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Abstract 
Familial hypercholesterolaemia (FH) is considered to be the most common genetically 

definable heritable form of hypercholesterolaemia with a frequency of 1 in 500 in most 

countries. The distinguishing features of FH in adults include xanthomas of the Achilles 

tendons and digital extensor tendons; xanthelasmas involving the skin of the ocular orbit 

and lipoidal deposits in the cornea caused by a lifetime exposure to increased 

concentrations of low-density lipoprotein (LDL) in blood. Coronary events are almost 

inevitable in untreated FH cases, with FH homozygotes being at very high 

cardiovascular risk in early childhood. FH is caused by the lack or malfunctioning of 

LDL-receptors (LDLRs) expressed on liver cells responsible for the removal of LDL-

particles via receptor-mediated endocytosis. Although mutations in five genes have now 

been shown to result in the FH phenotype, the majority of mutations occur within the 

LDLR gene.  

 

More than 1200 unique mutations in the LDLR have been identified in patients with FH. 

The current success rates of finding a pathogenic mutation in genetic screening 

programs of patients with a clinical diagnosis of FH range from 30% to best reported 

rates of 70%. This has been attributed to both the genetic heterogeneity of the disorder 

and the surprisingly frequent occurrence of large LDLR gene rearrangements and splice 

variants. 

 

The aims of this thesis were to compare variant detection between Ion Torrent 

semiconductor sequencing on a Personal Genome Machine (PGM) and Sanger 

sequencing in clinically diagnosed FH patients, to also compare this with the LDLR 

messenger RNA (mRNA) sequence, and to establish the genomic breakpoints for the 

large deletions identified in LDLR in FH patients by multiplex ligation-dependent probe 

amplification analysis. 

 

A total of 2,179 LDLR variants were identified in 30 samples, with 383 variants in the 

region sequenced that was common to both PGM and Sanger methods. Three 

discrepancies were identified; two of these could be resolved by visual inspection of the 

binary alignment maps, whilst the remaining discrepancy was likely an artefact of the 

polymerase chain reaction approach. Twenty seven unique variants were identified 

within 200 bp of exon/intron boundaries. To further evaluate these variants, two splice 
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site prediction algorithms compared wild-type and variant sequence. Affinity scores 

remained unchanged or differed only slightly, suggesting that these variants are unlikely 

to be pathogenic.  

 

Approximate genomic breakpoints for 12 LDLR deletions were identified using PGM 

sequencing, and subsequent Sanger sequencing of these regions established exact 

breakpoints. Eleven different rearrangements/mutational events were found, with eight 

out of 11 occurring in Alus. Two of the three samples with the relatively common exon 

2–6del had identical breakpoints. Furthermore, two exon 11–12del samples had unique 

breakpoints, indicating separate ancestral origin or mutational events for each.  

 

Sequencing of mRNA identified all previously discovered single nucleotide variants and 

large gene rearrangements in 25 previously characterised samples with definite FH. The 

reduced peak heights observed in sequence chromatograms with mutation harbouring 

products were attributed to nonsense mediated decay of the mutant allele.  

 

A DNA microarray approach was used to investigate demographic aspects of a rare case 

of homozygosity for a LDLR gene defect. Seven of the eight family members of a 67 

year-old Hong Kong Chinese woman with severe hypercholesterolaemia previously 

diagnosed as homozygous for the LDLR mutation c.1474G>A, p.(Asp492Asn), were 

found to be heterozygous for the same LDLR mutation. Using microsatellite analysis, a 

disease haplotype was determined. Investigation of the extensive regions of 

homozygosity in the proband’s genome established that the LDLR was located within 

one such region spanning 21.7 Mb on chromosome 19. Coefficients of inbreeding were 

estimated from these data indicating the proband was not the result of a highly 

consanguineous mating and that her parents were in all probability no more than 

second- or third-degree relatives.  

 

In conclusion, the experimental work presented in this thesis demonstrate the utility of 

mRNA and massively parallel sequencing technologies such as Ion Torrent PGM 

sequencing as future efficient methods for the clinical laboratory detection of FH 

causing gene mutations. These studies should be generalisable to ‘personalised 

medicine’ approaches to FH through the development and availability of massively 

parallel sequencing technologies, providing molecular mechanistic insights that will aid 

therapeutic strategies and interventions. 
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1.1 Introduction 
Of the factors contributing to death worldwide a disproportionately small number give 

rise to the bulk of premature fatalities and a large share of the global burden of disease 

(WHO 2002). High blood pressure (12.7% of deaths) and high cholesterol (7.9% of 

deaths) alone account for a substantial part of the disease burden due to cardiovascular 

disease (CVD) and it remains the leading cause of death accounting for 17.3 million 

deaths in 2008 (WHO 2011). This is expected to reach 23.3 million by 2030 and is 

projected to remain the single leading cause of death (Mathers et al. 2006). High 

cholesterol levels, a major modifiable risk factor for CVD, are widely acknowledged to 

be multifactorial with contributions from both environmental and genetic factors. The 

focus of this thesis is on the latter and on heritable high circulating blood cholesterol 

concentrations in particular. 

 

Familial hypercholesterolaemia (FH; OMIM #143890) is considered to be the 

commonest form of inherited monogenic lipid disorders with a prevalence of 1 in 200 to 

1 in 500 in most countries (Goldstein et al. 2001). It is characterised by raised low-

density lipoprotein (LDL)-cholesterol (LDLC) levels and a high risk of CVD (Goldstein 

et al. 2009). The following literature review encompasses an introduction to cholesterol 

metabolism including the function of genes involved in the LDL-receptor (LDLR) 

recycling pathway and an overview of FH as well as diagnosis, treatment and the 

genetic causes for the disease. In addition, recent developments in next generation 

sequencing methodology including massively parallel DNA sequencing technology are 

briefly reviewed with respect to their application to causative disease gene mutation 

detection. 

 

1.2 Hepatic cholesterol metabolism 
Cholesterol is vital for normal cellular function. It is an essential constituent of cell 

membrane and is critical for the synthesis of sterol and non-sterol hormones. Although 

most mammalian cells have the ability to synthesise cholesterol, in humans it mainly 

occurs in the liver, intestine, adrenal glands and reproductive organs (Russell 1992).  

 

Humans require 1,000–1,500 mg of cholesterol daily sourced either by hepatic synthesis 

or derived from dietary sources (Dietschy 1984). Endogenous cholesterol synthesis 

starts with the enzyme catalysed combination of three acetyl-coenzyme A (acetyl-CoA) 
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molecules to form 3-hydroxy-3-methylglutaryl CoA (HMG-CoA). Reduction of HMG-

CoA to mevalonic acid by HMG-CoA reductase (HMGCR) is rate-determining and an 

irreversible step in cholesterol biosynthesis (Edwards et al. 1985, Goldstein et al. 1990). 

HMGCR inhibitors (statins) are structural analogues of HMG-CoA that competitively 

inhibit HMGCR in the endogenous cholesterol synthesis pathway. Decreasing the 

concentration of cholesterol within the cells activates the expression of the LDLR via 

the action of sterol regulatory element-binding protein (SREBP)-2 on the LDLR 

promoter, which in turn increases the number of LDLRs on the cell surface (Brautbar et 

al. 2011). Mevalonate formed in the HMGCR step is subsequently converted to 

cholesterol (Espenshade et al. 2007) (Figure 1.1).  

 

 

Cholesterol

Acetyl-CoA + acetoacetyl-CoA

3-Hydroxy-3-methylglutaryl-CoA

Mevalonate

Isopentenyl-PP

Geranyl-PP

Farnesyl-PP

Squalene

HMGCR Statin

Cholesterol

Acetyl-CoA + acetoacetyl-CoA

3-Hydroxy-3-methylglutaryl-CoA

Mevalonate

Isopentenyl-PP

Geranyl-PP

Farnesyl-PP

Squalene

HMGCR Statin

 
Figure 1.1: Overview of the endogenous cholesterol synthesis pathway. Cholesterol 
synthesis occurs in a series of reactions, with the rate-determining reaction being the 
conversion of 3-hydroxy-3-methylglutaryl-CoA to mevalonate by the HMGCR enzyme. 
[CoA (coenzyme A), PP (pyrophosphate), HMGCR (3-hydroxy-3-methylglutaryl 
coenzyme A reductase)]. 
 
 
Dietary and biliary cholesterol regulation in the intestine occurs via adenosine 

triphosphate-binding cassette (ABC) half transporters ABCG5 and ABCG8 and 

Niemann-Pick C1-like 1 (NPC1L1) transporters located on the apical membrane of the 

enterocytes (Wang 2007). NPC1L1 transports cholesterol and plant sterols from the 



 4 

intestinal lumen to the intracellular compartments where free cholesterol is esterified by 

acyl coenzyme A: cholesterol acyltransferase 2 to form cholesterol esters (Figure 1.2). 

The NPC1L1 cholesterol transporter is the target for the cholesterol absorption inhibitor 

drug ezetimibe (Garcia-Calvo et al. 2005). It consists of 13 transmembrane domains 

with 50% sequence homology with Niemann-Pick C1 (NPC1) protein. Mutations in 

NPC1 result in Niemann-Pick disease type C (OMIN #257220), an autosomal recessive 

lipid storage disease in which cholesterol cannot be exported from the lysosome 

(Patterson et al. 2001). The ABCG5 and ABCG8 encode 12 transmembrane domains 

and their heterodimerisation is essential for the transport of plant sterol from the 

enterocyte back to the intestinal lumen (Graf et al. 2002) (Figure 1.2). Mutations in the 

ABCG5/ABCG8 protein complex can result in -sitosterolaemia (OMIM #210250), a 

rare autosomal recessive disorder where patients absorb excessive (15-20%) plant 

sterols compared to <5% in normal individuals (Berge et al. 2000). -sitosterolaemia 

shares several clinical features with FH such that patients with this disease present with 

tendon xanthomas and premature atherosclerosis (Kidambi et al. 2008). Since the 

diagnostic clinical features are similar in the two diseases it is important to rule out -

sitosterolaemia in patients suspected with FH. Unlike FH patients, -sitosterolaemia 

patients have normal cholesterol levels and elevated plant sterol levels (Kidambi et al. 

2008).  

 

 

                               
Figure 1.2: Transport of cholesterol and plant sterols through the intestinal brush 
border. Cholesterol and plants sterols are transported into the enterocyte via the 
Niemann-Pick C1-like 1 (NPC1L1) transporter. Cholesterol is converted to cholesterol 
ester by the acyl coenzyme A: cholesterol acyltransferase 2 (ACAT2) enzyme within 
the enterocyte. Plant sterols are selectively removed from the enterocyte by the 
adenosine triphosphate-binding cassette (ABC) half transporters ABCG5 and ABCG8. 
Ezetimibe inhibits NPC1L1-mediated cholesterol uptake.  
 

Enterocyte 

Cholesterol 
ester 

ACAT2 
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Cholesterol homeostasis in the liver is highly regulated by three distinct mechanisms; 1) 

endogenous cholesterol synthesis 2) expression of the LDLR and, 3) cholesterol 

excretion as bile acids. Lipoprotein secretion, extra-hepatic metabolic conversion and 

lipolysis can also influence total body cholesterol balance (Goedeke et al. 2012). 

 

Triglyceride-rich lipoproteins in the form of very-low-density lipoprotein (VLDL) 

particles with a single copy of apolipoprotein (apo) B-100 are synthesised and 

assembled in the hepatocyte. Lipidation of each nascent apoB-100 molecule occurs 

under the action of microsomal triglyceride transfer protein (MTTP) (White et al. 1998) 

to form VLDL. In the circulation the triacylglycerides in VLDL can be hydrolysed by 

activated lipoprotein lipase to intermediate-density lipoprotein (IDL), also termed VLDL 

remnants. IDL containing apoB-100 is either taken up by the LDLR or converted to 

LDL by the action of hepatic lipase (Figure 1.3). Cholesterol entering the liver via the 

LDLR pathway can be metabolised to bile acids (Daniels et al. 2009) and secreted in the 

faeces.  
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Figure 1.3: Lipoprotein metabolism (endogenous pathway). Triglyceride-rich VLDL 
with apoB-100 (B100) is synthesised and secreted by the liver. VLDL particles once in 
the circulation acquire apoC (C) and apoE (E) from circulating HDL particles. Lipolysis 
of the VLDL by the LPL generates fatty acid and glycerol required for the cells. VLDL 
particles lose apoC to HDL and forms IDL. IDL can either undergo further lipolysis by 
HL or be taken up by the liver via the LDLR. IDL loses apoE to HDL to form the 
cholesterol ester rich LDL particles which are taken into the liver via LDLR [A (apoA), 
B100 (apoB-100), C (apoC), E (apoE), LPL (lipoprotein lipase), HDL (high-density 
lipoprotein), HL (hepatic lipase)]. Reproduced with permission from Faiz et al. (2012). 
 

 

The number of LDLRs on the hepatocyte surface is tightly regulated according to 

hepatic cholesterol requirements. LDL carrying a single molecule of apoB-100 binds to 

the LDLR, unlike in VLDL and IDL where binding can occur via apoE. The receptor-

LDL complex is endocytosed as a vesicle, which then fuses with several other vesicles 

intracellularly to form an endosome. The LDL dissociates from the receptor by 

acidification of the endosomes, followed by proteolysis and release of cholesterol to the 

cytosol. LDLR is returned to the cell membrane (Russell 1992) (Figure 1.4). 
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Figure 1.4: LDLR recycling pathway. Low-density lipoprotein (LDL) particles are 
internalised by the cell for subsequent degradation. Each LDL particle binds to the LDL 
receptor (LDLR) via the ApoB ligand binding domain and is endocytosed into the cell 
to form a vesicle. This vesicle fuses with an endosome and the decrease in pH within 
the vesicle causes dissociation of LDL particles from the LDLRs. The LDL particles are 
degraded in the lysosome and the LDLRs are either degraded or recycled back to the 
cell surface. For proper functioning of the LDLR pathway, interaction of LDLR adaptor 
protein 1 (LDLRAP1) protein with coated-pit internalisation signal sequence in the 
cytoplasmic domain of LDLR is crucial for the formation of the first vesicle. Binding of 
the catalytic domain of proprotein convertase subtilisin/kexin-9 (PCSK9) to the 
epidermal growth factor (EGF) precursor binding domain in the LDLR causes the 
LDLR to be directed towards the LDLR degradation pathway instead of recycling the 
receptor back to the cell surface. Reproduced with permission from Faiz et al. (2012). 
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1.2.1 Low-density lipoprotein receptor  

The LDLR was discovered by Goldstein and Brown in 1974 (Goldstein et al. 1974). It is 

a cell surface receptor expressed in hepatocytes with the principal function of removing 

LDL-particles from the circulation as part of hepatic cholesterol homeostasis, thereby 

also regulating the concentration of LDLC in the plasma. LDLR located at the short arm 

of chromosome 19 consists of 18 exons and 17 introns. During transcription/translation 

splicing of the RNA gives rise to a mature messenger-RNA (mRNA) of 5.3 kilobase 

(kb) of which 2.5 kb is non-coding and harbors the 5′ promoter and 3′ regulatory 

regions. The coding region of the LDLR mRNA encodes a protein product of 860 amino 

acids (Yamamoto et al. 1984, Sudhof et al. 1985). 

 

Splicing of LDLR pre-mRNA occurs in a highly ordered manner. Six small nuclear 

ribonucleoproteins (snRNPs) assemble to form a spliceosome which catalyses the 

precise removal of introns from pre-mRNA to form the mature mRNA for translation. 

Each intron destined for excision contains three specific sites for recognition by the 

spliceosome; a 3′ splice acceptor site, a 5′ splice donor site and the branch site. Correct 

splicing of introns occur when snRNP U1 recognises the 5′ splice donor sequence ‘GU’ 

in the beginning of the intron/exon boundary and snRNP U2 recognises the branch point 

located 20-50 bases away from the 3′ splice acceptor site ‘AG’ at the end on the intron. 

