hypertriglyceridemia due to 

a reduction in LPL activity (Calandra et al., 2006; Fojo and Brewer, 1992).  

Furthermore, in a recent GWAS involving 463 hypertriglyceridemic cases (mean 

triglyceride=14.3mmol/l) and 1,197 controls (triglyceride<2.3mmol/l), a common 

variant (rs964184) residing at the APOA1/C3/C4/A5 locus was significantly 

associated with risk of hypertriglyceridemia (OR=3.28, P=5.4x10-24) (Johansen et al., 

2010). 

 

Of the ~100 human LPL mutations described, the majority are missense mutations 

that affect the essential ‘catalytic triad’ (serine 132, aspartate 156 and histidine 241) 

of the enzyme (Emmerich et al., 1992; Wang and Eckel, 2009).  Most LPL mutations 

are rare, often being family specific.  The G188E substitution which abolishes LPL 

activity (Peterson et al., 2002) occurs slightly more often, with a frequency of 0.06% 

in the general population (Nordestgaard et al., 1997).  In one meta-analysis, carriers 
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of the mutation were found to have plasma triglyceride levels increased by 

approximately 80% as well as an estimated 5-fold higher risk of CHD (Wittrup et al., 

1999). 

 

Rare LPL sequence variants in the heterozygous state may also increase the risk of 

developing hypertriglyceridemia.  In a recent study, 6.4% of 110 severely 

hypertriglyceridemic subjects (fasting plasma levels >10 mmol/l) were carriers of rare 

LPL mutations compared to 0/472 controls, all of European descent (Wang et al., 

2007a).  Furthermore, common LPL variants are associated with plasma triglyceride 

levels (Table 1.1).  The common LPL variant, S447X is present in 17-22% of 

Europeans (Fisher et al., 1997).  The S447X mutation results in a premature stop 

codon, two amino acids before the normal end of the protein.  This variant is 

associated with slightly decreased circulating triglyceride levels (Humphries et al., 

1998; Jensen et al., 2009; Wittrup et al., 1999). It is also thought to have a 

cardioprotective effect.  In the European Atherosclerosis Research Study, the 

frequency of the truncated allele was significantly lower in those cases whose fathers 

had suffered a premature myocardial infarction (before 55 years) than in control 

subjects (0.09 versus 0.12) (Humphries et al., 1998).  One explanation for these 

effects could be an increase in LPL mass observed both in vitro and in plasma from 

447X allele carriers leading to enhanced clearance of apoB48-containing lipoproteins 

from the circulation (Nierman et al., 2005; Zhang et al., 1996). 

 

Angiopoietin-like proteins 3 and 4 (ANGPTL3/ANGPTL4) are additional factors 

involved in regulating lipolysis of triglyceride-rich lipoproteins, through their inhibitory 

effect on lipoprotein lipase activity.  Human ANGPTL4 is expressed at high levels in 

the liver and adipose tissue (Kersten et al., 2000) whereas ANGPTL3 is found 

primarily in the liver (Conklin et al., 1999).  Overexpression of either protein in mice 

leads to elevated plasma triglyceride levels (Koishi et al., 2002; Lichtenstein et al., 

2007).  In contrast, knockout mice are hypotriglyceridemic (Koster et al., 2005).  

ANGPTL4 is thought increase triglyceride levels by promoting the conversion of 

active LPL dimers to inactive LPL monomers (Sukonina et al., 2006) whilst ANGPTL3 

is thought to inactivate LPL by promoting its cleavage by proprotein convertases 

such as furin (Liu et al., 2010).   

 

A population-based resequencing study examining the coding regions and intron-

exon boundaries of ANGPTL3 and ANGPTL4 in 3551 participants in the Dallas Heart 

Study identified that rare non-synonymous variants in both genes were more 
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prevalent in those individuals with triglyceride levels found in the lowest quartile of 

the study distribution, compared to those with levels in the highest quartile (Romeo et 

al., 2007; Romeo et al., 2009).  More recently, whole-exome resequencing of two 

siblings with FHBL but without a causative mutation of APOB, determined that they 

were both compound heterozygotes for S17X and E129X mutations in ANGPTL3 

(Musunuru et al., 2010). 

 

In addition, common variants residing in or near to ANGPTL3 and ANGPTL4 were 

associated with lipid-traits in the recent GLGC meta-analysis.  Specifically, 

rs2131925, found upstream of ANGPTL3, was associated with decreased plasma 

triglyceride levels (effect size=−0.06mmol/l per copy of G allele, P=9x10-43) whilst the 

ANGPTL4 variant rs7255436 was associated with lower plasma HDL levels (effect 

size= −0.01mmol/l per copy of C allele, P=3x10-8) (Teslovich et al., 2010). 

 

Thus, in summary, both common and rare genetic variants in the effectors of 

triglyceride-rich lipoprotein catabolism contribute to variance in plasma triglyceride 

levels.  Both genetic and allelic heterogeneity contribute to the complexity of 

hypertriglyceridemia. 

 

1.2.7) ApoE-Mediated Clearance of Catabolised Lipoproteins 

Lipolysis of VLDL and chylomicrons yields lipoprotein particles depleted in 

triglyceride but enriched in cholesterol and apoE that are highly atherogenic (Karpe 

et al., 1994).  Under normal physiological conditions these are rapidly removed from 

the circulation in the liver, in a process proposed to involve lipoprotein-bound ligands, 

including apoE, interacting with receptors such as the LDL-receptor (LDLR) and LDL-

receptor-related protein 1 (LRP1), following the initial sequestration of the lipoprotein 

particles in the space of Disse, mediated by heparan sulphate proteoglycans 

(HSPGs) (Mahley and Huang, 2007). 

 

ApoE is a vital ligand in the process of remnant clearance.  In transgenic mice 

overexpressing apoE, clearance of injected, labelled chylomicrons occurs five-fold 

quicker than in controls animals (Shimano et al., 1994).  Rare dominant mutations of 

APOE can cause Fredrickson type III hyperlipoproteinemia, defined by the 

accumulation of remnant lipoproteins in plasma.  For example, the R142C mutation 

prevents normal apoE-HSPG binding (Mahley et al., 1999) and thus leads to 

increased plasma triglyceride and cholesterol levels by preventing efficient remnant 

catabolism (Vezeridis et al., 2011).  Moreover, homozygosity for the apoE ε2 isoform 
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is a susceptibility factor for remnant accumulation which requires a ‘second hit’ from 

a further genetic or environmental factor for phenotypic presentation (Groenewegen 

et al., 1994; Schaefer et al., 2004). 

 

In the GLGC meta-analysis, common variants residing downstream of APOE were 

associated with plasma triglyceride and cholesterol levels.  Specifically, rs439401 

was associated with decreased triglyceride levels (-0.06mmol/l per copy of T allele, 

P=1x10-30), whilst rs4420638 was associated with increased plasma LDL- and total 

cholesterol levels (LDL: +0.18mmol/l per copy of G allele, P=9x10-147, total 

cholesterol: +0.18mmol/l, P=5.20x10-111) (Teslovich et al., 2010).  However, since 

these variants also reside close to APOC1, caution needs to be applied in 

interpreting the functional relevance of these associations. 

 

HSPGs were first implicated in remnant clearance in studies using heparinise 

treatment to disrupt cellular HSPGs.  In three different cell types (LDLR-deficient 

fibroblasts, normal fibroblasts and HepG2 cells), heparinise treatment reduced apoE-

mediated remnant binding by 80, 80 and 95% respectively (Ji et al., 1993).  Uptake of 

labelled apoE-enriched lipoprotein was also reduced in treated HepG2 cells but 

heparinise did not affect binding of these particles to LRP (Ji et al., 1993).  These 

results led the authors to propose a model in which remnants are initially 

sequestered through binding to HSPGs via APOE and are subsequently passed to 

LRP for internalisation (Ji et al., 1993). 

 

Williams and colleagues mooted the HSPG, syndecan 1 as a potential candidate in 

remnant lipoprotein clearance due to its high expression level at the sinusoidal 

surface of hepatic parenchymal cells (Hayashi et al., 1987; Williams, 2008).  

Inhibition of syndecan using an antisense oligonucleotide decreased chylomicron 

binding to HepG2 cells by around 60% (Zeng et al., 1998).  Recent studies using 

syndecan 1-null mice show that these animals develop plasma hypertriglyceridemia, 

attributable to delayed clearance of VLDL/chylomicron remnants (Stanford et al., 

2009).  Currently, no rare mutations or common variants of SDC1 are reported to 

contribute to the variance of human plasma cholesterol or triglyceride levels.  

 

1.2.8) LDLR-Mediated Clearance of ApoB-Containing Lipoproteins  

A failure in the LDLR-mediated system of LDL-cholesterol catabolism is the basic 

defect that underlies the known forms of monogenic hypercholesterolemia.  
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Currently, the disorder is divided into four subtypes (Figure 1.4).   Autosomal 

dominant hypercholesterolemia (ADH)-1, the most common form, resulting from 

mutations of LDLR  (Leigh et al., 2008) can be further classified according to the 

mutational effect upon the LDLR protein ((Calandra et al., 2011; Hobbs et al., 1990; 

Ranheim et al., 2006), Figure 1.4).  Thus monogenic hypercholesterolemia exhibits 

both genetic and allelic heterogeneity (Bertolini et al., 1999; Medeiros et al., 2010; 

Vaca et al., 2011).  The genetic heterogeneity of monogenic hypercholesterolemia is, 

at least in part, attributable to the complexity of the pathways that regulate LDLR-

mediated clearance of LDL-cholesterol. 

 

LDLR is 843 amino acids in length and has a structure comprising five distinct 

domains: an N-terminal ligand binding domain, a domain with homology to the 

epidermal growth factor (EGF) precursor, an O-linked sugar domain, a 

transmembrane domain and a cytoplasmic domain (Yamamoto et al., 1984).  In the 

ER, a 120kDa LDLR precursor is produced.  This undergoes maturation through the 

ER and Golgi apparatus with removal of the signal sequence and addition of O-linked 

sugars, forming a mature protein of 160kDa which is then transported to the 

basolateral cell surface (Tolleshaug et al., 1982).   

 

At the cell surface, LDLR binds to LDL through interaction of the N-terminal LDLR 

ligand-binding domain with apoB100 on the lipoprotein particle.  The LDLR ligand- 

binding domain consists of seven LDLR type A repeats, each consisting of 40-amino 

acids and containing six conserved cysteine residues which form disulphide bonds.  

Repeats 3 to 7 are important for apoB100 binding (Russell et al., 1989).  The exact 

region(s) of apoB-100 important for this interaction are not fully determined.  Cross-

species conservation suggests that 2 clusters of basic amino acids (amino acids 

3147-3157 and 3359-3367) could be important (Law and Scott, 1990). The second of 

these clusters bears homology to the established ApoE-LDLR binding site (Knott et 

al., 1985).  In addition, by far the most common ADH-2 mutation in Europe, R3500Q, 

(found in the heterozygous state in 2-5% of hypercholesterolemic patients) (Soutar 

and Naoumova, 2007) causes defective receptor binding in transgenic mice (Boren 

et al., 1998) 

 

LDLRAP1 (ARH) interacts with both the C-terminal FDNPVY internalisation motif of 

LDLR (via its phosphotyrosine binding domain) and the clathrin-coated pit machinery, 

to mediate endocytosis of receptor-bound LDLR complexes (Chen et al., 1990; 

Garuti et al., 2005; He et al., 2002).  After internalisation, the cargo is delivered to the 
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endosomes where dissociation of receptor:ligand complexes occurs due to the acidic 

nature of the endosomal lumen.  The EGF-precursor homologous domain of the LDL 

receptor is important in this process.  It consists of 3 EGF repeats (A, B and C) and a 

β-propeller structure, found in between repeats B and C.  At pH5.3, the β-propeller 

acts as an alternative ligand for LDLR type A repeats 4 and 5 in the ligand binding 

domain, thus displacing the bound lipoprotein (Rudenko et al., 2002).  In addition, the 

low concentration of free calcium within the endosomal lumen can also drive 

lipoprotein release from LDLR by inducing structural changes to the LDLR-ligand 

binding domain (Zhao and Michaely, 2009).  After dissociation, the released 

lipoprotein proceeds through the endosomal system to the lysosome for degradation 

liberating its component cholesterol, fatty acids and amino acids.  Meanwhile, LDLR 

is recycled and returned to the cell surface.   

 

Gain of function PCSK9 mutations lead to ADH-3 and overexpression of PCSK9 in 

mouse liver leads to reduced levels of LDLR (Maxwell and Breslow, 2004; Park et al., 

2004).  At the cell surface, PCSK9 interacts with LDLR via the EGF domain A repeat 

and directs the receptor towards the lysosomes for degradation, in a process that 

requires LDLRAP-clathrin-mediated endocytosis (Lagace et al., 2006).  PCSK9 may 

target some LDLR for degradation before it reaches the cell surface, since when 

intracellular Golgi to lysosomal trafficking is blocked there is a rapid increase in LDLR 

levels (Poirier et al., 2009).  The ADH-3 mutant, D374Y increases the avidity of 

PCSK9-LDLR binding, even at the acidic pH of the endosomes, enhancing the rate of 

LDLR degradation and thus decreasing receptor recycling (Cunningham et al., 2007; 

Lagace et al., 2006).  Loss-of-function mutations in PCSK9 are found in some 

hypocholesterolemic individuals (Cohen et al., 2005; Fasano et al., 2007; Kotowski et 

al., 2006). Low LDL-cholesterol levels are also observed in PCSK9-null mice (Rashid 

et al., 2005) where decreased receptor degradation concurrent with increased 

receptor recycling presumably allows enhanced LDL-cholesterol clearance. 

 

As well as the rare mutations that underlie monogenic hypercholesterolemia, 

common variants in LDLR, APOB, PCSK9 and LDLRAP1 may also modulate 

circulating LDL- and total cholesterol levels (Teslovich et al., 2010).  For example, 

Linsel-Nitschke and colleagues demonstrated that the LDLR SNP rs2228671 was 

associated with LDL-cholesterol levels (-0.19mmol/l (95%CI: 0.13–0.24) per copy of 

the rare T allele, P=1.5×10−12) in a combination of German and British cohorts 

(Linsel-Nitschke et al., 2008).  This finding is substantiated by a number of further 
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studies (Aulchenko et al., 2009; Sandhu et al., 2008; Teslovich et al., 2010) although 

the functional relevance of this marker (or of a further variant in LD) has yet to be 

elucidated. 

 

A second cluster of common LDLR variants also demonstrate association with LDL-

cholesterol levels.  In contrast to that described above, the association between 

rs688 and LDL-cholesterol was discovered before the advent of GWAS.  In a study of 

719 Alberta Hutterites, Boright et al., showed a positive association between the 

rs688 (LDLR nucleotide 1773) T allele and LDL-cholesterol, with each copy of the 

allele conferring a 0.10mmol/l increase in LDL levels (Boright et al., 1998).  

Association of the rs688 T allele (and the correlated rs1529729 C allele) with 

increased LDL-cholesterol levels is supported by more recent GWAS data.  In a 

Swedish population study, modest association was detected between the rs1529729 

C allele and LDL-cholesterol level, with a mean level in minor allele homozygotes of 

4.24±0.98mmol/l versus 4.13±0.98mmol/l in major allele homozygotes, P=0.003 

(Kathiresan et al., 2008).  A similar modest effect was detected in Mexican 

Americans (Keebler et al., 2009) and in the BRIGHT cohort of British hypertensives 

where each copy of the rs688 T allele increased LDL-C levels by 1.03mmol/l 

(P=9.25x10-5) (Wallace et al., 2008).  In the recent GLGC study, rs1529729 was also 

associated with total cholesterol levels (P =1.04x10-20) (Teslovich et al., 2010).  

 

Functional evidence supports the potential role of rs688 in modulating circulating 

cholesterol levels.  The presence of the T allele at this position is predicted in silico to 

neutralise an LDLR exon 12 splicing enhancer (Zhu et al., 2007b).  In vivo, the T 

allele significantly decreased splicing efficiency of LDLR in tissue samples from 

female liver (P=0.024) and in vitro, HepG2 cells transfected with LDLR exon 9-14 

minigenes performed ~12% less efficient splicing when the rs688 T allele was 

present (Zhu et al., 2007b). 

 

In summary, both rare variants of moderate to large effect and more common 

variants with smaller effect sizes contribute to the population variance in circulating 

cholesterol levels due to their effect upon the key players in the LDLR-mediated 

clearance of LDL-cholesterol 
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Figure 1.4) Overview of LDL Uptake and Monogenic Hypercholesterolemia  
The five major classes of LDLR mutation that cause autosomal dominant hypercholesterolemia (ADH)-1 prevent: (1) production of 

immunologically detectable protein; (2) ER exit of encoded gene-product: complete (a) or partial (b); (3) binding of apoB100 (a) and apoE (b) 

ligands; (4) constitutive endocytosis, including of LDLR-apoB100 (a) and of VLDL-apoE (b); and (5) release of internalised LDLR-ligand (not 

shown for clarity). ADH-2 is caused by APOB mutations, ADH-3 from mutations of PCSK9 (Abifadel et al., 2003) and autosomal recessive 

hypercholesterolemia (ARH) arises due to mutations of LDLRAP1 (Garcia et al., 2001).   Red=loss-of-function mutation, green=gain-of-function 

mutation.  (Reproduced with permission from (Calandra et al., 2011)) 
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1.2.9) Cholesterol Egress from the Late Endosomes/Lysosomes 

Recent GWAS data suggest that common genetic variants may affect the fate of 

endocytosed cholesterol and in turn influence circulating cholesterol levels   

Specifically, a common MLN64/STARD3 variant (rs11869286) was associated with 

plasma HDL-choelsterol levels in the recent GLGC meta-analysis (Teslovich et al., 

2010).   

 

After endocytosis, LDL-cholesterol passes to the late endosomes and lysosomes 

where the enzyme acid lipase hydrolyses the LDL-derived cholesterol esters to yield 

unesterified cholesterol (Sugii et al., 2003) which is then released to other cell 

compartments such as the ER, Golgi, mitochondria or plasma membrane.   

 

Transport of cholesterol from the late/endosomes to the mitochondria is thought to 

involve MLN64. MLN64 is localised to the late endosomes and is able to bind 

cholesterol via a domain homologous to the cholesterol-binding domain of 

steroidogenic acute regulatory protein (which itself facilitates cholesterol import to the 

inner mitochondrial membrane) (Alpy et al., 2001; Miller, 2007).  In normal, steroid-

producing CHO cells, siRNA-mediated knock-down of MLN64, led to a ~40% 

decrease in production of the steroid hormone pregnenolone (a measure of 

cholesterol supply to the inner mitochondrial membrane).  This was attributed to 

decreased intracellular transport of LDL-derived cholesterol (Charman et al., 2010).    

 

Rare mutations of large effect can also influence cholesterol egress from the late 

endosomes/lysosomes.  NPC1 and NPC2, mutations of which causes the fatal, 

autosomal recessive disorder, Niemann Pick Type C disease (Carstea et al., 1997; 

Naureckiene et al., 2000), are crucial for the cellular redistribution of unesterified 

cholesterol.  For example, on incubation with LDL, NPC1- deficient fibroblasts 

accumulate unesterified cholesterol in the late endosomal/lysosomal cell 

compartment (Pentchev et al., 1987).   

 

1.2.10) De novo Bile Acid Synthesis 

Bile acids can be formed by two multi-step routes:  the classic or alternative 

pathways.  The first and rate-limiting step in the classic pathway is the hydroxylation 

of cholesterol to 7α-hydroxy-cholesterol catalysed by the liver-specific (cholesterol 

7α-hydroxylase (CYP7A1) (Wu et al., 1999).  The bile acid pool in CYP7A1- deficient 

mice is reduced to 25% of that in wild-type mice.  These mice also exhibit fat 
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malabsorption and a concomitant increase in endogenous cholesterol synthesis by 

way of maintaining cholesterol homeostasis (Schwarz et al., 1996; Schwarz et al., 

1998).  

 

In humans, a CYP7A1 frameshift mutation was identified in 9 members of one family 

(3 homozygotes, 6 heterozygotes) with statin-resistant hypercholesterolemia 

(Pullinger et al., 2002).  Homozygotes had average LDL-cholesterol levels above 

4.65mmol/l, whereas heterozygotes had levels intermediate to those of unaffected 

family members and the homozygous mutants.  In contrast to the mutant mouse 

phenotype, an effect on cholesterol synthesis was not observed, since HMGCR 

activity was not altered in CYP7A1-deficient patients.  Instead, the authors attribute 

the hypercholesterolemic phenotype to downregulation of LDLR expression brought 

about by hepatic accumulation of cholesterol (Pullinger et al., 2002).  Recently, the 

common variant rs2081687, found downstream of CYP7A1, was associated with 

plasma total- and LDL-cholesterol levels in the large genome-wide association 

analyses of Teslovich and colleagues (Teslovich et al., 2010). 

 

Bile acid secretion into bile is mediated by the Bile Salt Export Pump (BSEP, 

ABCB11, Figure 1.1).  Mutation of BSEP causes progressive familial intrahepatic 

cholestasis type 2, characterised by low bile acid concentration in the bile 

(Strautnieks et al., 1998).  In the intestine, bile acids are reabsorbed into the 

enterocytes by the apical sodium-dependent bile acid transporter (ASBT, SLC10A2) 

in the brush border membrane.  Mutations of this gene cause primary bile acid 

malabsorption which is characterised by steatorrhea and reduced plasma cholesterol 

levels due to the disruption of enterohepatic circulation of bile acids (Oelkers et al., 

1997).  However, in the recent GLGC study, no ABCB11 or SLC10A2 SNPs were 

associated with plasma cholesterol levels (Teslovich et al., 2010). 

 

1.3) Familial Combined Hyperlipidemia 

Familial Combined Hyperlipidemia (FCHL) or type IIb hyperlipoproteinemia, by 

Fredrickson classification, is a common, complex genetic disorder with and estimated 

incidence of 1-6% in Western society (Goldstein et al., 1973; Hopkins et al., 2003).  It 

was first described in 1973 with reference to the mixed pattern of lipid abnormalities 

displayed in the families of probands who had survived premature myocardial 

infarction (Goldstein et al., 1973; Nikkila and Aro, 1973).  Subsequent studies have 

confirmed that FCHL is a highly atherogenic disorder, present in ~10-20% of 
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individuals with premature CHD (Austin et al., 2000; Hopkins et al., 2003).  Given the 

common nature of FCHL and its coincidence with premature CHD, gaining an 

understanding of the genetic defects that underlie this condition is of vital importance. 

 

The FCHL phenotype is characterised by elevated circulating cholesterol and/or 

triglyceride levels often accompanied by increased apoB and decreased HDL-

cholesterol levels.  Indeed, FCHL can be considered as a disorder of the 

overproduction of triglyceride-rich lipoproteins coupled with the impaired clearance of 

apoB-containing lipoproteins (Cabezas et al., 1993; Chait et al., 1980; Venkatesan et 

al., 1993).  Probands have both raised cholesterol and triglyceride levels whilst the 

degree of dyslipidemia in other family members will vary and as such they may have 

raised plasma levels of triglyceride and/or cholesterol or may have normal lipid 

profile. 

 

FCHL was originally thought to be an autosomal dominant disorder, with reduced 

penetrance until the age of 20 (Goldstein et al., 1973).  More recently, genome-wide 

linkage analyses have suggested that FCHL is genetically complex (Aouizerat et al., 

1999; Naoumova et al., 2003; Pajukanta et al., 1999).  Despite recent expansion in 

our knowledge and understanding of lipid metabolism (described in the sections 

above), the causative genes/variants underlying the FCHL phenotype have yet to be 

firmly established.  This is partly because linkage studies performed to date have 

included relatively small cohorts of FCHL families (maximum of 45 in Naoumova et 

al., 2003) and therefore are likely to have limited power to identify susceptibility loci. 

 

Study of FCHL tends to focus upon the inheritance of its component traits, 

particularly circulating cholesterol and triglyceride levels, in affected families.  

Published linkage studies indeed imply that different susceptibility loci will underlie 

the elevated cholesterol and triglyceride levels that form the FCHL phenotype.  For 

example, the FCHL triglyceride trait is linked to chromosome 1q21-23 (Pajukanta et 

al., 1998).  Additionally, variation within the APOA1/C3/A4/A5 complex is linked to 

the FCHL triglyceride trait (Eichenbaum-Voline et al., 2004) whilst a quantitative trait 

locus (QTL) on chromosome 8p23.3-22 influences cholesterol level (Naoumova et 

al., 2003; Yu et al., 2005).  Other FCHL susceptibility loci on chromosomes 6q, 11p, 

16q and 21q are suggested (Aouizerat et al., 1999; Naoumova et al., 2003; 

Pajukanta et al., 1999).  Evidence suggests that variants in USF1 on chromosome 1q 

(Lee et al., 2007; Pajukanta et al., 2004) and WWOX on chromosome 16q23 (Lee et 

al., 2008a) may explain the linkage signals detected in these chromosomal regions 
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however, functional causative variants remain to be identified.  In the recent GLGC 

meta-analysis, variants in neither gene were associated with plasma lipid levels 

(Teslovich et al., 2010). 

 

The aims of the studies presented in this thesis were to combine genetic and 

biological information to identify FCHL susceptibility loci/genes/variants in a large 

cohort of up to 239 white-British FCHL families. 
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Chapter 2 – Materials and Methods 

 

2.1) FCHL Family Cohort Characterisation 

White-British FCHL families, designated the FCHL cohort in this text, were recruited 

to the study by Dr. Naoumova on the basis of a proband who had: 1) fasting plasma 

cholesterol levels ≥95th percentile level (age- and sex-matched); 2) triglyceride levels 

≥90th percentile level (age- and sex-matched) and; 3) at least one first degree relative 

with fasting plasma cholesterol levels ≥95th percentile level (age- and sex-matched) 

or triglyceride levels ≥90th percentile level (age- and sex-matched) (Naoumova et al., 

2003).  Percentiles from the Lipid Research Clinic (Heiss et al., 1980) were used as 

reference points (Appendix I).   Exclusion criteria for participants were age <16 years, 

other genetic forms of hyperlipidemia (e.g. familial hypercholesterolemia, based upon 

molecular diagnosis, standard clinical signs, or diagnostic criteria) or secondary 

hyperlipidemia due to obesity (body mass index, BMI>30kg/m2), type 1 or 2 diabetes 

(fasting glucose >7mmol/l), abnormal liver or thyroid function, excessive alcohol 

intake (>40 units per week), or certain medications known to interfere with lipid 

metabolism (such as thiazides, antiretroviral agents or beta-blockers).  The research 

ethics committees of participating centres approved the study design. Participants 

gave written informed consent. 

 

For linkage studies, a cohort comprising 182 FCHL families was utilised.  Eight of 

these families (pedigrees 2, 4, 5, 6, 7, 10, 13 and 17) were previously included in the 

linkage analyses of Naoumova and colleagues (Naoumova et al., 2003).  

Subsequent association analyses involved an expanded cohort of 241 FCHL 

families.  Pedigree structures are illustrated on the enclosed disk.  

 

All lipid levels were recorded in the fasting state and were determined by automated 

methods using commercial kits and interassay controls as described in (Naoumova 

et al., 2003).  Phenotyping was based upon lipid levels measured pre-treatment: 

patients were not taking medications known to alter circulating lipid levels. 

 

DNA was extracted from whole blood and quantified by Tepnel Life Sciences.  

Quantification was carried out using a NanoDrop spectrophotometer (Thermo Fisher 

Scientific) or using PicoGreen reagent (Invitrogen).  DNA was diluted to the 

appropriate concentration using Tris-EDTA buffer (Sigma Aldrich). 
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2.2) Microsatellite Genotyping 

As part of a genome-wide linkage screen, six chromosome 21 microsatellite markers, 

D21S1437, D21S2052, D21S1440, D21S2055, D21S1411 and D21S1446 were 

genotyped by Marshfield Mammalian Genotyping Service using specified primers 

(Table 2.1).  Genotype data were supplied on a DVD which also contained 

compressed gel image files and accompanying marker ‘out’ files.  In order to 

investigate apparent non-inheritance of markers, extensive checking of genotyping 

calls was performed by myself, using the accompanying Imager software program. 

 

Additional chromosome 21 microsatellite markers D21S1909, D21S1260, D21S1259 

and D21S1912 were selected for genotyping using marker position and 

heterozygosity data gathered from the Marshfield Mammalian Genotyping Service 

website (URL2).  Oligonucleotide primers (Table 2.1) included a 5’ ‘pigtail’ 

(GTTTCTT) sequence (Brownstein et al., 1996) and one of each primer pair was 

labelled with 5’ FAM or HEX dye.  All oligonucleotides were reverse-phase cartridge 

purified and were obtained from Eurogentec. 

 

Amplification reactions were carried out in a 10μl volume, in a 96-well micro-titer 

plate.  15ng of DNA was included in each reaction, together with 0.2 units of Phusion 

Taq polymerase (Finnzymes), 1X reaction buffer (Finnzymes, 7.5mM MgCl2, 3% 

dimethyl sulfoxide (DMSO)), 200μM of each deoxynucleotide triphosphate (dNTP, A, 

C, G and T, Bioline) and 0.3μM of forward and reverse oligonucleotides.  The 

remaining reaction volume was made up to 10μl with nuclease-free water.  For 

control purposes, a blank (no DNA) reaction was included for each primer pair.  

Polymerase chain reactions (PCRs) were carred out on a G-storm GS4 cycler and 

typical cycling conditions were: 

 

Temperature (°C)      Time  

Initial denaturation:  98   2 minutes  

Denaturation:   98   10 seconds  

Annealing:   63 to 65  20 seconds     30 cycles 

Extension:   72   30 seconds  

Final extension:  72   6 minutes 

 

Product specificity was determined by fractionation on a standard 1% agarose 

(Sigma Aldrich) 50ml minigel, made up using 1XTris-borate-EDTA (TBE, diluted from 
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a 5X TBE stock made up as follows: 54g Tris Base, 27.5g Boric Acid, 20ml 0.5M 

EDTA (pH 8.0, adjusted using NaOH pellets) dissolved in deionised water, made up 

to 1 litre) and stained with ethidium bromide at a concentration of 0.5 μg/ml.  Product 

size was determined using Hyperladder I (Bioline) which was run in a parallel lane to 

the PCR-products. 

 

Genotyping of PCR-products was performed by combining 1μL of PCR-product 

(<400bp) was with 10μL molecular biology grade formamide (Sigma Aldrich) and 

0.15μL ROX 400HD (Applied Biosystems) which was subsequently loaded on to an 

Applied Biosystems 3730xl DNA Analyzer by the Genomics Core Facility (Medical 

Research Council, Clinical Sciences Centre). GeneMapper 3.7 software (Applied 

Biosystems) was used to determine allele size for each sample.  For quality 

purposes, duplicate DNA samples were included on each sample plate. 

 

Microsatellite genotype data was transferred, as a text file, to a relational database, 

BC|GENE (Biocomputing Platforms, Espoo, Finland).  Mendelian inheritance was 

confirmed using PedCheck (O'Connell and Weeks, 1998), Merlin Error (Abecasis et 

al., 2002) was used to highlight unlikely microsatellite genotypes and the Pedwipe 

function was used to removed those genotype calls that could not be resolved by re-

examination of the primary data. 
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Table 2.1) Chromosome 21 Microsatellite Primers 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Marker Studya Forward primer Reverse Primer 

D21S1437 G ATGTACATGTGTCTGGGAAGG TTCTCTACATATTTACTGCCAACA 

D21S2052 G GCACCCCTTTATACTTGGGTG TAGTACTCTACCATCCATCTATCCC 

D21S1909 F GATCAGCTGATTGGCCAGC CCTGGCAGCTGTGATTGTG 

D21S1440 G GAGTTTGAAAATAAAGTGTTCTGC CCCCACCCCTTTTAGTTTTA 

D21S2055 G AACAGAACCAATAGGCTATCTATC TACAGTAAATCACTTGGTAGGAGA 

D21S1260 F CCCAAGGCACTGTTCCTGC CATCCAAGGGGTTCTTCATCC 

D21S1411 G AGGATGGATAAATAGAACATAGGTAGA CCCACTCCCAGCCTTCTAA 

D21S1259 F GACCTTGTGCCTTGGTAAGTG GGACAAATGAGAAGGGACTGTA 

D21S1912 F CAGAGCCCACCCTGGTAAC CTTTGCCATCAGCCCTCATAC 

D21S1446 G ATGTACGATACGTAATACTTGACAA GTCCCAAAGGACCTGCTC 

G= genome-wide screen markers, F= fine-mapping markers 
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2.3) Linkage Analysis 

Non-parametric multipoint linkage analysis was carried out using Allegro 

(Gudbjartsson et al., 2000).  The FCHL and component lipid traits were dichotomised 

with affected status being defined as serum cholesterol level ≥95th age- and sex-

specific percentile level for the cholesterol trait, serum triglyceride level ≥90th age- 

and sex-specific percentile level for the triglyceride trait or both of these thresholds 

for combined hyperlipidemia trait.  Input files in ‘Linkage’ format were exported from 

BC|GENE and were viewed in Microsoft Excel. Analysis settings were listed in an 

accompanying options file and specified multipoint linkage analysis, using both the 

linear and exponential model (Kong and Cox, 1997), applying equal weighting to all 

families and the determination of exact P-values to accompany the calculated NPL 

scores.  

 

For quantitative trait analysis, raw triglyceride levels were first log transformed (using 

logarithm to the base e) in order to normalise their distribution.  Both cholesterol and 

log triglyceride levels were adjusted, by regression, for the effects of age, sex, BMI 

and their interactions; affected and unaffected individuals were normalised 

separately. Quantitative trait linkage analyses were carried out using Merlin Regress 

(Abecasis et al., 2002).  Input files were exported from BC|GENE.  The analysis 

model included trait means and variances and the estimated heritability of each trait.  

Heritability was estimated using the variance components linkage analysis (--vc) 

option of Merlin. 

 

Files for Ordered subset analysis (OSA) were prepared by myself using Microsoft. 

Excel.  OSA (version 2.1 (Hauser et al., 2004)) was implemented by Stuart Horswell 

and Guiyuan Lei. Specifically, at each “marker of interest” (a genotyped microsatellite 

itself or one of 4 interpolated points between genotyped markers) across 

chromosome 21, families were ranked according to their family specific LOD scores 

at an index marker (any other genotyped microsatellite marker, genome-wide). 

Adding families consecutively, in order of rank, LOD scores were recalculated after 

each addition until the subset producing the maximum LOD score at the index 

marker was identified. The “optimal slice” option of OSA was invoked so that the 

subset could be drawn from families clustered at any point in the ranking, not just at 

the high or low extremes. Baseline and OSA LOD scores were calculated using 

KACLOD (Kong and Cox, 1997), under a dominant model. The significance of the 

increase in LOD from baseline to OSA was assessed by a fitting skewed-normal 

distribution.  OSA data were subsequently viewed using Microsoft Excel. 
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2.4)  Candidate Gene Annotation 

Positional information for candidate genes was determined using the Ensembl 

genome browser (URL3).  In addition to literature searches using PubMed (URL4), 

expression data based on expressed sequence tags (ESTs), available in UniGene 

(URL5) were considered. 

 

2.5)  SNP Selection and Assay Design  

Non-synonymous coding SNPs were identified using Ensembl (URL3) and dbSNP 

(URL6) and were put forward for genotyping regardless of their minor allele 

frequency.  Linkage disequilibrium data, derived from Phases 1 and 2 of the 

International HapMap Project (URL7) and specific to Utah residents with Northern 

and Western European ancestry from the Centre d'Etude du Polymorphisme Humain 

(CEPH) collection (CEU), were used to identify tag-SNPs for each gene.   

 

AGPAT3, CBS, LSS and UBE2G2 tag-SNPs were identified by Illumina after 

definition of target intervals.  This SNP selection methodology employed a modified 

version of the ldSelect algorithm (Carlson et al., 2004), whereby the likely success of 

the SNP genotyping assay of a given marker using the Illumina GoldenGate 

genotyping platform was also incorporated into the selection process. ldSelect 

functions by grouping SNPs into ‘bins’.  Within each bin is at least one SNP whose 

genotype is highly correlated (r2>0.8) with that of all other SNPs in the same bin.   

 

SNPs residing in all other target intervals were genotyped using Sequenom 

MassARRAY iPLEX technology (Jurinke et al., 2002).  CEU data was downloaded 

from the International HapMap Project (Phases 1 and 2, release 24, URL7) and 

uploaded into Haploview (Barrett et al., 2005).  Tag-SNP selection was performed 

using the integrated function Tagger (de Bakker et al., 2005), using the pairwise 

tagging method and a minimum correlation between markers of r2=0.8.  Markers with 

a minor allele frequency below 1%, a genotype call rate of below 75% or a violation 

of Hardy Weinberg Equilibrium (P<0.001) in the reference dataset were excluded 

from the selection process.    

 

Sequenom multiplex genotyping assays were designed with the MassARRAY assay 

design software using ~300bp of flanking DNA sequence from both sides of each 

sequence variant.  Template DNA sequences were retrieved from the Ensembl 

database (URL3) and masked for other sequence variants.  Additionally, 
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RepeatMasker (URL8) was used to identify high copy number repeats in the template 

sequences.  

 

2.6) SNP Genotyping and Data Handling 

DNA samples were supplied to Illumina in 96-well plate format for genotyping.  Data 

were supplied on a DVD and genotype calls were made using the Illumina Bead 

Studio software which also allowed visualisation of cluster plots. 

 

For Sequenom genotyping, DNA samples were transferred to a 384-well format using 

a Biomek Robot (Beckman Coulter).  Duplicate samples and no-DNA wells were 

included on each DNA plate.  Reverse-phase cartridge purified oligonucleotides were 

supplied lyophilised from Eurogentec and were subsequently rehydrated using 

nuclease-free water.  Multiplex PCRs were carried out in 384-well plates in a volume 

of 5μL, which contained 2μL of template DNA (4ng/μL), 0.5U HotStar Taq 

polymerase (Qiagen), 1.625mM MgCl2, 1.25X PCR buffer (both supplied with Taq), 

500μM of each dNTP (Bioline) and a primer mix containing 100nM of each primer 

pair.  Touchdown PCR was carried out using a GS4 G-storm thermal cycler or MJ 

Research tetrad, using the following cycling conditions: 

 

   Temperature (°C)      Time  

Initial denaturation:  95   15 minutes  

Denaturation:   95   20 seconds  

Annealing:   65   30 seconds     4 cycles 

Extension:   72   1 minute  

Denaturation:   95   20 seconds  

Annealing:   58   30 seconds     4 cycles 

Extension:    72   1 minute  

Denaturation:   95   20 seconds  

Annealing:   53   30 seconds     38 cycles 

Extension:    72   1 minute  

Final extension  72   3 minutes      

 

Post-PCR steps were initially carried out by Marlene Attard or Petros Takousis at 

Imperial College Sequenom Genotyping Service and were subsequently completed 

by myself, using all reagents supplied in the Sequenom iPLEX reaction kit 

(Sequenom).  Unincorporated dNTPs were removed by 40 minutes incubation at 
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37°C with 0.51U Shrimp Alkaline Phosphatase (in a total volume of 7μL) followed by 

5 minute heat inactivation of the enzyme at 85°C.  For the extension reaction, an 

‘iPLEX Gold cocktail’ and extension primers were added to the plate. Extension 

primer concentrations were determined according to their mass.  

 

Reactions were carried out using a MJ Research tetrad under the following 

conditions: 

 

   Temperature (°C)     Time (seconds) 

Initial denaturation:  94   30 

Denaturation:   94   5 

 

Annealing:   52   5                          40 cycles 

               5 cycles 

Extension:   80   5  

Final extension:  72   180 

 

Products of the extension reaction were desalted by the addition of ‘clean resin’ and 

spotted onto a SpectroChip (both Sequenom), using the Sequenom MassARRAY 

nanodispenser. The chip was then transferred to a Bruker Daltonics Autoflex 

instrument for analysis by Matrix-Assisted Laser Desorption/Ionization-Time of Flight 

(MALDI-TOF) mass spectrometry. SNP genotypes were determined in MassARRAY 

Typer software (Sequenom) using the default clustering algorithm.  The defined 

clusters were then checked manually to ensure correct calling of SNP genotypes. 

 

Data obtained by Illumina and Sequenom genotyping methods were merged and 

transferred to BC|GENE.  Mendelian inheritance patterns were checked using 

PedCheck (O'Connell and Weeks, 1998) and adherence to Hardy-Weinberg 

Equilibrium of each SNP was verified in PLINK using the pedigree founders (Purcell 

et al., 2007).  Data from the 1000 Genomes project (URL9) was used as a reference 

for quality checks. 

 

2.7)  Genotype Imputation (in silico genotyping) 

Imputation of untyped markers in the chromosome 21 interval from 41.4 to 47.7Mb 

was performed using MaCH (Li et al., 2010) via the BC|GENE interface.  Genotyped 

markers with a genotyping success rate below 90% and a minor allele frequency 
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below 0.01 were excluded from the imputation process.   These criteria match those 

employed in a meta-analysis of lipid traits involving the Finland-United States 

Investigation of NIDDM Genetics (FUSION) cohort (Willer et al., 2008).   

 

All genotyped markers were manually aligned to the same DNA strand as the 

reference the data, with the underlying assumption that the rare and common alleles 

for A/T and G/C SNPs were the same in reference and FCHL cohort dataset.  

Reference datasets (Table 2.2) were pre-loaded into BC|GENE by the suppliers.  

Imputation model parameters were estimated using data for 239 probands, 244 

spouses or both and involved 100 iterations.  Imputation quality was estimated using 

the --mask option implemented in MaCH to mask 2% of the experimentally 

determined genotypes.  As recommended the program authors, imputed SNPs with 

an r2 value <0.5 were excluded from association analyses (URL10). 

 

Table 2.2) Reference Datasets for Genotype Imputation 
 

Reference Dataset Individuals SNPs in Interval 

1000 Genomes June 2010 60 CEU 17875 

HapMap Phase 2 90 CEU 5326 

 

 

2.8)  Multiple-Testing Correction and Power Calculations 

The effective number of statistical tests was estimated using data for all family 

members in SNPSpDlite (URL11) under the model proposed by Li and Ji (Li and Ji, 

2005; Nyholt, 2004).  Input files were prepared using BC|Gene and Microsoft Excel. 

 

Power calculations were performed in Quanto (URL12) for case-control and 

continuous trait outcomes, under the assumption of an additive inheritance model, an 

effect allele frequency of 10%, and an alpha threshold of 1.6x10-5.  For case-control 

scenarios, odds ratios ranging from 0.5 to 2.0 were considered.  For continuous trait 

calculations, SNPs were assumed to account for 0.25-2.0% of the trait variance. 