The intron lariat is formed when the intron is cleaved at the 5′ splice site and joined at 

the branch site in the intron. Interaction of snRNPs U4, U5 and U6 with snRNP U1 and 

intron regions causes the release of the intron lariat when it is cleaved at the 3′ splice 

site and the two exons are then ligated together (Staley et al. 1998, Black 2003) (Figure 

1.5).  
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Figure 1.5: LDLR synthesis. (1) Transcription of the LDLR gene to form pre-
messenger RNA (pre-mRNA) and splicing of the pre-mRNA to form the mature mRNA 
occurs in the nucleus of the cells. (2) Pre-mRNA contains the entire genomic sequence 
of the LDLR gene including the introns. (3) Splicing of the introns occurs via the 
assembly of six specific molecules of the spliceosome complex. The small nuclear 
ribonucleoprotein (snRNP) U1 recognises the 5′ splice donor sequence (GU) in the 
beginning of the intron/exon boundary while snRNP U2 recognises the branch point 
located 20-50 bases away from the 3′ splice acceptor site (AG) at the end on the 
intron.The intron lariat is formed when the intron is cleaved at the 5′ splice site and 
joined at the branch site in the intron. Interaction of snRNPs U4, U5 and U6 with 
snRNP U1 and intron regions causes the released of the lariat when it is cleaved at the 
3′ splice site and the two exons are then ligated together. (4) The 5′ untranslated region 
of the LDLR is the promoter region, and consists of three imperfect direct repeats 
containing the sterol-regulatory-elements (SRE) required for the regulation of gene via 
the sterol-regulatory-element-binding protein 2 (SREBP2) and the TATA box required 
for transcription initiation. (5) The 3′ UTR consists of three Alu-repeat elements (AREs) 
and an Alu-rich region, which has been shown to be involved in the stability of the 
mRNA. Reproduced with permission from Faiz et al. (2012). 
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LDLR is a highly conserved integral membrane glycoprotein protein comprising of five 

structural domains encoded by exons 2-18 (Soutar 2009). Exon 1 encodes a 21 amino 

acid signal peptide sequence required for the transport of LDLR to the endoplasmic 

reticulum (ER). The functional domain responsible for the binding of lipoprotein 

particles containing the ligands apoB and/or apoE is located at the amino terminal end 

of the LDLR and is encoded by exons 2-6. The adjacent domain is structurally 

homologous to epidermal growth factor (EGF)-precursor with two cysteine rich EGF-

like repeats, a six-bladed β-propeller and a third EGF repeat and is encoded by exons 7-

14. This domain appears to have two primary functions: it enables the dissociation of 

the LDLR-LDL complex within endosomes, a process requiring their acidification 

followed by receptor recycling to the cell surface where the EGF domain also serves to 

maintain the correct extracellular orientation of the ligand binding domain. The 

acidification of the endosome induces a conformational change in the LDLR whereby 

the ligand binding repeats R4 and R5 come in contact with the β-propeller, facilitating 

the release of LDL from its receptor (Rudenko et al. 2002).  

 

The third domain encoded by exon 15, is generally heavily glycosylated and rich in 

oligosaccharide. While deletion of this domain does not appear to have any effect on 

LDLR function in vitro, glycosylation is considered to affect its stability (Marshall et al. 

2008). The domain encoded by exon 16 is enriched in hydrophobic amino acids that 

appear to anchor the LDLR in the cell membrane while its correct membrane orientation 

is ensured by the cytoplasmic domain encoded by exons 17-18. The cytoplasmic 

domain also appears to function by directing the LDLR-LDL complex to clathrin-coated 

pit regions during endocytosis (Marshall et al. 2008). Clathrin is the major constituent 

of the latter and consists of a “triskelion” with three heavy chain subunits which interact 

with various chaperone and adaptor proteins that are critical parts of the LDLR 

endocytotic apparatus (Kirchhausen 2000). The LDLR cytoplasmic domain also 

contains a conserved coated-pit internalisation signal sequence (NPVY motif) that is 

recognised by the LDLR-adaptor protein 1 (LDLRAP1) and hence essential for the 

internalisation of the LDLR complex (Chen et al. 1990) (Figure 1.4). 

 

Mutations in the various regions of the LDLR that affect the function of the structural 

domains described above account for the large majority (~95%) of the inherited, 

monogenic, autosomal co-dominant FH due to a diminished hepatic clearance of LDL 

from the circulation (Goldstein et al. 2001, van der Graaf et al. 2011).  

http://en.wikipedia.org/wiki/Endoplasmic_reticulum
http://en.wikipedia.org/wiki/Endoplasmic_reticulum
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1.2.2 Apolipoprotein B  

The APOB gene lies within human chromosome 2p23-p24 in the human genome, spans 

a 42 kb region and consists of 29 exons and 28 introns (Law et al. 1985, Huang et al. 

1986). ApoB mRNA is 14.5 kb long and encodes two main isoforms; apoB-48 and 

apoB-100. In the enterocyte apoB mRNA undergoes a post-transcriptional editing 

process where the 6666th nucleotide is changed from a cytosine to a uracil by apoB 

mRNA editing enzyme catalytic complex 1 (APOBEC 1). This leads to the conversion 

of glutamine at position 2153 to a stop codon terminating translation and gives rise to 

the truncated apoB-48 protein product characteristic of chylomicrons and lacking in 

LDLR binding (Navaratnam et al. 1993). A single peptide of apoB-100 is found in each 

VLDL, IDL and LDL particle (Figure 1.3) and acts as a ligand for the LDLR on cell 

surface, resulting in receptor-mediated catabolism of cholesterol (Mahley et al. 1983) 

(Figure 1.4). The proteasome-dependent degradation of apoB-48 mediated by Hsp70 

and Hsp90 chaperones occurs in the cytosol (Gusarova et al. 2001).  

 

Full length apoB-100 mRNA encodes five structural domains; NH2-βα1-β1-α2-β2-α3-

COOH (Segrest et al. 2001). The βα1 domain contains the MTTP binding region which 

is crucial for lipoprotein assembly both in the liver and intestine (White et al. 1998, 

Babin et al. 2009). While β1 and β2 domains bind to the lipid core irreversibly, the α2 

and α3 domains interact reversibly with the lipid core. The β2 domain also harbor the 

LDLR binding region required for the uptake of lipoproteins containing apoB-100 

(Whitfield et al. 2004). The primary site of interaction between the apoB-100 and 

LDLR has been localised to residues 3,359-3,367 (site B) in the β2 domain of apoB-100 

(Borén et al. 1998). The signal sequence for mRNA editing by APOBEC 1 is located 

within the α2 domain; hence apoB-48 consists of only two structural domains and lacks 

the LDLR binding region (Whitfield et al. 2004) (Figure 1.6).  
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Figure 1.6: Structure of apoB-100. ApoB-100 consists of five structural domains; N-
terminal βα1, β1, α2, β2, and C-terminal α3. The MTTP binding domain is located within the βα1 

region and the LDLR binding domain (residues 3359-3369) is located within the β2 region of 
the apoB-100. Arrow indicates the position where apoB mRNA editing enzyme catalytic 
complex 1 (apobec-1) converts the cytosine to a uracil creating the stop codon (Gln2153stop) 
which results in the formation of apoB-48 protein.  
 
 

Mutations in the LDLR-binding region of apoB-100 can give rise to familial ‘defective’ 

apoprotein B-100 (FDB, OMIM #144010), a form of FH whereby defective binding of 

apoB-100 to the LDLR leads to failure of hepatic LDL clearance and accumulation of 

LDL particles in the circulation (Innerarity et al. 1990).  

 

1.2.3 Proprotein convertase subtilisin/kexin-type 9  

PCSK9 is a member of the proprotein convertase family (Seidah et al. 2003, Seidah et 

al. 2007). Human PCSK9 is located within chromosome 1p32.3, spans a region of 22 kb 

and comprises 12 exons and 11 introns (Hunt et al. 2000, Seidah et al. 2003, Benjannet 

et al. 2004). The 692 amino acid glycoprotein consists of a signal peptide of 30 

nucleotides, an N-terminal pro-domain, a catalytic domain and a cysteine- and histidine-

rich C-terminal domain. It is synthesised as a 74 kiloDalton (kDa) soluble precursor 

which undergoes autocatalytic cleavage between its N-terminal pro-domain and 

catalytic domain at position (Y,I)VV(V,L)(L,M)↓(K,E)E in the ER (Naureckiene et al. 

2003, Seidah et al. 2003). Although cleavage of the pro-segment is required for the 

secretion of PCSK9 from the ER, the 17 kDa pro-domain has been shown to be linked 

to the 65 kDa catalytic and C-terminal domains through non-covalent interactions 

(Naureckiene et al. 2003, Seidah et al. 2003, Piper et al. 2007).  

 

PCSK9 is regulated by SREBPs in a manner similar to the regulation of the number of 

LDLRs on hepatocytes (Horton et al. 2003). In vitro studies using HepG2 cells showed 

that a minimal promoter region of PCSK9 gene containing the sterol-regulatory-element 

(SRE) was required for the expression of the gene in the absence of sterol (Jeong et al. 

2008). Hence, an increase in LDLR synthesis by sterol depletion in cells also increases 

the production of PCSK9, which in turn increases LDLR degradation. PCSK9 binds to 

the EGF-A domain of the LDLR (Figure 1.4) through its catalytic domain and is 
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expressed predominantly in the liver, intestine and kidney (Seidah et al. 2003, Zhang et 

al. 2007, Kwon et al. 2008). The affinity of PCSK9 towards the LDLR increases at the 

acidic pH of the endosomes and subsequently the LDLR:PCSK9 complex is directed to 

lysosomes for degradation (Cunningham et al. 2007, Piper et al. 2007).  

 

1.2.4 Low-density receptor adaptor protein 1  

LDLRAP1 is located on human chromosome 1p35-36.1 and consists of nine exons and 

eight introns (Eden et al. 2001). The 33.8 kDa, 308 amino acid sequence contains three 

highly conserved functional domains; a 170 amino acid motif similar in sequence to the 

phosphotyrosine-binding (PTB) domains of many chaperone proteins (Garcia et al. 

2001, He et al. 2002), a type-1 clathrin box (LLDLE) (Dell'Angelica 2001) and an 

adaptor protein 2 (AP2)-binding domain (He et al. 2002). Binding of a conserved 

sequence within the PTB domain in LDLRAP1 to the NPVY motif in the cytoplasmic 

domain of LDLR is vital for LDLR mediated endocytosis (Chen et al. 1990). Mutations 

in this sequence motif of LDLR have been shown to affect its ability to invaginate and 

form the first vesicle in LDLR mediated endocytosis (Davis et al. 1987, Chen et al. 

1990, He et al. 2002). LDLRAP1 also binds to two other components of the ‘clathrin-

coated pit endocytotic’ machinery; the terminal domain of clathrin via a type-1 clathrin 

box (LLDLE) and to a β2-adaptin subunit of the AP2 via its AP2-binding domain (He et 

al. 2002) (Figure 1.4).  

 

The role of LDLRAP1 in PCSK9-mediated degradation of the LDLR remains 

controversial. Experiments on transgenic mice hepatocytes showed that LDLRAP1 is 

essential for the PCSK9-mediated internalisation and degradation of LDLR (Lagace et 

al. 2006). However, experiments with Epstein-Barr virus (EBV)-transformed human 

lymphocytes and human fibroblasts negative for LDLRAP1 showed a reduction in cell 

surface LDLR density compared with normal lymphocytes (Fasano et al. 2009).  

 

1.2.5 Regulation of cholesterol metabolism 

Hepatocyte cholesterol content is highly regulated through a complex feedback pathway 

involving SREBPs (Babin et al. 2009). These regulate the expression of over 30 

different genes involved in the uptake and synthesis of cholesterol, triglycerides, fatty 

acids and phospholipids (Horton et al. 2003). Three isoforms of SREBP exist: with 

SREBP1a and SREBP1c resulting from alternative splicing of a single gene on 

chromosome 17p11.2 and SREBP2 that is encoded by a gene on chromosome 22q13 
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(Hua et al. 1993, Yokoyama et al. 1993). All three SREBPs function as transcriptional 

activators having four domains; two membrane spanning domains, an N-terminal and a 

C-terminal domain that project into the cytoplasm (Shimano et al. 1997). The 480 

amino acid long N-terminal domain is the functionally active portion of the SREBP and 

is a basic-helix-loop-helix leucine zipper (bHLHZip) protein (Sato et al. 1994).  

 

While SREBP1a regulates both cholesterol and fatty acid synthesis, SREBP1c only 

regulates fatty acid synthesis (Horton et al. 2003). SREBP2 regulates cholesterol 

synthesis genes through the LDLR pathway (Horton et al. 2002) (Figure 1.7).  
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Figure 1.7: Regulation of LDLR expression by SREBP2. In the presence of sterol, 
sterol responsive element-binding protein (SREBP) resides in the endoplasmic 
reticulum (ER) bound to Insig via SREBP-cleavage-activating protein (SCAP). In the 
absence of sterol, SCAP is released from Insig and is transported to the Golgi via a 
vesicle. Once in the Golgi apparatus, a two-step cleavage process of the SREBP/SCAP 
complex results in the release of SREBP2. SREBP2, bound to the nuclear cargo 
transport molecule importin β, is taken into the nucleus where it interacts with the 
sterol-regulatory-elements (SRE) sequence within the LDLR promoter region to 
increase the expression of the gene. Reproduced with permission from Faiz et al. 
(2012). 
 

 

In the presence of cytosolic cholesterol, SREBP binds to SREBP-cleavage-activating 

protein (SCAP) and becomes localised to the ER membrane by interaction of SCAP 

with the insulin-induced gene “INSIG”. SCAP has a cholesterol sensing domain in its 

N-terminal region that is similar to that of HMGCR. Low levels of cholesterol within 

the cell induce the release of SREBP-SCAP complex which then migrates to the Golgi 
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complex. Within the Golgi complex SREBP undergoes a two-step cleavage to release a 

bHLHZip transcription factor which then translocates from the cytoplasm to the nucleus 

where it binds to specific DNA sequences (Shimano 2001, Horton et al. 2002, Soutar 

2009) (Figure 1.7). Within the LDLR, SREs are located 177 base pair (bp) upstream of 

the transcription start site within the 5′ promoter region. It consists of three imperfect 

direct repeats and the TATA box required for the expression of the gene (Südhof et al. 

1987). Repeats 1 and 3 are universal positive transcription factor Sp1-binding sites 

which promote basal transcription of the gene. Repeat 2 is an SRE which when bound 

to SREBPs, increases the transcription of the LDLR and increases the number of LDLRs 

on the cell surface and hence LDL uptake (Briggs et al. 1993, Sanchez et al. 1995).  

 

The liver X receptors (LXRs) regulate cholesterol metabolism independent of the 

SREBP pathway and are activated in response to cellular cholesterol excess (Zelcer et 

al. 2009). LXR is a member of the nuclear receptor family of transcription factors and 

exists as two isoforms: LXRα and LXRβ. Activation of LXRs results in the formation 

of heterodimers with retinoid X receptor, which bind to LXR response element of the 

target genes (Baranowski 2008). In the presence of excess cholesterol LXR induces the 

expression of the post-transcriptional regulator inducible degrader of the LDLR, which 

in turn catalyses the ubiquitination of the LDLR, targeting it for degradation (Zelcer et 

al. 2009).  

 

The excess cholesterol delivered to the liver by lipoproteins can also stimulate bile acid 

synthesis. This accounts for the largest proportion of hepatic cholesterol elimination via 

the faeces and involves several enzymes (Daniels et al. 2009). The conversion of 

cholesterol to 7-α-hydroxycholesterol by cholesterol 7-α-hydroxylase (CYP7A1) is the 

rate-limiting step in the bile acid synthesis (Russell et al. 1992). Farnesoid X receptor 

encoded by nuclear receptor subfamily 1, group H, member 4 in humans, acts as a bile 

acid sensor and indirectly regulates the expression of CYP7A1 (Kuipers et al. 2007) and 

is the target of niacin and fibrates (Costet 2010).  

 

1.3 Familial hypercholesterolaemia 
FH is an autosomal co-dominant disorder mainly due to mutations in the LDLR on 

chromosome 19p13.2 resulting in defective clearance of LDL. Heterozygous FH is the 

most common form of monogenic primary hypercholesterolaemia affecting more than 

http://en.wikipedia.org/wiki/Nuclear_receptor
http://en.wikipedia.org/wiki/Transcription_factor
http://en.wikipedia.org/wiki/Liver_X_receptor_alpha
http://en.wikipedia.org/wiki/Liver_X_receptor_beta
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10 million people world-wide with a prevalence of at least 1 in 500 (Goldstein et al. 

2001, Austin et al. 2004). Consistent with this carrier frequency, compound 

heterozygous FH involving inheritance of defective copies of both paternal and 

maternal LDLR genes occur very rarely with a prevalence of 1 per million persons and 

results in a greater than 5-fold increase in plasma LDLC levels (Goldstein et al. 2001, 

Maiorana et al. 2011). The distinguishing features of FH in adults include tissue 

accumulation of cholesterol manifesting as xanthomas of the Achilles tendons and 

digital extensor tendons; xanthelasmas involving the skin of the ocular orbit and lipoidal 

deposits in the cornea (arcus corneae) caused by prolonged exposure to increased 

concentrations of LDL in blood (Rader et al. 2003) (Figure 1.8).  

 

 

A B CA B C

 
Figure 1.8: Phenotypic features of FH. A) Arcus corneae and xanthelasma B) 
xanthomata of the extensor tendons C) Achilles tendon xanthoma. Reproduced with 
permission from Burnett et al. (2008). 
 

 

Coronary events are almost inevitable in untreated FH cases, with FH homozygotes 

being at very high cardiovascular event risk including fatal myocardial infarction in 

early childhood. In untreated heterozygotes these events are generally delayed to the 

fifth decade in men and in the sixth decade of life in women (Williams et al. 1993, 

Pisciotta et al. 2006).  

 

1.3.1 Epidemiology 

The numerous geographically based studies on patients with FH have reported a large 

spectrum of mutations with varying population frequencies. Although the FH carrier 

frequency in the general population has been established at about 1 in 500, these studies 

show that in populations where a small number of mutations predominate due to 

founder effects and/or where consanguineous marriages are common, the prevalence of 

FH is much higher (Liyanage et al. 2011).  
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The highest prevalence of FH in the world is seen in Afrikaner communities in South 

Africa owing to three founder mutations (Gevers 1989) and propensity for mate 

selection limited by religion and cultural factors. The FH prevalence in this population 

is about 1 in 70 in the heterozygous form and 1 in 20,000 in the homozygous form 

(Seftel et al. 1980, Liyanage et al. 2011). FH prevalence in French Canadians in the 

North Eastern region of the province of Québec is reported as 1 in 154 with 11 founder 

mutations in the LDLR gene accounting for >95% cases (Couture et al. 1999). To date, 

ten FH-causing mutations have been identified in Tunisian population (Jelassi et al. 

2012). The high prevalence of 1 in 165 carrier frequency reported is attributed to high 

levels of consanguinity observed in central and southern Tunisia (Slimane et al. 1993). 

Fahed et al. (2011) confirmed the high prevalence of homozygous FH in the Lebanese 

population and noted a 65% consanguinity rate in their FH patient population.  

 

In most countries a wide range of causative FH mutations have been reported with some 

countries being more heterogeneous than others. In the Spanish population 41.4% of FH 

cases had 396 different causative mutations (Palacios et al. 2012) and in the Portuguese 

populations more than 80 different mutations were responsible for 48% of FH cases 

(Medeiros et al. 2010). Similarly, in the French population 400 different FH mutations 

account for 81% of cases (Marduel et al. 2010), while 77% of FH cases in the 

Netherlands are caused by 297 different mutations (Fouchier et al. 2005). However, just 

12 FH-causing mutations represent 64% of all Dutch patients (Kusters et al. 2011). In 

Greece, of the 27 causative FH-causing mutations reported, a single mutation 

(p.Gly549Asp) accounts for 16% of FH cases (Glynou et al. 2008) and in Japan eight 

mutations in the LDLR account for one-third of FH cases (Miyake et al. 2009). This is 

consistent with the presence of founder mutations in combination with limited migration 

in these populations.  

 

1.3.2 Clinical diagnosis of familial hypercholesterolaemia 

As a preliminary to causative mutation detection and confirm the diagnosis, there are 

three prior ascertainment tools in general use to establish a suspicion for, or a 

probabilistic clinical diagnosis of FH. The Dutch Lipid Clinic Network Criteria 

(DLCNC) (WHO 1999) uses a numerical scoring system based on a composite of 

family history of high cholesterol levels or CVD, clinical characteristics such as corneal 

arcus or tendon xanthomata, elevated cholesterol levels and/or the presence of a 

functional mutation in LDLR, APOB or PCSK9 (Table 1.1).  
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Table 1.1: Dutch Lipid Clinic Network Criteria for diagnosis of FH. Adapted from 
WHO (1999). 
 

Criteria Score 
Family history 

1 

 First degree relative with known premature coronary and/or 
vascular  disease 
 OR 
 First degree relative with known LDLC >95th percentile for age 
and sex 
 First degree relative with tendon xanthomata and/or arcus 
cornealis 

2  OR 
 Children aged <18 years with LDLC >95th percentile for age and 
sex 
Clinical History  
 Patient with premature coronary artery disease 2 
 Patient with premature cerebral or peripheral vascular disease 1 
Physical examination  
 Tendon xanthomata 6 
 Arcus cornealis at age <45 years 4 
LDLC (mmol/L)  
 > 8.5 8 
 6.5–8.4 5 
 5.0–6.4 3 
 4.0–4.9 1 
DNA analysis - functional mutation in FH related genes 8 
Stratification Total score 
Definite FH >8 
Probable FH 6–8 
Possible FH 3–5 
Unlikely FH <3 

 

The Simon Broome Register criteria (Betteridge 1991) is the favoured method for 

clinical diagnosis of FH in the UK (Table 1.2). Although this method does not use a 

mathematical scoring system the criteria used for clinical diagnosis of FH is similar to 

the DLCNC.  
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Table 1.2: Simon Broome Criteria for diagnosis of FH. Adapted from Betteridge 
(1991). 
 

Criteria 
Definite FH 
 Raised cholesterol: 
 Total cholesterol >6.7 mmol/L OR LDLC >4.0 mmol/L (Children <16 
years) 
 Total cholesterol >7.5 mmol/L OR LDLC >4.9 mmol/L (Adults >16 
years) 
 AND 
 Tendon xanthomata in the patient or in a first degree or second degree 
relative 
 OR 
 Evidence of a functional mutation in an FH-related gene 
Possible FH 
 Raised cholesterol: 
 Total cholesterol >6.7 mmol/L OR LDLC >4.0 mmol/L (Children <16 
years) 
 Total cholesterol >7.5 mmol/L OR LDLC >4.9 mmol/L (Adults >16 
years) 
 AND one of the following 
 Family history of premature myocardial infarction in first degree 
relatives   (<60 years) 
 Family history of premature myocardial infarction in second degree 
relatives (<50 years)  
 Family history of raised total cholesterol of >7.5 mmol/L in first or 
second  degree relatives (>16 years) 
 Family history of raised total cholesterol of >6.7 mmol/L in first degree 
relatives (<16 years) 

 

The US Make Early Diagnosis, Prevent Early Deaths (MEDPED) criteria (Williams et 

al. 1993) for diagnosis of FH patients is solely based on validated age- and sex- adjusted 

total cholesterol cut-off points. To decrease the false negative diagnosis of FH by 

looking at the cholesterol levels of the patient only, they recommend measuring the 

cholesterol level of relatives and applying this data to confirm FH diagnosis (Table 

1.3). For an accurate diagnosis of FH based on this criterion, cholesterol measurement 

in the family members must be widely known.  
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Table 1.3: MEDPED Criteria for diagnosis of FH. Adapted from Williams et al. (1993). 
 

Age (years) 
Total cholesterol (and LDLC) levels, mmol/L 

First degree 
relative 

Second degree 
relative 

Third degree 
relative 

General 
population 

<20 5.7 (4.0) 5.9 (4.3) 6.2 (4.4) 7.0 (5.2) 
20-29 6.2 (4.4) 6.5 (4.6) 6.7 (4.8) 7.5 (5.7) 
30-39 7.0 (4.9) 7.2 (5.2) 7.5 (5.4) 8.8 (6.2) 
≥40 7.5 (5.3) 7.8 (5.6) 8.0 (5.8) 9.3 (6.7) 

 

The use of the above clinical tools for the detection of disease-causing mutations is 

pivotal for the unambiguous diagnosis of FH and family cascade screening. The 

importance of establishing the identity of a causative mutation in an index case lies in 

the certainty it provides for an unequivocal diagnosis in that family, thereby optimising 

the health benefit accruing from the identification of affected family members at a much 

younger age for the initiation of treatment as early as possible (van der Graaf et al. 

2011).  

 

1.3.2.1 Genetic diagnosis of familial hypercholesterolaemia 

The success rates of finding a pathogenic mutation in genetic screening programs of 

patients with a clinical diagnosis of FH range from a low of 30% to best reported rates 

of 70% (Liyanage et al. 2011). This has been attributed to both the genetic heterogeneity 

of the disorder, involving functional mutations in at least five genes encoding proteins 

critical to the endocytotic pathway and the surprisingly frequent occurrence of large 

LDLR gene rearrangements and splice variants (Leigh et al. 2008).  

 

The current diagnostic methods for mutation detection include commercially available 

platforms or kits based on exon-by-exon sequence analysis (EBESA), multiplex 

amplification refractory mutation system (ARMS), gene scanning techniques such as 

high-resolution melting (HRM) analysis and custom DNA arrays for single nucleotide 

variations and small indels (Izar et al. 2010). Copy number variants (CNVs) in the 

LDLR can be detected by a commercial kit based on multiplex ligation-dependent probe 

amplification (MLPA) (Tosi et al. 2007). Recently, Hooper and colleagues determined 

the mutations associated with FH in the Western Australian population using EBESA 

and MLPA methods (Hooper et al. 2012). In 343 FH patients they identified 74 single 

nucleotide mutations and small indels, and 12 large deletions/duplications in the LDLR. 

In a validation study, Whittall and colleagues identified all 82 mutations in their control 
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samples by HRM (Whittall et al. 2010). Using a commercial ARMS kit targeting all 

mutations in LDLR and mutations in selected regions of APOB and PCSK9 in an FH 

cohort with DLCNC score >3, Taylor and colleagues detected a mutation in 232 of the 

635 patients with a success rate of 56.3% in their ‘definite’ FH group (Taylor et al. 

2010).  

 

More recently, massively parallel sequencing techniques have been used for FH 

diagnosis. Targeted exome sequencing in 48 ‘definite’ FH patients identified four 

mutations likely to cause FH in LDLR and APOB which were not detected by 

conventional FH diagnosis methods and another five variants in APOB of uncertain 

effect (Futema et al. 2012). In another study Hollants and colleagues sequenced three 

genes known to cause FH in 71 patients and identified a mutation in 29% of the patients 

(Hollants et al. 2012). However, their method of combining microfluidic amplification 

followed by massively parallel sequencing methods was not able to identify any large 

gene arrangements that may have been present. Vandrovcova and colleagues used two 

target enrichment methods followed by massively parallel sequencing for mutation 

detection in their FH cohort (Vandrovcova et al. 2013). They showed 100% specificity 

with both methods while large deletions/duplications were identified only in one 

enrichment method.  

 

1.3.3 Treatment of familial hypercholesterolaemia 

The main goal in treatment of FH patients is to reduce the risk of cardiovascular events 

by lowering plasma LDLC levels. The drugs of choice to achieve this target in FH 

patients are statins or statin-based combination therapy.  

 

Statins are reversible, competitive inhibitors of the rate-determining enzyme, HMGCR, 

in the endogenous cholesterol synthesis pathway in the liver (Figure 1.1). Decreasing 

the concentration of cholesterol within the liver cells activates the expression of LDLR 

via the action of SREBP2 on LDLR promoter which in turn increases the expression of 

LDLR on the cell surface (Brautbar et al. 2011). This results in increased clearance of 

LDL, IDL and VLDL from the plasma hence decreasing LDLC concentration by more 

than 30% (Charlton Menys et al. 2008). Numerous large statin trials conducted 

including the Atherosclerosis Risk in Communities (ARIC) study (Sharrett et al. 2001), 

placebo-controlled Heart Protection Study (HPS) (Yusuf 2002), Treating to New 

Targets (TNT) study (LaRosa et al. 2005) and Justification for the Use of Statins in 
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Primary Prevention: an Intervention Trial Evaluating Rosuvastatin (JUPITER) study 

(Ridker et al. 2010) demonstrated the positive effects of statin treatment in lowering 

plasma LDLC levels and reducing risk of coronary heart disease (CHD).  

 

Currently there are five other drugs commercially available or registered for the 

indication by regulatory authorities for use singly or in combination with statins to treat 

hypercholesterolaemia (Kastelein et al. 2008, Jones et al. 2009). Niacin or nicotinic acid 

decreases LDLC and triglyceride levels while increasing high-density lipoprotein 

(HDL)-cholesterol (HDLC) levels in plasma (Carlson 2005), unlike fibrates which 

primarily decrease triglyceride and increase HDLC levels in plasma with no direct 

apparent effect on LDLC levels (Brautbar et al. 2011). Similar to statins, bile acid 

sequestrants also upregulate the expression of LDLR, increasing the uptake of LDL, 

IDL and VLDL from the circulation. However, unlike statins, bile acid sequestrants 

achieve their goals by upregulating the rate determining enzyme, CYP7A1, in the bile 

acid synthesis pathway (Insull Jr 2006). Ezetimibe is a cholesterol absorption inhibitor 

which is able to selectively block the intestinal absorption of cholesterol and related 

plant sterols at the lumenal aspect of enterocytes (Figure 1.2) without affecting the 

uptake of triglycerides or fat soluble vitamins (Pandor et al. 2009). Several new drugs 

such as MTTP inhibitors, apoB synthesis inhibitors and PCSK9 inhibitors are being 

currently developed targeting the genes and their products involved in LDLR-mediated 

endocytosis. These provide additional approaches to lower the LDLC level and hence 

help in decreasing coronary events in patients with hypercholesterolaemia (Raper et al. 

2012).  

 

Mechanical removal of LDL by apheresis which has largely superseded liver 

transplantation, porto-systemic shunting and partial ileal bypass is usually reserved for 

homozygous FH and severe heterozygous FH patients not responding to conventional 

drug treatments (Nemati et al. 2010). A randomised controlled study in two groups of 

FH patients receiving either statin therapy alone or both statin therapy and LDL 

apheresis showed that the group receiving both therapies had lower levels of LDLC and 

lipoprotein (a) (Thompson et al. 1995).  

 

1.3.4 Genetic heterogeneity of familial hypercholesterolaemia 

Over 1200 pathogenic mutations ranging from large rearrangements to single nucleotide 

variants (SNVs) in the LDLR have been identified to date in patients with FH (Usifo et 
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al. 2012). Studies to identify novel genetic causes of FH, independent from LDLR, some 

of which have involved rare or exceedingly rare forms of the disease have been 

instrumental in elucidating mechanisms and identifying new targets for therapeutic 

intervention. Mutations in four additional genes independent from LDLR have now been 

shown to result in the FH phenotype namely; APOB, PCSK9, APOE and LDLRAP1. 

The latter manifests an autosomal recessive pattern of inheritance. 

 

While a causative mutation in the LDLR can be found in the majority of FH patients by 

EBESA and MLPA methods, in a significant proportion (20-30%) of patients this is not 

the case (Varret et al. 2008). Since the current methods employed for screening of 

LDLR are based on identifying exonic mutations, unambiguous detection of disease-

causing mutations in conserved intronic regions in the vicinity of splice sites and branch 

points is not possible. In fact, it has been proposed that approximately 6% of mutations 

observed in patients clinically diagnosed with FH are located within intronic sequence 

(Bourbon et al. 2009).  