 

2.9)  Association Analyses of Genotyped and Imputed SNPs 

Fisher’s exact test was used to compare allele frequencies between FCHL probands 

and spouses (using an R script written by Stuart Horswell).  For quantitative trait 

association analysis, linear mixed effects models (LME) implemented in the R 



 57

package, Genome-Wide Association analyses with Family (GWAF) (Chen and Yang, 

2010) were used.  By this method, the R function ‘lmekin’ to is employed to account 

for within-family phenotypic correlation.  Raw triglyceride levels were log-

transformed.  Age, sex and BMI were included in the model as covariates and an 

additive genetic model was specified.  

 

Dichotomous trait association analysis was carried out using logistic regression via 

generalised estimating equations, in GWAF.  Individuals were dichotomised for FCHL 

triglyceride and cholesterol trait affection status as previously described (2.2).  For 

imputed markers, genotype dosages from the MaCH output files were used as input 

for the same quantitative and dichotomous analyses in GWAF. 

 

Illustrations of SNP positions (4.2) and association results (5.2) were produced using 

LocusZoom (URL13) (Pruim et al., 2010) and modified in Adobe Illustrator.  LD 

between SNPs was assessed using SNAP (URL14) (Johnson et al., 2008).  Potential 

effects of variants were assessed using SIFT (Ng and Henikoff, 2001) and Polyphen 

(Sunyaev et al., 2001).  Cross-species conservation was examined using VISTA 

(Frazer et al., 2004) in the UCSC Genome Browser (URL17). 

 

2.10)  Extraction of Global Lipid Genetics Consortium (GLGC) Data 

GLGC meta-analysis data were downloaded (URL15, (Teslovich et al., 2010)) and 

parsed using a UNIX-based system.  Specifically, data files for the total-cholesterol, 

LDL-cholesterol and triglyceride traits were downloaded to a Windows computer 

before transfer via FileZilla FTP client (URL16) to a UNIX machine.  A file (snps.txt) 

listing all dbSNP (release 130) markers residing in the chromosome 21 interval that 

extends from 40Mb to 21qter was compiled using the UCSC table browser (URL17) 

and also transferred to the UNIX machine.  The GLGC data were then parsed using 

the command line: 

fgrep -w -f snps.txt TC_ONE_Europeans.tbl > TCoutput.txt  

fgrep -w -f snps.txt TG_ONE_Europeans.tbl > TGoutput.txt  

fgrep -w -f snps.txt LDL_ONE_Europeans.tbl > LDLoutput.txt 

Output files were transferred back to a Windows machine using FileZilla FTP client. 

 

2.11)  Cell Culture and RNA Extraction  

McArdle rat hepatoma (McA-RH) 7777 cells (strain CRL-1601) were obtained from 

ATCC Biomaterials (via LGC Standards) at passage 68.  Cells were thawed, 
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according to suppliers instructions, and were then cultured in a T75 tissue culture 

flask, in high glucose (4500mg/litre) Dulbecco’s Modified Eagle Medium (Sigma 

Aldrich), supplemented with L-Glutamine (2mM, Sigma Aldrich), 10% heat-

inactivated fetal calf serum (BioSera) and 1X Penicillin/Streptomycin (Invitrogen) (in 

sum, complete culture medium) until sufficient numbers of cells had accumulated. 

 

At around 80% confluency, cells were transferred to 12-well plates at a density of 

2.5x105 per well.  In order to detach cells from the original culture vessel, medium 

was aspirated and cells were washed in phosphate buffered saline (PBS) to remove 

all traces of culture medium.  Cells were detached from the flask surface by the 

addition of 3ml TrypLE Express (Invitrogen) and a short (<5 minutes) incubation at 

37°C.  This suspension was neutralised by the addition of 7ml of complete growth 

medium.  Cell numbers were determined using a haemocytometer and cell counts 

were performed in duplicate.  After 24-hours in culture, medium was aspirated and 

replaced with 1ml complete medium containing either 100μM or 200 μM bezafibrate 

dissolved in dimethyl sulfoxide (DMSO, both Sigma Aldrich), or with DMSO alone (at 

a final concentration of 0.1%).  Cells were exposed to treatment conditions for 6 or 24 

hours prior to lysis and RNA extraction using the RNeasy Mini Plus Kit (Qiagen).   

 

To lyse cells, growth medium was removed from cell culture plate and 350uL RLT 

buffer (Qiagen) was added to each well.  Homogenisation was carried out by 

pipetting lysed cell suspension in to QIAshredder spin column (Qiagen) and 

centrifuging at 12000rpm for 1 minute.  RNA extraction from the cell homogenate 

was completed according to the manufacturer’s instructions and RNA was eluted into 

a volume of 40uL RNase free water (Qiagen).  RNA was quantified by duplicate 

measurements made using a Nanodrop (Thermo Fisher Scientific).  In order to verify 

RNA sample quality, absorption ratios were determined (A260/A280 to indicate DNA 

contamination and A260/A230 to indicate the presence of organic compounds).  Only 

those samples with an A260/A280 ratio ~2 and an A260/A230 ratio of ~1.8-2.2 were 

utilised in subsequent quantification reactions. 

 

2.12)  Quantitative, Real-Time Reverse Transcription (RT-q) PCR 

Rat homologs of target genes within the 21q22.3 refined FCHL linkage interval were 

identified using Qiagen Gene Globe database.  Initial RT-qPCR assays were 

supplied by Qiagen, with the exception of oligonucleotides specific to the three 

COL18A1 alternative transcripts (Table 2.3) which were designed using Primer-
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BLAST (URL18) and supplied by Eurogentec.  In addition, replacement primers for 

non-specific assays (Table 2.4) were redesigned using Primer-BLAST (URL18) and 

supplied by Eurogentec.  Where possible, oligonucleotides spanning intron-exon 

boundaries were chosen.  All oligonucleotides were supplied in the lyophilised state 

and were resuspended in 1.1ml Tris-EDTA (TE), pH 8 (Sigma Aldrich) and stored in 

200μL aliquots.   

 

All reactions were conducted using the Qiagen QuantiFast SYBR green RT-PCR kit, 

in 96-well non-skirted plates with compatible optical strip caps (both Stratagene).  

Reactions were performed in a total volume of 25μl, containing Master Mix (1X final 

concentration, containing HotStarTaq Plus DNA Polymerase, QuantiFast SYBR 

Green RT-PCR Buffer, SYBR Green I, and ROX passive reference dye), QuantiFast 

reverse transcriptase mix (excluded from no-reverse transcriptase control reactions), 

forward and reverse primers (1μM final concentration) and template RNA (10ng, 

unless constructing a standard curve).  For quantification reactions, three biological 

(different RNA samples) and three technical replicate wells (repeat experiment with 

same RNA sample) for each treatment condition were set up, per target gene assay 

and three independent experiments were performed.  No DNA and no reverse 

transcriptase control wells were also included for each sample/target gene assay. 

 

All reactions were carried out using an Mx3000P real-time cycler (Stratagene) and 

used the following conditions: 

 

Temperature (°C)  Time  

Reverse transcription:   50        10 minutes  

PCR initiation (hot start):  95           5 minutes 

Denaturation:    95        10 seconds 

Combined          40 cycles 

annealing/extension:    60        30 seconds  

 

At the end of the amplification cycles, melt curve analysis was performed by 

incrementally increasing the temperature from 55ºC to 95ºC.  The melt curve was 

generated using MxPro software (Stratagene), plotting the first negative derivative of 

the change in fluorescence against temperature.  Where the melt curve was 

indicative of a non-specific PCR reaction or of the formation of primer dimers 

(multiple peaks were present), RT-qPCR assays were redesigned (Table 2.4).
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Table 2.3) Rat COL18A1 Transcript Specific Primers 

 

Transcript Human mRNAa Forward Primer Reverse Primer Product Size (bp) 

Short NM_130445 GGACATGCTCACCAGTTTGG GTCTTCGACTTGGGAGATCTTC 135 

Medium NM_030582 CAGATTCTCAGACAACCGAGG GTCTTCGACTTGGGAGATCTTC 210 

Long NM_130444 CAGGAGGATGGGTACTGTGTG GTCTTCGACTTGGGAGATCTTC 116 

 a Human RefSeq accession for COL18A1 transcripts 
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Table 2.4) Redesigned Primers for Non-Specific RT-qPCR Assays 
 

Gene Forward Primer Reverse Primer Product Size (bp) 

AIRE GATGAGCAGAAAGTGAGCCAG  GTCACAGCAGATGAGCTCG 132 

LRRC3  CTAGGCTCTTCCGCAGGCGAAG  GCGAGCGTCCTTCCTCACGTT 74 

PDE9A  CATGGACCTGTTCTGTATCGC  GCTTGACAGCCACAGGTCTC 149 

SLC37A1   CCTGTGGTCTGATGCTACTGC  GACGGCAGTGGTGATCAGAG 146 

TFF2  CTTGGATGCTGCTTTGACTC  ACAGTCCTCAGGGCTGATGC 142 

UBASH3A  CTCACACACTCCGTCAGTGTC  CTCACCATGGCGTATGACCAG 66 

CRYAA  No alternative primer sites   

PWP2  No alternative primer sites    

bp=base pairs 
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2.13) Relative Quantification of mRNA Levels 

Before comparing target gene mRNA levels in bezafibrate-treated (test samples) and 

DMSO vehicle-treated cells (calibrator samples), the amplification efficiency of each 

set of primers was estimated, by using five concentrations of control RNA (100ng, 

10ng, 1ng, 100pg and 10pg) to generate a standard curve. Primer efficiency was 

calculated by determining the gradient of the line of best fit generated by plotting Ct 

against log RNA template concentration and using the following equation: 

E = 10(–1/S) (S is the slope of the standard curve) 

% Efficiency = (E – 1) x 100% 

Using this formula, a slope of -3.32 is equivalent to E=2 or 100% efficiency. 

Construction of these standard curves determined that the use of 10ng of template 

RNA was optimal for subsequent qRT-PCR reactions and template detection. 

 

Transcript levels in bezafibrate-treated (test) and DMSO vehicle-treated (calibrator) 

samples were normalised to levels of a reference gene, cyclophilin A (PPIA).  In 

order to select a suitable house-keeping gene as a reference, 18S ribosomal RNA 

(18S), cyclophilin A (PPIA) were tested using a dilution series.  Extremely high levels 

of 18S were detected (Ct<9.0) it was deemed to be unsuitable for use as a reference 

gene.  In contrast, PPIA levels (14.87≤Ct≥26.82) were within the range of test genes.  

PPIA has previously been utilised in gene expression studies following bezafibrate 

treatment (Chinetti-Gbaguidi et al., 2005) and where RNA was extracted from McA-

RH7777 cells (Bamji-Mirza et al., 2011). 

 

To calculate the abundance of test gene transcripts in test versus calibrator samples, 

relative quantification using 2-ΔΔCt method was performed (Livak and Schmittgen, 

2001).  First, the Ct of the target gene was normalised to that of the reference gene 

(PPIA) in both the test and calibrator samples: 

ΔCt (test) = Ct (target, test) – Ct (reference, test) 

ΔCt (calibrator) = Ct (target, calibrator) – Ct (reference, calibrator) 

 

Next ΔCt of the test samples was normalised to that of the calibrator: 

ΔΔCt =ΔCt (test) – ΔCt (calibrator) 

 

Finally, the expression ratio is calculated as: 

2-ΔΔCt  = normalised expression 
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A t-test was used to determine whether ΔΔCt was significantly different form zero.  It 

should be noted that the 2-ΔΔCt calculation is based upon the assumption that the 

target and reference genes have similar amplification efficiencies of ~100%.  

 

2.14) Interrogation of External Expression Datasets 

The data of Schadt and colleagues (Schadt et al., 2008) were accessed using the 

GTEx (Genotype-Tissue Expression) eQTL Browser (URL19) using relevant 

chromosome and SNP search criteria.  Adipose tissue eQTL data from the study of 

Nica et al., were searched using Genevar (URL20) (Nica et al., 2011; Yang et al., 

2010).  SNP-gene expression plots were also generated in Genevar.  Supplementary 

data from the microarray study of Plaisier et al., were transferred to BioMart (URL21) 

in order to link the Affymetrix probe names given to their corresponding genes 

(Plaisier et al., 2009).  Differentially expressed chromosome 21 genes were filtered 

from the complete dataset using Microsoft Excel. 

 

2.15) GPIHBP1 Sequencing 

The gene structure of GPIHBP1 was determined by alignment of its RefSeq mRNA 

sequence (accession number NM_178172) with the corresponding genomic interval 

using the UCSC genome browser (URL17). 189 FCHL patients and 48 controls were 

selected for sequence analysis.  Primers, designed to sequence the entire GPIHBP1 

coding region plus 871bp upstream of the translation start site, were obtained from 

Eurogentec (Table 2.5).  

 

10μL amplification reactions were carried out using a G-storm GS4 cycler. Each 

reaction used 15ng of DNA and 0.2 units of Phusion Taq polymerase (Finnzymes) as 

previously described (2.2).  Size and specificity of the PCR-product was verified as 

before (2.2).  In order to comply with strict laboratory regulations, I performed only 

the post-PCR processes.  PCR-products were purified by incubation at 37°C for 20 

minutes with 4μL of an Exonuclease I/Shrimp Alkaline Phosphatase (SAP) mix (0.8U 

of each, GE Healthcare), followed by a 15 minute inactivation step at 80°C. Direct 

sequencing was carried out with 1μL of this mix, using Big Dye Terminator chemistry 

and 3730xl sequencer (both Applied Biosystems).  Sequencing reactions were 

completed by the Medical Research Council Clinical Sciences Centre Genomics 

Core Facility.  Sequences were aligned and chromatograms were examined using 

ChromasPro (Technelysium, Australia). 
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Table 2.5) GPIHBP1 Sequencing Primers 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Target Forward primer sequence Reverse primer sequence 

Upstream sequence AGAGCCTCGACTCTGCACTC TTGTTTCCCTCCAGGACATC 

Upstream to Intron 2 CAGCACCACCTTCCACCT AGTGTCATGGTGAGCAGCAG 

Intron 1 ACTACAATGCCAGGGCACAC GCTCTGGGCAAGCATCGTG 

Intron 2 CGAGGAAGATGAGGATGAGG AGAAACCTGGAGGTGGGTCT 

Intron 2 CTGTGAGGCCCTCCTCTG AATGAGGGTTGTGCAGGTCT 

Exon 3 CAGCACAGCTTACAGGACCA GACATTGCACAGGCTGGAC 

Intron 3 toExon 4 ACGGGAACACCGGTAAGTG GCTGCAGATGGAGGAATTC 

Exon 4 GTCCAGCCTGTGCAATGTC GGCCCCATCCTCTTCATACT 

Exon 4 AGCCAGGCAGAGATGATACC CAGATCCATCCATGACACC 

Exon 4 GCAGTACCTGCTGGGCTTAG CCCAGCTAGGCATTGTGTGT 

Exon 4 CCTAGATCCCCACCAGTTCA GCATGTGCTATGTTCACACAT 
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2.16)  GPIHBP1 SNP Genotyping and Quality Checks 

GPIHBP1 haplotypes were generated in Haploview (Barrett et al., 2005), using 

patient/control sequence data.  Six haplotype tagging SNPs were selected using 

Tagger (de Bakker et al., 2005) as previously described (Table 2.6). 

 

SNPs were genotyped using the Sequenom Mass ARRAY iPLEX gold technology 

(methods described in section 2.4).  Genotyping assays (PCR and extension primers, 

Table 2.6) were designed using the MassARRAY assay design software and 

reverse-phase cartridge purified oligonucleotides were obtained from Eurogentec.  

Post-PCR laboratory processes were performed by Marlene Attard at Imperial 

College Sequenom Genotyping Service.  SNP genotypes were determined, by 

myself, using MassARRAY Typer software. 

 

Integrity of duplicate and blank samples was confirmed.   PedCheck (O'Connell and 

Weeks, 1998) was used to confirm Mendelian inheritance of all SNPs.  Minor allele 

frequencies and Hardy-Weinberg Equilibrium P-values were calculated using 

maximum likelihood estimation in SOLAR, taking relatedness into account (Almasy 

and Blangero, 1998). 

 

 



 

66

 
Table 2.6) GPIHBP1 SNP Genotyping Primers for the Sequenom MassARRAY System 
 
 

Variant First PCR primera Second PCR primera   Extension primer 

rs61747644   ACAGCAAGAGGGCAAGCAG ACTCAGAGTCAGGGACACAG GGCGAGATGAAGGCGCT 

rs11538389  ACCGCAGGGTTACCCTTTG ACTCAGAGTCAGGGACACAG GCTTGCCCTCTTGCTGT 

rs11538388   AGATGACTACGACGAGGAAG ATACCTCTGCTCCTGCCAC CCTGTTGGTCTCCTCCTCTTC 

rs10746561   AGCATGCCCCACCACACACA ACACCTCGTGGGTGTGTGG GTGTGTGGGGCAGGGCTC 

rs10866908 TCACAGAAACCTGGAGGTGG ACGAGGTGTCCCCTGTGAG GAGGCCCTCCTCTGCCA 

c.295+52delA GACCTGCACAACCCTCATTG TGGCTCTGCAGGGCTCTGTT GGCTCTGTTCCGGGCCCC 
a All PCR primers prefixed with: ACGTTGGAT 
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2.17)  GPIHBP1 Genotyping in Additional Cohorts  

White British combined hyperlipidemia patients were recruited as previously 

described (Naoumova et al., 2003).  Additional patients with combined hyperlipidemia 

were drawn from the University of California, San Francisco Genomic Resource in 

Atherosclerosis (Pullinger et al., 1995). Exclusion criteria were as described in 

(Naoumova et al., 2003).  All cases were of Caucasian descent and were recruited 

on the basis of fasting plasma cholesterol levels ≥95th percentile level (age- and sex-

matched) and plasma triglyceride levels ≥90th percentile level (age- and sex-

matched), using percentiles from the Lipid Research Clinic as a reference (Heiss et 

al., 1980). White British controls were recruited from general medical practices 

across west London.  Control groups comprised healthy individuals, who were not 

taking any lipid-lowering medication. 

 

Hypertriglyceridemic cases of White-European ancestry were selected from the 

University of California, San Francisco Genomic Resource in Atherosclerosis 

(Pullinger et al., 1995) and from Lipid Clinics in Leiden/Amsterdam in the 

Netherlands.  Cases were chosen on the basis of fasting plasma triglyceride levels 

>2.26mmol/l (200 mg/dl).  Study participants were not taking lipid-lowering 

medications at the time that plasma lipid measurements were recorded.  

Demographically matched controls were chosen on the basis of fasting plasma 

triglyceride <1.70mmol/l (150 mg/dl). 

 

Participants of the Northwick Park Heart Study II (NPHSII) were recruited as 

previously described (Miller et al., 1995; Talmud et al., 2002).  Briefly, the study 

comprised 3052 men, aged 50 to 61 years, recruited from nine general medical 

practices, for prospective surveillance.  All men were free of CHD at the start of the 

study.  CHD events recorded were fatal and non-fatal myocardial infarction, plus 

coronary artery surgery and silent myocardial infarction on the follow-up ECG.  

Genotyping was performed by Philippa Talmud at University College London. 

 

Participants in the Southampton Atherosclerosis Study (SAS) were recruited from 

patients undergoing interventional or diagnostic coronary angiography in the Wessex 

Cardiothoracic Unit, Southampton General Hospital as previously described (Ye et 

al., 2003).  All individuals were males of Caucasian descent and had >50% diameter 

stenosis in at least one major epicardial coronary artery.  Genotyping was performed 

by Shu Ye at Queen Mary, University of London. 
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2.18)  GPIHBP1 Association Analysis 

Association analysis of the GPIHBP1 SNPs with cholesterol and triglyceride levels in 

the FCHL families was performed using the R package GWAF, under an additive 

model, including age, sex and BMI as covariates (Chen and Yang, 2010).  

Triglyceride levels were log-transformed in order to normalise the data. 

 

The combined hyperlipidemia and hypertriglyceridemia case-control cohorts were 

analysed by logistic regression in PLINK (Purcell et al., 2007), using an additive 

model.  Since the British and UCSF combined hyperlipidemia cohorts were 

ascertained using the same criteria, a joint analysis of these groups was performed.  

Similarly, the Dutch and UCSF hypertriglyceridemia cohorts were analysed jointly.   

 

To perform combined analysis of both the FCHL families and the case-control 

cohorts, the Z-method, implemented in the program METAL (Willer et al., 2010), was 

used.  In order to accommodate the unequal numbers of cases/controls in the 

individual groups, the effective sample size of each study (Neff) was calculated using 

the formula: Neff = 4/(1/Ncases+1/Nctrls).  

 

SAS data were analysed using linear regression in PLINK (Purcell et al., 2007).  BMI 

and smoking status (current, previous or never) were incorporated as covariates.  In 

addition, data were analysed using logistic regression by dichotomising study 

participants according to ‘young’ ≤62.4 or ‘old’ >62.4 age of onset.  Age cut-offs were 

defined by the median age of the cohort.  Genotypic association analysis of the 

NPHSII data was performed by Philippa Talmud at University College London. 
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Chapter 3 –  Evidence for an FCHL-Susceptibility Locus (Loci) on 

Chromosome 21q 

 

3.1) Introduction 

 

3.1.1) Linkage-Based Approaches in Disease Gene Mapping 

Towards the end of the 20th century, linkage analysis on a genome-wide scale 

became feasible.  Using naturally occurring DNA variations, typically microsatellites, 

one can track the segregation of a given marker(s) with a phenotype in pedigrees, 

thus identifying potential disease susceptibility loci.  Such loci can then be the focus 

of subsequent genetic and functional assays with the ultimate aim of finding the 

defective gene/causative mutation.  These methodologies have generated a wealth 

of success stories in disease gene identification, particularly when applied to 

Mendelian disorders such as cystic fibrosis (Riordan et al., 1989) and Tangier’s 

disease (Brooks-Wilson et al., 1999).   

 

Family-based linkage analyses have also facilitated the identification of genes that 

underlie disorders with a complex inheritance pattern, such as BRCA1 in some cases 

of breast cancer (Hall et al., 1990; Miki et al., 1994), EDNRB in some cases of 

Hirschsprung’s disease (Puffenberger et al., 1994) and NOD2/CARD15 in some 

cases of Crohn’s disease (Hugot et al., 2001; Hugot et al., 1996).  Nevertheless, a 

significant hurdle in mapping complex traits by linkage analysis is that the phenotype 

under consideration is likely result from different combinations of genetic variants, 

found in different genomic locations, in different families/individuals, so-called genetic 

heterogeneity.  This can dilute the linkage signal unless appropriate steps are taken 

to accommodate genetic heterogeneity in linkage analysis. 

 

In the case of early onset breast cancer, the chromosome 17q region harbouring 

BRCA1 was identified as a susceptibility locus by considering the cumulative LOD 

score in a subset of 23 extended families with 146 cases of breast cancer, ranked by 

age of onset (Hall et al., 1990).  Thus a cumulative LOD score of greater than 5 was 

attained for those families with an average age of diagnosis of 48 years or below.  A 

sharp drop to a negative cumulative LOD score was observed once the average age 

of diagnosis exceeded 52 years.  This approach illustrated a simple means of 

addressing heterogeneity in linkage analysis of a complex disease, focussing upon a 

subset of more genetically homogenous (early-onset) families.  Likewise, the 
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identification of the EDNRB Hirschsprung’s disease locus was aided by linkage 

studies in a large inbred Old Order Mennonite community (Puffenberger et al., 1994), 

an isolated population, also therefore more genetically homogeneous.   

 

The identification of NOD2 as a Crohn’s disease (CD) gene was a notable success 

for linkage analysis in complex trait genetics (Hugot et al., 2001; Hugot et al., 1996).  

Subsequently, three common NOD2 polymorphisms (R702W, G908R and 

L1007PfsX2) were associated with Crohn’s disease in both family-based and case-

control studies (Cuthbert et al., 2002; Hampe et al., 2001; Hugot et al., 2001).  In one 

study involving 429 British CD patients and 290 controls, R702W was present at a 

frequency of 9.1% in cases compared to 3.5% in controls (P=0.0001), whilst the 

G908R polymorphism occurred at a frequency of 3.4% of CD patients versus 0.6% of 

controls (P=0.0014) and L1007PfsX2 had an allele frequency of 6.6% in cases 

compared to 2.1% of controls (P=0.0002).  A dosage effect of these polymorphisms 

was observed in this investigation and in a subsequent meta-analysis of 37 studies 

involving individuals of Caucasian (non-Jewish) descent (Cuthbert et al., 2002; 

Economou et al., 2004).  In the meta-analysis, carriers of one copy of R702W, 

G908R or L1007PfsX2 had an odds ratio for CD of 2.20 (95% CI: 1.84–2.62), 2.99 

(95% CI: 2.38–3.74), and 4.09 (95% CI: 3.23–5.18)] respectively (Economou et al., 

2004).  In carriers of two or more alleles this increased to 17.1 (95% CI: 10.7–27.2).  

However, whilst at least one of the three NOD2 variants occurred in ~36% of the 

British CD patients (Cuthbert et al., 2002), their combined frequency of ~7.8% in a 

study of in 3575 healthy Caucasian controls (Hugot et al., 2007) demonstrates that 

they are neither necessary nor sufficient for CD development and that other genetic 

(and/or non-genetic) factors are involved. 

 

3.1.2)  Improving Linkage Signal Strength and Resolution by Fine-Mapping  

Following a genome-wide screen, a common first-line approach in the interrogation of 

a linkage interval is to fine-map the region, in order to extract further genetic 

information from the study cohort.  Computations using nuclear families indicate that 

an increase in marker density from 1 marker per 10cM (the standard genome-wide 

screen density) to a density of 1 per 2cM makes it possible to extract almost 100% of 

the genetic information available (Atwood and Heard-Costa, 2003; Evans and 

Cardon, 2004).  It is argued that an increase in marker density will increase the 

strength of a true positive linkage signal (Wiltshire et al., 2005) and in turn improve 

the resolution of linkage interval.  In doing so, one can reduce the number of 
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plausible candidate genes that warrant further investigation in the search for disease-

causing variants/mutations.  

 

In a theoretical example involving 200 nuclear families, each comprising 7 

individuals, and a quantitative trait locus (QTL) explaining 20% of trait variance, an 

increase in marker map density from 1 per 10cM to 1 per 2cM, decreased the error in 

localisation of a linkage signal by ~15% (Atwood and Heard-Costa, 2003).  Narrowed 

linkage regions (defined as peak LOD-score minus 1) were obtained in studies of 

bipolar disorder (interval 5cM narrower) (Schulze et al., 2003) and schizophrenia 

(interval 7cM narrower) (Levi et al., 2005) following fine-mapping which decreased 

the average marker density to ~1 per 1cM and ~1 per 1.7cM respectively. 

 

3.1.3) Incorporating Heterogeneity into Linkage Analysis of Complex Traits 

One approach in dealing with heterogeneity in linkage analysis of complex traits is 

the use of admixture modelling, first proposed by Smith in 1963 (Smith, 1963), in the 

calculation of a heterogeneity LOD (HLOD) score (Ott, 1999).  In this methodology, 

heterogeneity is viewed as the presence of two family types, those whose disease 

gene is either linked or unlinked to the marker in question. Heterogeneity is modelled 

as a single parameter (defined as α) which represents the probability that a family 

falls into the ‘linked’ category, although is often (mis)interpreted as the proportion of 

families that are ‘linked’ (Lin and Biswas, 2004).  This parameterisation means that 

the probability of being ‘linked’ is the same for all families, an assumption which is 

unlikely to be true in a real family-based dataset.  The use of the α parameter also 

assumes that all families, linked and unlinked are identically distributed which in 

practical terms is inevitably not the case: families tend to exist in various sizes and 

structures (Lin and Biswas, 2004).  Likewise, errors in disease model specification, 

required for the parametric HLOD approach, can lead to a decrease in power to 

detect linkage or biased estimates of α, leading Whittemore and Halpern to advise 

against this approach (Whittemore and Halpern, 2001).   

An alternative methodology to address heterogeneity in complex trait genetics was 

proposed by Hauser and colleagues (Hauser et al., 2004).  Ordered Subset Analysis 

(OSA) subsets the pedigrees studied on the basis of a family-specific, trait-related 

covariate, without a priori specification of the subset, in order to identify the subset of 

families that contribute maximally to the linkage signal.  The result of OSA is to 

increase the linkage score, potentially also narrowing the linkage interval, and also to 

define a more homogenous sample of families for whom the same gene may underlie 
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their phenotype.  In defining the trait-related covariate the list of candidate disease 

genes warranting further investigation could also be refined. 

The OSA methodology has been applied to a number of datasets, including that of 

346 families participating in the Genetics of Early Onset Cardiovascular Disease 

linkage study (Hauser et al., 2004; Shah et al., 2006).  Maximum-OSA-LOD family 

subsets were identified based upon average family lipoprotein values (using all 

affected individuals in a family).  For example, a subset of 120 families ranked 

according to descending HDL:TC ratio produced an OSA LOD of 5.10 on 

chromosome 3q, compared to a overall genome-wide LOD of 2.24 for early onset 

CAD, using all family data (P=0.008).  Subsequent phenotypic characterisation of 

these 120 families revealed that they had significantly lower triglycerides, total and 

LDL-cholesterol and higher HDL-cholesterol when compared to the non-OSA subset 

families leading the authors to conclude that this interval exerts an effect upon early 

onset CAD in the absence of traditional lipid risk factors (Shah et al., 2006). 

 

3.1.4) Previous Genome-Wide Linkage Screens for FCHL   

Previous genome-wide linkage studies for FCHL have involved cohorts of British 

(Naoumova et al., 2003), Dutch (Aouizerat et al., 1999) and Finnish (Pajukanta et al., 

1999) families.  These studies highlighted a number of susceptibility loci that 

potentially contribute to FCHL-lipid traits, most notably the 1q21–23, 8p23.3-22 and 

11p14.1–q12.1 chromosomal regions.  

 

The chromosome 1q21-23 interval was initially identified in Finnish families through 

linkage analysis targeted to ten regions of the genome harbouring known lipid-

metabolism genes.  Assuming a dominant mode of inheritance, a two-point LOD 

score of 5.93 was returned between markers D1S104 and D1S1677 (Pajukanta et 

al., 1998).  A subsequent multipoint analysis of genome-wide scan data from a total 

of 35 Finnish families (31 from the previous study) supported the initial findings 

(Pajukanta et al., 1999).  Likewise, combined analysis of the Dutch and Finnish 

genome-wide datasets implicates the locus in the susceptibility to the FCHL-

triglyceride trait (Pajukanta et al., 2003). Association analysis in 60 Finnish FCHL 

families (721 genotyped individuals) implicated the upstream stimulatory factor 1 

(USF1) gene in the inheritance of FCHL lipid traits.  In particular, transmission of the 

haplotype of rare alleles for SNPs rs3737787 and rs2073658 was reduced to men 

affected by the FCHL-triglyceride trait (P=0.004) therefore suggesting a protective 

role for this haplotype (Pajukanta et al., 2004).  USF1 is a transcription factor 
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involved in the regulation of numerous lipid metabolism genes (Moore et al., 2003; 

Ribeiro et al., 1999; Salero et al., 2003).  Whilst no obvious deleterious mutations 

have been indentified, the intronic variant rs2073658 resides on a conserved section 

of DNA thought to bind nuclear proteins and be important in modulating USF1 

expression (Naukkarinen et al., 2005). 

 

Linkage to chromosome 11p14.1-q12.1 was first recorded in the Dutch genome-wide 

screen (Aouizerat et al., 1999).  Data were analysed by considering FCHL as a 

dichotomous trait where affected family members had either elevated plasma 

triglyceride (>2.3mmol/l, cholesterol (>6.5mmol/l) or apoB (>2 standard deviations 

above mean age-adjusted levels).  In multipoint analysis, involving 18 families, a 

maximum LOD score of 2.6 was obtained at 62cM (Aouizerat et al., 1999).  

Subsequently, a genome-wide screen involving 45 white-British FCHL families, 

obtained a NPL score of 2.9 for the FCHL-triglyceride trait (defined as serum 

triglyceride levels >90th percentile age- and sex- specific values) at 49cM on 

chromosome 11p (Naoumova et al., 2003) 

 

Evidence from a non-FCHL study supports the finding that the 8p23.3-22 genomic 

interval contains a QTL for total cholesterol level.  Initial data from the British FCHL 

cohort generated a LOD score of 2.20 for a serum QTL at 8.3 cM (Naoumova et al., 

2003).  This finding was corroborated in a study of 459 families with atherogenic 

dyslipidemia (defined as plasma triglyceride ≥75th percentile and serum HDL-

cholesterol ≤25th percentile adjusted for age, gender and population), where a LOD 

score of 4.05 was calculated at 15cM (Yu et al., 2005). 

 

In summary, although evidence strongly implicates three genomic regions in the 

aetiology of FCHL, more susceptibility loci/disease genes remain to be identified.  It 

is worth noting that though the 1q21-23 interval contributes to FCHL in Finnish 

families, there is no evidence of linkage to this interval in British FCHL families 

(LOD<0.3).  Also, linkage analysis suggests that less than half of the British FCHL 

cohort contribute to the positive linkage signals detected on chromosomes 8 and 11 

(Naoumova et al., 2003). Since FCHL linkage studies to date have utilised small 

cohorts of families (45 in the 2003 British genome-wide screen), further assessment 

of FCHL aetiology using a larger, better-powered FCHL cohort and analysis methods 

that take into account the genetic heterogeneity of the condition is an appropriate 

approach to take in order to identify additional FCHL susceptibility loci, with the 

ultimate aim of discovering causative genetic variants. 
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3.2) Results 

 

3.2.1) Identification of a Chromosome 21q22.2-22.3 FCHL Susceptibility 

Locus 

A total of 400 genome-wide microsatellite markers (screening set 16) were 

genotyped in 1404 individuals from 182 extended white-British FCHL families (Table 

3.1) by the Marshfield Mammalian Genotyping Service.  Linkage analyses were 

performed by considering the component lipid traits of the FCHL phenotype as 

dichotomous traits, consistent with previous FCHL linkage studies (Naoumova et al., 

2003; Pajukanta et al., 1999).  The strongest linkage signal to emerge from these 

analyses was found on chromosome 21q.  In light of this result, the initial linkage 

analyses and subsequent fine-mapping of this interval are described in more detail 

below and further examination of this region is described in subsequent chapters of 

this thesis. 

 

As part of the initial genome-wide linkage screen, six chromosome 21 microsatellite 

markers (markers indicated by ‘G’, Table 3.2) were genotyped in the FCHL families.  

Linkage analyses produced maximum non-parametric LOD (NPL) scores of 3.00 

(P=1.8x10-3) at marker D21S1411 (51cM, 44.16Mb) and 2.64 (P=5.1x10-3) at marker 

D21S1446 (57.8cM, 48.04Mb), for the triglyceride and cholesterol traits, respectively.   

No evidence of linkage was found when data were dichotomised according to 

affection for the triglyceride and cholesterol traits combined (NPL=0.55 and 1.44 at 

51cM and 57.8cM, respectively).  The 1-LOD support interval of the triglyceride 

linkage peak, (i.e. the interval surrounding the linkage peak where NPL=maximum 

NPL-1) spans approximately 5.3Mb on chromosome 21q22.2-22.3.  In comparison, 

for the cholesterol peak, the 1-LOD support interval spans around 8.6Mb. 
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Table 3.1) Descriptive Data Relating to 182 FCHL Cohort Families Genotyped 
for Chromosome 21 Mircosatellite Markers 

All Subjects 90TG Affecteda 95TC Affectedb

N (Male/Female) 700/704 313/228 339/220

Age (years) 44.33±15.93 46.49±15.28 47.23±14.52

BMI (kg/m2) 25.20±3.75 26.24±3.13 25.99±3.01

Serum Triglyceride (mmol/l) 1.74 3.44 3.08

Serum Cholesterol (mmol/l) 6.37±1.63 7.36±1.64 7.85±1.25

Affected Sibling Pairs (N) 236 237

Affected Relative Pairs (N) 654 705

Age, BMI and lipid levels are mean ± standard deviation unless stated 
a 90TG=triglyceride ≥90th percentile age- and sex-specific value 
b 95TC=cholesterol ≥95th percentile age- and sex-specific value 
c Median values 

 

 

Table 3.2) Chromosome 21 Microsatellite Markers Genotyped in FCHL Cohort  

  Position   

Marker Studya cM Mb Heterozygosityb Size Range (bp)c 

D21S1437 G 13.00 21.65 0.79 103-155 

D21S2052 G 25.00 28.82 0.85 96-166 

D21S1909 F 28.48 32.50 0.83 232-250 

D21S1440 G 37.00 39.14 0.69 145-181 

D21S2055 G 40.00 41.19 0.84 105-213 

D21S1260 F 46.71 42.80 0.75 200-214 

D21S1411 G 51.00 44.16 0.87 264-340 

D21S1259 F 52.50 45.32 0.67 208-228 

D21S1912 F 53.05 45.58 0.82 173-205 

D21S1446 G 57.80 48.04 0.73 187-235 
a G indicates markers genotyped in the genome-wide screen.  F indicates markers 

typed in fine-mapping 
b Calculated in FCHL cohort using PedStats (Wigginton and Abecasis, 2005). 
c According to Marshfield Mammalian Genotyping Service marker information. 
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3.2.2) Fine-Mapping Strengthens the Evidence of Linkage for FCHL-Lipid 

Traits with Chromosome 21q22.2-22.3 

Four additional microsatellite markers (D21S1909, D21S1260, D21S1259 and 

D21S1912) were genotyped, in order to extract further genetic data from the 182 

FCHL cohort families (Table 3.2).  Markers were selected on the basis of their 

distance from and interpolation between other genotyped markers and also their 

estimated levels of heterozygosity, thus ensuring that the most informative markers 

were chosen.  Marker density was increased from approximately one marker per 

5.93cM to one per 2.97cM, across the region of linkage. 

 

On completion of inheritance and haplotype checks, 5501 genotypes were added to 

the 8890 genotypes accrued previously. Non-parametric linkage analysis using the 

combined dataset, comprising 10 microsatellite markers, was performed. The 

maximum NPL score for the FCHL-triglyceride trait was increased from 3.00 to 3.35 

at marker D21S1411 (51cM, 44.16Mb, P=6x10-4, 1-LOD support interval refined from 

~5.3 to ~4.9Mb) and for the FCHL-cholesterol trait at marker D21S1446 (57.8cM, 

48.04Mb) was increased from 2.64 to 2.97 (P =2x10-3, 1-LOD support interval refined 

from~8.6 to ~8.3Mb) (Figure 3.1, Table 3.3).  Analysis of total plasma cholesterol as 

a quantitative trait gave a maximum QTL LOD score of 1.97 (P =1.3x10-3) at 46.7cM 

(Figure 3.1, Table 3.3).  The maximum triglyceride QTL LOD score was 0.724 at 

marker D21S2055 (40cM, 41.19Mb). 
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Figure 3.1) Chromosome 21 Linkage Analysis 
Linkage curves are illustrated for Allegro analysis of the FCHL triglyceride, cholesterol and combined dichotomous traits. Merlin-regress 

analysis of cholesterol level as a quantitative trait is also shown. Non-parametric LOD scores are plotted against Kosambi centi-Morgan (cM) 

distance along the chromosome, with some corresponding megabase (Mb) distances also marked. 1-LOD support intervals are marked by 

triangles. A QTL for serum triglyceride level in the syntenic region of the rat genome is shown.
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3.2.3) Heterogeneity Analysis Increases Evidence of Linkage of FCHL Lipid 

Traits to Chromosome 21q22.3 

In order to incorporate the effects of potential heterogeneity on the 21q22.2-22.3 

FCHL linkage signals, OSA was implemented.  Family-specific LOD scores at a 

conditioning marker (any of those genotyped in the original genome-wide screen, 

plus 4 interpolated steps between these markers) were used as the ranking 

covariate. As required in the OSA methodology, LOD scores were calculated using 

the KACLOD approach (Kong and Cox, 1997). 

 

The strongest OSA linkage signal for the triglyceride trait was again detected at 

marker D21S1411 (51cM, 44.16Mb).  Specifically, the maximum OSA-LOD score 

was 6.26, calculated using data from a subset of 102 families (56%), indexed 

according to their family-specific LOD scores at marker D6S1022 on chromosome 6.  

This finding was supported by the calculation of six further OSA-LODs >5 at marker 

D21S1411, obtained using index markers at five additional chromosomal locations 

and overlapping family subsets (Table 3.3, Figure 3.2).     