 

Splice site mutations in LDLR have been identified in many patients with FH. Although 

bioinformatics methods can predict splice-sites, the functional effect of splicing events 

should be confirmed by in vitro analysis. Sequence analysis of mRNA/cDNA has been 

used to investigate splice site mutations in the LDLR. For example, two splice mutations 

have been described, one of which was a G to T transition within the exon16/intron15 

boundary that eliminated exon 16 from the mature mRNA. The second mutation was a 

deletion in the 5′ donor splice site of intron 10, thereby disrupting normal splicing 

(Liguori et al. 2003). A common European mutation in intron 3 of LDLR, c.313+1, 

G>A, has also been described that results in expression of two different length LDLR 

transcripts (Cameron et al. 2009). This mutation not only caused skipping of exon 3 but 

also the inclusion of intron 3, resulting in two very disparate length LDLR transcripts 

that were completely dysfunctional (Cameron et al. 2009). 

 

Mutations in apoB-100 cause FDB. However, the FDB phenotype is generally found to 

be less severe compared with heterozygous FH due to LDLR mutations. Studies carried 

out on three siblings with decreased LDL binding activity identified the exact location 

of the defect in the apoB-100 LDLR-binding domain (Weisgraber et al. 1988). DNA 

sequence analysis in patients with FDB confirmed a G to A mutation in codon 3527 

which caused an arginine to glutamine substitution (p.R3527Q) (Soria et al. 1989). Only 
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a few other mutations in APOB gene leading to FDB have been identified. These 

include four independent mutations causing a change in amino acid sequence: an 

arginine to a cysteine change at codon 3558 (p.R3558C) (Pullinger et al. 1995), an 

arginine to tryptophan change at codon 3527 (p.R3527W) (Gaffney et al. 1995), an 

arginine to tryptophan change at codon 3507 (p.R3507W) (Pullinger et al. 1995) and a 

histidine to tyrosine change at codon 3570 (pH3570Y) (Soufi et al. 2004).  

 

Several mutations in PCSK9 have been identified, including gain-of-function mutations 

resulting in hypercholesterolaemia and loss-of-function mutations resulting in 

hypocholesterolaemia (Mousavi et al. 2009). Two gain-of-function mutations in PCSK9 

were first identified by Abifadel and colleagues in a French cohort (Abifadel et al. 

2003). Both missense mutations, p.S127R and p.F216L, segregated with increased 

plasma LDLC concentration. The p.D374Y is the most severe cholesterol raising 

mutation of PCSK9 resulting in a 25-fold increase in its affinity for binding to the 

LDLR (Leren 2004, Lagace et al. 2006). Heterozygous carriers of this mutation have a 

greater than four-fold increase in their total cholesterol levels with relatively early onset 

of coronary artery disease (CAD) compared to FH patients with LDLR mutations 

(Naoumova et al. 2005). Insertion of two leucine amino acids in the leucine stretch in 

exon 1 of PCSK9 was identified in two families with familial combined 

hyperlipidaemia and one family with hypercholesterolaemia (Abifadel et al. 2008). 

They showed that this mutant allele was associated with high total cholesterol and 

LDLC levels. Noguchi and colleagues sequenced PCSK9 in 55 FH patients with no 

mutation in LDLR (Noguchi et al. 2010). They identified the p.E32K mutation in 

homozygous as well as heterozygous states and showed marked increase in the LDLC 

levels in patients carrying this mutation. In contrast, several loss-of-function PCSK9 

mutations have been described associated with lower LDLC levels and reduced CVD 

(Cohen et al. 2006).  

 

ApoE is a component of chylomicrons, VLDL, IDL, LDL as well as HDL particles. 

Polymorphism of APOE at a population level is a well established major determinant of 

circulating LDLC levels with the ε4 allele (frequency ~0.13) having a raising effect and 

the ε2 allele (frequency ~0.06) lowering relative to ε3, the latter being by far the most 

frequently encountered allele (frequency ~0.71) in all populations studied (van 

Bockxmeer et al. 1995). Homozygosity for the apoE ε2 allele as well as mutations in 

APOE gene that results in defective LDLR binding protein products are associated with 
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familial dysbetalipoproteinaemia and is characterised by elevated cholesterol and 

triglyceride levels (Smelt et al. 2004). Recently, Solanas-Baraca and colleagues 

identified a previously characterised p.L149del in APOE in eight families with familial 

combined hyperlipidaemia (Faivre et al. 2005, Solanas-Barca et al. 2012). They showed 

that five of the eight families with the mutation had isolated hypercholesterolaemia and 

all mutation carriers without the apoE ε2 allele had high LDLC and normal VLDL-

cholesterol/triglyceride ratio. Marduel and colleagues recruited hypercholesterolaemic 

French families where no mutations were detected in the known FH-causing genes in 

order to investigate new gene or loci associated with the disease (Marduel et al. 2013). 

In one family with 27 individuals over three generations they identified p.L149del in 

APOE which segregated with autosomal dominant hypercholesterolaemia. Thus APOE 

gene variants should be considered as part of diagnostic FH screening.  

 

Although the lipid phenotypes in autosomal recessive hypercholesterolaemia (ARH) 

and homozygous FH due to mutations in LDLR are similar, total cholesterol and LDLC 

levels tend to be lower and HDLC levels higher in patients with ARH compared to 

patients with homozygous FH (Pisciotta et al. 2006). Sequencing of the LDLRAP1 gene 

in four families, two of Sardinian and two of Lebanese origin, revealed four mutations 

which each gave rise to a truncated LDLRAP1 protein (Garcia et al. 2001). Further 

analysis of these mutation showed that three of these mutations affected the PTB 

domain of the LDLRAP1 gene. Although mutations in APOB, PCSK9, APOE and 

LDLRAP1 are rare, detection of these variants in FH patients has helped in better 

understanding of the molecular mechanism which will in-turn pave way for 

development of newer therapies specific for the defective cholesterol regulatory 

pathway.  

 

1.4 New approaches to molecular diagnosis  
For the last three decades ‘Sanger’ or the chain termination method has been the 

dominant approach and ‘gold’ standard for DNA sequencing. This method pioneered by 

Sanger and colleagues in 1977 uses dideoxynucleotide triphosphates (ddNTPs) and 

marked a milestone in DNA history of DNA sequencing (Sanger et al. 1977). Further 

development of this method enabled optical detection of DNA bases via the use of four 

fluorescently labelled ddNTPs as well as automation of the reactions to increase the 

speed and sensitivity (Smith et al. 1986, Ansorge et al. 1987). Sanger sequencing 
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technology was the core of the Human Genome Project initiated in 1990 and hence the 

technology was refined and improved throughout the 1990s. Currently, automated 

Sanger DNA-sequencing instruments can sequence 384 samples in parallel and up to 

1,000 bp in length with accuracy higher than 99.99 % (Pettersson et al. 2009).  

 

1.4.1 Massively parallel sequencing platforms 

The ‘second’ and ‘third’ generation sequencing technologies collectively know as 

‘massively parallel’ sequencing technologies share the ability to sequence millions of 

DNA templates in a single run and enable the generation of enormous volume of raw 

data at a relatively low cost. These advances are being attributed to the innovation in 

sequencing chemistry, better imaging as well as the improved ability to handle massive 

amounts of sequence data (Metzker 2009). 

 

Introduction of massively parallel sequencing technologies in the beginning of this 

millennium has caused an explosion in terms of the amount of DNA sequence data that 

has been generated illustrated by the amount of nucleotides deposited in to public 

databases. The European Nucleotide Archive received and processed more than 1.8 x 

1014 nucleotides in 2011 (Figure 1.9) (ENA 2011).  

 

 

 
Figure 1.9: Growth rates of database entries and their corresponding number of 
nucleotides in the European Nucleotide Archive. Reproduced with permission from 
ENA 2011 Annual Report.  
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1.4.1.1 Comparison of different platforms 

Several different sequencing platforms are available in today’s market and numerous 

reviews comparing the technologies behind these have been published (Metzker 2009, 

Mardis 2011, Quail et al. 2012). While each sequencing platform is distinctly different 

in its specifics (Table 1.4) they all share certain features such as the need for 

construction of a library for each sample followed by clonal amplification of these 

libraries either by emulsion polymerase chain reaction (emPCR) or solid-phase/bridge 

PCR (Metzker 2009).  

 

Table 1.4: Comparison of massively parallel sequencing platforms. 

Company Platform Detection method  Read length 
(bp) Run time 

Roche 454 GS FLX+ Pyrosequencing 700 10-23 hrs 

Illumina HiSeq 2000 Reverse dye 
terminator 100 2-11 days 

Life Technologies SOLiD Ligation 50 1-7 days 

Illumina  MiSeq Reverse dye 
terminator 150 4-27 hrs 

Life Technologies Ion Torrent 
PGM 

Hydrogen ion 
detection 200 2 hrs 

 

Although labour intensive, an advantage of emPCR is that it is a separate process from 

sequencing so that if it fails the whole process can be repeated before loading the beads 

and doing sequencing. Bridge PCR is performed on the sequencing chip and although 

more efficient than emPCR, if amplification goes poorly it is more expensive to repeat 

the process (Figure 1.10) (Glenn 2011). For each platform the sequencing reactions 

require repeated steps which are detected automatically to generate the raw data 

(Metzker 2009, Mardis 2011).  
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Figure 1.10: Clonal amplification of massively parallel sequencing libraries. (A) 
Emulsion PCR – In an oil-aqueous emulsion bead-DNA template complexes are 
encapsulated in single aqueous droplet containing primer, dNTPs and polymerase. PCR 
amplification in the droplets creates clonal amplification of the template DNA. (B) 
Solid-phase amplification – Forward and reverse primers attached at high-density on the 
reaction slide are exposed to reagents and target DNA for priming and extension. The 
free distal end of the ligated fragment bridges with the adjacent primers to form the 
cluster. Reproduced with permission from Metzker 2009.  
 

 

1.4.2 Disease diagnosis with massively parallel sequencing 

Several massively parallel sequencing platforms are available commercially which 

encompass a number of methods that are grouped broadly as template preparation, 

sequencing, imaging and data analysis. The type of data produced from each platform 

depends on the unique combination of specific protocols that distinguishes one 

technology from the other (Metzker 2009, Glenn 2011). Using the 454 massively 

parallel sequencing platforms, Bowne and colleagues identified five disease causing 

mutations in 21 families diagnosed with retinitis pigmentosa (Bowne et al. 2011). In 

another study using the 454 platoform, the effectiveness of massively parallel 

sequencing for breast cancer genes (BRCA1 and BRCA2) was shown by De Leeneer and 

colleagues. They showed that sequencing of amplicons from targeted genes was 

effective and with minor improvements could be used in a diagnostic setting (De 

Leeneer et al. 2011). The HiSeq 2000 platform was used by Baek and colleagues to 

identify novel causative mutations associated with hearing loss (Baek et al. 2012). They 



 30 

identified five mutations in eight Korean families that were consistent with autosomal 

dominant pattern of hearing loss. Low-throughput ‘bench top’ sequencers have also 

been successfully used in mutation detection. Ion Torrent Personal Genome Machine 

(PGM) sequencing has been performed in organisms with small genomes as well as 

gene panels in humans to determine mutations. Howden and colleagues identified that 

the drug resistance in Staphylococcus aureus was caused by mutations in waIKR 

(Howden et al. 2011). They sequenced five different strains of bacterial genome on a 

PGM platform, and compared them to determine this antimicrobial effect. In a different 

study a gene panel covering 23 mutations analysed on PGM platform showed that this 

technique could be used to diagnose cystic fibrosis (Elliott et al. 2012). Similarly, 

several studies as mentioned previously in this review, has used massively parallel 

sequencing technology to identify mutations in FH patients (Futema et al. 2012, 

Hollants et al. 2012, Vandrovcova et al. 2013).  
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1.5 Scope of this thesis 
Using a variety of techniques to investigate the molecular causes of FH, this thesis 

provides insight into the genetics of FH and the technology that can be applied. 

Specifically in this thesis I:  

 Compare mutation and variant detection in the LDLR between EBESA, MLPA 

and Ion Torrent PGM sequencing methods in an FH cohort 

 Identify genomic breakpoints and establish the molecular basis for large 

deletions in LDLR identified in FH patients  

 Establish a disease haplotype for the c.1474G>A (Asp492Asn) in exon 10 of 

LDLR in a Hong Kong Chinese family with homozygous FH as well as 

determine the possible degree of parental consanguinity in the proband 

 Compare mutation and variant detection in the LDLR between EBESA, MLPA 

and mRNA sequencing methods in an FH cohort 
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CHAPTER TWO 

 

 

DETECTION OF VARIATIONS IN THE LDLR GENE BY ION 

TORRENT SEMICONDUCTOR SEQUENCING 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A version of this chapter has been published.  
Faiz F, Allcock RJ, Hooper AJ and van Bockxmeer FM. Detection of variations and 
identifying genomic breakpoints for large deletions in the LDLR by Ion Torrent 
semiconductor sequencing. Atherosclerosis 2013; 230: 249-255.  
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2.1 Introduction 
To date more than 1800 variants including 1200 pathogenic mutations in the LDLR gene 

have been identified (Usifo et al. 2012). Generally, protocols for their detection rely on 

the amplification and sequencing of approximately 300 bp of the promoter region, 

coding regions of all exons and exon/intron boundaries which constitute only some 15% 

of the entire LDLR. The current diagnostic methods for mutation detection in LDLR 

include commercially available platforms or kits based on EBESA, ARMS, mutation 

screening techniques and custom DNA arrays for single nucleotide variations and small 

indels (Taylor et al. 2010, Chiou et al. 2011). CNVs can be detected by a commercial 

kit based on multiplex ligation-dependent probe amplification (MLPA) of the LDLR 

exons (Tosi et al. 2007).  

 

The main limitation to the ‘gold standard’, dideoxy chain termination sequencing 

(Sanger), is its relative high cost and lengthy time and labour restraints in the clinical 

diagnostic setting. There is much interest in newer techniques such as massively-

parallel sequencing that have the capacity to produce giga amounts of data, spanning 

larger genomic regions than previously possible, in a much shorter time-frame (Metzker 

2009). The most recent instrument platform developments in the field include so-called 

‘benchtop’ sequencers that offer the ability to perform massively parallel sequencing at 

scales less than that of a complete genome and hence offer the realistic possibility of 

sequencing an entire gene or panel of genes, simply and relatively economically 

(Loman et al. 2012). The Ion Torrent (PGM) sequencing platform (Life Technologies, 

Carlsbad, CA, USA) has been used successfully in identifying mutations in monogenic 

diseases (Elliott et al. 2012, Treff et al. 2013).  

 

Ion Torrent PGM sequencer commercially released in 2010 uses an ion detection 

system for DNA sequencing (Rothberg et al. 2011). Library preparation, clonal 

amplification of libraries by emPCRand (Figure 1.10) and beads with template-DNA 

are enriched by a hybridization-based enrichment system. Sequencing is carried out in a 

microwell array containing ion-sensitive transistors providing real time measurement of 

the change in pH which is then converted to voltage signal and recorded. The four 

nucleotides are sequentially flowed over the array to detect voltage changes when 

nucleotides are incorporated (Figure 2.1) (Rothberg et al. 2011). The main limitation in 

this technology is its inability to call for bases in homopolymeric regions (Loman et al. 

2012).  
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(A)

(B)

(A)

(B)

 
Figure 2.1: Semiconductor sequencing. (A) Nucleotides are flowed over the 
microwells containing the beads and sequencing reagents. Hydrogen ions are released 
when a base is incorporated on to the growing DNA stand. The hydrogen ions are 
detected by a sensor and are recorded as voltage changes. (B) The voltage changes are 
recorded as a series of peaks in a flow diagram. The height of the peaks denotes the 
number of nucleotides incorporated. Adapted with permission from Rothberg et al. 
2011. 
 