 

Three OSA linkage signals were detected for the FCHL-cholesterol trait (Table 3.3, 

Figure 3.3).  At marker D21S1411 (51cM, 44.16Mb), a maximum OSA-LOD of 5.87 

was obtained using a subset of 47 families (26%), ranked according to their family-

specific LOD scores at ~52.2cM (42.7Mb) on chromosome 14 .  In comparison, the 

maximum OSA-LOD score at marker D21S1446 (57.8cM, 48.04Mb) was 6.14 and 

was generated using a subset of 101 families (55%) ranked according to their family-

specific LOD score at D1S1653 (164.1cM, 157.93Mb) on chromosome 1.  This signal 

was supported by eight further OSA-LODs >5 at the same locus, obtained using 

different, but overlapping family subsets ranked at index markers on chromosomes 2, 

3, 5, 6, 7, 10, 13 and 17.  The third OSA-linkage signal was detected outside of the 

original 21q22.2-22.3 FCHL linkage interval, between markers D21S1909 and 

D21S1440 (~36.5Mb).  Here, an OSA-LOD of 5.27 was obtained using a subset of 57 

families, ranked according to their family-specific LOD-scores at marker TTCA006 

(106.1cM, 75.60Mb) on chromosome 17. 
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Table 3.3) Chromosome 21 Loci with OSA LODs >5 
 
   LOD Scores     

Traita Nearest Marker Position (cM) Baseline OSA Difference P-Value Index Locusb Families (N) Overlap (N) 

Triglyceride D21S1411 51.0 1.96 6.26 4.30 9.5x10-8 6:31 102  

Supporting evidence: 51.0 1.96 5.85 3.90 2.4x10-6 1:21 36 21 

  51.0 1.96 5.81 3.85 3.4x10-6 19:32 69 55 

  51.0 1.96 5.72 3.77 6.3x10-6 9:75 87 63 

  51.0 1.96 5.48 3.52 3.4x10-5 12:55 95 71 

  51.0 1.96 5.40 3.44 5.9x10-5 22:29 79 59 

  51.6 1.88 5.25 3.37 9.2x10-5 7:1 91 61 

Cholesterol D21S1446 57.8 2.22 6.14 3.92 1.0x10-5 1:86 101  

Supporting evidence: 57.8 2.22 5.88 3.66 5.2x10-5 2:50 84 62 

  57.8 2.22 5.46 3.24 0.0005 13:19 135 81 

  57.8 2.22 5.44 3.22 0.0006 10:19 109 70 

  57.8 2.22 5.31 3.09 0.0011 7:30 120 80 

  57.8 2.22 5.23 3.01 0.0015 3:40 143 86 

  57.8 2.22 5.17 2.95 0.0020 17:54 122 82 

  57.8 2.22 5.12 2.91 0.0025 6:55 112 75 

  57.8 2.22 5.05 2.83 0.0035 5:17 94 68 

Cholesterol D21S1411 51.0 1.01 5.87 4.86 1.3x10-8 14:19 47  

Cholesterol D21S1909 33.6 0.50 5.27 4.77 2.6x10-8 17:61 57  
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a Dichotomous traits: triglyceride, affected=triglyceride≥90th age- and sex-matched percentile level; cholesterol, affected=cholesterol≥95th age- and 

sex-matched percentile level 

             b Chromosome:Marker at which families are ranked by LOD score
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Figure 3.2) OSA Strengthens Evidence for a Triglyceride Trait Susceptibility Locus at 51cM on Chromosome 21q22.3  
Subsets of FCHL cohort families, ranked at seven independent index loci produced OSA LOD scores greater than 5.  Baseline LOD score is 

indicated by black line, subset LOD scores by other colours. 
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Figure 3.3) OSA Provides Evidence for Multiple FCHL-Cholesterol Trait Susceptibility Loci on Chromosome 21q 
Subsets of FCHL cohort families, ranked at eleven independent index loci produced OSA LOD scores greater than 5.  Baseline LOD score is 

indicated by black line, subset LOD scores by other colours.  Peak OSA-LOD scores were focussed at 33.6, 51.0 and 57.8cM. 
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The results of OSA overall led to an increase in the strength of the initial genome-

wide and fine-mapping linkage signals for FCHL-lipid traits on chromosome 21q22.3 

as well as narrowing the 1-LOD support intervals surrounding each linkage peak 

(Table 3.4).  The combined 1-LOD support intervals, for the 51cM cholesterol and 

triglyceride peaks, span ~3.8Mb, from 43.3-47.1Mb, on chromosome 21q22.3.  This 

interval, (from this point forward referred to as the 21q22.3 FCHL linkage interval) will 

be the major focal point of subsequent studies described in Chapters 3, 4 and 5. 

 
 
Table 3.4) Increased Strength and Specificity of Chromosome 21q22.3 Linkage 
Signals by Fine Mapping and Heterogeneity Analysis 

  GW-screen Fine-mapping  OSA 

Trait Peak Marker NPL 
1-LOD 
support 

NPL 
1-LOD 
support 

 Subset 
LOD 

1-LOD 
support 

90TG D21S1411 3.00 5.3 3.35 4.9  6.26 3.6 

95TC D21S1411 2.14 13.2 2.20 5.0  5.87 3.3 

95TC  D21S1446 2.64 8.6 2.97 8.3  6.14 1.2 

GW=genome-wide 

90TG=triglyceride ≥90th percentile age- and sex-specific value 

95TC=cholesterol ≥95th percentile age- and sex-specific value 

 

 

 

3.2.4) Gene Content of the 21q22.3 FCHL Linkage Interval 

Data-mining of the Ensembl genome browser (URL3) revealed that the refined 3.8Mb 

linkage interval contains 61 known protein-coding genes (defined as those genes 

with curated RefSeq protein records, Table 3.5).  The interval also encodes six genes 

with predicted open reading frames but where evidence of protein expression and 

functional characterisation is currently lacking, as well as seven pseudogenes and 20 

known or predicted non-coding RNAs.  There are no known microRNA genes within 

the region. 
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Table 3.5) Protein Coding Genes within 21q22.3 FCHL Linkage Interval  

Gene Symbol Gene Name Positiona 

C2CD2 C2 calcium-dependent domain containing 2 43,305,221-43,373,999 

ZNF295 Zinc finger protein 295 43,406,940-43,430,496 

UMODL1 Uromodulin-like 1 43,483,068-43,563,105 

ABCG1 ATP-binding cassette, sub-family G, member 1 43,619,799-43,720,714 
TFF3 Trefoil factor 3 (intestinal)  43,731,777-43,735,761 

TFF2 Trefoil factor 2 43,766,466-43,771,237 

TFF1 Trefoil factor 1 43,782,391-43,786,703 

TMPRSS3 Transmembrane protease, serine 3 43,791,999-43,816,955 

UBASH3A Ubiquitin associated and SH3 domain containing A  43,824,008-43,867,791 

RSPH1 Radial spoke head 1 homolog 43,892,596-43,916,464 

SLC37A1 Solute carrier family 37, member 1 43,916,128-44,001,550 
PDE9A Phosphodiesterase 9A 44,073,746-44,195,619 

WDR4 WD repeat domain 4 44,263,204-44,299,678 

NDUFV3 NADH dehydrogenase (ubiquinone) flavoprotein 3 44,299,754-44,427,677 

PKNOX1 PBX/knotted 1 homeobox 1 44,394,620-44,453,692 

CBS Cystathionine beta synthase 44,473,301-44,497,053 
U2AF1 U2 small nuclear RNA auxiliary factor 1 44,513,066-44,527,697 

CRYAA Crystallin, alpha A 44,589,118-44,592,915 

SIK1 Salt-inducible kinase 1 44,834,395-44,847,008 
HSF2BP Heat shock transcription factor 2 binding protein 44,949,072-45,079,374 

RRP1B Ribosomal RNA processing 1 homolog B 45,079,429-45,194,144 

PDXK Pyridoxal (pyridoxine, vitamin B6) kinase 45,138,975-45,194,151 

CSTB Cystatin B 45,192,393-45,196,326 

RRP1 Ribosomal RNA processing 1 homolog 45,209,394-45,225,174 

AGPAT3 1-Acylglycerol-3-phosphate O-acyltransferase 3 45,285,067-45,406,417 
TRAPPC10 Trafficking protein particle complex 10 45,432,200-45,526,433 

PWP2 PWP2 periodic tryptophan protein homolog 45,527,176-45,551,063 

ES1 ES1 45,553,487-45,565,605 

ICOSLG Inducible T-cell co-stimulator ligand 45,642,874-45,660,849 

DNMT3L DNA (cytosine-5-)-methyltransferase 3-like 45,666,222-45,682,099 

AIRE Autoimmune regulator 45,705,721-45,718,531 

PFKL Phosphofructokinase (liver) 45,719,934-45,747,259 

C21orf2 Nuclear encoded mitochondrial protein A2-YF5 45,748,827-45,759,285 

TRPM2 Transient receptor potential cation channel, 

subfamily M, member 2 

45,770,046-45,862,964 

LRRC3 Leucine rich repeat containing 3 45,875,369-45,878,739 

TSPEAR Thrombospondin-type laminin G domain and EAR 

repeats 

45,917,775-46,131,495 
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Gene Symbol Gene Name Positiona 
KRTAP10-1 Keratin associated protein 10-1 45,958,864-45,960,078 

KRTAP10-2 Keratin associated protein 10-2 45,970,240-45,971,388 

KRTAP10-3 Keratin associated protein 10-3 45,977,673-45,978,643 

KRTAP10-4 Keratin associated protein 10-4 45,993,606-45,994,987 

KRTAP10-5 Keratin associated protein 10-5 45,999,332-46,000,481 

KRTAP10-6 Keratin associated protein 10-6 46,011,149-46,012,386 

KRTAP10-7 Keratin associated protein 10-7 46,020,497-46,022,091 

KRTAP10-8 Keratin associated protein 10-8 46,031,996-46,032,871 

KRTAP10-9 Keratin associated protein 10-9 46,047,040-46,048,294 

KRTAP10-10 Keratin associated protein 10-10 46,057,273-46,058,370 

KRTAP10-11 Keratin associated protein 10-11 46,066,331-46,067,564 

KRTAP12-3 Keratin associated protein 12-3 46,067,057-46,078,258 

KRTAP12-4 Keratin associated protein 12-4 46,074,130-46,074,576 

KRTAP12-2 Keratin associated protein 12-2 46,086,106-46,086,844 

KRTAP12-1 Keratin associated protein 12-1 46,101,491-46,102,078 

KRTAP10-12 Keratin associated protein 10-12 46,117,087-46,117,959 

UBE2G2 Ubiquitin-conjugating enzyme E2 G2 46,188,955-46,221,934 
SUMO3 SMT3 suppressor of mif two 3 homolog 3  46,191,374-46,238,694 

PTTG1IP Pituitary tumor-transforming 1 interacting protein 46,269,500-46,293,752 

ITGB2 Integrin, beta 2 46,305,868-46,351,904 

ADARB1 Adenosine deaminase, RNA-specific, B1 46,493,768-46,646,478 

POFUT2 Protein O-fucosyltransferase 2 46,683,843-46,707,813 

COL18A1 Collagen, type XVIII, alpha 1 46,825,052-46,933,634 
SLC19A1 Solute carrier family 19, member 1 46,913,486-46,964,316 

PCBP3 Poly(rC) binding protein 3 47,063,608-47,362,368 

aPosition is according to Ensembl database and is based upon human genome build 37   

Candidate genes (see 4.2) are highlighted in bold. 
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3.3) Discussion 

Combined non-parametric linkage analysis using data for ten chromosome 21 

microsatellite markers, genotyped in 182 FCHL families, generated a maximum NPL 

score of 3.35 for the FCHL-triglyceride trait at marker D21S1411 (P=6x10-4) and 2.97 

for the FCHL-cholesterol trait at marker D21S1446 (P =2x10-3).  According to criteria 

set out by Lander and Kruglyak for significance threshold in linkage analysis of 

complex traits, these data provide suggestive evidence of linkage for FCHL-lipid traits 

to the chromosome 21q22.2-22.3 (Lander and Kruglyak, 1995).   

 

Given that the peak LOD score for the FCHL-cholesterol trait is observed at the final 

21q marker it is possible that this score is inflated, due to there being less identity-by-

descent information at the telomere.  Analysis of total plasma cholesterol as a 

quantitative trait gave a maximum QTL LOD score of 1.97 (P=1.3x10-3) at 46.7cM 

(Figure 3.1, Table 3.3).  Therefore, this may represent a more accurate localisation of 

the variant(s) within the 21q22.2-22.3 interval that increases transmission of the 

FCHL-cholesterol trait. 

 

The linkage data are further supported by the results of other genome-wide linkage 

studies examining lipid levels in subjects with cardiovascular disease (Coon et al., 

2002; North et al., 2005). In a cohort comprising 1124 hypertensive families (76% of 

individuals affected: systolic blood pressure ≥160 or diastolic blood pressure ≥100 

mmHg or receiving to forms of treatment for existing hypertension), genome-wide 

linkage analysis was used to detect QTLs jointly affecting triglyceride and LDL-

cholesterol levels (additive genetic correlation=0.25, P ≤ 0.001) (North et al., 2005).  

A maximum empirical LOD score of 3.9 was obtained on chromosome 21q at ~54 cM 

(between markers D21S2055 and D21S1446).  In a second investigation, a genome-

wide scan for LDL-cholesterol level was performed using 2977 individuals (500 

families) from the NHLBI Family Heart Study (Coon et al., 2002).  A maximum 

multipoint LOD of 2.74 was obtained at 45.2cM (nearest genotyped marker 

D21S1246, 40.87Mb).  Additionally, a QTL for serum triglyceride level resides in the 

syntenic region of the rat genome (Figure, 3.1, (Moreno et al., 2003)), thus providing 

further evidence for the involvement of this genomic region in modulating circulating 

lipid levels. 

 

Also of potential interest, a QTL for percentage body fat was identified in a study of 

260 European-American families recruited on the basis of an obese proband 
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(BMI≥40kg/m2), with one obese sibling (BMI≥30kg/m2) plus one sibling and parent of 

normal weight (BMI≤27kg/m2), where a LOD score of 4.27 was calculated at 57.8cM 

(Li et al., 2004). 

 

Most chromosome 21-orientated research involves Down syndrome (DS, trisomy 21), 

where an extra copy of whole or part of the chromosome is inherited by affected 

offspring.  Congenital heart defects occur in around 45% of DS patients (Dolk et al., 

2011; Freeman et al., 1998) however, the risk of cardiovascular disease is said to be 

less in adults with DS than in the general population.  Murdoch and colleagues 

proposed that DS represents an ‘atheroma-free model’ (Murdoch et al., 1977).  Post-

mortem examination of 5 institutionalised DS patients (ages= 40, 44, 56, 60 and 66 

years) in this study showed no evidence of atherosclerosis.  In the same 

investigation, a comparison of 70 DS patients and 70 age-matched mentally-

defective but non-trisomy 21 controls revealed no significant differences in serum 

lipid levels.  In a more recent study, Draheim et al., examined lipid parameters and 

carotid artery intima-media thickness, as a measure of atherosclerotic burden, in 52 

DS patients plus 52 age-, sex- and race-matched controls (Draheim et al., 2010).  

The DS patients in this investigation were community-based and therefore were not 

subject to the controlled diet and levels of physical activity that would be present in 

care-facility environment.  However, the results of this study still agree with those of 

Murdoch et al, namely the DS adults possessed lower intima-media thickness than 

the controls (0.43 ± 0.07 vs. 0.48 ± 0.09 mm, P<0.001).  In this instance the DS 

patients did have slightly increased serum triglyceride levels compared to the 

controls (1.43± 0.62 vs. 1.17±0.60 mmol/l, P<0.048) however, this was attributed to 

their increased dietary fat intake (assessed by questionnaire, P=0.004) (Draheim et 

al., 2010). 

 

In summary, these studies suggest that an extra copy of chromosome 21 maybe 

atheroprotective, which in turn begs the question as to whether this effect is mediated 

via circulating lipids.  Whilst no significant alteration in lipid levels was observed in 

the small numbers of trisomy 21 patients studied here, it is possible that loss, rather 

than gain-of -function would have a more significant and detrimental effect on plasma 

triglyceride and/or cholesterol levels. 

 

OSA (Hauser et al., 2004) was implemented in order examine the evidence for 

linkage of FCHL-lipid traits to chromosome 21q22.3 whilst taking into account genetic 
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heterogeneity.  The aim of this analysis was to define more distinct LOD-score peaks 

for the FCHL-triglyceride and cholesterol traits, in turn reducing the number of 

potential FCHL candidate genes warranting further investigation.   

 

Using chromosome 21 test markers and index markers at any genomic location, the 

maximum OSA LOD for the triglyceride trait was 6.26 at 51cM.  For the cholesterol 

trait, two potential 21q22.3 susceptibility loci were identified with OSA-LODs of 5.87 

at 51cM and 6.14 at 57.8cM, respectively. The 1-LOD support intervals for all three 

21q22.3 linkage peaks were narrowed compared to those obtained by non-

parametric linkage analysis of the whole dataset (Table 3.4).  In combination, the 1-

LOD support interval for the triglyceride and cholesterol OSA linkage peaks at 51cM 

span ~3.8Mb, a region containing 61 known protein-coding genes.   

 

Additionally, and of potential interest, an OSA-LOD score of 5.27 for the FCHL-

cholesterol trait was obtained at 33.59cM on chromosome 21q22.11-q22.13, 

between markers D21S1909 and D21S1440.  This peak was not observed in non-

parametric linkage analysis of the entire dataset, however recently two SNPs within 

this interval were associated with lipid levels and early-onset myocardial infarction 

(Kathiresan et al., 2009a; Smith et al., 2010).  In a genome-wide association study of 

cardiovascular risk factors involving 525 unrelated participants in the Bogalusa Heart 

Study, rs8131349 was associated with increased total cholesterol level (P=4.6x10-8) 

(Smith et al., 2010).  Whilst in a meta-analysis, involving 12,713 cases and 12,821 

age- and sex-matched controls, rs9982601 was associated with an increased risk of 

early-onset myocardial infarction (men ≤50 years old or women ≤60 years old) 

(OR=1.20, (95% CI: 1.14-1.27),  P=6.4x10-11) (Kathiresan et al., 2009a). 

 

It is worth noting that since the ‘optimal slice’ function of OSA was used, the family-

specific LOD scores at index markers were not necessarily drawn from the upper end 

of this distribution.  This means that the index locus does not inevitably harbour a 

reciprocal FCHL-susceptibility locus.     

 

Additionally, whilst 56% of the FCHL cohort (102) families contribute to the maximum 

triglyceride trait OSA-LOD score at D21S1411,  the overlap between these families 

and other family subsets also producing OSA-LODs >5 around this locus is 

incomplete.  This is because the subsets are derived from ranked LOD scores, from 

differing genomic regions.  Since FCHL is a complex, heterogeneous disorder 

families are unlikely to fall into the same ranking order at all genomic loci tested.  It is 
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therefore inappropriate to compare family subsets ranked according to different 

covariate index loci.    

 

The genetic architecture of FCHL, like most complex diseases, is likely to be a 

balance of common and rare genetic variants (Horswell et al., 2009; Manolio et al., 

2009; Schork et al., 2009).  Linkage is a powerful tool in detecting regions where 

genetic variants in aggregate have a large phenotypic effect.  Since the linkage and 

heterogeneity analyses presented here suggest that multiple susceptibility loci 

underpin the 21q22.3 FCHL-linkage signals, it seems reasonable to hypothesise that 

the interval could harbour both common and rare variants that in combination 

contribute to the raised circulating plasma cholesterol and triglyceride levels in FCHL 

patients   

 

At the outset of this project, screening some or all of the 61 protein-coding genes that 

reside within the 21q22.3 FCHL linkage interval for rare variants/mutations, by 

standard sequencing methods, was both prohibitively expensive and slow, whilst 

‘next-generation’ sequencing technology was insufficiently advanced.  On the other 

hand, the recent advent of high-throughput SNP genotyping methodologies, 

sophisticated statistical techniques for genotype imputation and association analysis 

of large datasets, together with a readily available catalogue of common genetic 

variants and linkage disequilibrium measures (International HapMap Consortium, 

2003), provided a cost-effective method of further interrogating the linkage interval 

with respect to the role of common variation.  Chapters 4 and 5 describe the design, 

quality control and analysis of a large-scale family-based association study, targeting 

candidate genes within the FCHL linkage interval.    
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Chapter 4 – Design and Quality Control of a 21q Targeted 

Association Study 

 

4.1)  Introduction  

Whilst linkage studies can define the approximate position of a disease gene by 

examining segregation patterns in families (Morton, 1955), association studies exploit 

recombination patterns, accumulated over many years of evolutionary history, to map 

causal variants on a much finer scale (Morton, 1955; Morton, 2005).   

 

The term linkage disequilibrium (LD) refers to a non-random association between 

alleles at two or more loci, resulting from constrained levels of recombination.  LD is 

a reflection of the age of the variants, the distance between them, the founder 

population size, selection, genetic drift and recurrent mutation (Zavattari et al., 2000).  

The most common measures of LD are D’ or r2 values. D’ is a standardised version 

of the coefficient of linkage disequilibrium, D (Lewontin and Kojima, 1960).  For 

alleles at two loci, defined A, a and B, b, with allele frequencies pA, pa, pB and pb: 

DAB = pAB – pApB 

which is the difference between the frequency of gametes carrying the pair of alleles 

A and B at two loci (pAB) and the product of the frequencies of those alleles (pA and 

pB) 

Likewise,  

DaB = paB – papB 

The value of D is dependent upon the frequencies of both alleles, making it difficult to 

interpret.  As a result, the use of D’ (Lewontin, 1964) is often preferred, where: 

D’  = D/ Dmax 

and Dmax, is the smaller value of pA(1 - pB) and pB (1 - pA).  As the sign of D’ depends 

on the arbitrary labelling of alleles |D’| maybe used.   

 

The alternative measure of LD, r2, (Hill and Robertson, 1968) is commonly expressed 

as the square of the correlation coefficient between the two loci: 

rAB
2 = DAB

2/pApapBpb 

 

This measure indicates how well one SNP may act as a surrogate for another; with 

an r2 value of 1 implying that markers provide identical information.  In genetic 

studies, the widely accepted consensus r2 value for a marker to be a suitable proxy is 

0.8 (Frazer et al., 2007). 
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The advent of the International HapMap Project (URL7) paved the way for 

sophisticated family- and population-based studies, mapping causal variants for 

complex phenotypes.  Phase I of the HapMap project catalogued over 1 million SNPs 

that were genotyped in 269 individuals from four geographically diverse populations 

(International HapMap Consortium, 2003).  Subsequent data releases extended this 

catalogue to include some 3 million SNPs and a further seven populations (Frazer et 

al., 2007; International HapMap Consortium, 2005).  These data were used to define 

‘block’-like patterns of LD between SNPs, across the human genome. The resulting 

‘blocks’ comprised many SNPs (30-70) however the number of common haplotypes 

(as defined by correspondent alleles at multiple loci) present was limited (in the range 

of 4 to 5.6) (International HapMap Consortium, 2005).   

  

In concert with the aggregation of HapMap data, companies such as IIlumina 

(Oliphant et al., 2002) and Affymetrix (Chee et al., 1996; Kennedy et al., 2003) 

developed SNP genotyping panels, allowing straightforward genotyping of up to 1 

million SNPs, in large study cohorts.  Customised versions of these panels such as 

the Illumina GoldenGate assay allow association studies to be targeted upon specific 

areas of the genome which may be useful in the setting of a family-based study 

where a preceding linkage screen has highlighted candidate regions of the genome 

where trait-related variants are likely to reside (Holt et al., 2010; Zinovieva et al., 

2009).  This approach can also be advantageous in limiting genotyping costs and 

computing power required for subsequent data analyses. 

 

4.1.1)  Advantages of Family-Based Association Study Design  

Association studies may adopt a design utilising related (family-based) or unrelated 

(case-control/population) samples.  The vast majority of studies published to date 

have employed a population or case-control based approach.  One reason for this is 

due the increased time and money required to collect large numbers of family-based 

samples compared to sampling from unrelated individuals.  However, where a cohort, 

such as the FCHL family cohort, has already been assembled for a previous linkage 

screen, this obstacle is removed.   

 

A family-based study design has a number of advantages over those utilising 

unrelated individuals.  Firstly, a family-based design can avoid false positive results 

(type 1 error) due to population stratification (Ewens and Spielman, 1995; Ewens and 
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Spielman, 2005).  Analytical approaches that consider the transmission of variants 

within the family unit only, such as the transmission disequilibrium test (TDT), provide 

robustness to this potential confounder (Ewens and Spielman, 1995; Ewens and 

Spielman, 2005). 

 

Familial cases can also have enhanced power for detecting genetic associations.  

For example, Antoniou and Easton (Antoniou and Easton, 2003) showed that when 

cases were ascertained on the basis of family history of breast cancer (mother and 

sister affected), the sample size of cases required to detect an associated allele with 

frequency 0.05, explaining 5% of the phenotypic variance was less that 500, 

compared to ~1000 unselected cases (Antoniou and Easton, 2003).  Indeed, family-

based designs may be enriched for genetic effects and are likely to involve more 

homogenous environmental exposures than a population based-approach 

(Evangelou et al., 2006).  This should translate into increased ability to detect a 

disease pre-disposing allele, depending upon the statistical analysis method used.  

For example, in a genome-wide study of prostate cancer where cases with family 

history of the disease were utilised, the minor allele of a SNP in the promoter of 

MSMB was identified as being associated with the disease (Eeles et al., 2008).  This 

was replicated in a subsequent study (Thomas et al., 2008).  More recent functional 

work has demonstrated that MSMB protein levels in both tissue and urine are 

significantly correlated with carriage of the risk allele (P<0.0001) and that MSMB 

protein is significantly reduced in tumoriogenic versus benign prostate tissue 

(P<0.0001) (Whitaker et al., 2010).  

 

On a more practical note, the importance of which is heightened when dealing with 

many thousands of genotypes, a family-based study design facilitates an extra layer 

of data quality control, whereby genotyping errors can be detected by checking for 

correct Mendelian inheritance of alleles.  

 

It is worth noting that collaborative projects can incorporate data from a huge number 

of samples.  For example, the first Wellcome Trust Case Control Consortium study 

(Wellcome Trust Case Control Consortium, 2007), utilised 2000 cases and 3000 

shared controls for each of seven complex human diseases, including CHD, whilst 

the more recent GLGC meta-analysis (Teslovich et al., 2010) incorporated data from 

46 studies, in sum involving over 100,000 individuals.  However, the nature of large 

collaborative studies can mean that is difficult to gather uniform phenotypic data.  For 

example, in the study of Teslovich et al., some lipid measurements were taken in the 
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fasting-state whilst others were not (Teslovich et al., 2010).  Similarly, measurements 

from some individuals were obtained when they were taking lipid-lowering drugs 

whilst some study participants were diabetic, a condition known to affect the 

lipoprotein profile (Solano and Goldberg, 2006) and one of the exclusion criteria in 

the FCHL family cohort (Naoumova et al., 2003).   

 

4.1.2)  Quality Control Considerations in an Association Study 

The genotyping effort of a large-scale association study generates many thousands 

of genotypes, which in the majority of cases are assigned automatically by an 

appropriate SNP-calling algorithm. Good quality SNP genotype data is essential so 

that accurate conclusions can be drawn from subsequent statistical tests.  Even a 

small artefactual perturbation in allele calls can lead to and inflation in type 1 error 

rate (reviewed by (Neale and Purcell, 2008)).   

 

Quality control can be applied at the level of the DNA sample and of the marker 

under consideration.  Samples may be excluded upon the basis of a low call-rate, 

which can indicate a poor quality sample.  An excessive level of heterozygosity 

points to potential contamination of a sample with DNA from an external source.  

Therefore, samples with a heterozygosity rate of more than 5 standard deviations 

from the mean level should be excluded (Schunkert et al., 2011). 

 

At the marker level, quality control can begin with simple visualisation of cluster plots 

generated by the software that accompanies high-throughput genotyping methods, in 

order to ensure that discrete clusters of points representing the sample genotypes 

have been formed for each marker.  SNPs with low genotype call-rates and those 

assays which fail to generate reproducible genotype calls across duplicate samples 

should be excluded from subsequent association analyses. 

 

It is also recommended to apply a minor allele frequency threshold to SNPs that are 

tested for association.  The reason for this is two-fold.  Firstly, the genotype-calling 

methods of the Illumina and Sequenom platforms use clusters of intensity-based 

points in order to make a genotype call. Definition of such clusters becomes more 

difficult when they are composed of only a few points and thus genotype calling may 

become unreliable.  Secondly, the statistical methods that are employed in 

association testing may lack power to detect association between very rare variants 

and a given trait (Bansal et al., 2010).  
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Validity of genotyping can be checked by testing for deviation from Hardy-Weinberg 

equilibrium (HWE) in a subsample of unrelated individuals, such as the pedigree 

founders (Wigginton et al., 2005).  Additionally, inheritance checks can be applied to 

identify poorly performing genotyping assays, which consistently do not inherit in a 

Mendelian fashion.  Recurrent inheritance problems or a deviation from HWE for a 

given marker(s) can be indicative of underlying copy number variation (CNV) 

(McCarroll and Altshuler, 2007) and therefore the regions surrounding markers 

identified by these checks may warrant further examination. 

    

4.1.3)  Increasing Association Study Power by Genotype Imputation 

A recent advance in association analysis is the availability of sets of reference 

haplotypes, derived from either HapMap (URL7) or 1000 Genomes data (URL9) 

which can be used to impute ungenotyped markers within a study sample.  The 

resultant dataset, comprising both directly genotyped and imputed markers, can be 

utilised in statistical tests for association. In generating an expanded SNP dataset 

one can potentially increase the power to detect association between a given marker 

and the phenotype under consideration.  For example, in a simulation study utilising 

2000 cases and controls, and a P-value threshold of 5×10−7, imputation increased 

the theoretical power of Illumina 300K and Affymetrix 500K array-based studies from 

0.392 and 0.363 to 0.467 and 0.450 respectively, compared to power of 0.499 for a 

hypothetical chip containing all HapMap SNPs (Spencer et al., 2009).   

 

A practical example of using imputation to identify association between a SNP and 

particular phenotype, involves data from the Diabetes Genetics Initiative (Saxena et 

al., 2007) and SariNIA (Scuteri et al., 2007) cohorts, genotyped using the Affymetrix 

500K array.  Using these data, association between the intronic LDLR SNP, 

rs6511720 and plasma LDL-cholesterol level was initially not detected: rs6511720 is 

absent from the Affymetrix 500K array and is poorly tagged by the SNPs that are 

present (maximum r2=0.21).  However, genotype imputation and subsequent meta-

analysis, involving these two cohorts plus data from the Finland–United States 

Investigation of NIDDM Genetics (FUSION) study, estimated that each copy of the 

rs6511720 C allele was associated with an 0.21mmol/l increase in LDL-cholesterol 

levels (P=6.8x10-10) (Li et al., 2009).  Crucially, imputed genotypes from 1644 

population-based subjects of the KORA F3 study originally genotyped using the 

same Affymetrix 500K array replicated this finding (P=4.6×10−6, (Linsel-Nitschke et 
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al., 2008).  Whilst the functional impact of this variant is currently unknown, these 

studies indicate that genotype imputation may increase power to detect such an 

association.  

 

There are a number of algorithms available to perform imputation.  The most widely-

used are Markov-Chain Haplotyping software (MaCH, (Li et al., 2009; Li et al., 2010)) 

and IMPUTE (Howie et al., 2009; Marchini et al., 2007).  Both of these algorithms use 

Hidden Markov Models and both have similar computational requirements and error 

rates (Marchini and Howie, 2010).  For example, using the post-imputation quality 

measures that both algorithms generate, one can exclude potentially poorly imputed 

SNPs prior to association analysis.  In a simulated dataset, involving 1000 cases and 

1000 controls, based upon a 7Mb interval of chromosome 22 and a reference sample 

derived from HapMap samples, the quality measures produced by MaCH and 

IMPUTE were found to be highly correlated (Marchini and Howie, 2010).  Despite 

their similarities, in a comparison of imputation programs, the user-friendliness of 

MaCH was noted (Nothnagel et al., 2009).   

 

Analysis of in silico genotype data also requires consideration.  Whilst the imputation 

programs generate the most likely genotype for each individual at each SNP, it is 

recommended that allele dosages (ranging from 0-2 and not necessarily a discrete 

number) are utilised to take into account the uncertain nature of the imputed data 

(Zheng et al., 2011).  Allele dosages can also be used directly in regression-based 

approaches for association analysis, including GWAF (Chen and Yang, 2010) which 

uses data directly from MaCH.  

 

The data presented in Chapter 3 indicate that a proportion of the FCHL cohort 

families harbour chromosome 21 genetic variants that segregate with their high 

triglyceride or cholesterol phenotype.  Therefore, the hypothesis driving the 

investigations described in this and Chapter 5 is that a chromosome 21q gene (or 

genes), with an established biological link to lipid metabolism, will harbour genetic 

variation that contributes to the FCHL triglyceride and/or cholesterol trait.  This 

chapter describes the design of a targeted association study, the production of a high 

quality SNP dataset and the acquisition of further data by genotype imputation.  

Additionally, the identification of potential copy number variant(s) is described. 
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4.2) Results 

 

4.2.1) Identification of Candidate Genes 

On the basis of published genetic and functional studies, seven plausible FCHL 

candidate genes, reside within the refined 3.8Mb linkage interval.  In addition, 

BACE2, LSS and MCM3AP, which reside outside of the refined interval, are excellent 

biological candidates.  Below is a summary of the published genetic, in vitro and in 

vivo data underpinning the candidacy of the ten genes.  At this point it is worth 

highlighting that in mice and other rodents, the majority of cholesterol in the 

circulation is carried by HDL, rather the apoB-containing lipoproteins (LDL), utilised in 

humans (Fernandez and Volek, 2006) and therefore, in certain mouse models the 

linkage with a specific human lipid trait may be equivocal. 

 

i) BACE2 

In the 2007 Diabetes Genetics Initiative genome-wide association study (GWAS) a 

BACE2 SNP, rs914186 (sixth intron), was associated with triglyceride:HDL ratio 

(P=7.6x10-5) (Saxena et al., 2007).  Biologically, BACE2 shares 45% amino acid 

identity and 75% similarity with BACE1 (Sun et al., 2005).  Using co-

immunoprecipitation and fluorescence lifetime imaging microscopy, BACE1 has been 

shown to interact with LRP and to facilitate its cleavage in a transfected cell line (von 

Arnim et al., 2005).  Northern blotting showed that two BACE2 transcripts are 

expressed at low levels in most adult human tissues, including liver (adipose tissue 

not examined, (Bennett et al., 2000)).   

 

ii) ABCG1 

ABCG1 is a member of the superfamily of ATP binding cassette (ABC) transporters.  

Human ABCG1 mRNA levels are highest in the lung, adrenal gland, heart, spleen 

and liver (Klucken et al., 2000; Langmann et al., 2003).  

 

ABCG1 was initially implicated in cholesterol efflux due to its increased expression in 

both human and murine-derived macrophages that were incubated with acetylated 

LDL and sterols, (to form lipid-loaded ‘foam’ cells), as well as in macrophages treated 

with liver X receptor agonists (Klucken et al., 2000; Tangirala et al., 2002; 

Venkateswaran et al., 2000).  More recent studies have shown that ABCG1 effluxes 

cholesterol to a number of acceptors, including HDL and LDL (albeit at low levels) 

though not to lipid-poor ApoAI (Wang et al., 2004a).  
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Targeted disruption of murine Abcg1 led to lipid accumulation in hepatocytes and in 

macrophages (particularly in the lung) upon administration of a high fat (21%)/high 

cholesterol (1.25%) diet (Kennedy et al., 2005).  Specifically, levels of total 

cholesterol, cholesterol ester, triglyceride and phospholipids were significantly 

increased in the livers and lungs of Abcg1-/- mice as compared to their wild-type 

littermates.  Conversely, transgenic mice expressing human ABCG1 had significantly 

lower levels of total cholesterol, cholesterol esters, and phospholipids in their lungs 

and livers compared to their wild-type littermates and thus were protected from the 

diet-induced lipid accumulation.  Despite these cellular changes in tissue lipid levels, 

no difference in plasma lipids between the wild-type, null or transgenic mice was 

observed (Kennedy et al., 2005). 

 

In humans, levels of HDL and triglyceride are inversely correlated (Davis et al., 

1980).  Therefore, ABCG1 may also have an effect upon whole-body triglyceride 

levels.  Indeed, in a study examining Drosophila mutants where the 5’ flanking region 

of the ABCG1-homolog was disrupted through the random genomic insertion of 

modified transposable elements, whole-body triglyceride stores were increased by up 

to 1.7-fold (P<0.03, (Buchmann et al., 2007)). 

 

iii) SLC37A1 

SLC37A1 is highly homologous (57% identity) to a putative Arabidopsis thaliana 

glycerol-3-phosphate permease.  It also shares ~30% homology with bacterial 

glycerol 3-phosphate permeases (Bartoloni et al., 2000).  Northern blot analyses 

have showed highest human SLC37A1 expression levels in bone marrow, kidney, 

liver and small intestine (Bartoloni et al., 2000).  Based on amino acid sequence 

information and immunofluorescence data, it is proposed that SLC37A1 may function 

to transport glycerol-3-phosphate across the outer mitochondrial membrane 

(Bartoloni and Antonarakis, 2004) and/or into the endoplasmic reticulum (Iacopetta et 

al., 2010).  Since the acylation of glycerol-3-phosphate is the first committed step in 

triglyceride/phospholipid synthesis, any alteration in glycerol-3-phosphate availability, 

due to mutation of SLC37A1, could also perturb the mitochondrial synthesis of 

triglyceride and in turn the incorporation ER derived triglyceride into apoB-containing 

lipoproteins (Figure 4.1). 
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iv) CBS 

CBS catalyses the irreversible condensation of homocysteine and serine: a reaction 

which yields cystathionine (Figure 4.1).   In humans, CBS mRNA is found at highest 

levels in the liver and pancreas (Chasse et al., 1997).   In a human hepatocyte cell 

line cultured with 5mM homocysteine, expression levels of SREBP-1 and the 

cholesterol biosynthetic genes HMGCR and FDPS were increased (Werstuck et al., 

2001).  Additionally, the total cell cholesterol content was ~150% that of untreated 

cells (Werstuck et al., 2001).   

 

In mice, Cbs mRNA and protein is found predominantly in the liver and kidney 

(Namekata et al., 2004).  Cbs-/- mice usually die within 2-3 weeks of birth (Watanabe 

et al., 1995).  In a study using null mice of around this age, hepatic triglyceride levels 

were 11.4-fold higher in Cbs-/- compared to wild-type mice (P <0.0001), whilst serum 

triglyceride levels were also significantly increased (17.95mg/ml ±5.00(SE) versus 

5.52±0.90mg/ml, P<0.04) (Namekata et al., 2004).  Hepatic and serum total 

cholesterol levels were not significantly altered (Namekata et al., 2004).   

 

In an alternative in vivo model, wild type mice were fed either a control or a high 

methionine, low folate (HMLF) diet for 10-weeks in order to induce 

hyperhomocysteinemia.  After this period, the HMLF mice had higher plasma 

cholesterol (1.56 versus 0.91mM) and triglyceride (6.7 versus 4.8mM) levels 

compared to control mice.  Hepatic cholesterol (0.16 versus 0.018 mg/mg protein) 

and triglyceride (0.69 versus 0.1 mg/mg protein) content was also higher in the HMLF 

mice (Werstuck et al., 2001). 

 

In summary, these data suggest that a CBS loss-of-function variant could lead to the 

increased triglyceride and/or cholesterol levels of FCHL. 

 

v) SIK1 

SIK1 was first identified due to its increased expression in the adrenal glands of rats 

fed a high-salt diet (Wang et al., 1999).  It represents a candidate for the FCHL 

cholesterol trait due to its role in regulating steroidogenic gene expression and thus 

cholesterol utilisation.  In vitro, treatment of Y1 mouse adrenocortical tumour cells 

with adrenocorticotropic hormone (ACTH) led to a rapid increase in the 

mRNA/protein levels of Sik1 at 1-2 hours before a return to initial levels after 8 hours.  

Meanwhile, mRNA levels for the steroidogenic genes cholesterol side-chain cleavage 

cytochrome P450 (Cyp11a1) and steroidogenic acute regulatory (StAR), rose 
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as SIK1 expression fell (Lin et al., 2001).  In Y1 cells overexpressing SIK1, the 

ACTH-dependent expression of steroidogenic genes Cyp11a1and StAR was 

repressed (Lin et al., 2001).  Thus, a SIK1 gain-of-function variant could underlie the 

FCHL cholesterol trait by decreasing cholesterol utilisation. 

 

SIK1 is also implicated in de novo lipogenesis.  Overexpression of SIK, delivered by 

adenovirus, led to reduced mRNA levels of lipogenic genes including fatty acid 

synthase in extracts from rat livers as well as cultured hepatocytes.  SIK1 

overexpression also led to reduced hepatic triglyceride levels, in vivo.   These effects 

are thought to be modulated via phosphorylation of SREBP-1c at serine 329 and/or 

265/266, since when co-expressed with a mutant form of SREBP-1c, SIK1-reduction 

of fatty acid synthase levels was ameliorated (Yoon et al., 2009).
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Figure 4.1) Connections between CBS, SLC37A1 and AGPAT3 and Triglyceride Metabolism 
CBS (with vitamin B6 as an essential cofactor) catalyses the irreversible condensation of homocysteine and serine, thus generating 

cystathionine.   This reaction is a branch of the methionine cycle which can also be linked to triacylglycerol and phospholipid metabolism 

through the methyl-donor role of S-adenosyl-methionine.  Triacylgylcerol synthesis is a multi-step pathway, the first step of which involves 
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acylation of glycerol-3-phohphate by glycerol-3-phosphate acyltransferase to produce lysophosphatidic acid.  In the next reaction, acylation of 

lysophosphatidic acid to produce phosphatidic acid is catalysed by a 1-acylglycerol-3-phosphate acyltransferase enzyme, such as AGPAT3.  

These reactions can occur in the endoplasmic reticulum or mitochondria and thus SLC37A1, a predicted glycerol-3-phosphate membrane 

transporter influence substrate availability for triacylgylcerol synthesis. 

CDP-choline=cytidine diphosphocholine, THF=tetrahydrofolate, PEMT= phosphatidylethanolamine N-methyltransferase
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vi) AGPAT3 

The formation of triacylglycerol from the glycerol-3-phosphate backbone involves 

successive acylation by glycerol-3-phosphate transferases (GPATs), 1-acyl-glycerol-

3-phosphate-O-acyltransferases (AGPATs) and diacylglycerol acyltransferases 

(1.2.4). Thus AGPATs catalyse the acylation of lysophosphatidic acid to form 

phosphatidic acid (Figures 1.3 and 4.1).  There are at least 11 human enzymes with 

designated as AGPATs (Agarwal and Garg, 2010).  Quantitative real-time PCR 

showed that AGPAT3 has a ubiquitous expression pattern in human tissues though 

is found at somewhat higher levels in testis, pancreas, kidney, lung and liver (in 

descending order, expression in adipose moderate).  In vitro studies showed that 

AGPAT3 has the expected enzymatic activity, converting lysophosphatidic acid to 

phosphatidic acid (Prasad et al., 2011). 

 

vii) COL18A1 

COL18A1 is a HSPG that exists as three different isoforms, expressed in the 

basement membrane of a variety of tissues including liver, kidney, adipose, retina 

and brain (Saarela et al., 1998; Suzuki et al., 2002).  The short, medium and long 

protein isoforms are named according to the length of the non-collagenous domains 

by which they differ (NC11-303, NC11-493 and NC11-728).  The NC11-728 variant 

contains a cysteine-rich domain, homologous to the ligand-binding domain of Frizzled 

proteins.  Wnt/Frizzled signalling is implicated in adipogenesis ((Ross et al., 2000) 

and reviewed in (Christodoulides et al., 2009)).  Since COL18A1 is highly expressed 

during adipocyte differentiation, it is believed that the NC11-728 form of COL18A1 

may play an important role in this process (Errera et al., 2008; Inoue-Murayama et 

al., 2000).  Of particular relevance to FCHL, Meex and colleagues reported that pre-

adipocyte cell lines prepared from FCHL patients contain reduced levels of COL18A1 

mRNA relative to control cells (Meex et al., 2005). 