 

In this chapter, the entire LDLR genes of 30 previously characterised FH patients were 

sequenced using an Ion Torrent PGM platform with the aim of validating this 

technology for the detection of FH-causing mutations identified by conventional Sanger 

sequencing and MLPA.  

 

2.2 Materials and methods 
 

2.2.1 Sample selection 

Selected DNA samples referred to the Cardiovascular Genetics Laboratory, Royal Perth 

Hospital, for FH genetic testing were subjected to LDLR sequencing on an Ion Torrent 

PGM platform. All individuals provided written informed consent and the study was 

approved by the Human Research Ethics committees of Royal Perth Hospital 

(EC2011/014) and the University of Western Australia. Thirty samples were selected 

from patients clinically diagnosed as having ‘definite’ FH by the DLCNC with scores 

>8 and on the basis of having a range of ‘representative’ LDLR mutations (missense, 

nonsense, splice-site, small indels and CNVs). Genomic DNA was extracted from 

whole blood collected in ethylenediaminetetraacetic acid (EDTA) tubes using the 

Wizard Genomic DNA Purification Kit (Promega, WI, USA). EBESA of the three 
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known FH causing genes (LDLR, PCSK9 and exons 26 and 29 of APOB and MLPA for 

LDLR using SALSA MLPA probemix P062-C2 LDLR kit (MRC-Holland, Amsterdam, 

Netherlands) had been performed previously by routine laboratory staff. Each of 

twenty-two samples contained a known pathogenic LDLR mutation, while no disease-

causing mutations had been detected by the standard diagnostic laboratory protocol in 

eight samples (Table 2.1). The LDLR region analysed by EBESA totalled 7,164 bp, 

covering ~300 bp of the promoter region all coding regions of exons and ~100 bp into 

the introns on either side of the exon boundaries. 

 

Table 2.1: Characteristics of LDLR gene variants in 30 samples detected by 
exon-by-exon sequence (EBESA) or multiplex ligation-dependent probe 
amplification (MLPA) analyses selected for Ion Torrent PGM investigation. 

 
Variant  Detection method 
c.81C>G (p.C27W) EBESA 
c.533A>T (p.D178V) EBESA 
c.1637G>A (p.G546D) EBESA 
c.501C>A (p.C167*) EBESA 
c.246C>A (p.C82*) EBESA 
c.301G>A (p.E101K) EBESA 
c.1618G>A (p.A540T) EBESA 
c.326G>A (p.C109Y) EBESA 
c.417C>G (p.D139E); c.693C>A (p.C231*) EBESA 
c.661G>A (p.D221N); c.681C>G (p.D227E) EBESA 
c.-121T>C EBESA 
c.1187-10G>A EBESA 
c.190+4A>T EBESA 
c.6delG (p.W4Gfs*202) EBESA 
c.196_197delGT (p.V66Hfs*63) EBESA 
c.654_656delTGG (p.(G219del) EBESA 
c.1776_1778 delGGG (p.G593del) EBESA 
c.1715_1719delGTGGCinsA (p.S572Nfs*92) EBESA 
c.2061dupC (p.N688Qfs*29) EBESA 
c.1118_1121dupGTGG (p.Y375Wfs*7) EBESA 
Deletion of exon 4 MLPA 
Duplication of exons 7 and 8 MLPA 
None identified  
None identified  
None identified  
None identified  
None identified  
None identified  
None identified  
None identified  
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2.2.2 Primer design  

Primers were designed for PCR amplification using CLC Main Workbench software 

(version 6.1) (CLC Bio, Aarhus, Denmark). They were 20-30 bases in length, with a GC 

content <50% and with similar melting temperature (Tm) >50 °C where possible. 

Primers were checked for the potential presence of single nucleotide polymorphisms 

(SNPs) in their genomic targets using SNPcheck (version 3) 

(https://ngrl.manchester.ac.uk/) and validated for their binding specificity by performing 

a nucleotide-nucleotide BLAST search (http://blast.ncbi.nlm.nih.gov/Blast.cgi) to 

ensure that each primer had strong sequence homology to the desired chromosomal 

region. All primers were obtained from GeneWorks (Thebarton, Adelaide, Australia) 

diluted to 5 µmol/L for use and stored at -20ºC.  

 

Six primer pairs (Table 2.2) were designed to amplify long-range PCR products 

spanning the 46,477 bp (255 bp before the beginning of the coding region and 4,413 bp 

after the end of the coding region) of the LDLR gene with product sizes ranging from 

5.5 kb to 10.8 kb with an overlap of ~300 bp between amplicons.  

 

Table 2.2: Primer pair sequences for amplification of the entire LDLR gene 
and their expected product size. 

 
Fragment Primer sequence (5´–3´) Size (bp) 

1 
F: GACCCAAATACAACAAATCAAG 

5533 
R: GGCAACTCTCCAGACAATGTTTCAAAAGTG 

2 
F: ATTTTCAGCTGGCTCTGTTCCCTTAAGC 

8532 
R: AAGCCTACCCCTTTATGGGTCAAAACG 

3 
F: CAATCATGAATTAGGAGGTGGGGAGA 

8067 
R: TCAGTATCCACCACAGAGGGTTGG 

4 
F: CCACTCTGCCCACCCTGTGCAAA 

10845 
R: CTATCTAGGGCCTGCTACTTCCCTGT 

5 
F: ACTGGTTGTGACTAGGAGGAGGTCTTA 

9690 
R: ATACAAGTGGACCTGGGCCATTCAACA 

6 
F: CCAGGTGTGGGTCAGGATGTCATT 

9478 
R: AGGTCCTTAAGGACAGACAGGGAGA 

*F – Forward primer, R – Reverse primer. 

 

2.2.3 Product amplification  

A LongRange PCR kit (# 206403, Qiagen, CA, USA) was used in accordance with the 

manufacturer’s instructions. One µL (40 ng/µL) of DNA was added to a 24 µL PCR 

https://ngrl.manchester.ac.uk/
http://blast.ncbi.nlm.nih.gov/Blast.cgi
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master mix (Table 2.3). PCR was performed using DNA Engine Dyad Cycler (Bio-Rad, 

Hercules, CA, USA) at the temperatures specified in Table 2.4. 

 

Table 2.3: Composition of the reaction mixture for long-range PCR 
amplification of the entire LDLR gene. 
 

Reagent Per reaction (µL) 
10X LongRange PCR Buffer (2.5 mmol/L Mg2+) 2.5 
dNTP mix (10 mmol/L each) 1.25 
Forward primer (5 ng/µL) 2 
Reverse primer (5 ng/µL) 2 
Water 16.05 
LongRange PCR Enzyme Mix 0.2 
Total 24 

 

Table 2.4: Thermal cycler protocol for amplification of the entire LDLR gene. 
 

Step Program  Temperature (°C) Time  Cycles 
1 Hold 93 3 min 1 
2 Denaturing 93 15 s 

35 3 Annealing 60 30 s 
4 Extension 68 1 min/kb 

 

To visualise the amplified products 1 µL of PCR product was diluted with 5 µL loading 

dye (0.25% bromophenol blue, Merk, NJ, USA and 40% sucrose, Sigma-Aldrich, 

Australia) and electrophoresed on a 1% (w/v) agarose gel in 1x Tris Acetate-EDTA 

(TAE) buffer (Sigma-Aldrich, Australia) at 100 volts for 45 mins (Figure 2.2). Agarose 

gels were prepared using 1 g agarose (Promega, WI, USA) dissolved in 100 mL TAE 

buffer and 10 µL of GelRed Nucleic Acid Stain (Biotium, CA, USA). 
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Figure 2.2: Representative example of gel electrophoresis for long-range 
PCR amplified products. Six fragments and a 1 kb DNA ladder are shown.  

 

2.2.4 Product purification 

PCR products were purified using QIAquick® PCR purification kit (# 28106, Qiagen, 

CA, USA) in accordance with manufacturer’s instructions. One hundred and twenty five 

µL of ‘BP’ Buffer was added to 25 µL of PCR reaction mix. Sample was mixed and 

transferred to a QIAquick column and centrifuged (Eppendorf Centrifuge 5424, 

Hamburg, Germany) at 13,000 rpm for 30 s. The flow through eluent was discarded and 

750 µL of ‘PE’ Buffer in 100% ethanol was added to the column. It was again 

centrifuged at 13,000 rpm for 30 s and the flow through eluent discarded. The column 

was placed in a fresh 1.5 mL tube (Eppendorf Safe-Lock TubesTM, Hamburg, Germany) 

and centrifuged at 13,000 rpm for 1 min to remove any residual ‘PE’ Buffer. The 

column was then placed in another 1.5 mL tube with 25 µL of elution buffer ‘EB’ and 

incubated for 1 min at room temperature. Purified DNA solution was collected by 

centrifuging the column at 13,000 rpm for 1 min.  

 

2.2.5 Quantification of the PCR product 

PCR products were quantified with Qubit® 2.0 Fluorometer (# Q32866, Life 

Technologies, NY, USA) using dsDNA BR Assay Kit (# Q32853, Life Technologies, 

NY, USA). One µL of Broad Range Detection Reagent was mixed with 199 µL of 

Broad Range Buffer. One hundred and ninety µL of this mix was added to 10 µL of the 

sample in Qubit® Assay Tubes (# Q32856, Life Technologies, NY, USA). Tubes were 
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placed in the fluorometer and DNA concentration measured using the dsDNA (Broad 

Range) programme. Six amplicons covering the entire LDLR gene for each sample were 

pooled in near equimolar ratios to constitute a total of 125 ng of DNA and made up to a 

total volume of 120 µL with RNase-free water. 

 

2.2.6 Shearing of fragments 

Pooled amplicons from individual patients were sheared into 200-300 bp fragments using 

an S2 sonicator (Covaris, Inc. MA, USA) according to the manufacturer’s protocol 

(CovarisTM protocol # 400056 Rev. G, 08./03./2011). One hundred and twenty µL of the 

pooled sample was loaded into a Snap-Cap micro TUBE (# 520045, KBioscience, 

Herts, England) and placed in a micro TUBE holder (# 500114, KBioscience, Herts, 

England) before placing it in the instrument. Fragment library v.4_200bp programme 

(Table 2.5) was run to shear the fragments 

 

Table 2.5: Fragment library v.4_200bp programme settings for DNA shearing. 
 

Conditions Cycles 
Mode Frequency sweeping 

3 

Bath temperature (°C) 5 
Bath temperature limit (°C) 10 
Duty cycle (%) 10 
Intensity 5 
Cycles/burst 100 
Time (s) 60 

  

2.2.7 Library preparation 

Library preparation were performed with the Ion XpressTM Plus Fragment Library Kit 

(# 4471269, Life Technologies, NY, USA) according to the manufacturer’s protocol 

(Life Technologies protocol, # 4471989 Rev. B, 07/10/2011). Sheared fragments were 

end-repaired by incubating 79 µL of pooled product with 20 µL of 5X end repair buffer 

and 1 µL of end repair enzyme for 20 min at room temperature. The end repaired 

product was purified with Agencourt® AMPure® XP kit (Agencourt, Beverly, MA, 

USA). One hundred and eighty µL of Agencourt® AMPure® SP reagent was added to 

the sample, mixed, spun-down (Eppendorf Centrifuge 5415D, Hamburg, Germany) and 

incubated at room temperature for 5 min. Samples were placed in a DynaMagTM-2 

magnetic separator (Life Technologies, NY, USA) until the solution cleared. 

Supernatants were removed and discarded and the beads washed twice with freshly 

prepared 70% ethanol. While still in the magnet, 500 µL of 70% ethanol was added to 
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the beads and the tube turned twice with 30 s incubations and the supernatant discarded 

after each wash. Beads were left on the magnet to air dry for 2 min and resuspended in 

25 µL of Low-TE. Samples were vortexed (Grant-Bio PV-1 Vortex Mixer; Grant 

Instruments, Ltd., Cambridge, UK) for 10 s, spun down and placed in the magnet for 

another 2 min. The supernatant containing the eluted DNA was transferred to 0.2 mL 

PCR tubes (Eppendorf, Hamburg, Germany). Ion XpressTM P1 and Barcodes were 

ligated and DNA nicks repaired in the purified DNA amplicons. For each reaction, 75 

µL of the adaptor ligation and nick repair master mix (Table 2.6) was added to 25 µL of 

the fragmented DNA. Samples were incubated in a DNA Engine Dyad Cycler (Bio-

Rad, Hercules, CA, USA) at the temperatures specified in Table 2.7. 

 

Table 2.6: Composition of the reaction mixture for adaptor ligation and nick 
repair of sheared DNA fragments.  

 
Reagent Per reaction (µL) 
Water 49 
10X Ligase Buffer 10 
Ion P1 Adapter 2 
Barcode 2 
dNTP 2 
DNA Ligase 2 
Nick Repair Polymerase 8 
Total 75 

 
Table 2.7: Thermal cycler protocol for adaptor ligation and nick repair of sheared 
DNA fragments. 

 
Step Program Temperature (°C) Time (min) 

1 Hold 25 15 
2 Hold 72 5 
3 Hold 4 10 

 

Samples were transferred to 1.5 mL tubes (Eppendorf Safe-Lock TubesTM, Hamburg, 

Germany) and purified with Agencourt® AMPure® XP kit as described above using 

140 µL of Agencourt® AMPure® SP reagent. Purified DNA was eluted in 20 µL of 

Low-TE. For a 200 base-read library the target peak size required for amplification 

should be approximately 330 bp. Size selection was done with E-Gel® SizeSelectTM 2% 

Agarose Gel (# G6610-02, Life Technologies, NY, USA). Twenty µL of the sample was 

loaded into wells 2, 3, 6 and 7 of the gel (Figure 2.3). Ten µL of 50 bp Ladder (# 

10416-014, Life Technologies, NY, USA) was loaded on to the well marked ‘M’ and 25 

µL of water was loaded into the remaining wells except the collection well below the 

ladder well where 10 µL of water was loaded. SizeSelect 2% programme was run on the 
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E-Gel® iBaseTM unit (Life Technologies, NY, USA) and the gel was viewed with E-

Gel® Safe ImagerTM (Life Technologies, NY, USA). Solution from the collection well 

corresponding to the sample was collected when the 300 bp marker was on the lower 

edge of the collection well (Figure 2.3).  

 

Sample loading wells

Collection wells

300 bp

Sample loading wells

Collection wells

300 bp

 
Figure 2.3: Representative example of a 2% Agarose Gel (E-Gel® 
SizeSelectTM)  electrophoresis showing the migration of products in four 
samples and the 50 bp ladder. 
 

The size selected library was purified using QIAquick® PCR purification as outlined in 

Section 2.2.4 and purified DNA was eluted with 25 µL of Low-TE. A PCR reaction 

was performed to amplify the library. For each reaction, 105 µL of library amplification 

master mix (Table 2.8) was added to 25 µL of purified library. PCR was performed in a 

DNA Engine Dyad Cycler (Bio-Rad, Hercules, CA, USA) at the temperatures specified 

in Table 2.9.  

Table 2.8: Composition of the reaction mixture for library amplification. 
 

Reagent Per reaction (µL) 
Platinum® PCR SuperMix High 
Fidelity 100 
Library Amplification Primer Mix  5 
Total 105 

 

Table 2.9: Thermal cycler protocol for library amplification. 
 

Step Program  Temperature (°C) Time Cycles 
1 Denaturing 95 5 min 1 
2 Denaturing 95 15 s 

8 3 Annealing 58 15 s 
4 Extension 70 1 min 
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Samples were transferred to 1.5 mL tubes (Eppendorf Safe-Lock TubesTM, Hamburg, 

Germany) and purified with Agencourt® AMPure® XP kit as described above using 

195 µL of Agencourt® AMPure® SP reagent. Purified DNA was eluted in 20 µL of 

Low-TE. The amplified libraries were quantified using the Agilent® BioanalyzerTM 

2100 instrument and Agilent® High Sensitivity DNA Kit according to the 

manufacturer’s protocol (Agilent Technologies protocol # G2938-90320 Ed. 5/2009). 