 

Mutations of COL18A1 cause Knobloch syndrome, a rare recessive disorder 

characterised by ocular defects (Sertie et al., 2000).  In affected members of a large 

consanguineous Knobloch syndrome family, a homozygous mutation of the 

COL18A1 (NC11-303 isoform) intron 1 splice acceptor sequence was identified 

(Sertie et al., 2000).   This mutation was predicted to result in a truncated (at exon 4) 

protein product and in affected family members fasting triglyceride levels were higher 

compared to those carrying no COL18A1 mutation (3.01±-0.58mmol/l versus 

1.32±0.14mmol/l, n=7, P=0.02) (Bishop et al., 2010). 
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viii) and ix) LSS and UBE2G2 

LSS, an enzyme of the cholesterol biosynthetic pathway, catalyses reactions that 

produce either lanosterol or oxysterols from a 2,3(S)-monooxidosqualene precursor 

(Figure 4.2).   These reaction products are involved in regulating the expression of 

other cholesterol genes through both transcriptional and post-translational means 

(Figure 4.2).   

 

UBE2G2 is an E2 ubiquitin conjugating enzyme that facilitates HMGCR degradation 

upon cellular accumulation of lanosterol (Figure 4.2). In humans, UBE2G2 mRNA is 

expressed ubiquitously though highest levels are found in skeletal muscle (Katsanis 

and Fisher, 1998). 

 

x) MCM3AP 

In an expression profiling study where HeLa cells were grown in lipoprotein-

depleted serum and 2-hydroxypropyl-β-cyclodextrin, in order to decrease cellular 

cholesterol levels and activate the cholesterol homeostatic system (Bartz et al., 

2009), expression of MCM3AP, which encodes minichromosome maintenance 

complex component 3 associated protein, was upregulated.  Specifically, six hours 

after treatment, MCM3AP mRNA levels were increased 2.36-fold.  The authors did 

not investigate this gene further. However, it seems pertinent that the observed fold-

change was similar to that recorded for the cholesterol biosynthesis gene DHCR7 (at 

the 3-hour time point). 
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Figure 4.2) Regulation of De novo Cholesterol Biosynthesis by Lanosterol and UBE2G2 
LSS catalyses; a) the cyclisation of 2,3(S)-monooxidosqualene to lanosterol or, under conditions of partial enzyme inhibition; b) the conversion 

of 2,3(S):22(S),23-dioxidosqualene to 24(S),25-epoxylanosterol and ultimately 24(S),25-epoxycholesterol (i.e. oxysterols), (Boutaud et al., 
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1992).  Lanosterol regulates cholesterol synthesis through a feedback mechanism involving endoplasmic reticulum associated protein 

degradation (ERAD) of HMGCR.  Excess lanosterol within the cell facilitates binding of an Insig-1/Gp78/Ube2g2 complex to HMGCR.  Gp78 is 

a membrane-bound ubiquitin E3 ligase that catalyses the addition of ubiquitin to HMGCR at Lys89 and Lys248 (Miao et al., 2010; Song et al., 

2005).  UBE2G2 is an E2 ubiquitin conjugating enzyme, upon which polyubiquitin chains are formed before being transferred to HMGCR by 

Gp78 (Li et al., 2007).  Other proteins, including ubiquitin fusion degradation 1(Ufd1) protein act as cofactors to transfer the ubiquitinated 

HMGCR to the proteasome (Cao et al., 2007).  When LSS action is shifted to oxysterol synthesis via an exogenous inhibitor such as 

RO01704565, selective upregulation of LXR-regulated genes involved in cholesterol efflux occurs.  For example, in an animal model using 

miniature pigs, inhibitor treatment also led to increased hepatic (both 1.3-fold) and intestinal (1.4/1.6-fold) ABCG5/8 mRNA levels (P<0.04) 

concomitant with a 37% decrease in plasma plant sterol concentrations (P<0.05) (Telford et al., 2005).  Similarly, in a human macrophage cell 

line inhibitor treatment increased expression of the efflux-related ABCA1, ABCG1 and APOA1 by 1.9, 2.3 and 1.6-fold respectively (Beyea et 

al., 2007). 
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4.2.2) Study Design 

In order to efficiently capture the haplotype diversity across the ten biological 

candidate genes (4.2.1) and their flanking regions (+/-50kb unless indicated in Table 

4.1), SNPs were selected using the process illustrated in Figure 4.3.  Figure 4.4 and 

Table 4.1 show the localisation of the selected SNPs. Additionally, six SNPs were 

genotyped on the basis of genetic data only (Table 4.1).   

 

In second stage analysis, SNPs encompassing TSPEAR, a gene located 

immediately downstream of UBE2G2, were included (rs235289, Chapter 5.2).  Thus, 

in total, 589 SNPs were genotyped using either Illumina GoldenGate (198 SNPs) or 

Sequenom iPLEX assays (391 SNPs), in 1739 FCHL family cohort members, drawn 

from 241 families (Table 4.2). 
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Figure 4.3) SNP Selection and Genotyping Processes Employed for Chromosome 21 Genes 
A total of 589 SNPs were selected for genotyping using either Illumina Golden Gate or Sequenom MassARRAY platforms.  Data were returned 

for 562 SNPs (shaded in green).  Pink shading indicates SNPs where robust data was not returned.   
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Figure 4.4 
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Figure 4.4 continued 
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Figure 4.4) SNPs Selected to Capture Haplotype Diversity of Target Genes 
Biological candidate genes (the primary targets of tag-SNPs), plus TSPEAR are 

indicated in large font.  The span of each gene is shown by a horizontal blue bar 

whilst, exons are designated by vertical blue bars.   SNPs selected for genotyping 

are marked by gold circles.
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Table 4.1) Description of Genotyped SNPs 

 

   Target Interval Span (Kb) SNPs Selected  

Primary Targeta TSS/Positionb Strand Upstream Downstream (Coding)c Secondary Target(s)d Comment 

BACE2 42,539,727 + 10 10 71 (0) PLAC4 rs914186 associated 
with triglyceride/HDLe 

ABCG1 43,619,798 + 10 10 48 (2) None  

SLC37A1 43,919,741 + 20 20 36 (2) RSPH1 (p)  

CBS 44,473,300 - 50 50 55 (5) PKNOX1 (p), U2AF1 
(p) 

 

SIK1 44,834,397 - 50 50 70 (12) C21ORF125, 
C21ORF84 (p) 

 

AGPAT3 45,285,115 + 50 50 54 (2) TRAPPC10 (p)  

UBE2G2 46,188,494 - 50 250 115 (0) Multiple KRTAP 
genes, TSPEAR (p) 

Downstream span 
expanded into TSPEAR 
due to initial association 
results 

COL18A1 46,825,096 + 50 50 79 (19) NCRNA00175, 
SLC19A1 

 

LSS/MCM3AP 47,608,359 - 100 50 55 (9) FTCD (p), 
C21ORF56, 
MCM3AP-AS1, 
C21ORF57, 
C21ORF58, PCNT (p) 

Intervals surrounding 
LSS and MCM3AP (+/- 
50kb) overlap  
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rs2142090 
(DSCAM) 

41,370,504 NA NA NA 1  Associated with TC level 
in B1958BCf  (P =0.01) 

rs2837631 41,818,825 NA NA NA 1  Associated with TC level 
in B1958BC  (P =0.004) 

rs2837906 
(FAM3B) 

42,410,744 NA NA NA 1  Associated with TC level 
in B1958BC  (P =0.008) 

rs2158354 42,710,175 NA NA NA 1  Associated with TC level 
in B1958BC  (P =8x10-5) 

rs2155722 
(RRP1B) 

45,096,206 NA NA NA 1  Associated with TC level 
in B1958BC  (P =0.005) 

rs2838756 46,454,391 NA NA NA 1  Associated with CHD in 
WTCCCg (P=2x10-5) 

TSS=transcriptional start site, B1958BC=British 1958 Birth Cohort, CHD=coronary heart disease, WTCCC=Wellcome Trust Case Control 
Consortium 
a Primary target is either a biological candidate gene or gene/SNP identified in an alternative association study 
b Position of most upstream TSS for genes with multiple transcripts. For single SNPs, position is listed. 
c Total number of SNPs selected across target SNP selection interval, including tag- and coding-SNPs. 
d Other genes either fully or partly (p) encompassed by selected tag-SNPs 
e (Saxena et al., 2007) 

f   Unpublished WTCCC data (www.b58cgene.sgul.ac.uk/index.php) 
g (Wellcome Trust Case Control Consortium, 2007) 
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Table 4.2) FCHL Family Cohort Samples Utilised for SNP Genotyping 

 

TG=triglyceride, TC= total cholesterol, BMI=body mass index 

Age, BMI, log-transformed triglyceride level and cholesterol level are expressed as mean±standard deviation 
a Median values 
b Raw triglyceride levels were transformed (using log to the base e) in order to normalise the quantitative trait distribution 
c, e, g Trait means were compared between probands/spouses and affecteds/unaffecteds using a student’s t-test, ***P<0.001 
d TG affected=triglyceride level ≥95th percentile age- and sex-specific value 
f TC affected=cholesterol level ≥95th percentile age- and sex-specific value 

 

  
TG Traitd   TC Traitf  

 

 
All Subjects Probands Spouses Pc Affected Unaffected Pe Affected Unaffected Pg 

N (Male/Female) 866/873 173/68 86/160 380/273 452/543 415/254 428/573  

Age (years) 44.24±16.35 49.95±10.04 55.51±8.34 *** 46.04±15.46 42.69±16.70 *** 47.05±14.56 42.36±17.11 *** 

BMI (kg/m2) 25.54±4.09 26.69±2.33 25.86±4.18 *** 26.27±3.15 24.50±3.86 *** 26.07±2.95 24.62±4.04 *** 

Serum TG (mmol/l)a 1.74 4.20 1.34 3.50 1.21 3.29 1.27  

Log-transformed TGb 0.62±0.70 1.53±0.46 0.30±0.49 *** 1.30±0.50 0.16±0.40 *** 1.13±0.65 0.27±0.52 *** 

Serum TC (mmol/l) 6.37±1.62 8.26±1.30 5.96±1.12 *** 7.40±1.62 5.66±1.22 *** 7.86±1.24 5.37±0.97 *** 
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4.2.3) Sample Quality Control  

As part of their genotyping service, Illumina carried out sex verification of the DNA 

samples.  One potential sex error was identified, in a FCHL proband.  Since an 

alternative proband could not be assigned in this family, a total of six individuals were 

removed from the dataset.  PedCheck revealed evidence of non-Mendelian 

inheritance in three families, requiring the removal of eight further individuals from the 

dataset.  Thus, 14 of the 1739 genotyped samples were excluded from the dataset 

following stringent quality control checks (Table 4.3).   

 

With the Illumina dataset, all samples had a SNP genotype call rate of >0.93.  Only 

two samples had a call rate of <0.97, indicating that all DNA samples were of good 

quality and as a result the same DNA sample plates were utilised for Sequenom 

genotyping.  Mean heterozygosity across the DNA samples was 0.30±0.04 and the 

heterozygosity of all samples fell within 3.2 standard deviations of the mean level. 

 

In total, after sample-specific quality checks were performed, genotypes from 1725 

FCHL cohort members, from 239 families, were available for association analyses.  

 

Table 4.3) Quality Control of Samples Prior to Association Analysis 
 

Samples  

Remaining (N) Excluded (N) Reason for Exclusion 

1739   

1733 6 Gender error 

1725 8 Inheritance problem in family 

1725 14 Total 

 

 

4.2.4) Marker Quality Control 

Table 4.4 shows that 87 SNPs were excluded from the dataset after quality control 

checks were performed.  

 

In total, 27 SNPs failed to produce any genotype data (Figure 4.3, Table 4.4).   A 

single marker (rs17004554) showed significant evidence of Hardy–Weinberg 

disequilibrium (P=0.0003).   This marker was therefore excluded from subsequent 

association analysis.  Four markers (rs8133035, rs8126811, rs162362 and rs162386) 
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displayed persistent evidence of non-Mendelian inheritance (NMI) across a number 

of FCHL cohort families and were also excluded from association analyses.  Since 

recurrent non-inheritance or deviation from HWE can be attributed to potential 

underlying copy-number variation or poorly performing genotyping assays, these 

SNPs were examined more closely.   

 

Due to its potential functional importance, the first SNP investigated was rs8133035, 

a putative COL18A1 non-synonymous coding SNP.  This putative SNP resides in 

exon 1 of the COL18A1 long isoform (NC-728) transcript and would lead to an 

arginine to glutamine amino acid change at residue 427 in the protein sequence.  By 

Sequenom genotyping the putative SNP was deemed to be heterozygous in 30 

individuals from 25 families.  However, due to pedigree structure, Mendelian errors 

were only detectable in eight offspring from seven of these families whose parents 

were both homozygous for the ancestral G allele.  By standard Sanger DNA 

sequencing, the eight ‘heterozygous’ offspring were in fact determined to be 

homozygous for the G allele (Figure 4.5).  Moreover, this variant is, to date, not 

recorded in the 1000 Genomes dataset (URL9).  Thus it was judged that the cause of 

the apparent NMI in this instance was the poor performance of the rs8133035 

genotyping assay.  

 

Table 4.4) Quality Control of Markers Prior to Association Analysis 
 

Markers  

Remaining (N) Excluded (N) Reason for Exclusion 

589   

562 27 Missingness rate=100% 

561 1 Hardy-Weinberg P-value < 1x10-3 

557 4 Mendelian Inheritance Errors 

544 13 Missingness Rate >20% 

502 42 Minor Allele Frequency <0.01 

502 87 Total 
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Figure 4.5) Example sequencing chromatograms from FCHL Cohort (Family 42) 
for the putative SNP rs8133035 
Sequencing data provide no evidence for the presence of the rs8133035 minor allele 

in seven FCHL families where, by Sequenom genotyping, offspring were called 

heterozygous at this locus, despite both parents carrying two copies of the major G 

allele. 
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Three of the problem SNPs, rs162362 (NMI in six families), rs162386 (NMI in 15 

families) and rs17004554 (HWE) reside in a ~21kb region upstream of SIK1 that 

encompasses C21orf125 (Figure 4.6).  There was no overlap between the rs162362 

and rs162386 NMI families: apparent Mendelian errors were detected in a total of 21 

families.  The interval also contains two SNPs (rs229353 and rs7281094) which 

failed to genotype totally (Figure 4.6).  However, data was returned for seven more 

interspersed SNPs with no apparent discrepancies. 

 

Figure 4.7 illustrates how the segregation of deletions within families can lead to 

apparent NMI. Closer inspection of the rs162362 NMI families reveals that for two of 

the six families (family 139 and 238) the observed genotypes cannot be explained by 

transmission of a deleted allele from one parent, whilst in the other four families 

(families 40, 87, 150 and 184), transmission of a deleted allele would explain the 

apparent NMI (Figure 4.8).  It is therefore possible that a small deletion exists in 

these four families.  Although it is worth noting that, on the basis of genotype data 

from the neighbouring markers, any such deletion would have to be carried upon at 

least three different haplotypes (‘G-C-deletion-G-G’ (2 families), ‘A-C-deletion-A-T’ 

and ‘A-C-deletion-G-G’).  

 

In comparison, all 15 rs162386 NMI families followed the ‘hemizygous-transmission’ 

pattern (Figure 4.9) thus indicating that a distinct deletion may be present at this 

locus in some FCHL families.  All potentially hemizygous parent-offspring pairs were 

heterozygous at the two neighbouring SNPs, rs17004556 and rs2838307.  Based 

upon the positions of the primers used in genotyping these SNPs, the maximum 

possible size of a deletion in this interval, in these 15 families, is 929 base-pairs.  

This is interval is ~1.5kb downstream of C21orf125 which is predicted to encode a 

long intergenic non-coding RNA.   

 

Examination of genotype data for the surrounding SNPs in the fifteen rs162386 NMI 

families reveals that the potential deletion is always carried upon a genetic 

background of ‘A-C-deletion-A-A’.  A further 22 FCHL cohort families carry this 

haplotype.  However, in these instances NMI was not detectable either due to non-

transmission of the potentially deleted allele, or because the genotype of the non-

deleted allele is the same as that transmitted by the other parent.  
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Of the 37 FCHL cohort families that might carry the putative ≤929bp deletion around 

rs162386, 15 are included in the family subset contributing to the maximal triglyceride 

trait OSA linkage signal at 51cM (total 102 families, 3.2.2).  In comparison, just five 

potential deletion-carrying families form part of the subset of 47 families contributing 

to the 51cM cholesterol linkage peak, whilst 17 potential deletion-carrying families for 

part of the 101-family subset contributing to the cholesterol trait linkage peak at 

57.8cM.   

 

Returning to the final NMI SNP, rs8126811, it appears that this SNP (genotyped as a 

tag-SNP for the TSPEAR locus) resides in a long interspersed repeat element, which 

may therefore explain its aberrant genotyping.  
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Figure 4.6) Potential CNV Locus Upstream of SIK1 

A cluster of SNPs with genotyping problems were identified upstream of SIK1.   Genotyped SNPs are marked by dots.  Succesfully genotyped 

SNPs are shaded green.  SNPs which failed to produce any genotype data are shaded red, those showing persistent inheritance problems are 

purple whilst a single SNP showing significant evidence of deviation from HWE is coloured brown.  
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Figure 4.7) Transmission of a Deletion from Parent to Offspring May Appear as Non-Mendelian Inheritance 
If a hemizygous parent transmits their deleted allele, the resulting hemizygous child will appear to be homozygous for the allele transmitted by 

the other parent.  If this allele is different to the non-transmitted allele in the hemizygous parent then NMI will be observed.   
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Figure 4.8) Non-Mendelian Inheritance of rs162362 in Six FCHL Families 
Genotypes for rs162365, rs10470255, rs162362, rs2838303 and rs229355 are listed.  Genotypes of parents and offspring where NMI was 

detected are highlighted in red.  Missing genotypes are indicated by ‘?_?’.  The patterns of non-Mendelian inheritance observed in families 139 

and 238 (boxed) cannot be explained by transmission of a hemizygous deletion from one parent. 
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Figure 4.9) 
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Figure 4.9) Non-Mendelian Inheritance of rs162386 in 15 FCHL Families 
Genotypes for rs8131995, rs17004556, rs162386, rs2838307 and rs17004557 are 

listed.  Genotypes of parents and offspring where NMI was detected are highlighted 

in red.  Missing genotypes are indicated by ‘?_?’.  The patterns of non-Mendelian 

inheritance observed in all families can by explained by transmission of a 

hemizygous deletion from one parent which is always carried on a genetic 

background of A, C, ‘deletion’, A, A.  Other family members carry this haplotype but 

NMI is not observed due to pedigree structure or because of the variant allele 

transmitted by the other parent. 
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Genotype call rates were determined for 557 SNPs in the 1725 FCHL family cohort 

members for whom quality control checks were satisfactory.  The mean call rate for 

these 557 markers was 0.96±0.07.  The removal of 13 SNPs that had a genotype call 

rate of below 0.8 from the dataset increased the mean call rate to 0.97±0.03.   

 

As an additional screening procedure, 42 variants with a minor allele frequency of 

below 0.01 were also removed from the dataset (Table 4.5a and 4.5b).  To assess 

whether any of these ‘rare’ variants were enriched within the FCHL cohort, allele 

frequencies were compared with those recorded in the 1000 Genomes European 

dataset.  Of the 42 variants with a minor allele frequency <0.01, 24 were mono-allelic 

in the entire FCHL family cohort and 2 were found in only one individual (and were 

mono-allelic in the pedigree founders).  Furthermore, of these 26 variants, 22 were 

not recorded in the European populations of the 1000 Genomes dataset (Table 4.5a) 

and two, rs61739237 and rs62000965, were present on only chromosome of one 

individual in the 1000 Genomes data (Table 4.5a).  The minor allele frequencies of 

the outstanding two variants (rs12627414 and rs2838946) were ~4% in the 1000 

Genomes dataset (Table 4.5a), perhaps indicating that the genotyping assays 

employed in the FCHL family cohort were unable to properly ascertain the minor 

alleles of these ‘SNPs’.   

 

Three low frequency variants (rs12329729, rs12627675 and rs62000960) were 

detected in the FCHL cohort but were not recorded in the 1000 Genomes dataset 

(Table 4.5a).  Whilst rs12329729 and rs12627675 were found in just one and three 

members of the FCHL cohort respectively, the COL18A1 non-synonymous coding 

variant, rs62000960 was heterozygous in nine individuals, segregating in three FCHL 

families, plus one lone individual.  Figure 4.10 shows that the rare allele of this 

variant does not appear to segregate with affection status for either the FCHL-

triglyceride or cholesterol trait.   

 

In total, 13 of the 42 low frequency SNPs were present in both the FCHL and 1000 

genomes datasets (Table 4.5b).  The rare allele of one SNP, rs11911327 was 

present on 0.0177 of chromosomes from the 1000 Genomes European dataset 

compared to 0.0032 of chromosomes in the FCHL founders (P=0.02), which 

suggests that depletion of this allele could be important in FCHL.  However, this 

possibility seems unlikely since the frequency of the rare allele was in fact higher in 

FCHL probands versus spouses (controls) (Table 4.5b).   
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In sum, these results indicate that the low frequency SNPs genotyped in this project 

are unlikely to contribute to the FCHL linkage signal on chromosome 21q.  At the end 

of all quality control procedures, a final dataset of 502 SNPs, genotyped in 1725 

individuals was available for statistical analysis. 
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Table 4.5a) Genotyped SNPs found to be Mono-allelic in FCHL Founders and/or 
1000 Genomes European Ancestry Dataset 
   

Minor Allele Frequency 

SNP Gene Position 
 All 

(n=3450)
Founders 

(n=662) 
1000G 

(n=566)

rs8131089 ABCG1 43,680,107 0 0 NR

rs17114631 ABCG1 43,708,490 0 0 NR

rs28653325 SLC37A1 43,938,500 0 0 NR

rs9976017 CBS 44,433,203 0 0 NR

rs5742905 CBS 44,483,184 0 0 NR

rs2298758 CBS 44,485,527 0 0 NR

rs34040148 CBS 44,488,631 0.0003 0 NR

rs35596465 SNF1LK 44,836,800 0 0 NR

rs34614061 SNF1LK 44,837,465 0 0 NR

rs34704670 SNF1LK 44,838,283 0 0 NR

rs35519605 SNF1LK 44,838,395 0 0 NR

rs34164089 SNF1LK 44,839,075 0 0 NR

rs45491503 SNF1LK 44,841,593 0 0 NR

rs35051468 AGPAT3 45,379,611 0 0 NR

rs11908904 TSPEAR 46,113,691 0 0 NR

rs61749002 COL18A1 46,875,586 0 0 NR

rs2236453 COL18A1 46,888,627 0 0 NR

rs62000458 COL18A1 46,897,730 0 0 NR

rs61738822 COL18A1 46,900,062 0 0 NR

rs58380358 COL18A1 46,912,474 0 0 NR

rs61736805 COL18A1 46,932,115 0.0003 0 NR

rs61735035 COL18A1 46,932,212 0 0 NR

rs12627414 TSPEAR 46,025,749 0 0 0.0389

rs61739237 COL18A1 46,875,683 0 0 0.0018

rs62000965 COL18A1 46,895,427 0 0 0.0018

rs2838946 COL18A1 46,908,569 0 0 0.0442

rs12329729 COL18A1 45,967,330 0.0003 0.0016 NR

rs12627675 COL18A1 46,839,075 0.0009 0.0016 NR

rs62000960 COL18A1 46,875,961 0.0028 0.0016 NR

n=maximum number of chromosomes genotyped, 1000G=1000 Genomes European 
dataset, NR=not recorded 
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Table 4.5b) Frequencies of SNPs with 0<MAF<0.01 in FCHL Family Cohort 
Founders, Probands, Spouses and in 1000 Genomes European Ancestry 
Dataset 

   Minor Allele Frequency 

SNP Gene Position 
Founders 

(n=662)
1000G 

(n=566)  
Probands 

(n=478) 
Spouses 
(n=488)

rs8133241 BACE2 42,561,034 0.0091 0.0106  0.0065 0.0104

rs10084555 ABCG1 43,623,379 0.0062 0.0035  0.0066 0.0063

rs11702801 ABCG1 43,670,367 0.0091 0.0035  0.0064 0.0145

rs2839481 ABCG1 43,687,142 0.0016 0.0018  0 0

rs884979 SLC37A1 43,985,452 0.0093 0.0018  0.0194 0.0106

rs34987632 SNF1LK 44,839,263 0.0016 0.0053  0.0044 0.0021

rs2838470 AGPAT3 45,437,183 0.0060 0.0088  0.0063 0.0041

rs17004674 TSPEAR 46,001,361 0.0030 0.0053  0 0.0042

rs11911327 COL18A1 46,848,156 0.0032 0.0177a  0.0068 0.0022

rs9976881 COL18A1 46,897,893 0.0078 0.0035  0 0.0064

rs2230693 COL18A1 46,913,477 0.0032 0.0072  0.0022 0.0043

rs9983151 COL18A1 46,930,442 0.0082 0.0035  0.0048 0.0067

rs2839213 MCM3AP 47,752,496 0.0080 0.0141  0.0044 0.0089

a Frequency significantly different in FCHL founders and 1000 Genomes dataset, 
P=0.02 

n=maximum number of chromosomes genotyped, 1000G=1000 Genomes European 
dataset, NR=not recorded 
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Figure 4.10) Segregation of rs62000960 in Three FCHL Families 
The minor allele (A) of the COL18A1 non-synonymous coding variant rs62000960 

does not appear to segregate with lipid traits in FCHL families. 
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4.2.5) Coverage of Linkage Interval by Directly Genotyped SNPs 

Coverage of the candidate genes and their associated target regions by the SNPs 

passing quality control measures was estimated using a minimum r2 value of 0.8 and 

a pairwise tagging method (Table 4.6).  The genotyped SNPs captured an average of 

86.64±12.18% of the common variation in the candidate genes.  Excluding the 

SIK1/TSPEAR and intervals, which had lower coverage (both 64%), 91.67±5.39% of 

common variation was captured. 

 

In total, the final SNP dataset captured common genetic variation across 1.42Mb of 

chromosome 21q22.2-22.3, including 1.15Mb of the 3.8Mb linkage interval (~30%). 
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Table 4.6) Coverage of Target Genes by Genotyped SNPs Following Quality Control Measures 
 
   Excluded SNPs 

  

Gene Target Intervala Total SNPsb No Data Call Rate <80% NMI HWEc  MAF<1%  Coveraged (%) Spane (Kb)

BACE2 42,532,075-42,657,548 71 5 4 0 0 1 88 125.47

ABCG1 43,619,415-43,718,872 48 2 2 0 0 5 87 99.46

SLC37A1 43,905,327-44,006,117 36 0 1 0 0 2 97 100.79

CBS 44,423,653-44,519,655 55 0 0 0 0 4 98 96.00

SIK1 44,784,639-44,891,718 70 4 1 2 1 7 64 107.08

AGPAT3 45,237,039-45,450,717 54 3 0 0 0 2 94 213.68

TSPEAR 45,928,055-46,138,905 60 4 2 1 0 4 64 343.40

UBE2G2 46,139,210-46,271,452 55 2 0 0 0 0 94 

COL18A1 46,774,695-46,983,224 79 5 2 1 0 16 81 186.69

LSS 47,558,994-47,698,343 43 1 0 0 0 0 93f 144.66

MCM3AP 47,699,856-47,752,496 12 1 1 0 0 1   

 TOTAL 583 27 13 4 1 42  1417.22

a Co-ordinates according to human genome reference sequence build hg19 from first to last genotyped SNP of  specified gene. 
b Total number of genotyped SNPs in given gene interval 
c Deviation from HWE with P<0.001 
d Coverage calculated using HapMap 2 data and non-excluded SNPs. 
e Span is calculated from first to last non-excluded in gene target interval.  For the adjacent genes TSPEAR-UBE2G2 and LSS-MCM3AP span incorporates 
both intervals. 
f MCM3AP is adjacent to LSS and was partially covered by original LSS tag-SNPs.  Coverage is calculated for complete interval including both genes 
SNP=single nucleotide polymorphism, NMI=non-Mendelian inheritance, HWE= Hardy Weinberg Equilibrium, MAF=minor allele frequency 
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4.2.6) Preparation of Sample and Reference Datasets for Imputation 

To prepare the sample dataset for use with MaCH, 19 markers with genotype call 

rate <0.90 were excluded (Table 4.7).  SNPs within the sample dataset were aligned 

to the + strand, to ensure compatibility with reference (HapMap or 1000 Genomes) 

datasets.  Accurate specification of the + strand was not possible for two markers 

(rs2837906 and rs3746917) with ~50:50 G/C allele frequencies hence these were 

removed from the input dataset.  In total 481 SNPs were included in the input sample 

dataset. 

 

When the 1000 Genomes CEU dataset was used as a reference, a further 20 

markers were filtered from the sample dataset due to their absence from the June 

2010 release.  When the HapMap 2 reference dataset was employed, 80 non-

HapMap SNPs were excluded. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 136

Table 4.7) SNPs with Call-Rate 0.80-0.90 Excluded from Imputation Dataset 
 

SNP Target Gene Position (bp) Call Rate 

rs2898441 BACE2 42,606,524 0.88 

rs2837994 BACE2 42,624,124 0.86 

rs6517659 BACE2 42,641,982 0.82 

rs2006737 BACE2 42,657,187 0.88 

rs2839538 SLC37A1 43,915,541 0.85 

rs4920123 SLC37A1 43,990,667 0.89 

rs2096852 SNF1LK 44,825,683 0.88 

rs162365 SNF1LK 44,854,995 0.89 

rs9647234 TSPEAR 46,098,545 0.81 

rs1980978 COL18A1 46,818,397 0.89 

rs2838906 COL18A1 46,821,907 0.81 

rs17004772 COL18A1 46,849,777 0.89 

rs2236458 COL18A1 46,894,021 0.80 

rs2236469 COL18A1 46,902,390 0.89 

rs9977268 COL18A1 46,907,287 0.86 

rs7278425 COL18A1 46,926,551 0.86 

rs4818835 MCM3AP 47,724,702 0.89 

rs16979065 MCM3AP 47,749,456 0.87 

rs2839212 MCM3AP 47,751,347 0.89 
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4.2.7) Quality Measures for Imputed Genotypes 

In order to determine which reference dataset and subsample of the FCHL cohort 

would enable the most accurate imputation model to be built, imputation error rates 

were estimated for a number of possible scenarios (Table 4.8).  Specifically, 2% of 

the input genotypes were masked at random, imputed and then compared to the 

experimentally determined data in order to estimate per allele and per genotype error 

rates.   Error rates were compared for imputation models based on either 1000 

Genomes or HapMap Phase 2 reference datasets and the genotypes of either 239 

FCHL probands, or 244 family spouses, or both.  In each instance, model estimation 

involved 100 iterations. 

 

Table 4.8 shows that model estimation had the lowest error rate when using the 1000 

Genomes reference dataset and when both proband and spouse data were utilised.  

Genotype imputation across the entire dataset was therefore performed using a 

model formulated using these parameters.   

 

Following genotype imputation, the complete dataset comprised information for 

17875 SNPs (461 typed plus 17414 untyped SNPs).  Of the 17875 markers, 4685 

(461 typed plus 4224 imputed) passed the recommended imputation quality 

threshold of r2>0.5.  Genotype dosage data for these SNPs were subsequently 

utilised in association testing. 

 
Table 4.8) Estimated Allelic and Genotypic Error Rates for Different Imputation 
Model Estimation Parameters Using MaCH 

 

Subsample of Cohort used in Model Estimation 

Probands Spouses Probands & Spouses Reference 

Dataset 
AER GER AER GER AER GER 

1000G 06/2010 0.0383 0.0746 0.0382 0.0744 0.0380 0.0740 

HapMap 2 0.0383 0.0748 0.0383 0.0745 0.0383 0.0746 

AER=allelic error rate, GER=genotypic error rate, 1000G=1000 Genomes 
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4.2.8) Coverage of Linkage Interval Following Genotype Imputation 

After quality control of the imputed dataset, coverage of the candidate gene regions 

was estimated, (using HapMap SNPs only, n=1696 due to their compatibility with the 

Haploview software).  Based on the filtered imputed dataset, 97.78±3.07% of 

common variation across the candidate genes was captured (Table 4.9).  

Importantly, coverage if the SIK1 and TSPEAR interval was increased from 64% to 

97% and 98% respectively. In addition, the imputed genes covered an expanded 

interval of 1.67Mb compared to 1.42Mb before imputation.  This constitutes ~34% of 

the 3.8Mb linkage interval (3.2.2) (BACE2 and LSS reside outside of this region) 

 

 

Table 4.9) Coverage of Candidate Genes Following Genotype Imputation 

a Co-ordinates according to human genome reference sequence build hg19 from first to last 
genotyped SNP around given gene. 
b Total number of SNPs after imputation and SNP filtering using described quality controls. 
c Total number of filtered imputed HapMap SNPs.  Total filtered, imputed SNPs=4685. 
d Mean±standard deviation 

Gene Interval Span of Imputed SNPsa Total SNPsb Coverage (%) 

BACE2 42,515,277-42,714,288 175 90 

ABCG1 43,607,858-43,727,683 125 99 

SLC37A1 43,905,327-44,007,516 152 100 

CBS 44,410,725-44,535,683 163 99 

SIK1 44,778,836-44,923,146 145 97 

AGPAT3 45,214,862-45,462,853 173 99 

TSPEAR to UBE2G2 45,928,055-46,284,110 446 98 

COL18A1 46,768,117-46,965,499 168 98 

LSS to MCM3AP 47,558,994-47,740,905 149 100 

Total 1673.63Kb 1696c 97.78±3.07d 
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4.3)  Discussion 

When performing association analysis, incorporating large numbers of samples 

and/or SNPs, good quality control and an efficient study design are essential 

(reviewed in (Neale and Purcell, 2008)).  In this investigation, ten biological candidate 

genes and their flanking regions were targeted and the implementation of quality 

measures yielded a dataset, ready for association analysis, comprising information 

for 502 SNPs, genotyped in 1725 individuals.  This dataset encompasses 1.15Mb 

(~30%) of the 3.8Mb linkage interval (Chapter 3). 

 

CNV is a form of heritable variation that is expected to contribute to common disease 

susceptibility (Manolio et al., 2009).  Traditionally CNVs are >1kb in length, though 

this figure is borne out of the limitations of techniques employed for CNV detection 

(Zöllner and Teslovich, 2009).  About 90% of CNVs identified to date have two allelic 

states (McCarroll et al., 2008) and around two-thirds of catalogued variants are 

deletions (URL22).  Forms of evidence that can be used to infer the presence of copy 

number variable regions include the observation of apparent NMI in genotyped 

families (Aitman et al., 2006) and departures from HWE (Lee et al., 2008b).   

 

In this study, four SNPs displayed recurrent problems in Mendelian inheritance and 

one showed a significant deviation from Hardy-Weinberg equilibrium.  A potential 

copy number variable region of up to 929 base pairs in length was identified due to 

NMI of rs162386.  Specifically, the patterns of inheritance in FCHL families suggest 

that this interval may harbour a deletion.  Data from a previous study identified a 

much larger putative deletion (spanning ~50kb) in this region (Jakobsson et al., 2008) 

in two individuals.  Jakobsson et al., used PennCNV (Wang et al., 2007b) to predict 

potential CNV sites using genome-wide SNP data.  These data comprised genotypes 

for 485 samples taken from the Human Genome Diversity Panel individuals gathered 

using the Illumina Hap 550 genotyping chip.   

 

In order to determine whether the putative deletion identified in this study is in fact a 

true deletion, one could use PCR to amplify and sequence overlapping segments 

across the region.  Should a deleted region be identified then a technique such as 

multiplex ligation dependent probe amplification (MLPA) could be used for typing in 

many individuals (Schouten et al., 2002).  However, before further investigation is 

carried out, it is worth noting that the phenotypic impact of this putative CNV with 

regard to FCHL is questionable. Of 31 potentially hemizygous individuals in the 15 

NMI families, six were FCHL probands compared to five family spouses.  Twelve 
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individuals had cholesterol levels above the 95th age- and sex-specific percentile 

values and just seven had triglyceride levels above the 90th age- and sex-specific 

percentile values. 

 

Recent studies have identified that hypertriglyceridemic individuals have an 

enrichment of rare variants in genes that are biological candidates for the disorder 

(Johansen et al., 2010; Wang et al., 2008).  Considering these findings, the 

localisation and minor allele frequencies of 13 rare variants (0<MAF<0.01) genotyped 

in the FCHL family cohort were examined more closely.  None were present solely in 

FCHL probands, though one non-synonymous coding variant (rs62000960), absent 

from current 1000 Genomes data (URL9), was found in ten FCHL family members.  

However, the variant in question is unlikely to play a role in FCHL aetiology since in 

these families it did not segregate with the FCHL triglyceride and/or cholesterol traits.  

One variant was present at a significantly lower frequency in FCHL families 

compared to individuals of European descent genotyped as part of the 1000 

Genomes Project (URL9).  However, as the frequency of this variant in FCHL 

probands was intermediate to those observed in the pedigree founders and the 1000 

Genomes dataset, it too is unlikely to play a part in the aetiology of FCHL. 

 

The imputation approach applied in this investigation is analogous to that used in a 

recent family-based association study of bipolar disorder, targeted to chromosome 

8q24 (Zhang et al., 2010a).  In their investigation, Zhang and colleagues first 

performed model estimation using a selection of 200 unrelated individuals from their 

cohort which in total comprised 3512 individuals from 737 families.  In comparison, in 

this study, data from 239 probands, 244 spouses or both (473 unrelated individuals) 

were used in model estimation.  Error rates for different model building scenarios 

were compared, with the fewest errors produced when both probands and spouses 

were used in model estimation.  Using these parameters, genotypic and allelic error 

rates in the FCHL cohort were estimated to be 0.0740 and 0.0380, respectively.  This 

allelic error rate is similar to that estimated by Li et al in their description of the MaCH 

software (Li et al., 2010).  In this instance, a HapMap Phase 2 CEU reference panel 

comprising 872 SNPs was used to impute the genotypes of a further 992 SNPs in 

European populations of the Human Diversity Genome Project with an estimated 

allelic error rate of <0.034 (Li et al., 2010). 

 

MACH produces an r2 value for each marker which is equivalent to the ratio of the 

empirically observed dosage variance to the expected dosage variance (under a 
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binomial distribution, p(1 − p), where p is the estimated minor allele frequency).  

Using the 1000 Genomes reference dataset, 4685 of the 17875 imputed markers 

passed the recommended imputation quality threshold of r2>0.5.  The large number 

of SNPs falling below this threshold is a likely reflection of the experimental design, 

where no marker information was available in the sample dataset, outside of the 

target gene intervals.   

 

Overall, the result of genotype imputation in the FCHL cohort was to increase the 

coverage of the linkage interval, without the immediate need for further direct 

genotyping. Prior to imputation, the filtered genotyped variants were estimated to 

capture an average of 0.87±0.12 of the common variation in the candidate genes.  

Post-imputation and quality control, this value was increased to 0.98±0.03 (significant 

increase, P=0.02).  Thus, imputation was a cost-effective alternative to further direct 

genotyping.  However, one should note that since genotypes generated in silico are 

uncertain, any imputed SNP which generated a positive association signal would 

require subsequent direct genotyping to confirm the result.   

 

The efficiency of imputation is discussed by Anderson and colleagues in a 

comparison of data obtained by direct genotyping of 1376 samples using the Illumina 

HumanHap 550 genotyping chip and by a combination of genotyping with the lllumina 

HumanHap 300 and imputation (Anderson et al., 2008).  At an r2 of 0.8, the genomic 

coverage of the Illumina HumanHap 550 is 87% compared to 77% for the HumanHap 

300 chip.  However, when the HumanHap 300 dataset is subject to imputation using 

a HapMap 2 reference dataset, this coverage estimate is increased to 81%.  In 

addition, in their study, when the sample size was weighted according to a 

genotyping cost per sample, (HumanHap 300 weight 1.32 vs. HumanHap 500 weight 

1), Anderson et al. found that under multiple scenarios of minor allele frequency and 

sample size, the imputed dataset always provided the most power (Anderson et al., 

2008).  As such, it should be noted that the current study design increased coverage 

estimates for the target genes to 98%, above that achieved by even the larger SNP 

arrays that type ~1 million SNPs genome-wide (Li et al., 2010). 
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Chapter 5 – Testing for Association between Chromosome 

21q22.2-22.3 Common Variants and FCHL Lipid Traits  

 

5.1) Introduction 

In an association study, an important consideration is how best to analyse the SNP 

dataset and subsequently how to interpret the results obtained.  A balance must be 

found between maximising the power of the study to detect association, avoiding 

potentially false positive associations that arise due to confounding factors such as 

population stratification whilst avoiding false negative results arising from over-

conservative correction for the multiple statistical tests performed.   

 

One may consider two broad approaches in analysing a family-based dataset.  

Firstly, the traditional family-based methodologies such as the transmission 

disequilibrium test (TDT), the family-based associated test (FBAT) and their various 

extensions (Ewens and Spielman, 1995; Laird et al., 2000; Martin et al., 2000) or 

second, ‘population-based’ methods such as linear mixed effects (LME) modelling 

(Chen and Yang, 2010), the more-powerful quasi-likelihood score method (MQLS) 

(Thornton and McPeek, 2007), or standard generalised estimating equations (GEE, 

(Chen and Yang, 2010)).   

 

Traditional family-based tests, like the TDT, assess transmission of alleles within a 

given family, using parent-offspring and/or discordant sibships.  The nature of this 

approach means that it is robust to population stratification (Ewens and Spielman, 

1995).  However, family units become ‘uninformative’ when transmission from 

parents to children is ambiguous due to their homozygosity, leading to a reduction in 

the effective sample size and a concomitant reduction in power.  Likewise, the within-

family approach can be considered inefficient since it does not make use of all 

available information, ignoring the allelic association observed across families (Chen 

et al., 2009; Cupples, 2008). 

 

The alternative ‘population-based’ approaches model the phenotype as a function of 

the genotype.  In order to account for familial relatedness, a variance/covariance 

matrix is incorporated (Chen and Yang, 2010).  This approach permits the use of 

information from all genotyped individuals, regardless of whether they are 

heterozygous for a given SNP, thus maximising study power.  The counterbalance is 

that this type of association analysis is not robust to confounding by population 
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substructure.  A simple method of checking for bias in association studies that might 

result from undetected population substructure is to produce a quantile-quantile (Q- 

Q) plot of observed versus expected –log10(P-values) for the association tests 

performed.  This plot characterises the extent to which the observed distribution of 

the test statistic follows the expected (null) distribution.  On a genome-wide scale and 

using unrelated individuals, a method such as principle components analysis (applied 

in the EIGENSOFT package, (Patterson et al., 2006; Price et al., 2006)) can be used 

to detect and correct any such stratification.  

 

A recent simulation study has compared the power and type 1 error rates of 

association analysis methods applied to data from related individuals (Manichaikul et 

al., 2011).  This study showed that ‘population-based’, total association methods 

such as LME for quantitative traits and MQLS or GEE for dichotomous traits, 

consistently out-performed both the within-family methods such as FBAT and GDT 

(generalised disequilibrium test, an extension of the TDT, (Chen et al., 2009)) and 

simple regression-based approaches which do not take into account the family 

structure.  The simulations also demonstrated increased power for quantitative 

versus dichotomous trait analyses (Manichaikul et al., 2011). 

 

In detail, in a simulated dataset involving 2,305 individuals across 687 families, 

considering a single marker with a minor allele frequency of 0.3 and a normally 

distributed quantitative phenotype where the disease marker accounted for 0.5% of 

trait variance, the power of LME at P=0.01 was 73.1% compared to 31.2% for FBAT 

(Manichaikul et al., 2011)  When family-relatedness was ignored and simple linear 

regression was applied, the type 1 error rate was approximately double that of the 

other methods examined.  Likewise, for dichotomous trait analysis under an additive 

model, with a simulated disease prevalence of 5%, GEE and MQLS (‘population’-

based) had power of 13.3% and 15.5% respectively, compared to power of 5.2% for 

GDT (family-based).  For a more common disease, with 50% prevalence, these 

values rose to 47.4% for GEE and 50.9% for MQLS compared to 20.1% for GDT.  

Type 1 error rates were again inflated (1.5 to 2-fold) when family structure was 

ignored (Manichaikul et al., 2011). 

 

Genome-Wide Association analyses with Family (GWAF) is an R package that 

implements both LME (quantitative trait) and GEE (dichotomous trait) (Chen and 

Yang, 2010).  Unlike other implementations of population-based approaches for 

family-based studies (Thornton and McPeek, 2007), GWAF allows the incorporation 
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of covariates, such as body mass index, into analyses, provides estimates of effect 

sizes in its output files and importantly, facilitates the analysis of imputed data with 

the accommodation of genotype dosages (Chen and Yang, 2010; Manichaikul et al., 

2011).  GWAF was therefore chosen to perform association analyses using the 

FCHL family cohort data, the results of which are presented in this chapter. 

 

Aside from choosing the most appropriate analysis method for a large-scale 

association study, a further challenge is to how to correctly interpret the significance 

of the results obtained.  One method frequently employed is to control the family-wise 

error rate (the probability of observing ≥1 significant under the null hypothesis of no 

association), at a nominal (and indeed arbitary) level such as αe=0.05.  The simplest 

way to do this is to apply a Bonferroni correction to the pointwise (per-SNP) error rate 

(αp), for a given αe, such that: 

αp  = αe/n 

where n is the number of independent tests performed.  A genome-wide correction 

for 1,000,000 SNPs was proposed (Risch and Merikangas, 1996) and thus many 

GWAS published to date apply a significance threshold of P<5x10-8 (Barrett et al., 

2008; Ehret et al., 2011; Teslovich et al., 2010). However, recent studies have sought 

an alternative to the Bonferroni correction because, in studies where many, high-

density SNPs are genotyped, underlying LD between markers is likely to undermine 

the assumption of independent tests that it requires (Johnson et al., 2010).  As a 

result, the Bonferroni correction can be conservative and lead to an increase in type 

2 error (false-negative) rate, particularly when sample sizes do not run into tens of 

thousands (Johnson et al., 2010).  Even in a study design which employs tag-SNPs, 

underlying LD will exist between genotyped SNPs, dependent upon the r2 threshold 

specified during the tag-SNP selection process. 

  

Permutation testing is a favourable alternative to a Bonferroni correction due to its 

robustness, regardless of correlation between markers (Hoggart et al., 2008).  In this 

approach, test statistics are calculated in both actual and permuted datasets.  In the 

permuted datasets, the phenotype (for example case/control status) of the typed 

individuals is randomly shuffled to quantify the level of chance association.  Using the 

best results from each permutation, a null distribution of test statistics can be 

assembled and comparisons between this and the actual data can be used to 

empirically define the statistical significance of the tests performed, based upon the 

appropriate percentile of the null distribution (Hirschhorn and Daly, 2005). 
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The permutation approach is computationally demanding for large datasets which 

can make it unsuitable for large-scale SNP data (Gao et al., 2008). Churchill and 

Doerge suggested that 1000 permutations are required for calculating significance 

thresholds at αe =0.05, with this value rising to 10,000 for αe =0.01 (Churchill and 

Doerge, 1994).  In a recent simulation study, Gao et al, estimated that in a dataset 

comprising 100 SNPs genotyped in 1000 individuals, three hours computation time 

were required to perform 100,000 permutations.  This figure extrapolated to over 

three years, on a standard computer, when a dataset comprising one million SNPs 

was considered (Gao et al., 2008).  Permutation programs optimised for GWAS have 

recently been devised, including PRESTO (Browning, 2008) and PERMORY (Pahl 

and Schafer, 2010), although these currently only handle data from unrelated 

individuals or trios.  

 

A further option is the calculation of the effective number of independent tests 

(Cheverud, 2001; Gao et al., 2008; Li and Ji, 2005; Nyholt, 2004).  This process 

takes account of the correlation between SNPs and determines the effective number 

of independent SNPs upon which a Bonferroni correction can then be applied.  

Nyholt developed the web-based interface, SNPSpDlite (URL11), which implements 

the formula of Li and Ji to calculate the effective number of independent tests (Meff-L) 

(Li and Ji, 2005; Nyholt, 2004).  This approach is advantageous since it is directly 

applicable to family-based data.  A recent comparison of these techniques also found 

that the Meff-L provided the best approximation of the permutation-based threshold 

even when considering >500 SNPs (Wen and Lu, 2011). 
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5.2) Results 

 

5.2.1)  Association of Directly Genotyped SNPs with FCHL Lipid Traits 

Single marker association tests were performed with data for the 502 directly 

genotyped SNPs which passed quality control checks (4.2.3).  Linear mixed effects 

models and generalised estimating equations were used to model family structure for 

the quantitative and dichotomous phenotypes respectively. 

 

The effective number of statistical tests, estimated using the method of Li and Ni (Li 

and Ji, 2005; Nyholt, 2004), was 308.184.  Due to the high level of correlation 

between cholesterol and (log) triglyceride levels in the FCHL cohort (r=0.62), data 

were corrected for the analysis of only one trait.  Therefore, to maintain an 

experiment-wide error rate of 0.05, the threshold for significant association to be 

declared equates to P<0.00016. 

 

Power calculations for the dichotomous and quantitative phenotypes (Table 5.1) 

demonstrate that the FCHL cohort is well-powered to detect strong association 

signals such as those explaining ≥1.5% of the quantitative trait variance or those with 

an odds ratio of ≤0.5 or >1.5 for dichotomous traits.  However, the FCHL cohort has 

only low to moderate power to detect variants that explain ≤1% of the phenotypic 

variance.  The power calculations also demonstrate that performing quantitative 

analysis using the entire cohort is potentially a more powerful approach than 

dichotomising individuals according to affection status for either the FCHL-triglyceride 

or cholesterol traits.  One should also note that whilst these calculations were not 

subject to correction for family structure, a recent simulation study suggests that the 

effect of such a correction on power is minimal (<4.7% when a variant with a 

frequency of 30% accounted for 0.5% of the trait variance) (Manichaikul et al., 2011).   
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Table 5.1) Power Calculations for Different Analyses Performed using FCHL 
Family Cohort Association Study Data 

 
Study Design N Effect Power (%) 

Dichotomous Trait 653/995a OR=0.5 89.17 

  OR=0.75 6.73 

  OR=1.1 0.16 

  OR=1.25 3.51 

  OR=1.5 46.72 

  OR=1.75 92.78 

  OR=2.0 99.78 

Quantitative Trait 1725 VE=0.25% 1.27 

  VE=0.5% 8.47 

  VE=1% 44.01 

  VE=1.5% 78.57 

  VE=2% 94.40 

Power calculations were performed using QUANTO (URL12) under the assumption 
of an additive inheritance model, an effect allele frequency of 10%, and an alpha 
threshold of 1.6x10-5 (to correspond with the significance threshold calculated in 
5.2.1).   
a Affecteds/Unaffecteds. Numbers given are for FCHL triglyceride trait 

OR=odds ratio, VE=variance explained 
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Quantitative and dichotomous trait analyses were performed using three groups of 

individuals, drawn from the FCHL cohort.  Firstly, data from the entire cohort was 

examined, with and without inclusion of APOE genotype as a phenotypic covariate. 

Secondly, in light of the OSA data presented in Chapter 3, data from the subset of 

102 families contributing to the OSA linkage signal for the FCHL-triglyceride trait at 

51cM, were analysed for association with triglyceride dichotomous and quantitative 

traits (3.2.2).  Thirdly, data for the subset of 47 families contributing to the OSA 

linkage signal for the FCHL-cholesterol trait at 51cM, were analysed for association 

with cholesterol dichotomous and quantitative traits (3.2.2).   

 

a) Analyses using the Entire FCHL Cohort 
In the entire cohort, no SNPs surpassed the threshold for a significant association, in 

either quantitative or dichotomous trait analyses.  Figure 5.1 and Table 5.2 illustrate 

the results of the triglyceride trait analyses.  In these analyses, the top SNP 

(P=0.0003) was rs8134486, an intronic ABCG1 tag-SNP (Figure 5.2), which just 

exceeded the threshold for declaring significant quantitative trait association with 

triglyceride levels.  In the corresponding dichotomous trait analysis the P-value for 

this variant was P=0.0992.  Multiple species alignments of ABCG1 sequences 

revealed that rs8134486 does not reside in a conserved intronic region (Figure 5.3). 

 

In order to substantiate the evidence for association between rs8134486 and 

triglyceride levels, data from the recent GLGC genome-wide meta-analysis of lipid 

traits were examined (Teslovich et al., 2010).  The GLGC study incorporated genetic 

and phenotypic data from 46 GWASs (~100,000 individuals) to identify loci that 

underpin normal variation in lipid levels. Due to its low minor allele frequency, 

rs8134486 was not included in the GLGC dataset and therefore, in this instance, no 

conclusion can be drawn about the association of this SNP with triglyceride levels at 

the population level.   

 

Due to the established association between the metabolism of triglyceride-rich 

lipoproteins and HDL-cholesterol, the association between rs8134486 and HDL 

levels was also examined in the 1477 members of the FCHL cohort for whom this 

information was available.  In this quantitative analysis, the resultant P-value was 

P=0.7570. 
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Figure 5.1) Results of Single Marker Association Tests for Directly Genotyped 
SNPs in the Entire FCHL Cohort – Triglyceride Traits.  
To test for association between individual SNPs and serum triglyceride level, 

considered as a quantitative trait, linear mixed effects models were used.  When 

considering the FCHL-triglyceride trait as a binary outcome (affected=triglyceride 

≥90th percentile age- and sex-matched level), logistic regression, via generalised 

estimating equations was employed.  The threshold for significant association is 

marked by a dotted line.  For each analysis, the SNP giving the lowest P-value is 

labelled and is marked by a purple diamond.  Other SNPs with an (uncorrected) 

significance level of P<0.01 are indicated by green circles.  All other analysed SNPs 

are denoted by grey squares. 
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Table 5.2) SNP-Triglyceride Association Results from Single Marker Association Tests, (P<0.01 for either quantitative or dichotomous 
trait analysis) 

 Quantitative Trait (LME)  Dichotomous Trait d (GEE) 

SNP 
Position 

(bp) 
Candidate Gene 

(Relative Position) Allelesa MAF  VE (%)b β (SE)c P  β (SE)e P 

rs7281337 42,655,459 BACE2 
 (~7kb downstream) 

C/G 0.15  0.08 0.0256 (0.0285) 0.3701  0.2980 (0.1128) 0.0082 

rs8134486f 43,695,330 ABCG1 (intronic) T/C 0.01  0.64 0.2981 (0.0831) 0.0003  0.4303 (0.2994) 0.0992 

rs4148135f 43,706,995 ABCG1 (intronic) G/A 0.01  0.36 -0.2159 (0.0942) 0.0219  -1.0016 (0.3182) 0.0016 

rs12483004 43,992,477 SLC37A1 (intronic) A/C 0.34  0.37 0.0589 (0.0215) 0.0060  -0.0466 (0.0774) 0.3562 

rs9637180f 44,793,184 SIK1 
 (~41.2kb downstream) 

G/A 0.09  0.49 0.0983 (0.0351) 0.0051  0.0634 (0.1383) 0.1133 

rs229346f 44,839,654 SIK1 (intronic) C/T 0.13  0.25 0.0482 (0.0297) 0.1047  0.2847 (0.1066) 0.0076 

rs457647g 45,989,115 TSPEAR (intronic) G/A 0.02  0.57 -0.1900 (0.0680) 0.0052  -0.5843 (0.2685) 0.0018 

rs458178g 45,991,288 TSPEAR (intronic) C/G 0.21  0.62 -0.0779 (0.0243) 0.0014  -0.1269 (0.0892) 0.0607 

rs1467385g 46,121,817 TSPEAR (intronic) A/T 0.30  0.47 0.0635 (0.0223) 0.0044  -0.0050 (0.0797) 0.0929 

rs1296489g 46,124,881 TSPEAR (intronic) T/C 0.28  0.57 -0.0619 (0.0218) 0.0045  0.0241 (0.0817) 0.0077 

rs11312g 46,270,196 UBE2G2 
 (~48.4kb upstream, 
3’UTR PTTG1IP)  

G/A 0.37  0.32 0.0545 (0.0205) 0.0080  0.0012 (0.0770) 0.0474 

rs8129539 46,852,978 COL18A1 (intronic) C/G 0.10  0.33 0.0831 (0.0336) 0.0133  0.3130 (0.1188) 0.0084 

rs2187118h,i 47,611,310 LSS (intronic) C/T 0.41  0.68 -0.0623 (0.0202) 0.0021  -0.1130 (0.0836) 0.0498 

rs35785446i 47,614,553 LSS (p.R614W) G/A 0.04  0.51 0.1390 (0.0482) 0.0039  0.4984 (0.1965) 0.0231 

rs4818835h,i 47,724,702 MCM3AP  
(~18kb upstream, 
C21orf58 intronic)  

G/A 0.29  0.54 0.0611 (0.0230) 0.0079  0.1314 (0.0867) 0.0443 
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bp=base pairs, GEE=generalised estimating equations, LME=linear mixed effects model, MAF=minor allele frequency, SE=standard error, 
VE=variance explained 
a Major allele/minor allele 
b Proportion of phenotypic variance explained by SNP 
c For quantitative trait analyses, β represents the change in triglyceride level (natural logarithm mmol/l) per copy of the minor allele  
d Individuals were dichotomised according to affection for FCHL triglyceride trait.  Affected=triglyceride levels ≥90th age- and sex- specific 
percentile values, unaffected= triglyceride levels <90th age- and sex- specific percentile values. 
e Odds ratio for the FCHL triglyceride trait, per copy of the minor allele, corresponds to eβ 
f No pairwise LD (r2<0.05) between rs8134486/rs4148135, rs9637180/rs229346 and rs457647/rs458178/rs1467385/rs1296489 
g r2<0.05 between all SNPs except for rs1467385 and rs1296489 (r2=0.11) 
h r2=0.26 between rs2187118 and rs4818835 
I  r2<0.10 between rs35785446 and rs2187118/ rs35785446 and rs4818835 

Results described in the text are highlighted in bold 
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Figure 5.2) Relative Position of rs8134486 in ABCG1  

In quantitative trait association analyses involving the entire FCHL cohort, the 

ABCG1 intronic SNP, rs8134486 (purple diamond) gave the best result (P=0.0003).  

A green dot marks rs4148135 (which returned the lowest P-value in the dichotomous 

triglyceride trait analyses, not shown).  All other SNPs in the ABCG1 interval that 

were included in the association analyses are marked by blue dots. 
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Figure 5.3) Conservation of Human ABCG1 in other Eukaryotic Species 
Comparative analysis of ABCG1 sequences spanning 43,692,930-43,708,930 on chromosome 21 was completed using VISTA (Frazer et al., 

2004) in the UCSC genome browser (URL17).  Conservation scale is from 50 to 100% and conservation >75% is shaded in pink.  Annotated 

exons are marked in blue. Intronic SNPs, rs8134486 and rs4148135 are marked by green dots.  
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For the cholesterol traits (Figure 5.4 and Table 5.3) the lowest P-value (P=0.0023) 

was obtained in the dichotomous trait analyses for rs6517654, a tag-SNP residing 

~5.4kb upstream of BACE2.  In the GLGC study, the P-value for association with 

circulating cholesterol levels was P=0.8563. 

 

The non-synonymous LSS SNP rs35785446 (p.R614W) was nominally associated 

with both triglyceride (P=0.0079) and cholesterol (P=0.0074) levels.  The minor allele 

frequency of rs35785446 in the entire FCHL cohort was 0.042, which is identical to 

that recorded in the 1000 Genomes pilot study (based on genotypes from 60 CEU 

individuals).  However, the minor allele frequency in FCHL probands was 0.065 

compared to 0.035 in the family spouses (P=0.0377). 

 

This variant causes an arginine to tryptophan change at amino acid 614.  It is 

predicted by SIFT (Ng and Henikoff, 2001) to be deleterious and by Polyphen 

(Sunyaev et al., 2001) to probably be damaging to the encoded protein.  Indeed, 

cross-species comparisons reveal that a polar amino acid (arginine, lysine or 

glutamine) is present at this residue in a number of species, incorporating mammals, 

birds, amphibians and fungi (Figure 5.5).  In contrast, the p.R614W substitution 

replaces this polar residue with a hydrophobic one.  Structural analysis reveals that 

amino acid 614 forms part of an alpha helix which does not form part of the active 

site of the enzyme (Figure 5.6). 

 

In order to substantiate the nominal association between rs35785446 and lipid levels, 

the GLGC dataset was examined.  Although rs35785446 itself was not included in 

the GLGC study, data were available for three SNPs (rs8134875, rs12329865 and 

rs16979001) that are in strong LD (r2=1, based upon 60 CEU individuals included in 

the 1000 Genomes pilot study) with rs35785446 (Table 5.4).  These SNPs returned 

P-values of P=0.0968, P=0.0789 and P=0.3956, respectively for the association with 

plasma triglyceride levels and P-values of P=0.6774, P=0.6967 and P=0.9358 for 

association with plasma cholesterol levels in the GLGC dataset. 
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Figure 5.4) Results of Single Marker Association Tests for Directly Genotyped 
SNPs in the Entire FCHL Cohort – Cholesterol Traits  
To test for association between individual SNPs and serum total cholesterol level, 

considered as a quantitative trait, linear mixed effects models were used.  When 

considering the FCHL-cholesterol trait as a binary outcome (affected=cholesterol 

≥95th percentile age- and sex-matched level), logistic regression, via generalised 

estimating equations was employed.  The threshold for significant association is 

marked by a dotted line.  For each analysis, the SNP giving the lowest P-value is 

labelled and is marked by a purple diamond.  Other SNPs with an (uncorrected) 

significance level of P<0.01 are indicated by green circles.  All other analysed SNPs 

are denoted by grey squares. 
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Table 5.3) SNP-Cholesterol Association Results from Single Marker Association Tests, (P<0.01for either quantitative or dichotomous 
analysis) 

 

 Quantitative Trait (LME)  Dichotomous Traitd (GEE) 

SNP Position (bp) 
Candidate 

(Relative Position) Allelesa MAF VE (%)b β (SE)c P  β (SE)e P 

rs7276900f 42,532,075 BACE2  
(~7.7kb upstream) 

C/A 0.29  0.24 0.1121 (0.0589) 0.0572  0.2401 (0.0858) 0.0052 

rs6517654f 42,534,328 BACE2  
(~5.4kb upstream) 

G/C 0.22  0.37 0.1573 (0.0644) 0.0146  0.2701 (0.0885) 0.0023 

rs2839543 43,964,975 SLC37A1 (intronic) C/G 0.02  0.51 -0.5058 (0.1861) 0.0066  -0.6202 (0.2770) 0.0252 

rs2839619 44,436,177 CBS 
 (~37.1kb downstream,  
intronic PKNOX1) 

G/A 0.50  0.47 -0.1389 (0.0532) 0.0091  -0.1492 (0.0778) 0.0551 

rs235289 46,141,787 TSPEAR/UBE2G2 
 (~10.3kb upstream/~47.0kb 
downstream) 

A/G 0.20  0.13 

 

-0.0810 (0.0654) 

 

0.2152 

 

 -0.2167 (0.0819) 0.0081 

rs4819208g 47,572,244 LSS 
 (~36.1 kb downstream, 
intronic FTCD) 

A/G 0.25  0.21 0.1698 (0.0617) 0.0059  0.1132 (0.0835) 0.1752 

rs2187118g 47,611,310 LSS (intronic) C/T 0.41  0.59 -0.1595 (0.0547) 0.0035  -0.1130 (0.0836) 0.1762 

rs35785446g 47,614,553 LSS (p.R614W) G/A 0.04  0.42 0.3449 (0.1289) 0.0074  0.4984 (0.1965) 0.0112 

bp=base pairs, GEE=generalised estimating equations, LME=linear mixed effects model, MAF=minor allele frequency, SE=standard error, 
VE=variance explained 
a Major allele/minor allele 
b Proportion of phenotypic variance explained by SNP 
c For quantitative trait analyses, β represents change in cholesterol level (mmol/l) per copy of the minor allele  
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d Individuals were dichotomised according to affection for FCHL cholesterol trait.  Affected=cholesterol levels ≥95th age- and sex- specific 
percentile values, unaffected= triglyceride levels <95th age- and sex- specific percentile values. 
e Odds ratio for the FCHL cholesterol trait, per copy of the minor allele, corresponds to eβ 
f  r2=0.68 between rs7276900 and rs6517654 
g r2<0.05 between LSS interval SNPs 

Results described in the text are highlighted in bold 
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Figure 5.5) Cross-Species Conservation at Lanosterol Synthase Residue 614 
Multiple-species alignment of LSS protein sequence based upon 14 eukaryotic organisms.  Human residue 614 (arginine), which is changed to 

tryptophan at variant rs35785446 is highlighted in red and the corresponding residue across the different species is boxed. 
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Figure 5.6) Representative Structure of Human Lanosterol Synthase 
Lanosterol synthase catalyses the cyclisation of 2,3(S)-monooxidosqualene to produce lanosterol.  The enzyme consists of two (α/α) barrel 

domains (blue), connected by loops (pink/purple), as well as three β-structures (green). Arginine 614 forms part of an alpha-helix.  Residues 

important to enzymatic activity are marked.  Specifically, the catalytic amino acid Asp 455 is activated by Cys 456 and Cys 533 (not shown for 

clarity), whilst His 232 is involved in termination of the cyclisation reaction.  Amino- (N) and carboxy (C)-terminals are also shown. Adapted from 

(Thoma et al., 2004). 
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b) Analyses Adjusted for the Effect of APOE Isoform upon Lipid Levels 
The three APOE isoforms (ε2/ε3/ε4) are known to influence lipid levels (Calandra et 

al., 2011).  Therefore analyses were repeated, including APOE isoform as a 

covariate.  Specifically, individuals were defined as APOE ε2 carriers (ε2/ ε2 

homozygotes or ε2/ ε3 heterozygotes), ε3 homozygotes or ε4 carriers (ε2/ ε4 

heterozygotes, ε3/ ε4 heterozygotes or ε4 homozygotes).  Table 5.5 shows APOE 

genotype frequencies in the FCHL cohort, according to this classification.  

 

Incorporating this information, no new associations with P-values of P<0.01 were 

detected.  Moreover, the intronic ABCG1 SNP, rs8134486, generated the lowest P-

value in the triglyceride analyses (P=0.0003 with and without APOE adjustment).  In 

comparison, when considering cholesterol levels, the lowest P-value was obtained 

for rs2839619 (P=0.005 compared to P=0.009 before APOE adjustment).  This SNP 

resides in the fifth intron of PKNOX1 and was included as a tag-SNP for the CBS 

locus. In the GLGC study, which did not take the APOE isoforms into account, the 

corresponding P-value for association with plasma cholesterol levels was P=0.4544. 

 

c) Analyses using OSA-Triglyceride Families 
No SNPs exceeded the calculated significance threshold of P<0.00016 in either the 

quantitative and dichotomous trait analyses based upon the 102 families contributing 

to the OSA-triglyceride linkage signal at 51cM (Table 5.6).  Overall, the dichotomous 

trait analyses returned the lowest P-values.  These were for SNPs rs4148135 

(P=0.0002) and rs9980195 (P=0.0009).   

 

Tag-SNP, rs4148135 resides in the 13th intron of ABCG1 and is ~11.7kb 

downstream of rs8134486 (P=0.0003 for association with triglyceride levels in the 

entire FCHL cohort) (Figure 5.2).  However, the two SNPs are not in LD (r2=0 on the 

basis of all genotype data) and thus represent associations at two independent 

ABCG1 loci.  Cross-species alignments of ABCG1 sequences provide no evidence 

that rs4148135 resides in a conserved section of DNA sequence (Figure 5.3).  Like 

rs8134486, rs4148135 was not associated with HDL levels in the FCHL cohort (P= 

0.8263) and, due to low frequency, was not included in the GLGC study (Teslovich et 

al., 2010). 

 

Although rs9980195 was included as a tag-SNP for the candidate gene UBE2G2, it 

resides 717bp downstream of PTTG1IP.  In the GLGC meta-analysis, the P-value for 

association between this SNP and plasma triglyceride levels was P=0.3476.  
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d) Analyses using OSA-Cholesterol Families 
Finally, quantitative and dichotomous trait association analyses were performed 

using data for the subset of 47 families contributing to the OSA linkage signal for the 

cholesterol trait at 51cM (Figure 3.3, Table 5.7).  No SNPs surpassed the threshold 

for significant association.  The SNP which achieved the lowest P-value (P=0.0004, 

in the dichotomous analyses) was rs2838418, which has a minor allele frequency of 

4%.  This SNP resides ~32.2kb upstream of AGPAT3 and ~27.8kb downstream of 

RRP.  It acts as a proxy for 12 other SNPs, of which 10 reside in within RRP.  

Examination of the GLGC dataset revealed no evidence for association of this SNP 

with cholesterol levels (P=0.8517). 
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Table 5.4) GLGC Data for SNPs in Total Linkage Disequilibrium with 
rs35785446  
 

SNP Position (bp) 
Gene 

(Relative Position) MAFa P (TG) P (TC) 

rs12329865 47,583,506 C21orf56 (intronic) 0.04 0.0968 0.6774 

rs8134875 47,587,940 C21orf56 (intronic) 0.04 0.0789 0.6967 

rs16979001 47,654,301 MCM3AP  
(746bp downstream) 

0.04 0.3956 0.9358 

MAF=minor allele frequency, TC=total cholesterol, TG=triglyceride 
a MAF refers to frequency in CEU individuals genotyped as part of the 1000 

Genomes Project pilot study 

 

 

 

Table 5.5) APOE Genotype Frequencies in the FCHL Family Cohort 
 

Classification Genotype Count (N)a Frequency 

APOE ε2 carriers ε2/ ε2 21 0.01 

 ε2/ ε3 208 0.12 

APOE ε3 homozygotes ε3/ ε3 932 0.55 

APOE ε4 carriers ε2/ ε4 46 0.03 

 ε3/ ε4 452 0.27 

 ε4/ ε4 36 0.02 

Missing genotypes  30  
a Data were examined for a total of 1725 individuals 
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Table 5.6) SNP-Triglyceride Association Results using the Subset of 102 Families Contributing to Linkage Signal at 51cM 
  Quantitative Trait Dichotomous Traite 

SNP 
Position 

(bp) 
Candidate Gene 

(Relative Position) Allelesa
MAF VE(%)b β (SE)c P(Subset) P(All)d β (SE)f P(Subset) P(All)d 

rs2837983g 42,616,757 BACE2 (intronic) G/A 0.21 0.09 0.0309 (0.0334) 0.3552 0.3634  0.3269 (0.1262) 0.0096 0.5738 

rs914187g 42,619,749 BACE2 (intronic) C/T 0.43 0.11 0.0303 (0.0267) 0.2573 0.7530  0.2987 (0.1031) 0.0038 0.0336 

rs4148082h 43,619,415 ABCG1 (383bp 
upstream) 

G/A 0.07 0.86 0.1459 (0.0542) 0.0071 0.2449  0.2368 (0.2362) 0.3161 0.1505 

rs9982242h 43,671,120 ABCG1 (intronic) G/C 0.04 0.98 -0.1706 (0.0661) 0.0098 0.2852  -0.4821 (0.2726) 0.0769 0.9079 

rs4148135h 43,706,995 ABCG1 (intronic) G/A 0.02 1.03 -0.2826 (0.1032) 0.0062 0.0219  -1.5344 (0.4118) 0.0002 0.0016 

rs9979100i 43,913,370 SLC37A1 (~6.4kb 
upstream) 

G/A 0.39 0.52 -0.0536 (0.028) 0.0558 0.2273  -0.3155 (0.1169) 0.0069 0.0497 

rs228067i 43,960,077 SLC37A1 (intronic) C/A 0.44 0.89 -0.0739 (0.0279) 0.0081 0.1865  -0.3605 (0.1277) 0.0048 0.0385 

rs884979i 43,985,452 SLC37A1 (intronic) G/A 0.02 1.02 0.2825 (0.1092) 0.0097 0.1571  1.1276 (0.3043) 0.0002 0.0379 

rs4920123i 43,990,667 SLC37A1 (intronic) C/T 0.36 0.89 0.0757 (0.0291) 0.0092 0.0135  0.1762 (0.1367) 0.1974 0.2854 

rs733085 45,375,174 AGPAT3 (intronic) G/A 0.05 0.78 0.1341 (0.0618) 0.0300 0.4149  0.7201 (0.245) 0.0033 0.0177 

rs2329900j 46,203,641 UBE2G2 (intronic) G/T 0.44 0.95 -0.0741 (0.0277) 0.0074 0.1424  -0.4171 (0.1352) 0.0020 0.0188 

rs2838686j 46,207,482 UBE2G2 (intronic) C/G 0.43 0.54 -0.0563 (0.0269) 0.0367 0.2785  -0.3414 (0.1316) 0.0095 0.0411 

rs690626j 46,243,319 UBE2G2 
 (~21.6kb upstream) 

T/G 0.28 0.64 0.0672 (0.0299) 0.0247 0.0241  0.3440 (0.1328) 0.0096 0.0206 

rs9980195j 46,268,783 UBE2G2  
(~47kb upstream) 

G/A 0.47 1.11 0.0794 (0.0263) 0.0026 0.0171  0.4204 (0.1268) 0.0009 0.0451 

rs11312j 46,270,196 UBE2G2  
(~48.4kb upstream, 
3' UTR PTTG1IP) 

G/A 0.35 0.93 0.0802 (0.0278) 0.0039 0.0080  0.3798 (0.1314) 0.0038 0.0474 
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  Quantitative Trait Dichotomous Traite 

SNP 
Position 

(bp) 
Candidate Gene 

(Relative Position) Allelesa
MAF VE(%)b β (SE)c P(Subset) P(All)d β (SE)f P(Subset) P(All)d 

rs84193j 46,270,376 UBE2G2  
(~48.6kb upstream,  
3' UTR PTTG1IP) 

G/C 0.36 0.92 0.0803 (0.0278) 0.0038 0.0116  0.3663 (0.1322) 0.0056 0.0583 

rs235314j 46,271,452 UBE2G2 
(~49.7kb upstream, 
3' UTR PTTG1IP) 

A/G 0.46 1.14 0.081 (0.0271) 0.0028 0.0344  0.4193 (0.128) 0.0011 0.0514 

rs61759533 46,875,874 COL18A1 (p.V144I) G/A 0.02 1.64 -0.287 (0.0927) 0.0020 0.0701  -0.9744 (0.4948) 0.0489 0.2074 

rs11089051k 47,576,776 LSS (~31.6kb 
downstream) 

G/C 0.07 1.27 -0.1598 (0.0511) 0.0018 0.0122  -0.4033 (0.2333) 0.0839 0.0128 

rs2839130k 47,591,128 LSS (~17.2 kb 
upstream) 

G/A 0.17 0.94 -0.0993 (0.0365) 0.0064 0.9460  -0.3329 (0.1497) 0.0262 0.6149 

bp=base pairs, MAF=minor allele frequency, SE=standard error 
a Major allele/minor allele 
b Proportion of phenotypic variance explained by SNP 
c For quantitative trait analyses, β represents change in triglyceride level (natural logarithm mmol/l) per copy of the minor allele 
d P-value for same analysis performed using data from entire cohort 
e Individuals were dichotomised according to affection for FCHL triglyceride trait.  Affected=triglyceride levels ≥90th age- and sex- specific percentile values, 
unaffected= triglyceride levels <90th age- and sex- specific percentile values. 
f Odds ratio for the FCHL triglyceride trait, per copy of the minor allele, corresponds to eβ 
g r2=0.09 between BACE2 SNPs 
h r2=0 between ABCG1 SNPs 
i r2=0.69 between rs997910 and rs228067. r2<0.10 between other SLC37A1 SNPs 
j UBE2G2 SNPs in pairwise LD across interval, r2 range=0.31-1.00 

k r2=0.32 between rs11089051 and rs2839130 
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Table 5.7) SNP-Cholesterol Association Results from Single Marker Tests using Subset of 47 Families Contributing to OSA Linkage 
Signal at 51cM 

 

  Quantitative Trait  Dichotomous Traite 

SNP 
Position 

(bp) 
Candidate Gene 
(Relative Position) Allelesa MAF VE(%)b β (SE)c P(Subset) P(All)d  β (SE) P(Subset) P(All)d 

rs9636986 42,657,487 BACE2 (~9.0kb 
downstream) 

C/G 0.04 1.59 -0.7926 (0.3046) 0.0093 0.6194  -0.9124 (0.5074) 0.0722 0.9167 

rs3788007 43,706,776 ABCG1 (Intronic) G/A 0.22 2.10 0.4098 (0.1506) 0.0065 0.1817  0.4775 (0.1972) 0.0155 0.0262 

rs1788484 44,496,941 CBS (469bp 
upstream) 

G/A 0.33 2.13 0.3299 (0.1207) 0.0063 0.2102  0.3454 (0.1564) 0.0272 0.8232 

rs17004557 44,876,072 SIK1 (~29.1kb 
upstream) 

A/C 0.31 2.05 0.4048 (0.1293) 0.0018 0.1930  0.4594 (0.1747) 0.0086 0.1847 

rs162383 44,882,415 SIK1 (~35.4kb 
upstream) 

T/G 0.02 0.14 0.1152 (0.1683) 0.1683 0.6148  0.962 (0.2976) 0.0012 0.8762 

rs2838418 45,252,938 AGPAT3 (~32.2kb 
upstream/        
RRP ~27.8kb 
downstream) 

G/A 0.04 2.52 -0.7702 (0.2897) 0.0078 0.8174  -1.3181 (0.3714) 0.0004 0.8120 

rs13046675 46,778,808 COL18A1 (~46.3kb 
upstream) 

G/A 0.25 0.79 -0.3672 (0.1381) 0.0078 0.0222  -0.1483 (0.1817) 0.4142 0.6302 

bp=base pairs, MAF=minor allele frequency, SE=standard error 
a Major allele/minor allele 
b Proportion of phenotypic variance explained by SNP 
c For quantitative trait analyses, β represents change in cholesterol level (mmol/l) per copy of the minor allele 
d P-value for same analysis performed using data from entire cohort 
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e Individuals were dichotomised according to affection for FCHL cholesterol trait.  Affected=cholesterol levels ≥95th age- and sex- specific 
percentile values, unaffected= triglyceride levels <95th age- and sex- specific percentile values. 
f Odds ratio for the FCHL cholesterol trait, per copy of the minor allele, corresponds to eβ 
g r2=0 between rs17004557 and rs162383
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5.2.2)  Association of Imputed SNPs with FCHL-Lipid Traits 

Genotype imputation and subsequent quantitative and dichotomous trait association 

analyses were conducted using the entire FCHL cohort.  In the quantitative 

triglyceride trait analyses, three distinct clusters of SNPs in the first intron of TSPEAR 

provide support for signals previously detected at directly genotyped SNPs (Table 

5.2).  Specifically, imputed SNPs in strong LD (r2>0.8) with the genotyped markers 

produced three- to eight-fold lower P-values in the corresponding triglyceride trait 

analyses (Table 5.8 and Figure 5.7).  Examination of the corresponding triglyceride-

level association data from the GLGC study, revealed no P-values below P=0.05 

(Table 5.8). 

 

5.2.3)  Summary of Findings from Directly Genotyped and Imputed Data 

Table 5.9 summarises the lowest P-value directly genotyped and imputed SNPs to 

emerge from the association analyses presented in this chapter.   In brief, all but one 

of the variants resides close to, or within, a known gene.  Four of the seven variants 

are rare, with a minor allele frequency of <0.05 in the FCHL cohort.  One variant 

causes an amino acid alteration: rs35785446, which causes an arginine to 

tryptophan change at residue 614 in the LSS protein sequence. The lowest 

frequency SNPs, rs8134486 (P=0.0003) and rs4148135 (P=0.0002) were not 

included in the GLGC dataset.  On the basis of both genotyped and imputed SNPs, 

three independent TSPEAR loci demonstrated potential association with triglyceride 

levels in the FCHL cohort: the lead SNPs were rs458762 (P=0.0004), rs34163868 

(P=0.0009) and rs743501 (P=0.0005). 
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Table 5.8) Clusters of Imputed TSPEAR SNPs Associated with Triglyceride Levels in the FCHL Cohort 

 

Directly Genotyped  Imputeda 

SNP Position (bp) MAF P (FCHL) P (GLGC)  SNP Position (bp) MAF P (FCHL) P (GLGC)b 

rs458178 45,991,288 0.21 0.0014 0.8803  rs458762 45,992,260 0.22 0.0004 na 

      rs382478 45,992,140 0.22 0.0004 0.8894 

      rs425667 45,992,131 0.22 0.0004 0.9565 

      rs465883 45,991,389 0.22 0.0004 0.7733 

rs1467385 46,121,817 0.30 0.0044 0.1376  rs34163868 46,124,842 0.30 0.0009 na 

      rs34800343 46,124,557 0.28 0.0010 na 

      rs1108261 46,128,261 0.29 0.0018 0.0927 

      rs878551 46,128,158 0.29 0.0018 0.1209 

      rs11700586 46,128,983 0.29 0.0019 na 

      rs34538966 46,128,638 0.28 0.0022 na 

      rs998421 46,123,355 0.30 0.0036 0.0683 

      rs2838643 46,118,197 0.30 0.0040 na 

      rs13048736 46,118,986 0.31 0.0041 na 

      rs2838642 46,118,157 0.29 0.0043 0.1426 

      rs2838647 46,119,770 0.31 0.0044 0.1203 

      rs13050276 46,122,724 0.30 0.0045 na 
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Directly Genotyped  Imputeda 

SNP Position (bp) MAF P (FCHL) P (GLGC)  SNP Position (bp) MAF P (FCHL) P (GLGC)b 

rs1296489 46,124,881 0.28 0.0045   rs743501 46,127,060 0.32 0.0005 na 

      rs2838652 46,124,516 0.32 0.0006 na 

      rs762437 46,126,799 0.33 0.0008 na 

      rs34120489 46,124,755 0.31 0.0019 na 

 na=not available 
 a Imputed SNPs are in strong LD (r2>0.8) with the directly genotyped SNP listed 

b SNPs marked ‘na’ were not included in the GLGC study since they are not present on the SNP genotyping panels utilised and are absent 
from the HapMap 2 reference panel used for imputation in the GLGC cohorts. 
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Figure 5.7) Three Clusters of TSPEAR SNPs Associated with Triglyceride 
Levels in the FCHL Cohort  
One cluster of SNPs, residing in intron 2 of TSPEAR, is associated with triglyceride 

levels in the FCHL cohort (lowest P-value SNP=rs458762, purple dot, P=0.0004). 

Two further clusters of triglyceride associated SNPs, which are not in strong LD with 

each other, or the intron 2 cluster, reside in TSPEAR intron 1 (lowest P-value 

SNPs=rs743501 and rs34163868, purple dots, P=0.0005 and P=0.0008, 

respectively).   
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Table 5.9) Summary of Lowest P-Value Markers from Analyses of Directly Genotyped SNPs 

SNP 
Closest Gene 

 (Relative Position) MAF Trait G/Ia Subset 
Direction 
of Effect 

P 
(FCHL)b 

P 
(GLGC)c 

rs8134486 ABCG1 (9th intron) 0.01 TG (Q) G Entire cohort + 0.0003 na 

rs6517654 BACE2 (~5.4kb upstream) 0.22 TC (D) G Entire cohort + 0.0023 0.8563 

rs35785446 LSS (p.R614W) 0.04 TG (Q) G Entire cohort + 0.0039 >0.07d 

   TC (Q) G Entire cohort + 0.0074 >0.67d 

rs2838619 PKNOX1 (5th intron) 0.496 TC (Q) G Entire cohort  

(ApoE-adjusted) 

- 0.0052 0.4544 

rs4148135 ABCG1 (13th intron) 0.02 TG (D) G 102 OSA-TG families - 0.0002 na 

rs9980195 PTTG1IP (717bp downstream) 0.47 TG (D) G 102 OSA-TG families + 0.0009 0.3476 

rs2838418 RRP (27.8kb downstream)/ 

AGPAT3 (~32.1kb upstream) 

0.04 TC (D) G 47 OSA-TC families - 0.0004 0.8517 

rs458762 TSPEAR (1st intron) 0.22 TG (Q) I Entire cohort - 0.0004 na 

rs34163868 TSPEAR (1st intron) 0.30 TG (Q) I Entire cohort + 0.0009 na 

rs743501 TSPEAR (1st intron) 0.32 TG (Q) I Entire cohort - 0.0005 na 

MAF=minor allele frequency, OSA=ordered-subset analysis, TC=(total) cholesterol, TG=triglyceride 
a  Data relates to directly genotyped (G) or imputed (I) SNPs 
b P-value from LME or GEE analysis in subset of FCHL cohort specified 
c P-value for corresponding analysis in GLGC meta-analysis.  SNPs marked ‘na’ were not captured in the GLGC study 
d P-values are taken from SNPs in total LD with rs35785446 (based upon CEPH individuals in 1000 Genomes Project Pilot)
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5.2.4)  Analysis of GLGC Data Across the 3.8Mb FCHL Linkage Interval 

As a complementary approach to discover variants that might contribute to the 

21q2.3 FCHL linkage signal(s), data for 3867 GLGC meta-analysis SNPs (genotyped 

or imputed) residing within the 3.8Mb linkage interval from were examined (Teslovich 

et al., 2010).  No SNPs within the 3.8Mb interval, which spans from 43.3-47.1Mb on 

chromosome 21q22.3, were associated with plasma lipid levels at or below the 

declared threshold for genome-wide significance (P<1x10-8).  The ten SNPs returning 

the lowest P-values for association with plasma triglyceride and cholesterol levels are 

shown in Tables 5.10 and 5.11. 