Nine µL gel-dye mix was loaded into the third well marked ‘G’ on the High Sensitivity 

chip placed on the chip priming station. The plunger on the chip priming station was 

pressed until it was held by the clip and the clip released after 60 s. Nine µL of the gel-

dye mix was added to the four wells marked ‘G’ on the chip. Five µL of the marker was 

loaded to the remaining 12 wells. One µL of the High Sensitivity DNA ladder was 

loaded into the well denoted ‘ladder’. One µL of the sample was loaded into 11 sample 

wells. The chip was vortexed horizontally for 1 min at 2,400 rpm. The chip was then 

placed in the Agilent® BioanalyzerTM 2100 instrument and high sensitivity DNA chip 

program was initiated to quantify the sample using the lower and upper molecular size 

markers of 35 and 10380 bp respectively (Figure 2.4). Fifteen samples were pooled in 

equimolar ratio to a total molar concentration of 26 pM and the volume adjusted to a 

total of 18 µL with Low-TE.  

 

 
Figure 2.4: Representative electropherogram from the Agilent® BioanalyzerTM 2100 
instrument. Two markers (35 and 10380 bp) that were used to quantify the 290 bp 
sample are shown. 
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2.2.8 Template preparation, Ion Sphere Particle recovery and enrichment 

Template preparation was carried out with the Ion Xpress™ Template 200 Kit (# 

4471253, Life Technologies, NY, USA) according to the manufacturer’s protocol (Life 

Technologies protocol # 4471974 Rev. C, 11/11/2011). Nine mL of Emulsion Oil was 

added to an IKA® DT-20 tube (IKA, Staufen, Germany) and placed at 4°C. Nine 

hundred and eighty two µL of amplification master mix (Table 2.10) was added to 18 

µL of the pooled sample and vortexed (Grant-Bio PV-1 Vortex Mixer; Grant 

Instruments, Ltd., Cambridge, UK) at maximum speed for 5 s.  

 

Table 2.10: Composition of the reaction mixture for template amplification. 
 

Reagent Per reaction (µL) 
Nuclease-free water 582 
5X PCR Reagent Mix 200 
10X PCR Enzyme Mix 100 
Ion SphereTM Particles 100 
Total 982 

 

The IKA® DT-20 tube containing 9 mL of oil was placed on IKA® Ultra-Turrax® 

Tube Drive (IKA, Staufen, Germany) and the aqueous PCR mix was loaded through the 

sample loading port on the cap of the tube. After mixing the emulsion for 5 min on the 

IKA® Ultra-Turrax® Tube Drive it was placed on ice for a further 5 min. Using an 

Eppendorf® Repeater® Pipette (Brinkmann Instruments, Inc., Westbury, NY) fitted 

with the wide-bore tip (created by cutting approximately 5mm from a pipette tip) 100 

µL of the emulsion was dispensed into each well of a MicroAmp® Optical 96-Well 

Reaction plate (Life Technologies, NY, USA) and placed a DNA Engine Dyad Cycler 

(Bio-Rad, Hercules, CA, USA) for PCR amplification (Table 2.11).  

 

Table 2.11: Thermal cycler protocol for DNA template amplification. 

Step Program  Temperature (°C) Time Cycles 
1 Hold 94 6 min 1 
2 Denaturing 94 30 s 

40 3 Annealing 58 30 s 
4 Extension 72 1.5 min 
5 Denaturing 94 30 s 10 6 Extension 68 6 min 

 

SOLiD® Emulsion Collection Trays (Life Technologies, NY, USA) were placed on top 

of the 96-well plate and inverted. The two coupled plates were placed in a centrifuge 

(Sigma 4-15 C, DJB Labcare Ltd., UK), with the 96-well plate upside-down on the 
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collection tray, and spun for 8 min at 3,000 g. Oil was decanted from the collection tray 

and 2 mL of Breaking Solution (2 ml of Recovery Solution in 6 mL of 1-butanol) was 

used to transfer the emulsion pellet to into two 1.5 mL tubes (Eppendorf Safe-Lock 

TubesTM, Hamburg, Germany). Samples were vortexed (Grant-Bio PV-1 Vortex Mixer; 

Grant Instruments, Ltd., Cambridge, UK) for 30 s and centrifuged (Eppendorf 

Centrifuge 5415D, Hamburg, Germany) at 13,000 rpm for 3 min. The top organic phase 

was removed and the sample washed twice with Recovery Solution. One mL of 

Recovery Solution was added to the sample, vortexed for 30 s and centrifuged at 13,000 

rpm for 3 min. The supernatant was discarded after each wash leaving 200 µL in the 

tube. Samples in the two tubes were transferred to a fresh 1.5 mL tube and made up to 

1.5 mL with Recovery Solution. Sample was vortexed for 30 s and centrifuged at 1,000 

rpm for 3 min, then washed twice with Wash Solution. The supernatant was discarded 

leaving exactly 102 µL of the sample in the tube. A Qubit® 2.0 Fluorometer (Life 

Technologies, NY, USA) was used to assess the quality of the Ion Sphere Particles 

(ISPs) in the sample in accordance with the manufacturer’s instructions. Fifty two µL of 

the hybridization master mix (Table 2.12) was added to 2 µL of the test sample and 2 

µL of the Wash Solution (used as a control) and mixed by repeat pipetting. The two 

tubes were placed in a DNA Engine Dyad Cycler (Bio-Rad, Hercules, CA, USA) for 

incubation to anneal the oligonucleotides (Table 2.13).  

 

Table 2.12: Composition of the reaction mixture for oligonucleotides 
hybridization to Ion Sphere Particles.  
 

Reagent Per reaction (µL) 
1X SSPE 50 
B'-FAM oligonucleotide (100 µmol/L)  1 
A'-Cy5 oligonucleotide (100 µmol/L)  1 
Total  52 

 

Table 2.13: Thermal cycler protocol for oligonucleotides annealing to Ion 
Sphere Particles. 

 
Step Program Temperature (°C) Time (min) 

1 Hold 95 2 
2 Hold 37 2 

 

Samples were transferred to 1.5 mL tubes (Eppendorf Safe-Lock TubesTM, Hamburg, 

Germany) and washed three times with 1 X ‘TEX’ solution. One mL of 1 X ‘TEX’ 

solution was added to the sample, vortexed and centrifuged at 13,000 rpm for 3min and 

the supernatant discarded each time leaving 20 µL in the bottom of the tube. After the 
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final wash the volume of the solution in the tube was increased to 200 µL with 1 X 

‘TEX’ and transferred to Qubit® Assay Tubes (# Q32856, Life Technologies, NY, 

USA).  

 

Template-positive ISPs enrichment was performed with Ion OneTouch ™ ES 

(enrichment system) instrument (# 4470001, Life Technologies, NY, USA) using 

freshly prepared Melt-Off Solution (Table 2.14) and Dynabeads® MyOne™ 

Streptavidin C1 beads (Life Technologies, NY, USA)  

 

Table 2.14: Composition of the reaction mixture for Melt-Off Solution used for 
Ion Sphere Particle enrichment.  
 

Reagent Per reaction (µL) 
Water 432.5 
1 M NaOH 62.5 
10% Tween® 20 in water 5 
Total  500 

  

Dynabeads® MyOne™ Streptavidin C1 beads were vortexed and 13 µL transferred to a 

1.5 mL tube (Eppendorf Safe-Lock TubesTM, Hamburg, Germany). One hundred and 

thirty µL of Wash Solution was added to the beads, vortexed and placed in a 

DynaMagTM-2 magnetic separator (Life Technologies, NY, USA) for 2 min and the 

supernatant discarded. The beads were resuspended in 130 µL of Wash Solution. To an 

8-well strip reagents and sample were added in the following order (Table 2.15).  

 

Table 2.15: Reagent dispensing protocol for the 8-well strip for Ion Sphere 
Particle enrichment. 

 
Well number Reagents Volume (µL) 

1 Sample 100 

2 MyOne™ Beads in MyOne™ Bead wash 
Solution 130 

3 Wash Solution 300 
4 Wash Solution 300 
5 Wash Solution 300 
6 Empty - 
7 Melt-Off solution 300 
8 Empty - 

 

A pipette tip was loaded onto the Tip Arm using the Tip Loader and a 0.2 mL opened 

PCR tube (Eppendorf, Hamburg, Germany) was placed at the base of the Tip Loader of 

the Ion OneTouch™ ES instrument. Eight-well strip, with the square-shaped tab to the 
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left, was placed in the slot designated and the enrichment run performed. At the end of 

the run 200 µL of solution containing the enriched ISPs were collected in the 0.2 mL 

PCR tube. The enriched ISPs were centrifuged (Eppendorf Centrifuge 5415D, 

Hamburg, Germany) at 13,000 rpm for 1.5 min and supernatant discarded, leaving 10 

µL at the bottom of the tube. The ISPs were washed once with 200 µL of Wash Solution 

and the supernatant was discarded leaving 10 µL at the bottom of the tube. The enriched 

ISPs were resuspended in Wash Solution and made up to a final volume of 100 µL.  

 

2.2.9 Sequencing of ISPs on Ion 316™ Chip 

Sequencing of the ISPs was performed using Ion PGM 200 Sequencing Kit (# 4474004, 

Life Technologies, NY, USA) and the PGM System according to the manufacturer’s 

protocol (Life Technologies protocol # 4474246 Rev. B, 21/02./2012). Three wash 

bottles were prepared, PGM machine initialised and followed the on-screen prompts to 

connect the wash bottles and four 50 mL reagent bottles, with 20 µL dNTPs in each 

bottle, to their designated ports. The machine checks for leaks and pH of the solutions 

and at the end of the initialisation process a green “Passed” screen was displayed. Five 

µL of Control ISP and 150 µL of Annealing Buffer were added to 100 µL of template-

positive ISPs and mixed by pipetting. The mixture was centrifuged (Eppendorf 

Centrifuge 5415D, Hamburg, Germany) at 1,000 rpm for 1.5 min and the supernatant 

removed leaving 15 µL in the tube. Twelve µL of Sequencing Primer was added and the 

sample mixed thoroughly before placing in a DNA Engine Dyad Cycler (Bio-Rad, 

Hercules, CA, USA) for a 4 min incubation period to anneal the primer. The Ion 316TM 

Chip was placed on the PGM System grounding plate and the touch-screen prompts 

were followed to prepare the PGM System to check the new Ion Chip.  

 

After completion of the chip check, the Ion Chip was removed and washed with 100% 

isopropanol and Annealing Buffer. One hundred µL of 100 % isopropanol was loaded 

into the Ion Chip via its loading port followed by 100 µL of Annealing Buffer to wash 

the chip. Three µL of PGM 200 Sequencing Polymerase was added to 27 µL of 

Sequencing Primer annealed ISPs. The sample was mixed by pipetting and incubated 

for 5 min at room temperature. Residual Annealing Buffer was removed from the Ion 

Chip by inserting a tip to the loading port and removing as much Annealing Buffer as 

possible. The Ion Chip was spun for 20 s in a MiniFuge (# 93000-196, VWR 

International), with the tab on the Ion Chip pointing away from the center of the 

MiniFuge, and the residual Annealing Buffer aspirated. Using an SR-L200F pipette tip 
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(Rainin Instruments, Woburn, MA) 30 µL of the sample was loaded into the Ion Chip 

via its loading port at a rate of approximately 1 µL per s. Any displaced liquid from the 

other port was collected and transferred into the sample tube. The Ion Chip was placed 

in the MiniFuge with the tab on the Ion Chip pointing towards the center of the 

MiniFuge and spun for 2 min. Samples in the Ion Chip was mixed three times by 

removing the sample from the Ion Chip and pipetting in back into the Ion Chip. After 

mixing, as much liquid was aspirated from the loading port as possible and discarded. 

Run settings were confirmed in the Experimental Information screen on the PGM™ 

System before loading the Ion Chip. When prompted by the instrument the Ion Chip 

was loaded, clamped and calibrated. Sequencing was performed for a total of 520 

nucleotide flows, yielding average read-lengths of 220–230 bp.  

 

2.2.10 Bioinformatics  

Primary (ie. base-calling) and secondary (ie. alignment to reference and variant calling) 

analyses were performed using Torrent Suite (version 3.6). Reads were trimmed off 

adaptor sequences, filtered to remove polyclonal and low quality reads, then poor 

quality bases at the 3´ end of long reads were removed. The resulting FASTQ sequence 

reads were aligned to chromosome 19 of the human genome reference sequence 

(GRCh37/hg19) using Torrent Mapping Alignment Program (TMAP) (version 3.6.3) 

with default parameters. The resulting Binary Alignment Map (BAM) files were then 

used for variant calling using the Torrent Suite Variant Caller (TSVC) (version 3.6.5) 

set to detect germline variants in whole genome data. For variant calling, only reads 

with a mapping quality >8 were considered. In addition, only individual bases with base 

quality scores >18 were included and variants were only called if at least 2 independent 

start sites could be observed. Heterozygous variants were only called if the minor allele 

was present in at least 20% of the reads at a given position. The TSVC version used 

was designed to call for SNVs and small insertions (1–5 bp) and deletions (1–15 bp). 

Approximate breakpoints for the large deletion was determined by visual inspection of 

the BAM files.  

 

As false-positive variants can be called in homopolymeric regions, the TSVC was 

modified to exclude such regions from introns. A total of 41 homopolymers totalling 

926 bp in length (Table 2.16) were excluded from consideration by the TSVC, although 

they were retained in the BAM files. 
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Table 2.16: Genomic positions and length of homopolymer regions excluded 
from analysis. 
 

Genomic positions (bp) 
Intron  Length of 

homopolymer (bp) Beginning of homopolymer End of homopolymer 
11,203,121 11,203,135 1 14 
11,204,089 11,204,110 1 21 
11,206,070 11,206,099 1 29 
11,206,732 11,206,737 1 5 
11,207,592 11,207,610 1 18 
11,207,739 11,207,761 1 22 
11,209,342 11,209,359 1 17 
11,211,435 11,211,459 2 24 
11,212,095 11,212,164 2 69 
11,212,601 11,212,611 2 10 
11,212,903 11,212,919 2 16 
11,214,951 11,214,969 3 18 
11,216,473 11,216,480 4 7 
11,218,592 11,218,618 6 26 
11,218,893 11,218,920 6 27 
11,220,365 11,220,390 6 25 
11,221,926 11,221,964 7 38 
11,222,775 11,222,802 8 27 
11,223,380 11,223,402 8 22 
11,223,664 11,223,690 8 26 
11,224,781 11,224,811 10 30 
11,227,815 11,227,832 12 17 
11,228,135 11,228,162 12 27 
11,228,317 11,228,331 12 14 
11,229,717 11,229,749 12 32 
11,229,896 11,229,915 12 19 
11,230,337 11,230,360 12 23 
11,230,762 11,230,790 12 28 
11,232,100 11,232,125 14 25 
11,232,775 11,232,792 14 17 
11,232,867 11,232,872 14 5 
11,233,072 11,233,095 14 23 
11,233,654 11,233,673 14 19 
11,235,850 11,235,862 15 12 
11,236,147 11,236,175 15 28 
11,237,057 11,237,076 15 19 
11,237,608 11,237,634 15 26 
11,237,915 11,237,932 15 17 
11,240,880 11,240,897 17 17 
11,241,192 11,241,207 17 15 
11,243,397 11,243,427 3' UTR 30 
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2.2.11 Splice variant prediction 

Splice prediction software NetGene2 and Splice Site Prediction by Neural Network 

(Hebsgaard et al. 1996, Reese et al. 1997) were used to detect potential splice variants 

within 200 bp of exon/intron boundaries, for the eight samples where no disease-

causing mutation was detected by conventional methods.  