 

The lowest P-value SNP for association with plasma triglyceride levels in the GLGC 

cohorts was recorded at rs9984563 (P=0.0005).  This SNP resides in the first intron 

of PKNOX1 and was genotyped in the FCHL cohort as a tag-SNP for the CBS 

interval.  In the corresponding analysis in the FCHL cohort the P-value for rs9984563 

was P=0.2473. 

 

The top-ten triglyceride-associated SNPs also include four (rs1883042, rs9647234, 

rs2838629, rs4818950) out of 245 SNPs located within the ~143kb first intron of 

TSPEAR.  These four SNPs share moderate pairwise LD with each other (Figure 5.8) 

and also share moderate pairwise LD with the cluster of imputed, intron one TSPEAR 

SNPs, centred upon rs34163868, that were nominally associated with triglyceride 

levels in the FCHL cohort (Table 5.8, Figure 5.7, Figure 5.8).  

 

The strongest association with plasma cholesterol levels in the GLGC study was 

recorded at rs926196 (P=0.0008).  This SNP resides in the first intron of TSPEAR 

and was directly genotyped in the FCHL cohort as a TSPEAR tag-SNP.  In the 

corresponding association analysis in the FCHL cohort, this SNP returned a P-value 

of P=0.3351. 
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Table 5.10) Lowest P-Value SNPs within the 21q22.3 FCHL Linkage Interval from the GLGC Meta-Analysis:  Triglyceride Levels 
 

SNP Position (bp) Relative Position Allelesa Nb Z-Score P (GLGC) P (FCHL) 

rs9984563 44,423,653 PKNOX1 (intronic) T/C 91,949 3.500 0.0005 0.2473c 
rs884979 43,985,452 SLC37A1 (intronic) A/G 41,729 -3.247 0.0012 0.1571c 

rs1883042 46,101,022 TSPEAR (intronic) T/C 95,070 -3.174 0.0015 0.2067d 

rs2122867 44,739,481 ~147kb downstream CRYAA/ ~95kb downstream 

SIK1 

T/C 84,957 -3.155 0.0016 na 

rs235320 46,277,214 PTTG1IP (intronic) A/G 95,070 -3.066 0.0022 0.4784d 

rs2838412 45,249,506 ~24kb downstream RRP/ ~36kb upstream AGPAT3 A/T 93,526 3.056 0.0022 0.4701d 

rs9647234 46,098,545 TSPEAR (intronic) T/C 95,070 -3.056 0.0022 0.4195c 

rs2838629 46,097,922 TSPEAR (intronic) A/G 95,070 -3.043 0.0023 0.2573d 

rs4818950 46,057,806 TSPEAR (intronic) A/G 95,070 3.024 0.0025 0.0766d 

rs2167392 44,739,255 ~147kb downstream CRYAA/ ~95kb downstream 

SIK1 

A/G 87,227 -2.973 0.0030 na 

na=not applicable (SNP not captured in FCHL cohort) 
a Effect allele/other allele 
b N=number of individuals included in analysis.  Maximum possible N= 96,598 
c SNP was directly genotyped in FCHL cohort       
d SNP was imputed in FCHL cohort 
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Table 5.11) Lowest P-Value SNPs within the 21q22.3 FCHL Linkage Interval from the GLGC Meta-Analysis:  Cholesterol Levels 
 

SNP Position (bp) Relative Position Allelesa Nb Z-Score P (GLGC) P (FCHL) 

rs926196 46,115,254 TSPEAR (intronic) A/G 69,623 3.364 0.0008 0.3351c 
rs2236451 46,876,083 COL18A1 (intronic) A/G 98,656 3.216 0.0013 0.1635d 

rs9985044 46,854,982 COL18A1 (intronic) T/C 98,656 3.176 0.0015 0.1080c 

rs225424 43,746,695 ~20kb downstream TFF2/ 

~11kb upstream TFF3 

A/G 98,656 3.103 0.0019 na 

rs9977482 46,899,119 COL18A1 (intronic) T/C 98,656 -3.048 0.0023 0.1114d 

rs9979601 46,899,678 COL18A1 (intronic) C/G 98,656 -3.023 0.0025 0.1050d 

rs10775679 46,389,752 C21orf70 (intronic) T/C 94,354 -2.893 0.0038 na 

rs365163 43,345,207 C2CD2 (intronic) A/G 94,472 2.877 0.0040 na 

rs4818998 46,381,605 C21orf70 (intronic) T/C 94,354 2.866 0.0042 na 

rs9974593 46,379,636 C21orf70 (intronic) T/C 94,354 -2.864 0.0042 na 
 na=not applicable (SNP not captured in FCHL cohort) 

 a Effect allele/other allele                           

 b N=number of individuals included in analysis.  Maximum possible N=100,184  

  c SNP was directly genotyped in FCHL cohort  

 d SNP was imputed in FCHL cohort
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Figure 5.8) Linkage Disequilibrium between TSPEAR SNPs 
On the basis of genotype data from the 60 CEU individuals that formed part of the 

1000 Genomes Pilot Study, TSPEAR SNPs, displaying some association with 

triglyceride levels in both the GLGC and FCHL cohort, are in moderate pairwise 

linkage disequilibrium 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 176

5.3) Discussion 

Although none of the data presented in this chapter provide evidence for association 

between directly genotyped or imputed SNPs and lipid levels which surpassed the 

calculated significance threshold of P<0.00016, a number of the findings warrant 

further discussion.  

 

Firstly, one result of potential interest was the nominal association of rs35785446, a 

non-synonymous coding variant that causes an arginine to tryptophan substitution in 

the 20th LSS exon, with both increased triglyceride and cholesterol levels in the FCHL 

cohort.  The frequency of this variant was also increased in FCHL probands 

compared to spouse controls (5.2.1a).   

 

Since LSS is an enzyme of the cholesterol biosynthetic pathway, one would expect 

any variant associated with increased lipid levels to represent a gain-of-function.  To 

support this assumption, functional studies in miniature pigs fed an LSS inhibitor, 

plasma total cholesterol was decreased by 20% (P<0.007) and plasma lathosterol 

(which reflects cholesterol synthesis) was decreased by 57% (P<0.001) (Telford et 

al., 2005).   In the same study however, plasma triglyceride levels were unchanged 

(Telford et al., 2005). 

 

The substitution of a polar, hydrophilic amino acid within an alpha-helix, for one 

which is hydrophobic is predicted to disrupt protein structure.  Indeed in the 

autosomal dominant condition, familial partial lipodystrophy, an arginine to tryptophan 

substitution in the zinc finger DNA binding domain of PPARG (p.R194W), prevented 

DNA binding and transcriptional activation by the protein, in vitro (Monajemi et al., 

2007).  Although the amino acid at LSS residue 614 does not form part of the 

enzyme catalytic site (Thoma et al., 2004), disruption of the protein structure could 

still, for example, influence substrate access to the enzyme. LSS can catalyse both 

the conversion of 2,3(S)-monooxidosqualene to lanosterol (cholesterol pathway) or 

the conversion of 2,3;22,23-diepoxysqualene to 24(S),25-epoxylanosterol 

(epoxysterol pathway).  Since the end product of the epoxysterol pathway, 24(S),25-

epoxycholesterol, is a potent activator of liver-X-receptors (LXRsy) (Lehmann et al., 

1997), this route can lead to decreased cholesterol levels through, for example, 

increased cholesterol efflux via ABCG5/ABCG8 (Repa et al., 2002). In contrast, 

production of lanosterol would favour increased cholesterol synthesis. 
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A second noteworthy result was the nominal association of rs2839619 with 

cholesterol levels in the entire FCHL cohort (P=0.009 before adjustment for the effect 

of APOE ε2/ε3/ε4 compared to P=0.005 after incorporation of this covariate).  This 

SNP was also associated with plasma total cholesterol levels in a recent GWAS 

involving 944 adult inhabitants of the Croatian island of Korčula (Zemunik et al., 

2009). In the Croatian study, the rs2839619 G allele (frequency=0.396) was 

associated with increased cholesterol with an uncorrected significance of P=7.6×10−6 

(β=0.127±0.028(SE)) and in the current study a similar magnitude of effect was 

observed (β=0.1495±0.0534(SE)). 

 

Although rs2839619 was included as a tag-SNP for CBS in the FCHL association 

study, it resides in the fifth intron of the gene encoding PBX/knotted homeobox 1 

(PKNOX1). PKNOX1 is homeodomain transcription factor expressed in a variety of 

tissues including heart, liver and particularly skeletal muscle (Chen et al., 1997).  It is 

implicated in glucose metabolism due to its interaction with and stabilising effect 

upon p160, a repressor of PPAR-gamma coactivator-1α (Oriente et al., 2008; Soyal 

et al., 2006) however, it is unclear as to how PKNOX1 would influence circulating 

cholesterol levels. 

 

In future studies, it may be worthwhile extending the SNP coverage of PKNOX1 in 

the FCHL cohort.  In order to capture 100% of the gene (based upon HapMap 

variants with a minor allele frequency of >5%) this would require six more SNPs to be 

genotyped.  In addition, one could substantiate this finding by examining the 

association between rs2839619 and plasma cholesterol levels in other FCHL cohorts 

and by performing functional studies such as determining the impact of PKNOX1 

overexpression/silencing on cholesterol biosynthesis. 

 

The association of a cluster of 14 SNPs, in intron one of TSPEAR, with plasma 

triglyceride levels in the FCHL cohort seems worthy of further investigation.  In this 

cluster, the imputed SNP rs34163868 returned the lowest P-value of P=0.0009 for 

association with triglyceride levels in the entire FCHL cohort.  Importantly, this SNP 

shares some pairwise LD (r2=0.36 and r2=0.39) with rs1883042 and rs9647234, 

which were the third and seventh ranking loci, in the 43.3-47.1Mb region, in the 

triglyceride analyses of the recent GLGC study (P=0.0015 and P=0.0022, 

respectively).  Even though rs9647234 (genotyped) and rs1883042 (imputed) were 

not associated with triglyceride levels in the FCHL cohort (Table 5.10), this result 



 178

could indicate that another variant(s) this interval is involved in modulating plasma 

triglyceride levels. 

 

Fourthly, the analyses also show that four of the seven lowest P-value, directly 

genotyped SNPs presented in Table 5.9, have a minor allele frequency of <5%. Two 

of these low-frequency SNPs, which were not included in the GLGC meta-analysis, 

reside in the same gene, ABCG1.  However, caution in the interpretation of these 

results is required.   In a recent simulation study involving 133 myocardial infarction 

cases and 716 controls, permutations revealed that low frequency SNPs with a minor 

allele frequency of 5% had significantly more false-positive associations than more 

common SNPs (MAF=25% and 50%) at both the α≤10-4 and α≤10-5 thresholds 

(P<0.03 and P<0.05, respectively) (Tabangin et al., 2009).  Also, in the Framingham 

Heart Study 100K GWAS, the authors attributed an excess of positive results from 

GEE analyses in their initial results to low frequency SNPs (Cupples et al., 2007).  

Nonetheless, in future studies it would be important to check functional relevance of 

these low frequency variants. 

 

Finally, the rationale for the inclusion of BACE2 in this study was, in part, the 

association of the intronic SNP, rs914186 with triglyceride/HDL ratio in the Diabetes 

Genetics Initiative GWAS (P=7.6x10-5) (Saxena et al., 2007).  In the FCHL cohort this 

finding was not replicated: P-values of P>0.79 were returned in all analyses.  

 

Considering the lack of strong association signals between any tested SNPs and the 

lipid phenotypes of FCHL reported in this chapter, it is important to address two 

issues.  Firstly, was the experimental approach justified and secondly, what factors 

may have contributed to the lack of observed association. 

 

In the current study, a targeted approach, specifically focussed upon the 21q FCHL 

linkage interval(s) described in Chapter 3, was employed.  Justification for this 

method, and an example directly applicable to FCHL, is provided by the targeted 

association study of Lee et al., which sought to determine the variants underlying the 

16q23-q24 linkage interval for low HDL-cholesterol levels (Lee et al., 2008a).  This 

region was previously implicated in the regulation of HDL-cholesterol levels through a 

genome-wide linkage screen involving Finnish and Dutch FCHL families, with a 

multipoint NPL of 2.7 recorded at 99.4cM/79.04Mb (Pajukanta et al., 2003).  

Evidence supportive of this finding was also demonstrated in Mexican Americans of 

the San Antonio Family Heart Study (Mahaney et al., 2003) and French-Canadian 
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families ascertained for low HDL-cholesterol levels (Dastani et al., 2006).  In the 

follow-up, targeted association study of Lee et al., a total of 1412 coding and tag-

SNPs were genotyped, across the 12.4Mb 1-LOD support interval, in 51 dyslipidemic 

Finnish families (33 FCHL and 17 low HDL families) (Lee et al., 2008a).  Based on 

the most promising results from initial analyses performed using FBAT, 25 of these 

SNPs (15 SNPs with P<0.01 and 10 nearby SNPs with P<0.05) were then genotyped 

in 24 Dutch FCHL families, 28 French-Canadian low HDL families as well as 252 low 

HDL cases and 223 controls.  Using the combined dataset, region-wide significant 

association was found between the WW-domain-containing oxidoreductase gene 

(WWOX) tag-SNP, rs2548861 and low HDL-C (P=1x10-6) (Lee et al., 2008a).   

 

Thus, the study of Lee et al., successfully implemented a two-stage design in which 

weakly associated SNPs of interest (P<0.01) in stage one were selected for 

genotyping in a larger dyslipidemic sample in stage two.  Only in the combined 

sample was an association surpassing the calculated significance threshold 

identified.   By analogy, the current study could be thought of as a discovery, stage 

one association analysis.  Given the success of the Lee et al., approach, it would 

now seem prudent to genotype the lowest P-value SNPs, presented in Table 5.9, in 

other FCHL cohorts.  These could include those drawn from Finnish (Pajukanta et al., 

1998), Dutch (Dallinga-Thie et al., 1997) or Mexican (Huertas-Vazquez et al., 2005) 

populations.  However, two potential complications with this approach require 

attention.  Firstly, the FCHL diagnostic criteria differ between cohorts, thus genetic 

heterogeneity may be increased.  For example, the Finnish cohort does not exclude 

people with type 2 diabetes whilst the Dutch cohort uses raw lipid levels (cholesterol 

>6.5mmol/l, triglyceride >2.3mmol/l and apoB >120mg/dl) rather than age- and sex- 

specific percentile values to determine hyperlipidemia (Shoulders et al., 2004).  

Secondly, by including individuals from different populations in the study group, one 

would need to implement the correct tests and adjustment for the presence of 

population stratification, in order to avoid potentially false-positive results. 

 

With regard to the issue of power for detecting association between genotyped or 

imputed SNPs and FCHL-lipid traits, power calculations indicated that the FCHL 

cohort was well-powered to detect variants accounting for >1.5% of the total trait 

variance, or conferring an odds ratio of ≥1.75.  Whilst compared to the population-

based GWAS of Kathiresan et al., where each of 11 triglyceride-associated loci 

explained <1% of the trait variance (~7.5% of the total variance in triglyceride level in 

sum) the current study may seem underpowered (Kathiresan et al., 2009b), one 
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should note that in a different context, the same SNPs may have a much greater 

phenotypic effect.  For example, another recent GWAS involving 463 unrelated 

hypertriglyceridemic individuals and 1197 controls demonstrated that by studying the 

phenotypic extremes, rather than the general population, much greater effect sizes 

were observed.  In the hypertriglyceridemic cohort, each copy of the rs964184 risk 

allele was associated with a 3.28-fold increase in susceptibility to 

hypertriglyceridemia, whereas in the general population, each copy of the same allele 

is associated with only a 0.2mmol/l increase in plasma triglyceride level (Johansen 

and Hegele, 2011; Johansen et al., 2010; Teslovich et al., 2010).  It therefore seems 

reasonable that whilst strong association was not detected on chromosome 21, 

should a GWAS of FCHL be conducted, the cohort would provide sufficient power to 

detect some SNP-phenotype associations, under certain genetic models. 

 

It should also be noted, that the lack of ‘significant’ association signals in the current 

study could be due to the fact that the significance threshold applied was in fact too 

conservative.  Indeed, some investigators have questioned the validity of using P-

values alone to determine the significance of a genetic association (Stephens and 

Balding, 2009; Wacholder et al., 2004; Wakefield, 2009) since despite widespread 

use, this approach fails to take account of the power of the test as well as the prior 

probability that the association between SNP and phenotype is real.  Instead, these 

researchers suggest that a Bayesian approach should be applied. 

 

The posterior probability of association is the Bayesian equivalent of a P-value and is 

calculated in three stages (Stephens and Balding, 2009).  The Bayes factor (BF) is 

the ratio of the probability of the data under the alternative (H1, association) and null 

hypotheses (H0, no association) given by: 

BF= P(Data|H1) 

P(Data|H0) 

To use the BF to measure the posterior probability of association, the prior odds are 

also required.  Determination of prior probabilities is a complex issue (Jiang et al., 

2011).  On a genome-wide scale, prior probabilities of between 10-4 and 10-6 have 

been suggested (Wacholder et al., 2004; Wellcome Trust Case Control Consortium, 

2007), based upon, for example, 1,000,000 genome-wide SNPs and a phenotype 

resulting from the effects of alleles at ten of these loci.  However, in regions of the 

genome highlighted by linkage studies, prior probabilities are likely to be higher and 

should incorporate and functional data available (Wacholder et al., 2004).  Of note, a 

Bayesian approach to family-based association was recently described (Naylor et al., 
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2010) and future collaboration to apply this methodology to the FCHL cohort would 

seem a logical extension to the current study. 

 

A further analytical consideration relates to the single-locus approach employed to 

examine these data.  The current study examined the association of each SNP, one 

at a time, with the FCHL lipid phenotypes.  However, this method would not be 

appropriate to detect an association arising from the interaction of two or more loci 

(Jiang et al., 2010b).  In order to detect these potential epistatic effects, statistical 

methods that consider SNP-SNP interactions are now being developed (Hemani et 

al., 2011; Jiang et al., 2010b; Li et al., 2011; Zhang et al., 2010b).  Conceptually, the 

simplest of these approaches, is the model-free exhaustive pairwise epistasis search, 

which considers the interaction between each SNP with all other SNPs.  However, on 

a genome-wide scale involving, for example, 300,000 markers, such an approach 

would involve ~4.5×1010 tests, which would be both computationally demanding and 

present a severe multiple-testing burden (Hemani et al., 2011).  One way to address 

these issues is to apply a two-stage approach, whereby SNPs are filtered according 

certain criteria prior examining interactions (Wu et al., 2010).  However, Zhang et al., 

presented data from a study of colon cancer, whereby a two-stage approach led to 

significant interactions being missed (Zhang et al., 2010c).  Therefore, the major aim 

of algorithm development is to improve analysis efficiency, without inappropriately 

discarding SNPs from analyses.  Once algorithms are sufficiently advanced, their 

application to the FCHL cohort could be justified, using available SNP data from 

chromosomes 8, 11 and 21. 

 

Given the targeted approach adopted in the current study, it is possible that the 

variants that underlie the 21q22.3 FCHL linkage signal(s) do not reside within the 

candidate gene intervals studied.  After genotype imputation, genotype (dosage) data 

was available for variants encompassing ~34% of the 3.8Mb linkage interval defined 

in Chapter 3.  Although results of the GLGC meta-analysis do not suggest stronger 

candidate genes than those already targeted, it is possible that the genetic 

architecture of the region may differ in FCHL patients, compared to that of the 

general population.   

 

Should one decide to continue evaluating the role of common variants within the 

remaining 66% of the linkage interval in the aetiology of FCHL, a number of 

approaches could be feasible.  The first could be immediate further genotyping.  To 

capture the entire remaining interval at r2≥0.8 would require ~750 SNPs to be 
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genotyped.  A more cost effective option would be to select SNPs for genotyping at a 

much lower density and the use imputation to ‘fill in the gaps’. For example, 

Anderson et al, demonstrated that using imputation, the percentage coverage at 

r2=0.8 of the lower density Illumina HumanHap 300 SNP genotyping array could be 

increased from 77 to 81% compared to the 87% coverage provided by the higher 

density but (at the time) more expensive HumanHap500 array (Anderson et al., 

2008).  Also, as described in Chapter 4.2 imputation increased the coverage of SIK1 

and TSPEAR from 64% to 97 and 98%, respectively.  A third option to improve the 

cost effectiveness of future genotyping would be to employ a means of identifying 

which of the remaining genes within the interval may have a previously unsuspected 

role in lipid metabolism.  This approach is discussed further in Chapter 6.   

 

Finally, based on the results of the current study and the 3867 SNPs, within the 

linkage interval, that were included in the GLGC meta-analysis (Teslovich et al., 

2010), which both focussed upon common variants with a minor allele frequency of at 

least 1%, it seems plausible that multiple rare variants could contribute the 21q22.3 

FCHL linkage signal.  In order to identify rare variants that could underlie the 

triglyceride and cholesterol traits of FCHL, one could sequence some, or all, of the 

genes within the 3.8Mb linkage interval, using next-generation sequencing.  At the 

start of this project, next-generation sequencing technology was not sufficiently 

advanced to allow even one gene to be screened in sufficient numbers of FCHL 

patients and controls to ascertain mutations of functional importance. However, 

recent technological advances and cost reductions mean that such an approach is 

now feasible and as a result, an important future direction of this work would be to 

sequence the 21q22.2-22.3 FCHL candidate genes, in patient and control groups.  

Based upon the requirement to establish the functional relevance of any sequence 

variants found, priority would be given to CBS, COL18A1 and UBE2G2 since in these 

genes, a loss-function-mutation would be expected to lead to hyperlipidemia (4.2.1). 
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Chapter 6 – Identifying Further FCHL Candidate Genes Using 

Expression Datasets 

 

6.1) Introduction 

The integration of gene expression data with genetic data provides a powerful 

approach to identifying the genes/variants that underlie complex traits.  In the case of 

chronic obstructive pulmonary disease (COPD), for example, linkage analysis was 

used localise a chromosome 2q susceptibility locus and then gene expression data 

were used to identify a single candidate susceptibility gene within the interval.  Next, 

both family-based and case-control association analyses demonstrated significant 

association between SERPINE2 SNPs and COPD phenotypes (Demeo et al., 2006).  

 

In detail, linkage of an intermediate phenotype of COPD (the ratio of forced 

expiratory volume at one second to forced vital capacity) to chromosome 2q was 

established using 72 pedigrees, ascertained through probands with a severe, early-

onset form of the disease (Palmer et al., 2003; Silverman et al., 2002).  The risk gene 

was identified as a biological candidate by examining the mRNA levels of genes 

residing within the linkage interval during mouse lung development (Demeo et al., 

2006).  Subsequently, SERPINE2 mRNA levels were shown to be associated with 

pulmonary-function measurements in lung tissue from COPD cases (n=18) and 

controls (n=16).  Finally, family-based association analysis involving 48 SNPs across 

the SERPINE2 gene demonstrated significant association with COPD-related 

phenotypes at 18 of these variants, five of which were replicated in a case-control 

cohort comprising 304 smoking-related COPD patients and 441 unaffected control 

smokers (Demeo et al., 2006).  Association between SERPINE2 and COPD was 

subsequently replicated in Norwegian (Sorheim and Gulsvik, 2008) and Chinese (An 

et al., 2011) case-control cohorts and in 635 families of the International COPD 

Genetics Network (Zhu et al., 2007a). 

 

Another integrative approach by which expression data may be utilised to improve 

our understanding of complex traits is by correlating SNP genotypes with information 

on transcript levels.  When changes in mRNA levels are correlated with local (cis) or 

more distant (trans) genetic variants, the variant is designated as an expression 

quantitative trait locus (eQTL).  Importantly, recent eQTL studies have shown that 

SNPs associated with complex traits in GWASs are more likely to influence mRNA 

levels than non-associated SNPs, of equivalent frequency, from the same genotyping 
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panel (Greenawalt et al., 2011; Nica et al., 2010; Nicolae et al., 2010).  Thus, the 

eQTL approach can attach functional relevance to association study findings, which 

is especially important for ‘disease-associated’ SNPs residing in non-coding regions 

of the genome. 

 

One of the largest eQTL studies performed to date involved liver, adipose and 

stomach tissue samples collected from a patients undergoing Roux-en-Y gastric 

bypass (Greenawalt et al., 2011).  Correlations between genome-wide SNP data and 

mRNA levels were determined for the 950 study participants, identifying ~25,000 cis 

and trans SNPs associated with expression of ~10,000 distinct genes.  In addition, 

these data demonstrated that SNPs previously associated with complex phenotypes 

were also associated with expression of functionally relevant genes.  For example, 

the HDL-cholesterol associated SNP rs1532085, was significantly associated with 

liver LIPC mRNA levels (P=1.56x10-26), despite residing ~20kb upstream of the gene.  

Similarly, the LDL-cholesterol associated SNP rs646776 was associated with liver 

mRNA levels of three proximal genes (SORT1, P= 5.20x10-88; PSRC1, P=3.05x10-86 

and CELSR2, P=6.27x10-68) (Greenawalt et al., 2011).  In an earlier study which 

performed expression profiling using 427 human liver samples, rs599839 (r2~0.9 with 

rs646776) was also associated with mRNA levels of these three genes (SORT1, P= 

1.53x10-36; PSRC1, P=2.17x10-53 and CELSR2, P=4.31x 10-23) (Schadt et al., 2008).  

 

A smaller scale integrative approach was recently applied to FCHL, where transcript 

levels in adipose tissue samples, taken from 38 Mexican FCHL cases and 32 

normolipidemic controls, were correlated with the genotype of rs3737787.  This SNP 

resides in the 3’ untranslated region (UTR) of the transcription factor USF1, an 

FCHL-associated gene located within the chromosome 1q21-q23 FCHL linkage 

interval (Pajukanta et al., 1998; Plaisier et al., 2009).  In the Mexican dataset, the 

transcript levels of 972 genes were correlated with rs3737787 genotype.  This list of 

genes showed significant overlap (n=277, P=3×10−5) with 2897 genes previously 

shown to be regulated by USF1 and with the 2189 genes (n=245, P=0.003) that were 

differentially expressed between the FCHL cases and control individuals. Using 

complex network analysis the authors then determined that a group of these genes, 

enriched for GO Biological Process categories Lipid Metabolic Process and Cellular 

Lipid Metabolic Process were associated with FCHL component traits (total 

cholesterol correlation=0.28, P=0.02; triglyceride correlation=0.43, P=2×10−4; ApoB 

correlation=0.32, P=0.009) and rs3737787 genotype (correlation=0.33, P=0.006) 

(Plaisier et al., 2009). 
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Finally, expression data from animal- and cell-based models may help pinpoint 

disease genes. For example, a transcriptional profiling approach led to the 

identification of ABCG5 as one of the genes that causes sitosterolemia (Berge et al., 

2000). In their study, Berge and colleagues hypothesised that since treating mice 

with the LXR-agonist T0901317 led to a marked decrease in cholesterol absorption 

(Repa et al., 2000), this treatment would also alter the expression of the gene(s) 

causing sitosterolemia.  The rationale underlying this hypothesis being that 

sitosterolemia is characterised by excessive sterol absorption.  Thus, when they 

treated C57BL/6 mice with T0901317 (50 mg/kg), microarray analyses identified that 

hepatic and intestinal levels of a transcript later ascribed to the ABCG5 gene were 

2.5-fold higher than those of untreated mice (Berge et al., 2000). 

 

A similar expression-based approach was employed in identifying that myosin light 

chain interacting protein (MYLIP), plays a role in modulating LDL-cholesterol levels, 

facilitating LDLR degradation through its function as an E3 ubiquitin ligase (Zelcer et 

al., 2009).  In this study, the authors first established that treatment of HepG2 cells 

with the LXR-agonist GW3965 led to a rapid, dose-dependent decrease in LDLR 

protein levels.  A similar effect was also observed when human SV589 fibroblasts 

were treated with GW3965.  In order to investigate the mechanism mediating this 

reduction, Zelcer and colleagues then performed a transcriptional profiling 

experiment using RNA taken from BV2 microglia-like cells treated with the LXR 

agonist GW3695 for 24-hours.  Subsequent analyses identified that levels of MYLIP 

RNA were increased 5.61-fold in treated versus control cells.  This increase in mRNA 

levels was confirmed in primary mouse hepatocytes and macrophages, in HepG2 

cells and in the spleen, intestine and adrenals of mice given a daily oral gavage of 40 

mg/kg GW3956 for 3 days (Zelcer et al., 2009).  Coinciding with the RNA studies of 

Zelcer et al., three recent GWASs have revealed significant associations between 

three independent MYLIP locus SNPs, and plasma LDL-cholesterol levels (Chasman 

et al., 2009; Teslovich et al., 2010; Waterworth et al., 2010). 

 

An alternative approach to that employed in the studies described above would be to 

target the peroxisome proliferator-activated receptor (PPAR) subfamily nuclear 

receptors.  In common with LXRs, PPARs form heterodimers with retinoid X 

receptors and bind to specific DNA response elements in target metabolic genes, 

activating or repressing their transcription, in response to ligand binding (Li and 

Glass, 2004) 
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The PPAR subfamily consists of PPARα, PPARβ/δ and PPARγ.  PPARα, the first 

PPAR to be cloned, is highly expressed in oxidative tissues such as the liver, cardiac 

muscle and skeletal muscle and kidney and is targeted by hypolipidemic agents 

known as fibrates (Issemann and Green, 1990).  The hypolipidemic effect of PPARα 

activation is modulated, in part, by increased cellular fatty acid uptake and 

conversion to acyl-CoA through increased transcription of the fatty acid transport 

protein and acyl-CoA synthetase genes (Martin et al., 1997) combined with increased 

peroxisomal and mitochondrial β-oxidation of fatty acids, through upregulation of 

genes such as carnitine palmitoyl transferase 1 (Brandt et al., 1998) and acyl CoA 

oxidase (Staels et al., 1995).  In concert, PPARα activation also enhances the 

catabolism of triglyceride rich lipoproteins by decreasing APOC3 mRNA levels in 

human, mouse and rat hepatocytes (Peters et al., 1997; Staels et al., 1995). 

 

PPARβ is the least-studied PPAR.  Like PPARα, it is thought to play a role in 

modulating lipid metabolism. In insulin-resistant rhesus monkeys, treated with a 

PPARβ specific agonist, serum levels of HDL were increased by 80% whilst serum 

triglycerides and LDL-cholesterol levels were reduced by 59% and 29%, respectively 

(Oliver et al., 2001).  PPARβ activation also targets β-oxidation genes in adipose 

tissue (Wang et al., 2003).  Although ubiquitously expressed, PPARβ is the most 

abundant PPAR isoform in skeletal muscle (Braissant et al., 1996) and is found at 

higher levels in oxidative type I muscles fibres compared to glycolytic type II muscle 

fibres (Wang et al., 2004b), thus suggesting that PPARβ maybe particularly important 

to lipid utilisation in skeletal muscle.  Also of note for the current study, several 

authors have suggested that bezafibrate activates both PPARα and PPARβ ((Brown 

et al., 1999; Krey et al., 1997; Peters et al., 2003; Poirier et al., 2001).   

 

PPARγ is an essential regulator of adipogenesis.  Although PPARγ-null mice are 

embryonic lethal, a study using mice chimeric for wild-type and PPARγ-null cells 

showed that the null cells made no contribution to the adipose tissue (Rosen et al., 

1999).  This study also showed that, unlike wild-type mouse embryonic stem (ES) 

cells, PPARγ-null ES cells could not be differentiated into adipocytes in vitro (Rosen 

et al., 1999).  PPARγ also regulates expression of a number of lipogenic genes such 

as adipocyte fatty acid binding protein (Tontonoz et al., 1994), phosphoenolpyruvate 

carboxykinase (Tontonoz et al., 1995), and LPL (Schoonjans et al., 1996) and is 

mutated in some patients with the familial partial lipodystrophy (Hegele, 2005).  In 

addition, PPARγ is important in glucose homeostasis, regulating the expression of 
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the insulin dependent glucose transporter, GLUT4 (Wu et al., 1998).  It is also the 

target of the insulin-sensitising drugs, thiazolidinediones (Lehmann et al., 1995). 

 

In this chapter, expression data is combined with genetic data accrued in earlier 

chapters in order to identify further chromosome 21 genes that may warrant further 

investigation with respect to the lipid traits of FCHL. 

 

 

6.2) Results 

 

6.2.1) Identification of Chromosome 21q22.3 FCHL Candidate Genes by 

Quantification of mRNA Levels in Bezafibrate-Treated Cells 

To identify genes within the chromosome 21q22.3 FCHL linkage interval that might 

have a previously unsuspected function in lipid metabolism, expression profiling was 

performed on McArdle RH7777 (McA-RH7777) cells treated with the PPARα/β 

agonist bezafibrate.   

Based on a previous study in McA-RH7777 cells (Gbaguidi and Agellon, 2004), initial 

optimisation experiments were performed using two bezafibrate doses (100μM and 

200μM) and two time-points (6 hours and 24 hours).  Quantitative, real-time reverse 

transcription PCR (RT-qPCR) demonstrated that, as expected (Rakhshandehroo et 

al., 2007), mRNA levels of two positive control genes, monoacylglycerol lipase (MGL) 

and adipose triglyceride lipase (PNPLA2) mRNA, were significantly higher under all 

bezafibrate treatment conditions (P<0.001, Figure 6.1 and 6.2).  For both genes, the 

largest fold-increase in transcript levels was observed when cells were treated with 

200μM bezafibrate for a 24-hour period (P≤0.003 for 200μM/24-hour treatment 

versus all other treatment conditions).  As a result, these conditions were employed 

to assay the response of genes within the 21q22.3 FCHL linkage interval (n=61) to 

bezafibrate treatment. 
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Figure 6.1) Changes in MGL mRNA levels in McA-RH7777 cells following different bezafibrate doses and treatment lengths 
McA-RH7777 cells were treated with either 100μM or 200 μM bezafibrate or DMSO-only for a 6 or 24-hour period.  All treatments significantly 

increased MGL mRNA levels, measured using SYBR green RT-qPCR (***, P<0.001). The 200μM/24-hour treatment was the most effective 

(P≤0.003, not shown for clarity). 
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Figure 6.2) Changes in PNPLA2 mRNA levels in McA-RH7777 cells following different bezafibrate doses and treatment lengths 
McA-RH7777 cells were treated with either 100μM or 200μM bezafibrate or DMSO-only for a 6 or 24-hour period.  All treatments significantly 

increased PNPLA2 mRNA levels, measured using SYBR green RT-qPCR (***, P<0.001).  The 200μM/24-hour treatment was the most effective 

(P≤0.003, not shown for clarity). 
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Sixteen of the 61 protein-coding genes within the 3.8Mb linkage interval encode 

keratin-associated proteins, whose expression is reported to be specific to hair root 

cells (Shibuya et al., 2004).  The transcripts of these genes were not detected in 28 

other human tissues examined, including adult and fetal liver (Shibuya et al., 2004).  

Thus in the current study these genes were not examined. 

 

No rat homolog was identified for four (WDR4, U2AF1, C21ORF2, TSPEAR) of the 

remaining 45 genes and therefore the mRNA levels of these genes could not be 

quantified in McA-RH7777 cells (Table 6.1).  Three genes (C2CD2, ZNF295 and 

PCBP3) which reside at the outer limits of the 3.8Mb linkage interval were also not 

examined since when the experiments were designed these genes were positioned 

outside of the region of interest (according to human genome build hg18) (Table 6.1).  

Quantification assays were performed for the remaining 38 genes.  In addition, 

transcript-specific assays were conducted for the three known COL18A1 transcripts 

(Figure 6.3). 

 

Transcript levels for ten of the 38 genes were below reliable detection levels (defined 

as cycle threshold (Ct) >35 in the RT-qPCR assay; Table 6.1).  In-keeping with these 

results, examination of data from the GenBank repository (URL5) revealed no human 

liver ESTs corresponding to these genes. 

 

Non-specific RT-qPCR-products were produced for eight genes (Table 6.1, Figure 

6.4).  This was not resolved by redesign of the PCR primers.  Consequently, the 

effects of bezafibrate on mRNA levels of these genes could not be examined. 
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Table 6.1) Genes for which mRNA Quantification in McA-RH7777 Cells was not 
possible 

 

Problem With Assay Gene Predominant Human EST Source 

No rat gene WDR4 Spleen 

  U2AF1 Embryonic Tissue 

 C21ORF2 Ovary 

 TSPEARa Testis 

No expression detected UMODL1   Thymus 

 ABCG1b CNS 

 TFF1 Stomach 

 TFF3 Intestine, Thyroid 

 TMPRSS3 Trachea 

 RSPH1  Connective tissue 

 HSF2BP  Oesophagus 

 ICOSLG  Brain 

 DNMT3L  Placenta 

 ITGB2 Spleen, Thymus 

Non-specific products SLC37A1  Stomach 

 PDE9A  Prostate 

 LRRC3  Cervix 

 UBASH3A  Spleen 

 TFF2  Stomach 

 CRYAA  Eye 

 PWP2H  Muscle 

 AIRE Thymus 

EST=expressed sequence tag 
a SNPs in first intron are nominally associated with triglyceride level in FCHL/GLGC 

cohort (P=0.0004-0.0009) 
b Two low frequency intronic SNPs are nominally associated with triglyceride level in 

FCHL cohort (P=0.0002-0.0003)
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Figure 6.3) Human COL18A1 transcripts 

Transcript specific RT-qPCR primers (forward primers: A, B, C; universal reverse primer: D) were designed to detect the rat sequences 

homologous to the three known human COL18A1 transcripts.  The short transcript includes exon 1, 2 and 4-43.  In contrast, the medium and 

long transcripts are spliced from exons 3, 4-43.  The medium transcript contains only the first 688 base-pairs of exon 3, whereas in the long 

transcript, exon 3 is 1372 base pairs in length. 
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Figure 6.4) Example melt curves from RT-qPCR assays 
The top panel shows the dissociation curve for a specific PCR-product whilst the 

bottom panel shows the result of a non-specific reaction. X-axes denote temperature 

in °C and y-axes represent the first negative derivative of the change in fluorescence. 

 



 194

With the exception of PKNOX1, all remaining assays (n=21), passed quality control 

checks (Ct<35 and approximate amplification efficiency >80% and <120%) (Table 

6.2).  Since PKNOX1 dissociation curves showed no evidence of primer dimer 

formation, (a potential cause of inflated amplification efficiency) this assay was not 

excluded from subsequent quantification. 

 

Relative quantification determined that mRNA levels of two genes were significantly 

altered by bezafibrate treatment (Table 6.2).  Firstly, CBS mRNA levels in the treated 

cells were 0.45-fold lower than those detected in the untreated cells (P<0.001).  

Conversely, TRPM2 mRNA levels were 1.35 fold higher in the bezafibrate-treated 

cells (P=0.005).  

 

CBS SNPs were included in the FCHL candidate gene association study described in 

Chapter 5.  In the whole FCHL cohort, no CBS SNPs returned a P-value of P<0.01 

(Tables 5.2 and 5.3).  When considering solely the 47 families contributing to the 

OSA-cholesterol linkage peak, the CBS SNP rs1788484 returned a P-value of 

P=0.0063 for association with circulating cholesterol levels (Table 5.6).  However, 

this SNP was not associated with cholesterol levels in the GLGC meta-analysis 

(P=0.6052).  In the GLGC study, rs234706 returned the lowest P-value of all CBS 

SNPs for association with both plasma triglyceride (P=0.0096) and cholesterol levels 

(P= 0.0065) although the SNP was genotyped in only one third of the meta-analysis 

samples (n=33,096).  In the FCHL cohort the corresponding P-values were P=0.3679 

and P=0.6538, respectively.  Therefore, current association data provide no robust 

evidence that CBS SNPs contribute to FCHL lipid traits or to plasma lipid levels in the 

population as a whole. 

 

TRPM2 SNPs were not genotyped as part of the FCHL candidate gene association 

study.  In the GLGC samples, the lowest P-value returned for association between a 

TRPM2 SNP and plasma triglyceride levels was P=0.0163 for rs2838553, which 

resides in the second intron of the gene.  In the corresponding cholesterol analyses, 

the lowest P-value was obtained for rs11911248 (P=0.0134) which resides in the 

ninth intron of the gene.   
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Table 6.2) Changes in mRNA Levels of 21q22.3 Genes in Response to Bezafibrate Treatment 

 

Gene Name Efficiency (%)a Ct Rangeb ∆∆Ct 95% CI SE ∆∆Ct Fold changec 95% CI P-valued 

ADARB1 101.65 26.56-27.34 -0.0726 (-0.4430, 0.2978) 0.1747 1.0516 (0.8135, 1.3594) 0.6830 

AGPAT3 118.70 28.79-30.65 0.1785 (-0.2344, 0.5915) 0.1948 0.8836 (0.6637, 1.1765) 0.3730 

CBS 115.40 29.63-32.89 1.1561 (0.7426, 1.5696) 0.1951 0.4487 (0.3369, 0.5977) <0.001 
COL18A1(L) 94.40 26.47-28.02 -0.1385 (-0.4325, 0.1554) 0.1387 1.1008 (0.8979, 1.3495) 0.3330 

COL18A1(M) 99.50 22.17-23.68 0.1494 (-0.3590, 0.1282) 0.2313 0.9016 (0.9150, 1.2825) 0.5270 

COL18A1(S) 116.00 27.54-28.81 -0.1154 (-0.3409, 0.6397) 0.1149 1.0833 (0.6418, 1.2665) 0.3300 

CSTB 108.24 21.12-21.90 -0.0591 (-0.3207, 0.2026) 0.1234 1.0418 (0.8690, 1.2490) 0.6390 

ES1 100.33 25.72-26.49 0.0069 (-0.2015, 0.2152) 0.0983 0.9953 (0.8614, 1.1499) 0.9450 

NDUFV3 99.29 25.27-25.93 -0.0883 (-0.4777, 0.3010) 0.1837 1.0631 (0.8117, 1.3925) 0.6360 

PDXK 116.39 25.06-26.35 -0.0326 (-0.5390, 0.4738) 0.2389 1.0228 (0.7201, 1.4530) 0.8940 

PFKL 117.75 23.50-24.38 0.0494 (-0.2610, 0.3598) 0.1464 0.9663 (0.7792, 1.1983) 0.7400 

PKNOX1 164.50 25.22-26.05 -0.0985 (-0.2695, 0.0724) 0.0797 1.0707 (0.9510, 1.2054) 0.2370 

POFUT2 102.61 25.57-26.38 0.0706 (-0.1922, 0.3333) 0.1240 0.9523 (0.7937, 1.1425) 0.5770 

PTTG1IP 110.73 26.75-28.62 -0.0089 (-0.4205, 0.4027) 0.1942 1.0062 (0.7564, 1.3384) 0.9640 

RRP 113.07 23.17-24.02 0.0807 (-0.1448, 0.3063) 0.1064 0.9456 (0.8087, 1.1056) 0.4590 

RRP1B 103.72 25.44-26.90 0.0069 (-0.2907, 0.3044) 0.1404 0.9953 (0.8098, 1.2232) 0.9620 

SLC19A1 113.90 28.27-29.43 0.2285 (-0.0776, 0.5346) 0.1444 0.8535 (0.6904, 1.0552) 0.1330 

SNF1LK 101.52 24.46-25.76 0.3169 (-0.0838, 0.7175) 0.1890 0.8028 (0.6081, 1.0598) 0.1130 

SUMO3 97.00 22.91-23.98 0.0606 (-0.2888, 0.4099) 0.1648 0.9589 (0.7523, 1.2216) 0.7180 

TRAPPC10 106.24 23.35-24.36 -0.0204 (-0.2255, 0.1848) 0.0968 1.0142 (0.8798, 1.1692) 0.8360 
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TRPM2 102.96 29.52-33.01 -0.5380 (-0.8909, -0.1850) 0.1665 1.4519 (1.1368, 1.8544) 0.0050 
UBE2G2 111.40 23.73-24.44 0.0696 (-0.1011, 0.2404) 0.0806 0.9529 (0.8465, 1.0726) 0.4000 

SE=standard error 
a Primer efficiency was calculated from the slope of the standard curve generated using five template RNA concentrations (2.13) 
b Range of cycle threshold values recorded across independent experiments 
c Fold change=2-ΔΔCt 
d P-value indicates whether ΔΔCt is significantly different from 0 

 
 
 
 
 
 
 
 



 197

6.2.3)  Association between rs4818835 and C21orf57 Expression 

To determine whether SNPs within the 21q22.3 linkage interval might influence gene 

transcript levels in a tissue pertinent to the aetiologies of FCHL, data from the study 

of Schadt et al., which genotyped 782,476 SNPs and profiled 39,280 transcripts in 

427 human liver samples, were examined (Schadt et al., 2008).  Additionally, data for 

SNPs genotyped in the FCHL cohort residing outside the 3.8Mb linkage interval 

(BACE2, LSS and MCM3AP regions, 4.2) were considered.   

 

In total, nine SNPs were associated with nine specific liver chromosome 21 gene 

expression traits at the study-defined nominal P-value cut-off of 5x10−5 (Table 6.3).  

However, the nine genes did not include CBS or TRPM2 (6.2.2).   

 

Three of the nine SNPs were directly genotyped or imputed in the FCHL cohort.  One 

of these SNPs, rs4818835, a cis-eQTL for liver C21orf57 transcript levels (Table 6.3), 

was nominally associated with triglyceride levels in the FCHL cohort (β=0.0611± 

0.0230(SE), P=0.0079).  However, in the GLGC cohort the corresponding P-value 

was P=0.3320 (Table 6.3). 

 

Next, data for the nine eQTLs were examined in an additional dataset, also relevant 

to FCHL: the study of Nica et al., which performed SNP-gene expression analysis 

using a dataset comprising 865,544 SNPs genotyped in 166 individuals (142 twins, 

24 singletons) and adipose tissue expression data for 18,170 genes (Nica et al., 

2011).  This study employed a matched co-twin design where data from twin-pairs 

were independently analysed thus allowing internal replication of potential eQTLs.  In 

this dataset, replicating findings in the liver, rs4818835 was associated with the same 

gene expression trait (C21orf57) in both sets of twins (twin group 1, P=0.0042 and 

twin group 2, P<1x10-4) (Figure 6.5). 
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Table 6.3) Chromosome 21q22.3 cis-eQTLs in Liver (extracted from Schadt et al., 2008) 
 
 
   Association in FCHL Cohort GLGC Study 

SNP Positiona 
Expression 

Trait 
Probe 

Positiona P(Expression) P(LME_TG) P(GEE_TG) P(LME_TC) P(GEE_TC) P(TG) P(TC) 

rs2839501 43,805,637 TMPRSS3 43,791,999 1.42x10-5 na na na na 0.6427 0.0472 

rs7283383 43,913,421 SLC37A1 43,919,742 1.96x10-5 0.7864 0.3749 0.5756 0.3841 0.2224 0.0508 

rs2839603 44,324,506 NDUFV3 44,313,378 2.52x10-25 na na na na 0.9867 0.9914 

rs2401144 44,379,258 PKNOX1 44,394,643 3.13x10-5 na na na na 0.8226 0.8885 

rs2329573 45,198,522 CSTB 45,193,831 6.49x10-9 na na na na 0.1231 0.4034 

rs235343 46,249,752 PTTG1IP 46,269,513 2.67x10-26 0.1899 0.1223 0.5640 0.6601 0.5168 0.4308 

rs17004733 46,520,840 C21orf2 45,748,827 4.23x10-5 na na na na 0.3799 0.0821 

rs4819035 46,520,840 ADARB1 46,494,515 3.56x10-6 na na na na 0.0283 0.4187 

rs4818835 46,645,715 C21orf57 47,706,267 4.62x10-12 0.0079 0.0443 0.1706 0.1297 0.3320 0.0800 

na=not genotyped/imputed in FCHL cohort 
a Base-pair position on chromosome 21 
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Figure 6.5) Correlation between rs4818835 Genotype and C21orf57 Transcript Levels in Adipose Tissue from Female Twins 
The rs4818835 minor allele is associated with higher C21orf57 transcript levels in adipose tissue from twins of the Multiple Tissue Human 

Expression Resource (Nica et al., 2011).  Association was determined using Spearman’s rank correlation and P-values are based upon 10,000 

permutations.  Plot was produced using Genevar (Yang et al., 2010). 
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6.2.3) Analysis of Differentially Expressed Genes in Adipose Tissue from 

FCHL Patients and Controls  

In the study of Plaisier et al., which compared mRNA levels in adipose tissue 

biopsies taken from 38 Mexican FCHL cases and 32 normolipidemic controls, 

transcript levels of C21orf57 did not significantly differ between the two groups (at a 

significance threshold of P<0.05) (Plaisier et al., 2009)  However, in total, five genes 

within the 21q22.3 FCHL linkage interval did display differential expression at P<0.05 

(Table 6.4), including three genes (AGPAT3, UBE2G2 and COL18A1) previously 

considered as FCHL candidate genes (4.2.1).   Examination of the Nica et al., 

dataset revealed no evidence that SNPs within 100Kb of the transcription start sites 

of AGPAT3, COL18A1 or UBE2G2 appear to act as cis-eQTLs in adipose tissue (at 

P<0.01) in the 166 individuals studied (Nica et al., 2011).  Likewise, there were no 

AGPAT3, COL18A1 or UBE2G2  cis-eQTLs in the liver dataset of Schadt et al., at 

the study defined significance threshold of  P<5x10−5  (Schadt et al., 2008) 

 

The fourth gene for which transcript levels differed significantly between FCHL 

patients and controls was PWP2, which encodes the periodic tryptophan protein 

homolog.  Consultation of the Nica et al., adipose eQTL dataset (3.2.2) revealed that 

no SNPs within 100Kb of the PWP2 transcription start site were associated (P<0.01) 

with transcript levels of the gene in the two co-twin groups (Nica et al., 2011).  PWP2 

SNPs were not genotyped in the FCHL cohort and no SNPs in the PWP2 interval 

returned a P-value of P<0.1 for association with plasma triglyceride levels in the 

GLGC study (Teslovich et al., 2010).  Thus, current genetic data do not support a 

role for PWP2 in modulating the FCHL triglyceride trait. 

 

Finally, transcript levels of ITGB2, encoding β2-integrin, were differentially expressed 

in the Mexican FCHL cases and controls.  No ITGB2 cis-eQTLs were identified in the 

Nica et al., dataset (Nica et al., 2011)  In the GLGC cohort, rs235305, which resides 

~7kb downstream of ITGB2, returned the lowest P-value (P=0.0057) for association 

with plasma triglyceride (Teslovich et al., 2010).  Therefore, on the basis of current 

genetic data, ITGB2 does not represent a strong candidate for the FCHL triglyceride 

trait.  
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Table 6.4) 21q22.3 FCHL Linkage Interval Genes Differentially Expressed in 
Mexican FCHL Patients and Controls 
 

Gene TSS Effect Estimate SE T-statistic Pa 

AGPAT3 45,285,115 0.27 0.08 3.17 0.0023 

PWP2 45,527,207 0.13 0.05 2.68 0.0091 

UBE2G2 46,188,494 0.10 0.04 2.52 0.0142 

ITGB2 46,305,867 0.46 0.16 2.85 0.0057 

COL18A1 46,825,096 0.21 0.10 2.00 0.0489 

TSS=transcription start site, SE=standard error 
a Where mRNA levels were quantified on the basis of two microarray probes, 
statistics are given for the probe that returned the lowest P-value 
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6.2.4) Summary of 21q22.3 Gene Expression and Association Analyses 

Table 6.5 shows that the most promising results to emerge from the data presented 

in this chapter involve the SNP, rs4818835.  This SNP was associated with C21orf57 

transcript levels in both liver and adipose tissue (Nica et al., 2011; Schadt et al., 

2008).  Additionally, in Chapter 5, it was nominally associated with plasma 

triglyceride levels in the FCHL cohort (β=0.0611±0.0230(SE), P=0.0079).  

Unfortunately, since C21orf57 resides (~600Kb) outside of the refined 21q22.3 

linkage interval, it was not examined in the bezafibrate-treatment dataset (4.2.1).  

However, on the basis of the combined genetic and gene expression data, it will be 

important for future studies to remedy this and to further characterise the potential 

contribution of rs4818835/C21orf57 to FCHL. 

 

Table 6.5 also summarises the combined results of Chapter 4, 5 and 6, and 

highlights those genes which may warrant further investigation with regard to the 

aetiology of FCHL. 
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Table 6.5) 21q22.3 Genes Implicated in the Aetiology of FCHL: Biological, Genetic and Gene Expression Data 
 
 
 Chapter 6 Chapter 5 Chapter 4 

Gene Expression Datasets FCHL Cohort Association Study Candidate Gene 

LSSa - rs35785446 associated with TG/TC 

(P=0.0039/0.0074) 

Yes 

TSPEARa - rs34163868 associated with TG 

(P=0.0009) 

No 

PKNOX1a rs2401144 genotype associated with liver 
transcript levels 

rs2839619 associated with TC in FCHL 
families (P=0.0091), replicating 
Zemunik et al., 2009 

rs9984563, top 21q22.3 TG-associated 
SNP in GLGC study (P=0.0005) 

No 

CBS Bezafibrate treatment -> lower transcript levels - Yes 

TRPM2 Bezafibrate treatment -> higher transcript levels - No 

C21orf57 rs4818835 genotype associated with 
liver/adipose C21orf57 transcript levels 

rs4818835 associated with TG 
(P=0.0079) 

No 

AGPAT3b Differentially expressed in adipose tissue from 

FCHL patients/controls 

- Yes 
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COL18A1 Differentially expressed in adipose tissue from 
FCHL patients/controls 

rs8129539 associated with TG 
(P=0.0084) 

Yes 

UBE2G2b Differentially expressed in adipose tissue from 

FCHL patients/controls 

- Yes 

PWP2 Differentially expressed in adipose tissue from 
FCHL patients/controls 

- No 

ITGB2 Differentially expressed in adipose tissue from 
FCHL patients/controls 

- No 

Genes/results highlighted in bold are discussed later in this chapter (6.3) 

TC=total cholesterol, TG=triglyceride 
a Discussed in Chapter 5 
b Discussed in Chapter 4
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6.3) Discussion 

The culmination of data presented in this, and the preceding chapter has generated 

several findings that warrant further study and discussion.  The significance of two of 

these genes, TSPEAR and LSS is discussed in Chapter 5.  In this chapter, by 

combining gene expression data with genetic data, arguably the most important 

result involves C21orf57/ rs4818835.   

 

Notably, rs4818835 was associated with C21orf57 transcript levels in two distinct 

datasets, representing human liver (Schadt et al., 2008) and adipose tissue (Nica et 

al., 2011) and was nominally associated with plasma triglyceride levels in the FCHL 

families (P=0.0079).  Although this association does not imply causation, it does 

indicate that this non-coding SNP, or a variant in LD, could have a functional effect.   

Thus, genotyping this gene locus/SNP in further hyperlipidemic cohorts seems 

warranted.  Future studies could also include examining C21orf57 transcript levels in 

bezafibrate treated McA-RH7777 cells since, due to the position of the gene ~600Kb 

outside the refined 21q22.3 FCHL linkage interval, it was not included in the RT-

qPCR dataset present in this chapter (6.2.1). 

 

Data regarding C21orf57 function are currently limited.  The human gene is predicted 

to encode at 167 amino acid protein, designated as a putative metallopeptidase 

(Zhan et al., 2005).  It is therefore of potential interest that serum protein levels of two 

other metallopeptidases, matrix metalloproteinase-2 (MMP-2) and matrix 

metalloproteinase-9 (MMP-9) were found to be higher in a group of 168 dyslipidemic 

individuals compared to a group of 179 controls (MMP-2: 1242.7±141.4 vs. 

642.7±273.8ng/ml, MMP-9: 506.3±58.7 vs. 51.3±14.8ng/ml) (Derosa et al., 2009).   

In relation to these findings, it seems pertinent that the rare allele at SNP rs4818835 

was associated with both higher C21orf57 transcript levels in the Nica et al., dataset 

and higher triglyceride levels in the FCHL families (Nica et al., 2011). 

 
Also in the current study, transcriptional profiling of McA-RH7777 cells revealed that 

the mRNA levels of two genes within the 3.8Mb FCHL linkage interval were 

significantly altered by treatment with the PPAR-agonist bezafibrate.  The first gene, 

CBS, was previously designated an FCHL candidate gene since in mouse models of 

Cbs loss-of-function, plasma cholesterol and triglyceride levels are increased (4.2).  

Biologically, such a mutation would cause disruption to the methionine cycle and in 

turn could result in increased phospholipid production through increased availability 

of the methyl donor S-Adenosyl homocysteine.  Paradoxically, in the current 
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investigation, Cbs mRNA levels were down-regulated 0.45-fold (95%CI: 0.34-0.60) in 

bezafibrate treated McA-RH7777 cells.   Supporting these findings, a similar effect 

was observed in liver samples taken from Sprague-Dawley rats, fed a high-fat diet 

(48% saturated fat) and treated with the PPARα agonist WY-14,643 (30 µmol per kg, 

per day for four weeks) where Cbs mRNA levels were 0.58-fold lower in the treated 

versus untreated animals (N=5 per group, P<0.05) (Sheikh et al., 2007).  Thus, in 

future studies it could be informative to establish both the mechanism(s) underlying 

this downregulation, and its downstream consequences.  In addition, given the 

linkage of the FCHL triglyceride trait to chromosome 21q, it would seem reasonable 

in future studies to utilise next-generation sequencing methodologies to screen CBS 

in FCHL patients in order to identify rare variants that may have a moderate to large 

impact on their triglyceride levels.  The rationale for this approach being that previous 

studies have shown that multiple rare variants influence plasma triglyceride and 

cholesterol levels in dyslipidemic individuals (Cohen et al., 2006; Johansen et al., 

2010; Johansen et al., 2011b). 

 

The second gene for which bezafibrate treatment led to altered transcript levels was 

TRPM2.  Thus TRPM2, which encodes transient receptor potential cation channel 

melastatin 2, represents a novel FCHL candidate gene.  It is expressed in multiple 

tissues including liver and pancreas (Nagamine et al., 1998; Perraud et al., 2001; 

Togashi et al., 2006) and was recently implicated in insulin secretion (Uchida et al., 

2011).  Following either an oral or intra-peritoneal glucose load, Trpm2 knockout 

mice had significantly higher plasma glucose (P<0.01) and significantly lower plasma 

insulin (P<0.05) levels than wild-type animals (Uchida et al., 2011).  Plasma 

triglyceride levels were not measured.  PPARα is also implicated in the maintenance 

of blood glucose levels.  However, in contrast to the Trpm2-null animals, PPARα-null 

mice develop hyperinsulinemia (Gremlich et al., 2005).  In addition, treatment with 

the PPAR-agonist, clofibrate led to an ~31% decrease in insulin secretion by INS-1 

insulinoma cells (Tordjman et al., 2002), whilst in humans fenofibrate treatment 

decreases plasma triglyceride levels without altering insulin secretion or sensitivity 

(Abbasi et al., 2008; Belfort et al., 2010).  Therefore, on the basis of published data, it 

seems unlikely that PPAR-induced upregulation of TRPM2 is directly linked to 

glucose homeostasis. 

 

In rodents, fibrate administration leads to peroxisome proliferation, increased β-

oxidation and in turn increased H2O2 production (Arnaiz et al., 1995).  It may 

therefore be important to note that TRPM2 is thought to be primarily activated by 
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hydrogen peroxide (via ADP-ribose formation) (Jiang et al., 2010a).  Thus, it seems 

feasible that the increase in TRPM2 mRNA levels observed in bezafibrate treated 

McA-RH7777 cells could be a response to increased cellular hydrogen peroxide 

rather than the direct result of transactivation by PPARα/β. 

 

In light of the observations outlined above, it will be important to establish if TRPM2 

could play a direct role in fatty acid and triglyceride metabolism.  To do so one could, 

for example, examine the effect of TRPM2 over- and under-expression on the 

mRNA/protein levels of genes involved in: fatty acid β-oxidation, such as CPT1A and 

ACOX1; fatty acid uptake, such as CD36; fatty acid transport such as SLC27A1- 5; 

fatty acid synthesis, such as FAS, on fatty acid activation genes such as the long-

chain acyl CoA synthetases and triglyceride biosynthesis genes such as DGAT1/2 

and LPIN1-3. 

 

A limitation of the current study, which employed McA-RH7777 as an in vitro model 

to identify possible FCHL candidate genes, was that by using a rat cell line those 

human genes with no known rat homolog could not be studied.  To overcome this 

restriction, one could have utilised a human hepatoma cell line such as HepG2 or 

Huh7 (Higashi et al., 2002; Lalanne et al., 2005; Pan et al., 2002).  However, unlike 

McA-RH7777, these cell lines have limited ability to secrete fully-lipidated apoB100 

as VLDL particles (Meex et al., 2011).   

 

Furthermore, the current study did not examine transcript levels of eight genes in 

bezafibrate-treated McA-RH7777 cells due to non-specificity of their RT-qPCR- 

products (Table 6.1).  Such non-specific products may arise due to the amplification 

of multiple different length transcripts by the PCR primers used, or could indicate that 

the underlying DNA sequence is refractive to PCR-based amplification.  In addition, 

mRNA levels of C2CD2, ZNF295 and PCBP3, were not examined in the current 

study since, at the inception of this study, these genes were mapped outside the 

region of interest.  In future investigations, one could extend the expression profiling 

experiments to include these three genes. 

 

In future work, one may also consider targeting a different transcription factor to 

identify potential FCHL candidate genes.  For example, the previously described 

studies of Berge and Zelcer and colleagues used an LXR agonist to identify genes 

pertinent in cholesterol absorption and LDL cholesterol clearance, respectively 

(Berge et al., 2000; Zelcer et al., 2009).  In addition, to specifically target PPARγ one 
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could administer a thiazolidinedione such as rosigliatizone, although, since PPARγ is 

predominant in adipose tissue, this approach may be more suited to appropriately 

cultured 3T3-L1 cells.   

 

Another result that warrants further discussion is the association of rs2401144 with 

transcript levels of PKNOX1 in human liver samples (Schadt et al., 2008).  As 

discussed in chapter 5, the intronic PKNOX1 SNP rs2839619 was nominally 

associated with plasma total cholesterol levels in FCHL families (P=0.005), 

replicating an earlier GWAS finding (Zemunik et al., 2009).  In additional, rs9984563, 

another PKNOX1 intronic SNP, returned the lowest P-value of all SNPs within the 

refined linkage interval, for association with plasma triglyceride levels in the GLGC 

study (P=0.0005).  Thus, although these three SNPs share limited LD (r2<0.17 based 

upon 1000 Genomes CEU pilot data), these combined data suggest that PKNOX1 

variants might contribute to the lipid phenotypes of FCHL. 

 

Currently there are too few data to determine whether PWP2, the mRNA levels of 

which were increased in the adipose tissue of FCHL patients versus normolipidemic 

controls, might contribute to the triglyceride trait of FCHL (Plaisier et al., 2009).  This 

evolutionarily conserved protein is essential for 18S rRNA biosynthesis and is 

implicated in cell cycle progression in yeast (Dosil and Bustelo, 2004).  Of note, in a 

previous expression array study involving adipose tissue samples from five Dutch 

FCHL patient and four age-, sex- and BMI-matched controls, a large subset of the 

differentially expressed genes detected were implicated in cell cycle progression 

(Eurlings et al., 2002).  This is in agreement with unpublished data from our own 

group and whilst PWP2 itself was not differentially expressed in British FCHL patients 

and controls, further investigation of the contribution of this gene to the FCHL 

triglyceride trait may be warranted. 

 

In contrast to C21orf57, CBS, TRPM2, PKNOX1, LSS and TSPEAR, current data 

indicate that ITGB2 variants are unlikely to contribute to the FCHL triglyceride trait.  

ITGB2, also known as CD18 heterodimerises with the integrin α-chains, α1 (CD11a), 

αM (CD11b) or αX (CD11c) to produce molecules important in cell adhesion 

(Notarangelo and Badolato, 2009).  A recent study demonstrated that in healthy 

subjects fed a standardised high-fat meal (1230 calories, 40% from fat), post-prandial 

increases in blood triglyceride levels were correlated with increases in monocyte 

surface presentation of CD11c/CD18 (Gower et al., 2011).  In earlier studies, 

correlations have also been demonstrated between oral fat load and leukocyte 
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expression of CD11a/CD18 (van Oostrom et al., 2004) and CD11b/CD18 (Alipour et 

al., 2008).  Based on these results, it seems likely that the increased ITGB2 mRNA 

levels observed in the Mexican FCHL patients are a consequence rather than a 

cause of their hypertriglyceridemia. 

 

Finally, COL18A1 mRNA levels were higher in adipose tissue from Mexican FCHL 

patients compared to that of control individuals (Plaisier et al., 2009).  This finding 

contrasts with results from a previous study where COL18A1 mRNA levels in five 

FCHL patients were 0.60-fold those of those in five age-matched controls (Meex et 

al., 2005).  One explanation for this discrepancy could relate to which COL18A1 

transcripts were quantified by the probes/arrays used in each investigation. 

In their study, Plaisier et al., utilised Affymetrix Human Genome U133 Plus 2.0 

oligonucleotide microarrays where the COL18A1 probe in question (209082_s_at) 

maps to the medium and long (NC11-493 and NC11-728) isoforms of the gene but 

not the short (NC-303) isoform (Figure 6.3) (Plaisier et al., 2009).  In comparison, 

Meex et al., used macroarrays produced using clones representing 640 genes.  

Unfortunately, the COL18A1 transcript(s) captured by the macroarray is not 

documented (Meex et al., 2005).  It therefore remains possible that the decreased 

COL18A1 expression in the Meex et al., study correspond to the short (NC-303) 

transcript only.  Supporting this possibility, a recent study demonstrated that patients 

from a large, consanguineous pedigree with Knobloch syndrome, who harbour a 

homozygous intron 1 splice acceptor mutation, predicted to specifically disrupt the 

short COL18A1 isoform, have increased fasting plasma triglyceride levels compared 

to non-carriers (3.01±-0.58mmol/l versus 1.32±0.14mmol/l, n=7, P=0.02) (Bishop et 

al., 2010).  In addition, Col18a1-/- mice have increased fasting triglyceride levels 

compared to wild-type littermate controls (1.34±0.28mmol/l in null mice vs. 

0.73±0.15mmol/l in control mice, n=10, P<0.0001) (Bishop et al., 2010). 

 

Together these data imply that COL18A1 plays a role in triglyceride metabolism and 

thus it represents a prime candidate for the FCHL triglyceride trait.  However, it is 

worth noting that in the Knobloch syndrome pedigree described above, a rare ‘null’ 

mutation resulted in only mild hypertriglyceridemia.  Therefore, it is perhaps 

unsurprising that none of the common COL18A1 variants examined in Chapter 5 

were associated with markedly altered triglyceride levels and in future studies it 

would seem most appropriate to screen FCHL patients for loss-of-function COL18A1 

variants. 
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In conclusion, data presented in the Chapters 5 and 6 suggest that at least seven 

21q22.3 genes warrant further investigation with regard to their role in the aetiology 

of FCHL (Table 6.5).  To substantiate these data, future investigations will require 

further genotyping of rs35785446 (LSS), rs34163868 (TSPEAR), rs2839619 

(PKNOX1) and rs4818835 (C21orf57/8) in additional hyperlipidemic cohorts.  

Functional characterisation of TSPEAR, PKNOX1, TRPM2 and C21orf57 will also be 

necessary to establish the potential importance of these genes in lipid/lipoprotein 

metabolism.  Since the current and GLGC study indicates that common 21q22.3 

variants alone do not explain the 21q22.3 FCHL linkage signal(s), use of next-

generation sequencing technology to look for rare CBS or COL18A1 variants that 

have a moderate to large impact on gene function would also be warranted.  Finally, 

it is worth pointing out that in recent simulations of an FCHL linkage scan, two to 

three susceptibility variants, within a chromosomal region, were required to generate 

a LOD score in the order of that observed on chromosome 21 (Horswell et al., 2009).  

Thus it seems plausible that multiple variants in multiple chromosome 21q22.3 genes 

may contribute to the triglyceride and cholesterol traits in different subsets of FCHL 

families. 
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Chapter 7 – Association of GPIHBP1 with Hypertriglyceridemia 

and CHD Risk 

 

7.1) Introduction 

In recent years, a number of large prospective studies have demonstrated that 

plasma triglyceride levels represent an independent risk factor for CHD (Arsenault et 

al., 2009; Bansal et al., 2007; Nordestgaard et al., 2007; Sarwar et al., 2007; Tirosh 

et al., 2007). 

 

Tirosh et al., examined data for 13,953 apparently healthy young men (26-45 years 

of age) with fasting serum triglyceride levels lower than 3.39 mmol/l over a mean 

follow-up period of 10.5 years (Tirosh et al., 2007).  Over this period, a total of 170 

cases of angiography-proven CHD arose.  In a multivariate model adjusted for age, 

BMI, HDL-cholesterol level, family history of CHD, fasting plasma glucose level, 

mean arterial blood pressure, physical activity, and smoking status, CHD occurrence 

was associated with triglyceride level.  Hazard ratios for CHD increased across 

triglyceride level quintiles with a hazard ratio of 4.05 (95%CI: 2.68-8.61) observed for 

the individuals in the highest versus the lowest quintiles of the distribution (P<0.001 

for trend) (Tirosh et al., 2007).  

 

Bansal and colleagues identified an association between non-fasting plasma 

triglyceride levels and CHD risk (Bansal et al., 2007).  Whilst lipid measurements are 

traditionally measured in the fasting state, it is argued that analysis of post-prandial 

levels might more accurately highlight a defect in the clearance of triglyceride-rich 

lipoproteins.  In the Bansal et al., cohort of 6391 non-fasting women, 215 

experienced a cardiovascular event during the median 11.4 year follow-up period 

(Bansal et al., 2007).  In a multivariate model adjusted for age, blood pressure, 

smoking, use of hormone therapy, total and HDL-cholesterol, non-fasting triglyceride 

levels were associated with cardiovascular events.  Hazard ratios for increasing 

tertiles of non-fasting levels were: 1 (reference lower tertile), 1.44 (95% CI: 0.90-2.29, 

middle tertile), and 1.98 (1.21-3.25, upper tertile) (P=0.006 for trend). 

 

Conceptually, if a trait and a disease outcome are causally associated then one 

would expect that the genetic variants underlying the trait would also be associated 

with risk of developing the disease.  Applying this rationale to circulating triglyceride 

levels and CHD, recent genetic data have lent support to the observed clinical 
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correlation.  For example, the rs2954029 T allele (which resides ~40kb downstream 

of the TRIB1) was associated with lower plasma triglyceride levels in the GLGC 

cohort (-5.64mg/dl per copy, P=3.29x10-55) and was also associated with a 

decreased risk of CHD in the CARDIoGRAM and COROGENE consortia (P=5x10-5) 

(Teslovich et al., 2010).  The same variant was also associated with ischaemic heart 

disease and myocardial infarction in the prospective Copenhagen City Heart Study 

(Varbo et al., 2011). 

 

Another example of a genetic locus associated with both plasma triglyceride and 

CHD risk involves the APOA1-C3-A4-A5 locus, which is consistently associated with 

plasma triglyceride levels in GWAS (Kathiresan et al., 2009b; Teslovich et al., 2010).  

In a recent meta-analysis involving 73,252 individuals from 39 studies, each copy of 

the rs662799 C allele was associated with a 0.25 mmol/l (95% CI: 0.20–0.29, 

P=4.4x10-24) increase in plasma triglyceride levels (Sarwar et al., 2010).  This APOA5 

promoter variant was also associated and an odds ratio for CHD of 1.18 (95% CI: 

1.11-1.26, P=2.6×10-7) (Sarwar et al., 2010).  These findings were replicated in the 

Italian study of early-onset myocardial infarction (De Caterina et al., 2011). 

 

Meta-analyses have also demonstrated association between LPL and ANGPTL3 

SNPs and both plasma triglycerides and CHD (Angelakopoulou et al., 2011; 

Teslovich et al., 2010).  Thus, published data suggest that genetic variants in genes 

involved in lipolytic pathways are important in hypertriglyceridemia and CHD risk.  

 

LPL has long been established as the key protein involved in the hydrolysis of the 

triglyceride-core of VLDL and chylomicron particles, at peripheral sites.  It is 

expressed in adipose tissue, skeletal muscle, cardiac muscle and mammary gland 

(Camps et al., 1990).  LPL is synthesised within the parenchymal cells before being 

transferred to the luminal endothelial cell surface (Camps et al., 1990).  Until recently, 

the means by which this transfer occurs has remained elusive (Davies et al., 2010).  

However, it is now established that GPIHBP1 is crucial in facilitating the movement of 

LPL to its site of action.  At the endothelial cell surface, LPL acts as a homodimer 

(Olivecrona et al., 1985) and is able to ‘dock’ circulating triglyceride-rich lipoproteins 

and, activated by ApoC2, catalyse triglyceride hydrolysis, thereby releasing fatty 

acids which are taken up by peripheral tissues for use as energy, storage or re-

esterification into biologically active lipids.  In addition to ApoC2, the activity of LPL is 

also thought to be modulated by ApoA5, which is present in both chylomicrons and 

VLDL particles (O'Brien et al., 2005).  Rare mutations in LPL, APOC2 and APOA5 
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cause severe hypertriglyceridemia, illustrating the importance of the encoded gene 

products in triglyceride metabolism (Fojo and Brewer, 1992; Priore Oliva et al., 2005; 

Wang et al., 2007a). 

 

GPIHBP1 was first isolated using expression cloning.  Briefly, Ioka and colleagues 

produced a cDNA library using RNA from the livers of LDLR-deficient mice. Transient 

transfection of pools of these cDNAs into a CHO cell line led to the identification of a 

protein (GPIHBP1) that stimulated cell surface binding of HDL (Ioka et al., 2003).  

Subsequent investigations failed to corroborate this binding (Gin et al., 2011), 

however interest in GPIHBP1 was heightened by the discovery that mice Gpihbp1-

deficient mice had milky plasma, with plasma triglyceride levels in some instances 

exceeding 64.5mmol/l  (5000mg/dl) (Beigneux et al., 2007).   

 

Several lines of evidence point towards an interaction between GPIHBP1 and LPL.  

Northern blots indicate that GPIHBP1 mRNA levels are high in adipose tissue and 

the heart with detectable levels also present in skeletal muscle (Beigneux et al., 

2007).  Thus the expression profile of GPIHBP1 mirrors that of LPL.  At the cell level, 

using fluorescence microscopy, Beigneux and colleagues observed murine GPIHBP1 

expression exclusively in the capillary endothelial cells, colocalised with the 

endothelial marker CD31.  Further examination by confocal microscopy showed that 

GPIHBP1 was found at the luminal face of the capillary cells in adipose tissue and 

heart, the presumed site of triglyceride hydrolysis.  They also found that GPIHBP1 

bound to LPL in vitro, using pgsA-745 CHO cells (which are unable to synthesise 

HSPGs, to which LPL is able to bind at the endothelial cell surface (Cheng et al., 

1981)).   

  

Davies et al. sought to substantiate evidence for an interaction between GPIHBP1 

and LPL.  Initially, using a monoclonal antibody to GPIHBP1, they observed that in 

wild-type mice, Gpihbp1 co-localised with LPL in the capillary endothelial cells of the 

adipose tissue and heart.  However, in Gpihbp1-null mice, this localisation of LPL 

was lost.  Instead, in the knockout mice, LPL was detected around the adipocytes 

and the myocytes of heart and skeletal muscle (Davies et al., 2010).  These findings 

led the authors to consider the possibility that GPIHBP1 may be involved in the 

transport of LPL from its production site in the parenchymal cells to the apical surface 

of the capillary endothelial cells. Several lines of evidence support this proposition 

(Figure 7.1).      
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Mouse GPIHBP1 contains 228-amino acids, compared to the 184 amino-acid human 

protein.  The protein structure consists of four domains (Figure 7.2) of which, the 

acidic and Ly6 domains are thought to be important in mediating GPIHBP1’s ability to 

bind to LPL.  A crystal structure GPIHBP1 is not currently available.   

 

The acidic domain of GPIHBP1 is enriched in negatively charged amino acids and is 

therefore likely to mediate its electrostatic interaction with LPL and with lipoprotein 

particles.  LPL contains clusters of positively-charged residues (Sendak and 

Bensadoun, 1998).  Replacement of amino acids within the acidic domain of 

GPIHBP1 with alanine residues abolished the observed interaction between 

GPIHBP1 and LPL (Gin et al., 2008).  ApoB and ApoA5 molecules that form part of 

chylomicron and VLDL particles also contain clusters of positively charged amino 

acids (Cladaras et al., 1986; Nilsson et al., 2007; Talmud, 2007).  

 

In order to investigate the role of the cysteine-rich Ly6 domain in GPIHBP1 function, 

Beigneux and colleagues systematically mutated all ten cysteine residues of the Ly6 

domain to alanine and observed the effect of these mutations upon trafficking of 

GPIHBP1 to the endothelial cell surface and upon GPIHBP1 binding to LPL.  Mutated 

proteins were successfully trafficked and expressed on the endothelial cell surface 

however they were, in all cases, unable to bind to LPL (Beigneux et al., 2009b). 

 

To date, sequencing studies in humans have established that homozygous/ 

compound heterozygous GPIHBP1 mutations cause chylomicronemia in a small 

number of patients with this condition (Table 7.1).  Four of the mutations alter 

residues in the Ly6 domain and abolish the binding of GPIHBP to LPL in vitro.  

 

A screen of 160 unrelated chylomicronemia patients also identified one individual 

who was homozygous for the G56R mutation (Wang and Hegele, 2007).  In contrast 

to other GPIHBP1 mutations, plasma triglyceride levels in the three other family 

members who were G56R heterozygotes were above the 95th percentile value for 

their age and sex (Table 7.1). This phenotype markedly contrasts with that of Ly6 

domain mutation heterozygotes who do not have elevated triglyceride levels 

(Beigneux, 2010; Wang and Hegele, 2007).  The functional impact of the G56R 

mutation in vivo is unknown.  Mutant G56R and wild-type GPIHBP1 expressed in a 

mutant CHO cell line were judged to have the same localisation and be of equal 

abundance at the cell surface whilst the mutation had no observable effect on LPL 

binding (Gin et al., 2007). 
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The contribution of GPIHBP1 mutations to triglyceride levels in FCHL is currently 

unknown.  Therefore the aims of the current study were to screen FCHL patients for 

GPIHBP1 mutations and subsequently to examine the impact of common GPIHBP1 

variants upon triglyceride levels in FCHL families.
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Figure 7.1)  
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Figure 7.1) Lipolysis of Triglyceride-Rich Lipoproteins by Lipoprotein Lipase  
Lipoprotein lipase is essential for lipolysis of the triglyceride-rich lipoproteins (TRLs).  LPL is synthesised in the parenchymal cells of adipose, 

heart and skeletal muscle.   LPL undergoes maturation with the assistance of LMF-1, an ER-protein with five membrane-spanning domains, to 

produce active head-to-tail homodimers (Osborne et al., 1985; Peterfy et al., 2007).   Conversely, ANGPTL4 promotes LPL inactivation, by 

promoting the conversion of homodimers to inactive monomers (Sukonina et al., 2006).   

 

GPIHBP1 is thought to facilitate the transport of LPL from the basolateral to apical endothelial cell surface.  In rat heart microvessel endothelial 

cells, GPIHBP1 can be released from both cell surfaces by cleavage of its GPI-anchor (Davies et al., 2010).  The protein is also capable of 

moving across endothelial cells and in doing so is able to transport LPL from the basolateral to apical cell surface (Davies et al., 2010).  Once 

at the apical cell surface LPL, stabilised by heparan sulphate proteoglycans, can catalyse the hydrolysis of the triglyceride-rich core of 

chylomicron and VLDL particles.  This hydrolysis generates free fatty acids that may be taken up by peripheral cells for use as energy in 

muscle cells or for storage in adipose tissue.  In addition, the resultant remnant particles undergo an exchange of lipids/lipoproteins with HDL 

particles and ultimately are cleared from the circulation, in the liver via LDLR.  
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Figure 7.2) Schematic illustration of GPIHBP1 structure from (Beigneux, 2010) 
Human GPIHBP1 comprises four protein domains: a signal peptide (not shown), a N-

terminal acidic domain, spanning amino acids 25 to 50, a lymphocyte antigen 6 (Ly6) 

domain from residue 65 to135 and a hydrophobic C-terminal motif that is replaced by 

the addition of a GPI-anchor, which itself serves to tether mature GPIHBP1 to the cell 

surface.  In addition there are two linker sequences  (Beigneux et al., 2009c; Ioka et 

al., 2003).  The acidic domain is enriched in negatively charged amino acids such 

that 21 of the 26 consecutive residues are aspartate or glutamate whilst the Ly6 

domain contains ten cysteine residues which, based upon the structure of other Ly6 

proteins including UPAR and CD59, are thought to form disulphide bonds, producing 

a three-fingered structural motif.  Both the acidic and Ly6 domain are important for 

GPIHBP1-LPL binding (see main text). 
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Table 7.1) Known GPIHBP1 Mutations 
 

   Lipid measurements (mmol/l) 

Subjects  (Study)  Mutation Subjectsa TG TC LDL-C HDL-C 
LPL massb 

(ng/ml) 

LPL 
activityb 
(mU/ml) Binding to LPL 

60 chylomicronemic 
patients  

(Beigneux et al., 2009a) 
 

Q115P Homozygous malec 8.40 3.10 2.10 0.23 36 40 Mutant protein 
reaches cell surface 
but does not bind LPL 

C65S/ 
C68G 

Compound 
heterozygous daughter 

18.10 4.90 nd 0.12 56 6.3 

 Compound 
heterozygous son 

9.10 3.20 nd 0.31 52 11 

 Compound 
heterozygous daughter 

29.30 7.50 nd 0.14 42 7 

Mutant protein 
reaches cell surface 
but does not bind LPL 

 
Heterozygous father 0.73 5.70 nd 1.63 1075 261 

 

One chylomicronemic 
family 

(Olivecrona et al., 2010) 
 
 

 
Heterozygous mother 0.85 4.50 nd 1.58 984 130 

 

C65Y Homozygous son 17.78 3.26 2.15 0.50 <50 <10 

 
Heterozygous father 1.66 4.68 3.26 0.92 >400 >150 

Mutant protein 
reaches cell surface 
but does not bind LPL 

One chylomicronemic 
family  

(Franssen et al., 2010) 
  

Heterozygous mother 5.61 3.26 1.89 ~200 ~100 
 

G56R Homozygous female 80.10 22.40 nd 0.55 nd normal nd 
 

Homozygous brother 48.00 17.20 nd 0.46 nd normal 
 

 
Heterozygous brother 2.55 5.12 2.87 1.09 nd nd 

 

 
Heterozygous brother 2.90 6.30 3.93 1.05 nd nd 

 

 
Normal spouse 1.10 4.27 2.62 1.15 nd nd 

 

160 chylomicronemic 
patientsd  

(Wang and Hegele, 2007) 
 
 

 
Heterozygous daughter 6.50 7.50 nd 0.75 nd nd 
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Five chylomicronemic 
patients  

(Coca-Prieto et al., 2010) 

C68Y Homozygous female 15.78 6.59 nd 0.34 Very low Very low nd 

One chylomicronemic 
family  

(Rios et al., 2011) 

 

Whole-
gene 
deletion 

Homozygous male 

Homozygous aunt 

Heterozygous mother 

Heterozygous father 

420.5e 

11.08 

1.51 

2.34 

27.31

nd 

nd 

nd 

nd 

nd 

nd 

nd 

nd 

nd 

nd 

nd 

Very low 

Very low 

nd 

Normal 

nd 

nd 

nd 

nd 

nd 

HDL-C=high-density lipoprotein cholesterol, LDL-C=low-density lipoprotein cholesterol, LPL=lipoprotein lipase, nd=not determined, TC=total 
cholesterol, TG=triglyceride 
a Probands marked in bold 
b LPL mass/activity measured after intra-venous injection of heparin 
c Proband adopted, therefore preventing studies on other family members 
d Other family members screened after mutation in proband identified in initial screen 
e Level outside detection limits of assay
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7.2) Results 

 

7.2.1) Identification of GPIHBP1 sequence variants 

Examination of genomic data repositories (URL3, URL17) revealed evidence for a 

single human GPIHBP1 transcript.  This transcript is 2281bp in length and 

comprises 4 exons, including a 75bp 5’ UTR and a 1651bp 3’ UTR.  The encoded 

protein is predicted to be 184 amino acids in length.   