 

2.3 Results 
To determine whether Ion Torrent PGM sequencing was able to detect SNVs and indels 

within LDLR, six long-range PCR amplicons spanning the complete gene were 

produced. Thirty samples were pooled in two batches of fifteen, and sequenced on two 

Ion 316TM Chips. The total data output for the two chips was 473 and 361 Mbp, with 

approximately 90% of the reads aligning to LDLR reference sequence at AQ20 (one 

difference in every 100 bases) (Table 2.17).  

 

Table 2.17: Data generation from the two PGM runs. 
 

Run Total number of 
reads 

Total bases 
(Mbp) 

Total AQ20 
bases (Mbp) 

Mean read depth 
per sample 

Chip A 2,861,135 472.85 335.91 559.74 
Chip B 2,300,392 361.11 248.79 420.06 

 

The total number of reads mapped to LDLR was on average 151,895 per sample with 

mean and median read depth of 490 and 493 respectively. Within individual amplicons, 

coverage was relatively even. However, differences were observed between individual 

amplicons from some samples, reflecting differences in amplicon pooling. 

 

2.3.1 Variant detection  

A total of 2,179 variants (SNVs and small indels) were identified in the 30 samples 

using the TSVC on the modified LDLR reference file, which excluded homopolymer 

regions. Of these, 151 were exonic, including 19 pathogenic mutations, while 2,028 

were intronic, including two pathogenic mutations. All 2,041 SNVs and 138 indels 

identified by TSVC were sequenced on both strands.  

 

To evaluate whether TSVC could identify all SNVs and small indels identified by 

EBESA, all variants identified within the 7,164 bp sequenced by Sanger were compared 
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to variants called by TSVC within the common region. Sanger sequencing identified a 

total of 386 variants of which 152 were exonic, including 20 pathogenic mutations, and 

132 were intronic, including two pathogenic mutations. Overall, the TSVC identified 

383 of the 386 (99.2%) variants identified by EBESA, with discrepancies identified at 

three positions. One of the discrepancies was an exonic mutation and two were intronic 

variants (Table 2.18). Visual inspection of BAM files at these three positions identified 

two variants - deletion of ‘G’ from a short homopolymer in exon 1 and the minor allele 

for rs2738460. The remaining variant was not identified in the BAM files. The TSVC 

did not identify any variants which were not identified by Sanger sequencing. 

 

Table 2.18: Discrepancies identified between Sanger and Ion Torrent sequencing. 
 

Chromosome 
position (bp) Variant 

Ion Torrent Sanger 

Genotype Ref 
Cov 

Var 
Cov Genotype 

11,238,807  rs2738460 C>T C/C 53 6 C/T 
11,222,356  c.1186+41T>A T/T 283 26 T/A 
11,200,230   c.6delG G/G 22 - G/- 

* Ref Cov – reference coverage, Var Cov – variant coverage 

 

TSVC was not able to detect the exon 4del or the exon 7-8dup which were present in 

the sample selected for analysis (Table 2.1). Visual inspection of the BAM files for the 

two relevant samples clearly identified the deletion of exon 4 as a region with 

approximately half the coverage of the flanking regions (Figure 2.5), consistent with 

the known breakpoints in this sample. However, an increase in coverage over the 

duplicated region (exons 7 and 8) was not observed. 
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Figure 2.5: Heterozygous deletion of 2,029 bp within intron 3 and exon 4, as 
seen in BAM file. 
 
 
2.3.2 Analysis of unsolved cases 

Eight samples in which a pathogenic variant had not previously been identified were 

also selected for analysis (Table 2.1). It was assumed that the variant was either not in 

the LDLR exons (i.e. not in the region sequenced by EBESA) or not in the LDLR at all. 

PGM sequencing identified exactly the same exonic variants as EBESA, confirming 

that sequencing errors were not the likely explanation. In the eight samples, a total of 

105 intronic variants (consisting of 27 unique variants) were present within 200 bp of 

exon/intron boundaries (Table 2.19).  
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Table 2.19: List of variants identified within 200 bp of exon/intron 
boundaries in LDLR. 
 

Chromosome position 
(bp) rs number Variant 

11,200,412 rs12981050 c.67+121C>T 
11,218,226 rs13306513 c.940+36G>A 
11,218,361  - c.940+171G>A 
11,221,180 rs892116 c.941-148A>G 
11,221,457 rs12710260 c.1061+10G>C 
11,224,181 rs1003723 c.1359-30C>T 
11,224,491 rs1569372 c.1586+53A>G 
11,226,608  - c.1587-162A>C 
11,226,944 rs4508523 c.1705+56C>T 
11,227,070 rs2738445 c.1706-182C>T 
11,227,466 rs7259278 c.1706-69G>T 
11,227,480 rs2738447 c.1706-55A>C 
11,227,804  - c.1845+130delTTC 
11,227,809  - c.1845+135delCTTTC 
11,230,645 rs2569549 c.1846-123T>C 
11,230,650  - c.1846-118delAAAC 
11,230,672 rs62129100 c.1846-96A>G 
11,230,690 rs116959285 c.1846-78C>G 
11,233,678 rs2738454 c.2141-172G>C 
11,238,492 rs12459476 c.2312-192A>G 
11,238,548 rs2569538 c.2312-136A>G 
11,238,808 rs13306501 c.2389+47G>A 
11,238,877 rs2304182 c.2389+116G>A 
11,240,053 rs2569537 c.2390-136G>A 
11,241,780 rs2116899 c.2548-177G>A 
11,241,810 rs2116898 c.2548-147G>A 
11,241,915 rs6413504 c.2548-42A>G 

 

To further evaluate these variants, two splice site prediction algorithms compared wild-

type and variant sequence. Affinity scores remained unchanged or differed only 

slightly, suggesting that these variants were unlikely to be pathogenic (Table 2.20).  
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Table 2.20: Splice site prediction scores for the 27 variants in the LDLR 
intron/exon boundaries using NetGene2 and Splice Site Prediction by 
Neural Network software. 

 

Variant 
NetGene 2 Splice Prediction by 

Neural Network 

Wild-type Mutant Wild-
type Mutant 

c.67+121C>T 0.89 0.89 1.00 1.00 
c.940+36G>A 1.00 1.00 0.98 0.98 
c.940+171G>A 1.00 1.00 0.87 0.87 
c.941-148A>G 0.54 0.53 0.51 0.51 
c.1061+10G>C 0.20 0.19 0.43 0.43 
c.1359-30C>T 0.99 0.99 0.97 0.97 
c.1586+53A>G 0.96 0.96 0.97 0.97 
c.1587-162A>C 0.82 0.82 1.00 1.00 
c.1705+56C>T 0.83 0.83 1.00 1.00 
c.1706-182C>T 0.95 0.95 1.00 1.00 
c.1706-69G>T 0.80 0.80 0.99 0.99 
c.1706-55A>C 0.95 0.95 1.00 1.00 
c.1845+130delTTC 0.80 0.80 0.99 0.99 
c.1845+135delCTTTC 0.80 0.80 0.97 0.96 
c.1846-123T>C 0.99 0.99 0.98 0.98 
c.1846-118delAAAC 0.99 0.99 1.00 1.00 
c.1846-96A>G 0.93 0.93 1.00 1.00 
c.1846-78C>G 0.99 0.99 1.00 1.00 
c.2141-172G>C 0.92 0.92 0.99 0.99 
c.2312-192A>G 0.93 0.93 0.99 0.99 
c.2312-136A>G 0.93 0.93 1.00 1.00 
c.2389+47G>A 0.93 0.93 0.99 0.99 
c.2389+116G>A 0.97 0.97 0.96 0.96 
c.2390-136G>A 0.96 0.96 1.00 1.00 
c.2548-177G>A 0.83 0.85 0.99 0.99 
c.2548-147G>A 1.00 1.00 0.99 0.99 
c.2548-42A>G 1.00 1.00 0.99 0.99 

 

2.4 Discussion 
This study analysed the performance of Ion Torrent PGM sequencing to determine 

concordance between variants identified by EBESA/MLPA methods and Ion Torrent 

PGM sequencing of LDLR. In the initial sequencing of the libraries, several regions 

with homopolymer errors were identified, a known weakness of PGM sequencing 

(Loman et al. 2012). Hence, 41 homopolymer regions consisting of 926 bp within the 

intronic regions of LDLR were excluded from the LDLR reference file used to call for 

variants by TSVC. Exclusion of these regions decreases false-positive variant calls at 
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the cost of not calling for any positive variants that may be present in these regions. The 

closest excluded homopolymer region to an exon was a 19 bp homopolymer located 

140 bp after exon 12. All exonic homopolymers were included in the automated 

analysis. 

 

In massively parallel sequencing platforms, coverage of a position in a sample 

determines the ability of the TSVC to identify a variant. Comparison of all variants 

identified in the common region analysed by EBESA/MLPA and Ion Torrent PGM 

sequencing showed 99.2% (383/386) concordance, while comparison of single 

nucleotide and small indel mutations showed 95% concordance (21/22). Two 

discrepancies observed in the data (rs2738460 in intron 16 and c.6delG in exon 1) were 

covered less than 100-fold and the minor allele variant coverage did not reach the cut-

off of 20%, hence they appeared homozygous for the reference allele in the TSVC 

results (Table 2.18). However, these two variants were able to be seen clearly when the 

BAM files were visually examined. The final discrepancy was a heterozygous 

substitution in intron 8. No reads were observed containing the variant allele. It is 

pertinent that this sample contains a duplication of exons 7 and 8. The Sanger-based 

EBESA explicitly amplifies all copies of each exon and hence a “heterozygous” allele 

is observed at this position. However, the long-range PCR approach adopted here for 

Ion Torrent PGM sequencing probably preferentially only amplified the normal 

chromosome. Amplification of the entire duplicated region should have resulted in two 

bands, one of the normal size and another much larger. No such band was observed 

after electrophoresis and it is likely that it would be difficult to amplify such a large 

product. Hence the apparent failure to identify the variant was likely the result of the 

amplification strategy rather than the sequencing itself.  

 

Approximately 10–15% of causative mutations in FH patients are due to large 

rearrangements in the LDLR (Leigh et al. 2008) and it has been shown that massively 

parallel sequencing techniques have the ability to identify gene rearrangements (Redin 

et al. 2012). Although the version of TSVC used here was not designed to detect large 

deletions and duplications, these can be identified with ease by visualising the BAM 

file when the area of deletion is within a single long-range PCR product e.g. the exon 4 

deletion (Figure 2.5). However, neither the exon 7 and 8 duplication nor the intron 8 

c.1186+41T>A SNV was seen in the BAM file. This could be due to the preferential 

amplification and sequencing of the shorter normal allele.  
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In silico analysis of the 27 unique variants identified in the eight samples where no 

pathogenic mutation had previously been detected did not predict the presence of any 

splice variants. However, Usifo and colleagues showed that two intronic mutations in 

LDLR, c.1359-5C>G and c.2140+86C>G, already reported as disease causing, gave an 

inconclusive and negative result respectively, by three splice variant prediction 

algorithms (Usifo et al. 2012). Hence, further analysis such as of somatic (lymphocyte 

or liver biopsy) mRNA for these variants would be required to confirm the absence of 

pathogenic splice mutations in these samples. 

 

Although every effort was made to pool the six individual amplicons per LDLR sample 

at an equimolar ratio, variations were still observed in read coverage. Similar variations 

have been reported in other massively parallel sequencing platforms (Dames et al. 

2010). This variability may be as a result of preferential amplification of a specific 

target, differential adapter ligation during library preparation, efficiency of emPCR and 

enrichment process for amplicons or sequencing bias.  

 

The estimated time and cost for amplification and sequencing was similar in both 

methods, however, Ion Torrent PGM sequencing covered more intronic sequence and 

therefore yielded more variants than EBESA by Sanger sequencing. The cost-

effectiveness of Ion Torrent PGM sequencing depended upon the number of samples 

analysed per run; more samples per run decreases the cost substantially. Ion Torrent 

PGM sequencing data was analysed using TSVC, an automated variant calling software 

which can be modified to include all known variants and indels in the reference 

sequence file, making analysis time negligible. However, the BAM files have to be 

checked visually for large gene rearrangements.  

 

Recently, Vandrovcova et al. reported on two protocols for FH mutation detection using 

massively parallel sequencing, a custom target enrichment system (SureSelect) and a 

PCR-based enrichment system (Access Array) (Vandrovcova et al. 2013). Both 

systems, similar to this study, showed 100% specificity. However, the sensitivity for 

detecting short mutations differed, with 100% for SureSelect, 98% for Access Array 

and 95% for our PGM data, with the latter two each failing to detect a single mutation. 

While Access Array could not detect any large duplications/deletions, SureSelect could 

identify all nine gene rearrangements. In this study, we amplified the entire LDLR gene 

including the intronic and the 3´ and the 5´ untranslated regions (UTR), enabling the 
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detection of gene rearrangements present in the long-range PCR amplicons as well as 

determine the approximate region for the breakpoints for the deletions. Vandrovcova 

and colleagues found that reagent costs for the Access Array system were 10-fold lower 

than the SureSelect system and had a shorter library preparation and run time, which 

was comparable to our protocol.  

 

In summary, massively parallel sequencing on the PGM platform is an effective method 

for LDLR variant detection, with 99.2% concordance for all variants identified and 

95.5% concordance for disease-causing mutations identified by conventional methods 

suggesting that the technology is sensitive enough to be used in a diagnostic laboratory 

setting. Ion Torrent PGM sequencing has the capacity to include additional genes per 

sample without a major change in cost per analytical run. Hence, all currently known 

FH-causing genes (APOB, PCSK9, LDLRAP1 and APOE) could be screened at a 

similar cost when a large sample size is used.  
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3.1 Introduction 
The LDLR localised at the short arm of chromosome 19, consists of 18 exons and 17 

introns spanning a 45 kb region (Goldstein et al. 2001). Structurally, the LDLR contains 

many repeat regions and has an unusually high content of Alu repeats, which account 

for 85% of total intronic sequence (Amsellem et al. 2002) (Figure 3.1). 

 

Alu sequences are typically approximately 300 bp in length and the most abundant short 

interspersed nuclear elements (SINE) in the human genome. These are thought to be 

viral retrotransposons that have been inserted into the human genome >25 million years 

ago via single-stranded RNA-intermediates capable of amplifying themselves (Cordaux 

et al. 2009). Approximately 42% of the human genome consists of retrotransposons 

(Lander et al. 2001).  

 

The presence of these repetitive regions throughout the human genome are considered 

to enhance the likelihood of chromosomal recombination events, with non-allelic 

homologous recombination (NAHR) occurring more frequently than non-homologous 

end joining (NHEJ) recombination (Pfeiffer et al. 2000, De Smith et al. 2008). Close to 

300,000 large gene rearrangements identified in the human genome are listed in the 

Database of Genomic Variants (Iafrate et al. 2004) and more than 100 such 

rearrangements have been identified in the LDLR (Usifo et al. 2012). Recombination 

events increase genetic diversity in an individual by creating unique regions in their 

genome and have been linked to a large number of diseases and disease susceptibilities 

(Zhang et al. 2009). Variations such as microsatellite and SNVs present in these regions 

can also be used as landmarks to determine the demographic history of human 

populations. This approach, using microsatellite haplotypes, was successfully used to 

postulate the origin of FDB p.R3527Q mutation to a common ancestor in Europe about 

6,750 years ago (Myant et al. 1997). 
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Figure 3.1: Diagram of the LDLR gene showing the exons, introns, untranslated regions and the different types of repeat 
sequences. Repetitive sequences within the LDLR gene was identified using RepeatMasker program 
(http://www.repeatmasker.org/). [SINE (Short Interspersed Nuclear Element), MIR (Mammalian-wide Interspersed Repeat), 
LINE (Long Interspersed Nuclear Element), LTR (Long Terminal Repeats)]. 

100bp 

http://www.repeatmasker.org/
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In this chapter, large LDLR gene deletions previously identified by MLPA in 12 FH 

patients were investigated to establish their molecular basis and to determine their 

precise genomic breakpoints. While it is currently considered that the more commonly 

found variants such as exon 2-6del are all identical and hence deriving from either a 

common ancestor or from a common mutational event occurring more than once, in 

human demographic history this notion has not been seriously studied. 