 

The entire coding region of GPIHBP1, plus 871bp upstream of the transcription 

start site was sequenced in 189 FCHL patients and 48 GP controls (Table 7.2).  

The selected patients had the most severe hypertriglyceridemia in the FCHL 

cohort (median=5.1mmol/l, range=3.42-49.70) and 187 of these individuals had 

triglyceride levels above the 95th age-sex-specific percentile (determined 

according to Heiss, et al., 1980).   

 

A total for 40 variants were identified (Table 7.3).  These included a tri-allelic 

tandem repeat element in intron 2 of the gene.  This element consists of up to 3 

repeats of a 28 or 29 base pair sequence variant (Figure 7.3).  One non-

synonymous variant, rs11538389, which is predicted to replace the encoded 

cysteine with phenylalanine, at residue 14 in the protein sequence was found.  

This variant is predicted by SIFT (Ng et al., 2001) not to damage the protein 

structure.  Three rare synonymous coding SNPs (c.259C>G, rs138215873 and 

rs142959160) were identified in FCHL probands only and only in the 

heterozygous state.  The remaining 37 variants detected were present in both 

probands and control individuals.  Collectively these results imply that deleterious 

variants in the GPIHBP1 coding sequence are not a major cause of the FCHL 

triglyceride trait. 
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Table 7.2) Unrelated FCHL Patients and Control Subjects used for GPIHBP1 
Resequencing   
 

 

 

 

 

 

 

 

 

Values are mean ± standard deviation except for TG which is median (range) 
a Two controls with triglyceride levels above the 95th age- and sex-specific 

percentile value 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Unrelated Patients  Matched Controls 

N 189  48 

Male/Female 138/51  28/20 

Age (years) 49.4+10.19  52.9+8.77 

TG (mmol/l)            5.10 (3.42-49.70)  1.14 (0.53-6.03)a 

TC (mmol/l)            8.34+1.58  5.76+1.09 

HDL (mmol/l)         1.00+0.25  1.69 +0.64 

BMI (kg/m2) 26.9+2.60  24.8+3.9 
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Table 7.3) GPIHBP1 Variants in 189 Severely Hypertriglyceridemic FCHL Patients and 48 Controls 

  SNP ID Location Position (Effect)a  MAF (Patients) MAF (Controls) 

1 rs34407803 5’ flanking region -584G>A 0.363 0.461 

2 rs34039115 5’ flanking region -561C>T 0.366 0.461 

3 rs72691625 5’ flanking region -469G>A 0.196 0.092 

4 rs11136268 5’ flanking region -370G>A 0.134 0.145 

5 rs67963553 5’ flanking region -283G>C 0.194 0.092 

6 rs61747644 Exon 1 c.12C>T (p.L4L) 0.216 0.091 

7 rs11538389  Exon 1 c.41G>T (p.C14F) 0.104 0.057 

8 rs13253453  Intron 1 c.52+127G>C 0.150 0.103 

9 rs74880494 Intron 1 c.52+140G>A 0.104 0.083 

10 VNTR  Intron 1 c.52+276-362   

      - Full sequence (Repeat unit 1+2+3) - 0.218 

      - Repeat unit 1 + 3 0.126 0.141 

      - Repeat unit 3 0.39 - 

11 rs11538388 Exon 2 c.138G>T (p.V46V) 0.387 0.385 

12 rs75794120 Intron 2 c.181+527C>T 0.119 0.144 

13 rs58301047 Intron 2 c.182-408G>C 0.190 0.080 

14 rs10746561 Intron 2 c.182-387T>C 0.164 0.132 

15 rs10866908 Intron 2 c.182-333G>C 0.130 0.167 

16 rsxxxxxxxb Intron 2 c.182-318G>A 0.003 0 
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  SNP ID Location Position (Effect)a  MAF (Patients) MAF (Controls) 
17 rsxxxxxxxb Intron 2 c.182-275C>T 0.003 0 

18 rs11136269  Intron 2 c.182-251C>G 0.392 0.452 

19 rsxxxxxxxb Exon 3 c.258C>G (p.G86G) 0.003 0 

20 rs138215873 Exon 3 c.285C>T (p.H95H) 0.019 0 

21 rs142959160 Exon 3 c.294C>T (p.T98T) 0.008 0 

22 rs56046179 Intron 3 c.295+27C>T 0.105 0.048 

23 rsxxxxxxxb Intron 3 c.295+52delA 0.022 0.012 

24 rs78632677 Intron 3 c.296-50C>T 0.003 0 

25 rs112271883 Exon 4 (3’ UTR) c.*253C>T 0.066 0.034 

26 rs12545739    Exon 4 (3’ UTR) c.*274C>T 0.282 0.182 

27 rsxxxxxxxb Exon 4 (3’ UTR) c.*275G>A 0.019 0.045 

28 rs80113655 Exon 4 (3’ UTR) c.*380C>T 0.226 0.093 

29 rs72691630 Exon 4 (3’ UTR) c.*394G>A 0.226 0.093 

30 rsxxxxxxxb Exon 4 (3’ UTR) c.*590_591insG 0.117 0.107 

31 rsxxxxxxxb Exon 4 (3’ UTR) c.*591G>C 0.024 0.080 

32 rs111633453 Exon 4 (3’ UTR) c.*592G>C 0.209 0.091 

33 rs11136270 Exon 4 (3’ UTR) c.*653A>G 0.225 0.125 

34 rs11989781 Exon 4 (3’ UTR) c.*657C>T 0.142 0.167 

35 rs71516016 Exon 4 (3’ UTR) c.*766delT 0.182 0.108 

36 rs67149914 3’ flanking region +184C>T 0.426 0.379 

37 rs66854753 3’ flanking region +200T>C 0.426 0.379 
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  SNP ID Location Position (Effect)a  MAF (Patients) MAF (Controls) 
38 rs13248015 3’ flanking region +247G>A 0.008 0.017 

39 rs61059595 3’ flanking region +303T>C 0.293 0.107 

40 rs56925758 3’ flanking region +309G>A 0.196 0.074 

MAF=minor allele frequency 
a Position relative to translation start site.  Effect on transcript is given for coding SNPs 
b Variant not currently listed in dbSNP (version 135) 

 

 

 

 



 

226

 

 

Figure 7.3) GPIHBP1 Intron 1 Tandem Repeat Unit  
A tri-allelic repeat element is found in the first intron of GPIHBP1.  This repeat element consists of up to three repeats of a 28/29 base-pair 

sequence (of which a core 24 base-pairs are identical).  In the resequenced FCHL patients and controls, the single repeat-unit form is in 

complete linkage disequilibrium with the minor allele of rs11538388. 

Exon 1 Exon 2
I/D

….AGGACAGTGAGTAGGGTGAGTAGGgtagt          
               
    AGGACAGTGAGTAGGGTGAGTAGGctgc               
               
    AGGACAGTGAGTAGGGTGAGTAGGgtgtt….    

1
   

2  
   

3

Repeat Unit 

275bp  140bp  

1+2+3: 86bp  
 

1+3: 58bp      
             

3: 29bp 

 Direct repeat 
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7.2.2) Association of rs11538388 with Hyperlipidemia and CHD 

Using patient and control genotype data from the resequencing dataset, six major 

haplotype groups, with frequencies greater than 0.01, were defined (Table 7.4).  

Based on these haplotypes, six haplotype-tagging SNPs were selected for 

genotyping in 1725 members of the FCHL cohort (Table 7.5).  Of note, the single-unit 

form of the intron 2 tandem repeat element is in complete linkage disequilibrium with 

the T allele of SNP rs11538388 in these data (Table 7.4).   

 

In quantitative trait association analyses (Table 7.6), rs11538388 returned a P-value 

of P=0.0035 for association with triglyceride levels and of P=0.0026 for association 

with total cholesterol levels.  Specifically, the rs11538388 T allele was associated 

with lower triglyceride and cholesterol levels in the FCHL cohort.  In addition, the 

rs11538388 T allele was present at a lower frequency in FCHL probands versus 

family spouses (0.40 vs. 0.49, P=0.0094) (Table 7.7). 
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Table 7.4) Major GPIHBP1 Haplotypes in the FCHL Cohort and Control Resequencing Dataset 

 
 SNPs   

 

 

 Frequencya 

Haplotype  rs
61

74
76

44
 

rs
11

53
83

89
 

V
N

T
R

 

rs
11

53
83

88
 

rs
10

74
65

61
 

rs
10

86
69

08
 

c.
29

5+
52

de
lA

 

 

Patients Controls 

1  T G Full G C G A  0.199 0.078 

2  C T Full G C G A  0.102 0.051 

3  C G 3 T C G A  0.391 0.593 

4  C G Full G T G A  0.150 0.105 

5  C G 1+3 G C C A  0.117 0.143 

6  C G Full G C G T  0.018 0.012 

 a Frequencies are derived from haplotypes with a frequency of >1% in the resequencing data 
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Table 7.5) Characteristics of 1725 Individuals from the FCHL Cohort Genotyped for GPIHBP1 Haplotype-Tagging SNPs 

 

 

 

 

 

 

 

 

 

 

 

TG=triglyceride, TC= total cholesterol, BMI=body mass index 

Age, BMI, log-transformed triglyceride level and cholesterol level are expressed as mean±standard deviation. 
a Median values (range) 
b Raw triglyceride levels were transformed (using log to the base e) in order to normalise the quantitative trait distribution. 
c TG affected=triglyceride level ≥95th percentile age- and sex-specific value 
d TC affected=cholesterol level ≥95th percentile age- and sex-specific value 

 

 

 
TG Traitc  TC Traitd  

 
All Subjects Probands Spouses Affected Unaffected  Affected Unaffected 

N (Male/Female) 858/867 171/68 86/158 376/271 448/538 412/253 423/567

Age (years) 44.28±16.35 50.02±10.06 55.59±8.32 46.17±15.44 42.67±16.72 47.05±14.60 42.41±17.12

BMI (kg/m2) 25.56±4.09 26.67±2.34 25.90±4.17 26.27±3.15 24.52±3.87 26.06±2.94 24.64±4.05

Serum TG (mmol/l)a 1.75

 (0.32-49.7)

4.21

(1.35-20.4)

1.34

(0.42-5.49)

3.50 

(1.21-49.7) 

1.21 

(0.32-2.79)

3.28

(0.49-49.7)

1.27

(0.32-7.88)

Log-transformed TGb 0.63±0.70 1.53±0.46 0.30±0.49 1.31±0.50 0.16±0.40 1.13±0.65 0.28±0.52

Serum TC (mmol/l) 6.37±1.62 8.26±1.30 5.97±1.12 7.41±1.62 5.67±1.22 7.86±1.24 5.38±0.97
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Table 7.6) Quantitative Trait Association Analyses for GPIHBP1 Haplotype-Tagging SNPs in FCHL Families 

 

    
Triglycerideb Total Cholesterol 

SNP Allelesa MAF (SE) HWE-P β (SE) P β (SE) P 

rs61747644 C/T 0.1900 (0.0102) 0.4511 0.0268 (0.0252) 0.2875 0.1239 (0.0673) 0.0657 

rs11538389 G/T 0.0975 (0.0077) 0.3454 0.0133 (0.0330) 0.6868 0.0081 (0.0887) 0.9272 

rs11538388 G/T 0.4536 (0.0134) 0.4966 -0.0603 (0.0207) 0.0035 -0.1661 (0.0553) 0.0026 
rs10746561 C/T 0.1157 (0.0084) 0.4419 0.0108 (0.0317) 0.7324 0.0320 (0.0846) 0.7050 

rs10866908 G/C 0.0988 (0.0078) 0.2300 0.0396 (0.0325) 0.2237 0.0295 (0.0876) 0.7368 

c.295+52delA A/T 0.0185 (0.0035) 0.6133 0.1050 (0.0703) 0.1353 0.4409 (0.1889) 0.0196 

 Age, sex and BMI were included as covariates in the analyses 

 HWE=Hardy-Weinberg Equilibrium, MAF=minor allele frequency, SE=standard error 
 a Major/minor allele 

 b Raw triglyceride levels were transformed (using log to the base e) in order to normalise the quantitative trait distribution 
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Table 7.7) Allele Frequencies of GPIHBP1 Haplotype-Tagging SNPs in FCHL Probands and Family Spouses 

 

     
  Minor Allele Frequency  

SNP Allelesa Probands Spouses Pb 

rs61747644 C/T 0.19 0.16 0.1735 

rs11538389 G/T 0.13 0.09 0.0612 

rs11538388 G/T 0.40 0.49 0.0094 
rs10746561 C/T 0.11 0.12 0.9156 

rs10866908 G/C 0.11 0.10 0.8313 

c.295_52delA A/T 0.02 0.02 0.6445 

  a Major/minor allele 

  b Significance was generated using Fisher’s exact test 
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To substantiate the stage one data, in stage two of the study, rs11538388 was 

genotyped in four additional datasets (Table 7.8).  Case-control association analysis 

was performed using logistic regression.  The British and UCSF combined 

hyperlipidemia (CHL) cohorts were both ascertained using the same criteria, thus 

these datasets were combined and analysed jointly (cases, n=280, controls, n=784).  

Similarly, the UCSF and Dutch hypertriglyceridemic (HTG) case-control cohorts were 

analysed jointly (cases, n=308, controls, n=362).  

 

Neither CHL nor HTG were associated with rs11538388 at a P-value of P<0.05 

(Table 7.9). However, the direction of effect was the same as that observed in the 

FCHL families.  Thus, in these cohorts the rs11538388 T allele was protective 

against development of the hyperlipidemic phenotype, with odds ratios of 0.831 and 

0.879, respectively (Table 7.9). 

 

The combined analysis of the family-based and case-control cohorts, rs11538388 

returned a P-value of P=2.98x10-4) for association with hypertriglyceridemia (Table 

7.9).  After applying a Bonferroni correction for seven tests (six SNPs tested in stage 

one and one SNP in the combined analysis) the resultant P-value was P=2.09x10-3. 

 

To extend the investigation, the association between rs11538388 and CHD was 

examined in two independent cohorts: 1) 715 men from the Southampton 

Atherosclerosis study (SAS), all with CHD diagnosed by a coronary angiogram; and 

2) 2394 men from the Northwick Park Heart Study II (NPHSII), a prospective study 

where participants were followed for up to 15 years to record CHD events. 

 

In the SAS cohort, rs11538388 was associated with delayed onset of overt CHD 

(Table 7.10).  Specifically, by logistic regression, dichotomising individuals according 

to age of diagnosis above or below the median value (62.4 years), the rs11538388 

decreased the odds of diagnosis in the ‘young’ age group (OR=0.7627, P=0.0146).  

Likewise, in the NPHSII, the frequency of the rs11538388 T allele was higher in 

those men who did not develop CHD during the follow-period (controls, 

frequency=0.46), compared to those who did (cases, frequency=0.42), albeit not 

significantly (P=0.1435) (Table 7.11).  Those individuals carrying at least one copy of 

the T allele had a decreased prospective CHD risk (hazard ratio=0.76; 95% CI: 0.58-

1.00; P=0.048) (Table 7.11).  In summary, data from the SAS and NPHSII suggest 

that the rs11538388 T allele is protective against the development of high plasma 

triglyceride levels and CHD.



 

233

Table 7.8) Characteristics of Stage Two Combined Hyperlipidemia and Hypertriglyceridemia Cohorts  

 

 
Combined Hyperlipidemia Cohortsc  Hypertriglyceridemia Cohortsc 

 
UK Controls UCSF Controls  UCSF  Controls Dutch Controls 

N (M/F) 85/37 279/267 68/90 47/191  106/52 69/113 118/32 89/91 

Age (Years) 49.21±9.74 52.7±8.24 46.98±16.44 39.48±15.18  50.21±12.88 52.01±18.37 50.84±11.97 50.23±16.24

BMI (kg/m2) 26.37±2.35 25.25±4.04 25.75±3.04 23.97±4.64  26.17±2.50 24.78±4.54 na na 

TG (mmol/l)a 3.90 1.21 3.53 0.86  12.00 0.97 12.21 1.01 

logTGb 1.50±0.48 0.22±0.50 1.36±0.45 -0.15±0.34  2.56±0.72 -0.05±0.35 2.70±0.85 0.00±0.29 

TC (mmol/l) 8.16±1.62 5.74±1.08 9.34±2.45 4.50±0.80  9.94±4.86 4.77±0.73 7.79±3.67 5.18±0.83 

na=not available, TG=triglyceride, TC=total cholesterol, BMI=body mass index 

Age, BMI, log-transformed triglyceride level and cholesterol level are expressed as mean±standard deviation. 
a Median values 
b Raw triglyceride levels were transformed (using log to the base e) in order to normalise the quantitative trait distribution. 
c All individuals were of Caucasian background.  Exclusion criteria were: age below 16 years and possible secondary hyperlipidemia due to 

Type 1 or 2 Diabetes or obesity (BMI>30).   
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Table 7.9) Association of rs11538388 in FCHL Families, Combined Hyperlipidemia and Hypertriglyceridemia Cases and Controls 

 

Stage 1 MAF β Z P 

FCHL Families 0.40/0.49a -0.0603 -2.919 0.0035 

     

Stage 2  OR Z P 

CHL Cases & Controls 0.427/0.475b 0.831 -1.879 0.0602 

HTG Cases & Controls 0.425/0.458b 0.879 -1.159 0.2466 

     

Stage 1& 2   Z P 

Combined Analysis   -3.617 2.98x10-4 

CHL=combined hyperlipidemia, HTG=hypertriglyceridemia, MAF=minor allele frequency  
a Minor allele freuqency in FCHL probands/spouses 
b Minor allele frequency in cases/controls 
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Table 7.10) Association of rs11538388 with Age of Diagnosis in the Southampton Atherosclerosis Study 
 

 

SNP Effect Allele Frequency Age of Diagnosisa N Testb OR β P 

rs11538388 T 0.451 All 715 Linear regression - 0.9474 0.0701 

  

0.425

0.477

Early onset<62.4 years 

Late onset≥ 62.4 years 

366 

367 

Logistic regression 0.7627 -0.1177 0.0146 

a For case-control analyses, individuals were dichotomised according to cases=late-onset, age≥62.4 years (median age), controls=early-onset, 

age<62.4 years (median age) 
b BMI and smoking status were incorporated as covariates 
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Table 7.11) Association of rs11538388 with Prospective CHD Risk in the Northwick Park Heart Study II  
 

a) Allelic association 

SNP Alleles Cases Controls ORa Pc 

rs11538388 G 0.577 0.540 0.8631 0.1435

 T 0.423 0.460   

      

b) Genotypic Association  (analyses performed by Philippa Talmud) 

  Frequency   

SNP Genotype Cases Controls HR (95% CI)b P 

rs11538388 G/G 0.357 0.297 1  

 G/T 0.438 0.486 0.74 (0.56-0.99) 0.1300

 T/T 0.204 0.217 0.81 (0.57-1.16)  

 GG 0.357 0.297 1 

 G/T+T/T 0.643 0.703 0.76 (0.58-1.00) 
0.0480 

 95% CI= 95% confidence intervals, HR=hazard ratio, OR=odds ratio 

 a OR not age-adjusted  

 b HR obtained from Cox regression models with adjustment for age 
 c Frequencies were compared using Fisher’s exact test 
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7.3) Discussion 

Clinical and genetic data suggest that variants in genes involved in the lipolytic 

processing of triglyceride-rich lipoproteins may influence both circulating triglyceride 

levels and the risk of developing CHD (Angelakopoulou et al., 2011; Sarwar et al., 

2010; Teslovich et al., 2010; Varbo et al., 2011).  GPIHBP1 is thought to facilitate the 

transport of the essential lipolytic enzyme, LPL, from the basolateral to apical 

endothelial cell surface (Davies et al., 2010).  Since GPIHBP1 loss-of-function 

mutations explain a small number of cases of chylomicronemia, the current study 

sought to examine the contribution of GPIHBP1 variants to the lipid phenotypes of 

FCHL.   

 

The data presented in this chapter indicate that a common GPIHBP1 variant, 

rs11538388, is associated with plasma triglyceride levels in FCHL families, with the 

rare T allele conferring an additive, protective effect.  In addition, the rs11538388 

minor allele frequency is depleted in FCHL probands compared to spouse controls 

(0.40 versus 0.49, P=0.0094).  Data also suggest that the protective effect extends to 

a decreased risk of CHD in carriers of the minor allele (Tables 7.10 and 7.11).  In 

other words, the common allele at this SNP locus predisposes to CHD, potentially 

through impaired post-prandial catabolism of the triglyceride-rich core of circulating 

lipoproteins.   

 

Guay et al., have recently described an association between another GPIHBP1 SNP 

(rs72691625) and plasma triglyceride levels (Guay et al., 2011).  In their study, the 

rare A allele at this locus was present at frequency of 0.24 in 278 

hypertriglyceridemic individuals (triglyceride>2mmol/l) compared to a frequency of 

0.16 in 263 ‘normolipidemic’ individuals (triglyceride>2mmol/l, P<0.041) (Guay et al., 

2011).  In the FCHL cohort, rs61747644 was genotyped and acted as a proxy for 

rs72691625 (r2=1 based on patient/control sequencing data).  As shown in Table 7.7, 

the frequency of the rare allele at the rs61747644 locus in the FCHL spouse controls 

was 0.16, the same as observed in the controls of the Guay et al., study (Guay et al., 

2011).  However, the frequency of the rs61747644 rare allele was not significantly 

higher in the FCHL probands (0.19, P=0.1735) and in the FCHL families, quantitative 

analyses showed no significant association between rs61747644 and plasma 

triglyceride levels (P=0.2875).  In contrast, in quantitative analyses involving the 

entire Guay et al., dataset, (a total of 541 individuals) rs72691625 had an additive 

effect upon plasma triglyceride levels (triglyceride: GG, 2.15mmol/l; GA, 2.43mmol/l; 

AA, 3.01mmol/l, P=0.029) (Guay et al., 2011).   
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In the recent GLGC meta-analysis, no common GPIHBP1 variants were significantly 

associated with plasma triglyceride levels (Teslovich et al., 2010), Thus, rs11136269 

which is in total LD with rs11538388 (r2=1, in CEU individuals) returned a P-value of 

P=0.3795 for association with plasma triglyceride levels and of P=0.4857 for 

association with plasma cholesterol levels.  The discrepancy between these results 

might reflect differences in the genetic backgrounds of the study cohorts.  The GLGC 

study involved data from 46 individual GWAS which comprised non-ascertained, 

family- and population-based samples as well as diabetes, CHD, obesity, metabolic 

syndrome and hypertension case-control cohorts (Teslovich et al., 2010).  In 

contrast, the FCHL cohort represents a highly ascertained and well-characterised 

patient group who are likely to be enriched for genetic variants (rare and/or common) 

that impact upon many of the biological process that regulate circulating lipid levels. 

A recent investigation demonstrated that the rates of triglyceride turnover and 

storage in the adipose tissue of FCHL patients differ significantly in comparison to 

those in both obese and non-obese subjects (Arner et al., 2011).  Therefore, it seems 

plausible that the genetic variants underlying these traits and in turn plasma 

triglyceride levels will differ between FCHL patients and many of the subjects 

analysed in the GLGC study. 

 

Given that the FCHL phenotype is likely to arise from different combinations of rare 

and common variants in different families (Horswell et al., 2009), it is also probable 

that the effect of rs11538388 on circulating triglyceride levels may only be apparent 

in presence of a further, as yet undetermined genetic variant(s).  This multi-locus 

effect is similar to that observed in dysbetalipoproteinemia where ApoE ε2 

homozygotes require a ‘second hit’ for phenotypic presentation (Groenewegen et al., 

1994). Consistent with this, it is now known that interplay between LDLR and ApoE 

isoforms can influence the clearance of cholesterol-rich lipoproteins (reviewed in 

(Calandra et al., 2011)). 

 

Since GPIHBP1 serves a vital role in facilitating LPL-mediated hydrolysis of 

triglyceride-rich lipoproteins (Beigneux et al., 2007; Davies et al., 2010), the data 

presented in this chapter suggest that the rare allele at SNP site rs11538388 equates 

to gain-of-function variant, whereby lipolysis and thus post-prandial clearance of 

triglyceride-rich lipoproteins is expedited, leading to decreased plasma triglyceride 

levels and CHD risk.  A potential mechanism for the rs11538388 gain-of-function 

effect could involve the tandem repeat element that occurs in the first intron of 
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GPIHBP1.  As shown in Figure 4.2, this element consists of up to three repeats of a 

28 or 29-base pair sequence.  The short form of this element, comprising only one 

copy of the repeat sequence, is in total LD with the rs11538388 rare (T) allele (in the 

FCHL cohort).  Importantly, this short form represents a deletion as compared the 

current human genome assembly (hg19) and based upon analyses using the Neural 

Network splice site prediction tool (URL23, Reese et al., 1997), this deletion 

abolishes four predicted splice donor sites (Figure 4.3).  Each of these splice donor 

sites is scored higher (more likely to be a true positive) by the prediction program 

than the only currently known GPIHBP1 exon/intron 1 splice site (0.94, 0.99, 0.93 

and 0.99 versus 0.78).  At present there are no EST data to support the presence of 

multiple GPIHBP1 transcripts.  However, it remains possible that in carriers of the 

rs11538388 rare allele, pre-mRNA processing generates more copies of the primary 

GPIHBP1 transcript than in homozygotes for the common allele. 

 

Supporting the proposition of differential pre-mRNA processing, a similar effect was 

observed following an association study involving 2346 individuals from the 

Micronesian Island of Kosrae where the major alleles several HMGCR variants in LD 

with rs3846662 (r2=0.82-0.93) were associated with decreased plasma LDL-

cholesterol levels (Burkhardt et al., 2008).  In cells expressing the major (A) allele at 

SNP site rs3846662, increased numbers of HMGCR transcripts lacking exon 13 of 

the gene were produced.  This exon skipping event is expected to produce a protein 

that lacks 53 amino acids from its catalytic domain.  The authors hypothesise that 

this would lead to decreased HMGCR enzymatic activity, decreased cellular 

cholesterol synthesis and in turn increased cellular uptake of LDL-cholesterol from 

the circulation, thus supporting their association study results (Burkhardt et al., 2008).  

 

An alternative explanation for the putative gain-of-function effect of the rs11538388 

minor allele might be that the intron one repeat element alters the regulation of 

GPIHBP1 transcription, either by acting as a regulatory domain that recruits 

transcriptional activators or repressors, or by adopting a DNA structure that inhibits 

gene transcription.  Similar phenomena are thought to underlie Friedreich’s ataxia 

(Kim et al., 2011; Sakamoto et al., 2001) and may contribute to the association 

between an intronic tandem repeat element in the serotonin transporter gene and 

various neurological conditions (Klenova et al., 2004). 

  

The current study identified only one non-synonymous GPIHBP1 variant, 

rs11538389, which was present in both FCHL patients and unaffected individuals.  
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This variant alters the 14th amino acid of the protein from cysteine to phenylalanine, a 

change which in silico is predicted not to damage the encoded protein (Ng and 

Henikoff, 2001).  However, in future work it would be prudent to verify this prediction 

in vitro.  In this regard, it is worth noting that the minor allele frequency of rs11538389 

was slightly higher in FCHL probands compared to spouses (0.13 versus 0.09, 

P=0.0612).  Although there was no association between this SNP and plasma 

triglyceride or cholesterol levels in the FCHL families, this may relate to a lack of 

power to detect association between a relatively rare variant of small effect size and 

plasma lipid levels, in the FCHL cohort.  Further genotyping of this variant in 

additional FCHL families may therefore be warranted. 

 

Finally, by sequencing GPIHBP1 in 189 severely hypertriglyceridemic FCHL patients 

and 48 controls, just three synonymous variants were identified in the patient group 

only.  Three further variants that were unique to patient group were intronic.  These 

data suggest that rare GPIHBP1 coding variants do not to contribute to the FCHL 

triglyceride trait.  This finding is in agreement with the recently published study of 

Johansen et al., which found no enrichment of rare GPIHBP1 coding variants in 413 

hypertriglyceridemic patients, as compared to 324 population-based controls   

(Johansen et al., 2011c).     

 

To conclude, the data presented in this chapter demonstrate, for the first time, that a 

common genetic variant in GPIHBP1 is associated with hypertriglyceridemia and 

CHD risk.  Thus, these genetic data provide further support for the clinically observed 

correlation between plasma triglyceride levels and CHD (Arsenault et al., 2009; 

Bansal et al., 2007; Tirosh et al., 2007), an effect potentially mediated by a delay in 

the catabolism of circulating atherogenic lipoproteins. 
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Figure 4.3) Predicted Splice Donor Sites in GPIHBP1 Intron 1  
The short form of the GPIHBP1 intron 1 tandem repeat represents a deletion of 57 base pairs compared to the human genome reference 

sequence (small case italics).  Deletion of this sequence removes four predicted splice donor sites (boxed or pink or blue shading).  Exons are 

marked by grey boxes.
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Concluding Remarks 

 

Human plasma contains a diverse assortment of lipid species (Quehenberger et al., 

2010) which, in part, may reflect the vast range of metabolic processes that 

contribute to whole-body lipid homeostasis.  Indeed, historical genetic studies of 

Mendelian disorders and more recent genome-wide investigations have served to 

demonstrate that a heterogeneous array of genetic variants, with varying frequencies 

and effect sizes, contribute to variation in circulating triglyceride and cholesterol 

levels and that they mediate the observed phenotypes through a range of molecular 

and cellular mechanisms (Table 1.1, (Calandra et al., 2011; Johansen et al., 2011a)).  

 

In this thesis, a multi-pronged approach, combining linkage, association and gene-

expression data, was employed to investigate the contributions of biological 

candidates and of previously unexpected genes to the aetiology of FCHL. 

Association analyses focussed upon common variants within the 21q22.3 genomic 

interval because evidence from genome-wide linkage analyses and subsequent fine-

mapping involving 182 FCHL families strongly suggests that this interval harbours 

variants that increase the transmission of both the FCHL-triglyceride and FCHL-

cholesterol traits. In support of this, the region was implicated in modulating plasma 

triglyceride and LDL-cholesterol levels in earlier genome-wide linkage screens 

involving families with cardiovascular disease (Coon et al., 2002; North et al., 2005). 

  

The most interesting results to emerge from the culmination of data presented in 

Chapters 5 and 6 relate to C21orf57, CBS, COL18A1, PKNOX1, TRPM2 and 

TSPEAR.  Existing data for CBS (Namekata et al., 2004; Werstuck et al., 2001) and 

COL18A1 (Bishop et al., 2010) suggest that loss-of-function mutations in these 

genes could underlie the FCHL-triglyceride trait, and potentially the cholesterol trait.  

Thus in future studies it will be important to establish, using targeted next-generation 

sequencing, in a large number of FCHL patients, whether these genes harbour 

multiple variants that have a moderate to large impact on plasma lipid levels in FCHL 

families.  A recent study suggests that it would be sensible to incorporate family-

specific linkage information when selecting FCHL patients for discovery phase 

sequence analysis (Shi et al., 2011). 

 

It is unknown whether gain- or loss-of-function C21orf57, PKNOX1, TRPM2 and 

TSPEAR variants would impact on lipid metabolism, and indeed whether such 
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variants are contributory to FCHL.  Thus, future studies of these genes would initially 

focus upon determining their sites of expression and examine the effects of gene 

silencing upon, for example, the expression of other genes involved in the secretion 

of apoB-containing lipoproteins.  

 

One potential limitation of the targeted association study design adopted in this thesis 

was that common variants in 32 of the 61 protein-coding genes within the refined 

linkage interval were not considered.  However, it is important to note that data from 

the GLGC study, published whilst this investigation was underway, revealed no 

significant association between common variants within these 32 genes and plasma 

triglyceride or cholesterol levels (Teslovich et al., 2010).  Furthermore, consultation of 

the Mouse Genome Database (Blake et al., 2011) reveals no phenotypic evidence 

that mutation of any of these genes lead to abnormal lipid metabolism.   

 

A further limitation of the gene expression analyses performed in this thesis was the 

sole use of bezafibrate treatment in McA-RH7777 cells to identify potential FCHL 

candidate genes.  Since this approach would be most likely to only impact cellular 

pathways involved in fatty acid metabolism, future studies could involve in vitro 

treatment with a statin or LXR-agonist to modulate cholesterol metabolism.  

Additionally, it may be informative to extend future studies to a human cell line in 

order to consider species differences in gene regulation. 

 

The final chapter of this thesis also considered the contribution of variants in the 

excellent FCHL candidate gene, GPIHBP1, to hypertriglyceridemia and CHD.   

Although rare GPIHBP1 mutations are known to cause rare cases of 

chylomicronemia, they were found not to contribute to the elevated lipid levels of 

FCHL.  However, the minor allele of the common GPIHBP1 variant, rs11538388 was 

associated with lower triglyceride levels and with decreased CHD risk.  This 

protective effect may be conferred by an intronic repetitive element in LD with 

rs11538388.  Future studies could examine this possibility using a minigene 

approach similar to that of Burkhardt and colleagues (Burkhardt et al., 2008). 

 

In sum, the data presented in this thesis implicate both obvious biological candidates 

and previously unsuspected genes in the aetiology of FCHL.  Future investigations 

will need to harness the power of next-generation sequencing to examine the 

contribution of variants of moderate to large effect, in one or more 21q22.3 gene(s), 

to the lipid abnormalities of FCHL.  
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Appendix I) Lipid Percentiles (from Heiss et al., 1980) 

Female Triglyceride Age-Specific Percentile Levels (mmol/l) 

Age (years) 5% 10% 25% 50% 75% 90% 95% 

0-4 0.38 0.43 0.51 0.67 0.87 1.09 1.27 

5-9 0.36 0.40 0.50 0.62 0.80 1.02 1.19 

10-14 0.42 0.50 0.61 0.79 1.02 1.29 1.48 

15-19 0.44 0.50 0.60 0.77 0.98 1.29 1.50 

20-24 0.45 0.53 0.68 0.92 1.22 1.60 1.87 

25-29 0.45 0.52 0.65 0.88 1.21 1.61 1.95 

30-34 0.46 0.52 0.65 0.87 1.20 1.65 2.00 

35-39 0.46 0.53 0.68 0.91 1.28 1.81 2.20 

40-44 0.53 0.61 0.73 1.00 1.38 1.93 2.37 

45-49 0.53 0.61 0.78 1.06 1.50 2.09 2.59 

50-54 0.61 0.69 0.87 1.14 1.60 2.18 2.70 

55-59 0.63 0.73 0.92 1.22 1.68 2.30 2.92 

60-64 0.64 0.72 0.92 1.22 1.68 2.28 2.72 

65-69 0.68 0.75 0.94 1.27 1.78 2.30 2.73 

70+ 0.68 0.78 0.96 1.26 1.70 2.30 2.63 

 

Male Triglyceride Age-Specific Percentile Levels (mmol/l) 

Age (years) 5% 10% 25% 50% 75% 90% 95% 

0-4 0.32 0.37 0.45 0.57 0.76 0.95 1.12 

5-9 0.34 0.37 0.45 0.57 0.73 0.96 1.14 

10-14 0.36 0.42 0.51 0.67 0.88 1.15 1.42 

15-19 0.42 0.48 0.61 0.78 1.03 1.36 1.68 

20-24 0.50 0.56 0.71 0.97 1.35 1.87 2.28 

25-29 0.52 0.61 0.79 l.07 1.54 2.26 2.82 

30-34 0.56 0.65 0.85 1.18 1.69 2.42 3.02 

35-39 0.61 0.70 0.92 1.28 1.93 2.85 3.64 

40-44 0.62 0.72 0.97 1.38 1.97 2.81 3.63 

45-49 0.65 0.77 1.01 1.40 1.97 2.87 3.71 

50-54 0.65 0.77 0.98 1.40 2.04 2.84 3.63 

55-59 0.65 0.76 0.98 1.35 1.93 2.67 3.25 

60-64 0.65 0.77 0.98 1.35 1.92 2.67 3.30 

65-69 0.64 0.72 0.94 1.27 1.69 2.36 3.03 

70+ 0.65 0.71 0.94 1.26 1.69 2.40 2.93 
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Female Cholesterol Age-Specific Percentile Levels (mmol/l) 

Age (years) 5% 10% 25% 50% 75% 90% 95% 

0-4 2.87 3.07 3.56 4.00 4.41 4.84 5.12 

5-9 3.23 3.43 3.74 4.17 4.58 5.00 5.20 

10-14 3.17 3.35 3.69 4.05 4.46 4.87 5.15 

15-19 3.07 3.25 3.58 3.97 4.41 4.89 5.20 

20-24 3.20 3.43 3.82 4.35 4.87 5.48 5.84 

25-29 3.33 3.58 3.97 4.43 4.94 5.53 5.87 

30-34 3.35 3.61 4.05 4.51 5.02 5.69 6.10 

35.39 3.61 3.79 4.20 4.69 5.25 5.84 6.28 

40-44 3.76 3.97 4.38 4.92 5.51 6.07 6.48 

45-49 3.89 4.12 4.56 5.15 5.79 6.43 6.87 

50-54 4.17 4.43 4.92 5.51 6.15 6.82 7.30 

55-59 4.33 4.64 5.12 5.84 6.35 7.07 7.53 

60-64 4.43 4.69 5.17 5.79 6.46 7.12 7.58 

65-69 4.38 4.69 5.25 5.79 6.46 7.10 7.61 

70+ 4.28 4.61 5.10 5.74 6.43 7.07 7.38 

        

Male Cholesterol Age-Specific Percentile Levels (mmol/l) 

Age(years) 5% 10% 25% 50% 75% 90% 95% 

0-4 2.92 3.20 3.51 3.87 4.38 4.76 5.20 

5-9 3.10 3.33 3.71 4.07 4.48 4.89 5.20 

10-14 3.05 3.25 3.58 3.97 4.43 4.87 5.17 

15-19 2.89 3.07 3.38 3.74 4.23 4.69 5.05 

20-24 3.17 3.33 3.74 4.23 4.76 5.23 5.58 

25-29 3.41 3.66 4.07 4.56 5.17 5.82 6.25 

30-34 3.50 3.79 4.28 4.87 5.46 6.12 6.51 

35-39 3.74 4.02 4.51 5.05 5.71 6.38 6.92 

40-44 3.87 4.17 4.66 5.20 5.84 6.41 6.87 

45-49 4.05 4.33 4.82 5.38 6.00 6.61 7.07 

50-54 4.05 4.33 4.79 5.38 6.00 6.69 7.10 

55-59 4.00 4.28 4.84 5.43 6.02 6.71 7.07 

60-64 4.07 4.38 4.82 5.38 6.02 6.64 7.06 

65-69 4.05 4.35 4.87 5.38 5.97 6.61 7.02 

70+ 3.87 4.15 4.66 5.25 5.87 6.41 6.97 
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Appendix II) List of Suppliers 

 

Applied Biosystems/Invitrogen 
(Life Technologies Ltd.) 
3 Fountain Drive 
Inchinnan Business Park 
Paisley 
PA4 9RF, UK 
 
Beckman Coulter (UK) Ltd. 
Oakley Court 
Kingsmead Business Park 
London Road 
High Wycombe 
HP11 1JU, UK 
 
Biocomputing Platforms Ltd. 
Innopoli 2 
Tekniikantie 14 
FI-02150 Espoo, Finland 
 
Bioline Reagents Ltd. 
Unit 16 The Edge Business Centre 
Humber Road 
London 
NW2 6EW, UK 
 
Biosera Ltd. 
1 Acorn House 
The Broyle 
Ringmer 
East Sussex, UK 
 
Bruker Daltonics UK 
Banner Lane  
Coventry  
CV4 9GH, UK  
 
Eurogentec Ltd. 
Old Headmasters House 
Unit 1, Building 1  
Forest Business Centre 
Fawley Road, Fawley  
Southampton 
SO45 1FJ, UK 
 
Finnzymes/ 
Thermo Fisher Scientific UK Ltd. 
Bishop Meadow Road 
Loughborough 
Leicestershire 
LE11 5RG, UK 

Illumina, Inc. 
5200 Research Place 
San Diego 
CA 92122, USA 
 
LGC Standards  
Queens Road  
Teddington  
Middlesex  
TW11 0LY, UK 
 
Qiagen 
Qiagen House 
Fleming Way  
Crawley  
West Sussex  
RH10 9NQ, UK 
 
Sequenom (Europe) 
Mendelssohnstrasse 15D 
D-22761 
Hamburg, Germany 
 
Sigma-Aldrich Company Ltd. 
The Old Brickyard 
New Road 
Gillingham 
Dorset 
SP8 4XT, UK 
 
Stratagene 
Agilent Technologies, Inc.  
5301 Stevens Creek Boulevard  
Santa Clara,  
CA 95051-7201, USA 
 
Technelysium Pty Ltd. 
403/132 Alice St 
Brisbane  
Queensland 4000, Australia 
 
Tepnel Life Sciences  
(Gen-Probe Life Sciences Ltd.)  
Heron House  
Oaks Business Park 
Crewe Road  
Wythenshawe 
Manchester 
M23 9HZ, UK 
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Appendix III) List of URLs 

 

URL1 http://www.bhf.org.uk/heart-health/statistics/mortality.aspx 

URL2 http://research.marshfieldclinic.org/genetics/GeneticResearch/compMaps.asp

URL3 http://www.ensembl.org/  

URL4 http://www.ncbi.nlm.nih.gov/pubmed 

URL5 http://www.ncbi.nlm.nih.gov/unigene 

URL6 http://www.ncbi.nlm.nih.gov/snp/ 

URL7 http://hapmap.ncbi.nlm.nih.gov/ 

URL8 http://www.repeatmasker.org/ 

URL9 http://browser.1000genomes.org/index.html 

URL10 http://genome.sph.umich.edu/wiki/MaCH 

URL11 http://gump.qimr.edu.au/general/daleN/SNPSpDlite/ 

URL12 http://hydra.usc.edu/gxe/ 

URL13 http://csg.sph.umich.edu/locuszoom/ 

URL14 http://www.broadinstitute.org/mpg/snap/ldsearchpw.php 

URL15 http://www.sph.umich.edu/csg/abecasis/public/lipids2010/ 

URL16 http://filezilla-project.org/ 

URL17 http://genome.ucsc.edu/ 

URL18 http://www.ncbi.nlm.nih.gov/tools/primer-blast/ 

URL19 http://www.ncbi.nlm.nih.gov/gtex/GTEX2/gtex.cgi 

URL20 http://www.sanger.ac.uk/resources/software/genevar/ 

URL21 http://www.ensembl.org/biomart/martview 

URL22 http://projects.tcag.ca/variation/ 

URL23 http://www.fruitfly.org/seq_tools/splice.html 
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