 

3.2 Materials and methods 
 

3.2.1 Sample selection 

Genomic breakpoint identification for large deletions in LDLR was performed on 

selected unrelated DNA samples obtained from routine diagnostic FH test requests that 

were established to give positive MLPA results (Table 3.1). 

 

Table 3.1: Characteristics of the nine MLPA LDLR variants in 
twelve unrelated individuals. 
 

Deletion No. of patients 
Exons 2 – 6 3 
Exon 4 1 
Exons 4 – 7 1 
Exon 5 1 
Exons 11 – 12 2 
Exons 13 – 14 1 
Exon 15 1 
Exons 15 – 18 1 
Exon 17 1 

 

3.2.2 Primer design  

Primers were designed as outlined in Section 2.2.2. Sixteen primer pairs were designed 

for long-range PCR amplification of the adjacent exons before and after the deleted 

region in the 12 samples (Table 3.2).  
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Table 3.2: Primer pair sequences and their annealing temperatures to detect LDLR 
deletion breakpoints. 
 

Deletion Primer sequence (5´–3´) Annealing 
Temperature (°C) 

Exons 2 – 6 F: TGGAAATTGCGCTGGACCGT 62 R: AATCTCATGAAACCCTCCT 

Exon 4 F: ACAGGGTTTCACTATATTGGC 60 R: AGTGAGGCTCTGAGAAGT 

Exons 4 – 7 F: ACAGGGTTTCACTATATTGGC 60 R: AGGGGATATGAGTCTGTGCAAA 

Exon 5 F: GCTATAGAATGGGCTGGT 60 R: TGCCCGACGCGTTTTCTT 

Exons 11 – 12 F: CACCAGCCTCATCCCCAA 60 R: AGGGCAGGAACGAGATCA 

Exons 13 – 14 F: TATCGCCTCACCACAACCT 60 R: TGCACACCTGTACTCCCA 

Exon 15  F: CCTTGTGGAAACTCTGGAA 60 R: CCAGGAGAAAAAGTGAACA 

Exons 15 – 18 F: CCTTGTGGAAACTCTGGAA 64 R: AGGTCCTTAAGGACAGACAGGGAGA 

Exon 17 F: ACAACCTCGATAACTCACA 60 R: GCTTTGGTCTTCTCTGTCTTT 
*F – Forward primer, R – Reverse primer. 

 

3.2.3 Product amplification 

The regions of interest were amplified using a LongRange PCR kit as outlined in 

Section 2.2.3 and the annealing temperatures specified in Table 3.2. The extension 

times for the PCR reactions were adjusted according to the expected product size 

(Table 3.3). The smallest and largest expected product sizes were calculated allowing 

for either the deletion of the entire introns or their retention.  

 

Table 3.3: Size of the normal allele and the expected sizes of the exon(s) deleted allele.  

Deletion Size of normal allele 
(bp) 

Size range of deleted allele 
(bp) 

Exons 2 – 6 21,656 621 – 14,364 
Exon 4 4,254 476 – 3,873 
Exons 4 – 7 9,159 498 – 3,643 
Exon 5 2,463 791 – 2,340 
Exons 11 –12 7,000 671 – 6,094 
Exons 13 –14 6,751 576 – 6,320 
Exon 15  7,909 425 – 7,738 
Exons 15 – 18 15,294 996 – 6,151 
Exon 17 3,572 377 – 3,414 
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Amplified products were resolved on 1% (w/v) agarose gels with excision of 

appropriately sized products from the gel (Figure 3.2).  

        

Figure 3.2: Representative agarose gel electrophoresis for samples with large 
LDLR deletions. Approximate product sizes observed for the samples with deletions of 
exon 17 and exon 5 relative to a wild-type and control sample are shown as is a 1 kb 
ladder.  

 

3.2.4 Gel extraction  

Where multiple bands were amplified, the band corresponding to the expected product 

size was excised from the gel and product purified using QIAquick® Gel Extraction Kit 

(# 28704, Qiagen, CA, USA) in accordance with manufacturer’s instructions. Nine 

hundred µL of ‘QG’ Buffer was added to the excised DNA fragment and incubated in a 

50 °C water-bath (Certomat WR, B. Braun, Germany) for 10 min vortexing (Grant-Bio 

PV-1 Vortex Mixer; Grant Instruments, Ltd., Cambridge, UK) every 3 min to dissolve 

the gel. Three hundred µL of isopropanol was added to the sample and transferred to a 

QIAquick spin column in a 2 mL collection tube followed by centrifugation (Eppendorf 

Centrifuge 5415D, Hamburg, Germany) at 13,000 rpm for 1 min with the flow through 

eluent being discarded. Five hundred µL of ‘QG’ Buffer was added to the column, 

centrifuged at 13,000 rpm for 1 min and the flow through eluent also discarded. Seven 

~2,000 
2,463 bp 

~1,500 bp 
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hundred and fifty µL of the wash buffer ‘PE’ was added to the column and incubated at 

room temperature for 5 min before centrifuging at 13,000 rpm for 1 min and discarding 

the flow through eluent. The column was placed in a fresh 1.5 mL tube (Eppendorf 

Safe-Lock TubesTM, Hamburg, Germany) and centrifuged at 13,000 rpm for 1 min to 

remove any residual buffer. The column was then placed in another 1.5 mL tube with 20 

µL of ‘EB’ Buffer and incubated for 1 min at room temperature. Purified DNA solution 

was collected by centrifuging the column at 13,000 rpm for 1 min. 

 

3.2.5 Ion Torrent PGM sequencing 

Ion Torrent sequencing of the amplified products was done as outlined in Sections 2.2.5 

to 2.2.9.  

 

3.2.6 Bioinformatics 

Primary and secondary analyses were performed using Torrent Suite (version 3.6). 

Reads were trimmed of adaptor sequences, filtered to remove polyclonal and low 

quality reads, then poor quality bases at the 3´ end of long reads were removed. The 

resulting FASTQ sequence reads were aligned to chromosome 19 of the human genome 

reference sequence (GRCh37/hg19) using TMAP (version 3.6.3) with default 

parameters. The resulting BAM files were visualised using the Integrative Genome 

Viewer (version 1.3) (Robinson et al. 2011, Thorvaldsdóttir et al. 2013) to identify the 

large gene deletions. 

 

3.2.7  Sanger sequencing  

Approximate breakpoints for the deletions were determined by inspecting the BAM 

files generated from Ion Torrent sequencing. Initially, Sanger sequencing was carried 

out with the forward and reverse primers used to amplify the products and new 

sequencing primers were designed if the breakpoints were located further in the introns 

(Table 3.4).  

 

Table 3.4: Primer sequences used to sequence breakpoints further 
within the introns. 
 

Deletion Primer sequence (5´–3´) 
Exons 2 - 6 AGGAATTTGAGACCAGG 
Exon 4 AACAGCAACCATCGGCCA 
Exons 11 - 12 TTAGTTGGGAGGTTGAGGC 
Exons 15 - 18 AGGTCAGGAGATCAAGAC 
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Cycle sequencing reactions were carried out using BigDye® Terminator v3.1 Cycle 

Sequencing Kit (# 4337457, Life Technologies, NY, USA). Nineteen µL of cycle 

sequencing master mix was added to 1 µL PCR product (Table 3.5) and placed in a 

DNA Engine Dyad Cycler (Bio-Rad, Hercules, CA, USA) (Table 3.6). The cycle 

sequenced products were sent to Department of Clinical Immunology at Royal Perth 

Hospital for sequencing and results were e-mailed in the form of sequencing 

chromatograms. 

 

Table 3.5: Composition of the reaction mixture for cycle sequencing. 
 

Reagent Per reaction (µL) 
BigDye® Terminator 0.7 
Sequencing Buffer 7.3 
Sequencing Primer 1 
Water 10 
Total  19 

 

Table 3.6: Thermal cycler protocol for cycle sequencing reaction. 
 

Step Program  Temperature (°C) Time  Cycles 
1 Denaturing 95 15 s 

25 2 Annealing 50 25 s 
3 Extension 60 4 min 

 

3.2.8 DNA sequence analysis 

DNA sequencing chromatograms were viewed and analysed using CLC Main 

Workbench software (version 6.1) (CLC Bio, Aarhus, Denmark). The nucleotide 

assignments on the chromatograms were visually checked and aligned with the National 

Centre for Biotechnology Information (NCBI) LDLR reference sequence (NG_009060). 

 

3.2.9 Haplotype analysis 

3.2.9.1 Marker selection 

Six microsatellite markers, three downstream (D19S391, D19S865, and D19S394) and 

three upstream (D19S914, D19S840 and D19S556) of the LDLR spanning a 6 Mb 

region were used to construct haplotypes (Figure 3.3). Markers were selected 

depending on their location on the chromosome 19 and their heterozygosity. 
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(B)

(C)

(A)

 
Figure 3.3: Microsatellite markers within a 6.5 Mb region surrounding LDLR on chromosome 19. (A) Microsatellite 
markers with genetic heterozygosity (shown in parentheses). (B) Genes (in coloured boxes denoted with gene symbols) within 
a 0.4 Mb region including LDLR. (C) Exons (yellow), introns (red) and the UTRs (green) of the LDLR are shown. 
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3.2.9.2 Amplification of the microsatellite markers 

Primer pair sequences from the NCBI database (http://www.ncbi.nlm.nih.gov/unists/) 

were used to amplify the microsatellite markers. The forward primer for each marker 

was labelled with a fluorescent dye and the anticipated product sizes ranged from 100 – 

300 bp (Table 3.7).  

 

Table 3.7: Primer pair sequences used to amplify the microsatellite markers 
and the fluorescent dye used to label the forward primer.  
 

Marker Primer sequence (5´–3´) Dye 

D19S391 F: GCCAGCTCTATGAGAGCAG FAM R: CTGAGGTTGTGCCACTGCA 

D19S865 F: GCTATTTGGGGTCTCTATCAATG NED R: GAAATCGCACAGTATTTGTCTCAC 

D19S394 F: AGACTACAGTGAGCTGTGG FAM R: GTGTTCCTAACTACCAGGC 

D19S914 F: TTGGGACACACAATCCT FAM R: TTTCTTGGTGGAGTGGTT 

D19S840 F: ATAGGCCAAGACTGTCTAAAACAA VIC R: GCCCTAACTGCTGTAAGAGAACT 

D19S556 F: TTGGGTGACAGAGTAAGACT FAM R: GGGGAGACTTTTTGGATAG 
*F – Forward primer, R – Reverse primer 

 

Six markers from each sample were amplified using AmpliTaq Gold® (# 4311813, Life 

Technologies, NY, USA) in accordance with manufacturer’s instructions. One µL (40 

ng/µL) of DNA was added to a 24 µL PCR master mix (Table 3.8) and the 

amplifications were performed in a DNA Engine Dyad Cycler (Bio-Rad, Hercules, CA, 

USA) (Table 3.9). 

 

Table 3.8: Composition of the reaction mixture for PCR amplification of 
microsatellite markers. 

 
Reagent Per reaction (µL) 
Forward primer (5 ng/µl)  0.5 
Reverse primer (5 ng/µl)  0.5 
10x PCR Gold buffer 2.5 
dNTPs  0.5 
Mg2+  2.0 
AmpliTaq Gold®  0.2 
water 17.8 
Total 24 

http://www.ncbi.nlm.nih.gov/unists/
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=unists&term=D19S865
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=unists&term=D19S914
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Table 3.9: Thermal cycler protocol for amplification of microsatellite 
markers. 
 

Step Program  Temperature (°C) Time  Cycles 
1 Hold 95 5 min 1 
2 Denaturing 95 30 s 

35 3 Annealing 60 30 s 
4 Extension 72 45 s 
5 Extension 72 10 min 1 

 

3.2.9.3 Fragment analysis 

Ten μL of the amplified PCR products were sent to Australian Genome Research 

Facility Ltd. (AGRF), Perth, for capillary and fragment analysis where electrophoresis 

was performed according to the manufacturer’s instruction on an ABI 3730xl Genetic 

Analyser (Applied Biosystems, CA, USA) with GeneScan size standard LIZ-500 

(Applied Biosystems, CA, USA). Marker allele sizes were determined using 

GeneMapper software (version 4.1) (Applied Biosystems, CA, USA) (Figure 3.4).  

 

 
Figure 3.4: Representative example of an electropherogram showing the two alleles 
(219 and 228) for marker D19S865. The largest peak corresponds to the allele present 
in the sample and stutter peaks correspond to the products amplified due to PCR 
slippage.  
 
 
 

3.3     Results 
Ion Torrent sequencing was performed on PCR-amplified deleted alleles of all 12 

samples (Figure 3.5).  

http://www.agrf.org.au/
http://www.agrf.org.au/
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Figure 3.5: BAM files generated from Ion Torrent PGM sequencing data showing large LDLR deletions for 12 FH samples. A)-C) exon2-6del in three 
samples, D) exon 4del, E) exon 4-7del, F) exon 5del, G)-H) exon 11-12del in two samples, I) exon 13-14del, J) exon 15del, K) exon 15-18del and L) exon 
17del. Red and blue fragments correspond to the forward and reverse sequence reads respectively while the grey region denotes total coverage. The amplified 
sequences were aligned to the LDLR reference sequence. The blue boxes (numbered) at the bottom of each panel correspond to position of the LDLR exons.  
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Although the exact breakpoints for the deletions could not be determined by Ion Torrent 

sequencing, the approximate size of each could be established (Figure 3.5). Both wild-

type and mutant alleles were amplified and sequenced in four samples; exon 4del, exon 

5del and the two samples with exon 11-12del (Figure 3.5; D, F-H). In these samples a 

significant drop in coverage was seen in regions corresponding to the deletion, whilst 

high coverage was seen in regions where both alleles were present. Amplification of the 

remaining eight samples generated multiple products, therefore the appropriately sized 

products (ie. those with the deletion) were excised and purified from the gel (Figure 

3.5; A-C, E, I-L). The presence of several repetitive sequences such as Alus within the 

deleted regions causes some sequence to align non-specifically. Sanger sequencing was 

performed on the amplified products to determine the exact genomic breakpoints for the 

deletions. Table 3.10 lists the breakpoints for each rearrangement event as well as the 

recombination mechanism and the repetitive elements surrounding the breakpoints. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 70 

Table 3.10: Characteristics of breakpoints surrounding large deletions in LDLR 
 

Deletion Genomic breakpoints 
Size of 
deletion 
(bp) 

Recombination 
mechanism 

Repetitive element /class/family Sequence 
homology 

(bp) 5´ 3´ 

Exons 2-6 c.68-2378_c.940+684 10355 NAHR AluSx/SINE/Alu AluSc8/SINE/Alu 20 
Exons 2-6 c.68-10171_c.940+970 18433 NAHR AluSx1/SINE/Alu AluSz/SINE/Alu 25 
Exons 2-6 c.68-2378_c.940+684 10355 NAHR AluSx/SINE/Alu AluSc8/SINE/Alu 20 
Exon 4 c.314-1779_c.565 2032 NHEJ AluSq2/SINE/Alu No repeat element 0 
Exons 4-7 c.313-1148_c.1060+278 6978 NAHR AluSq10/SINE/Alu AluSp/SINE/Alu 11 
Exon 5 c.695-371_c.817+410 905 NAHR AluSx/SINE/Alu AluSz/SINE/Alu 37 
Exons 11-12 c.1587-331_c.1845+1888 3125 NAHR AluSx/SINE/Alu AluY/SINE/Alu 12 
Exons 11-12 c.1587-1610_c.1870 2403 NHEJ No repeat element 4 
Exons 13-14 c.1846-2179_c.2140+2154 4764 NAHR AluSp/SINE/Alu AluY/SINE/Alu 20 
Exon 15 c.2141-1460_c.2311+3839 5471 NAHR AluSc8/SINE/Alu AluSx/SINE/Alu 5 
Exons 15-18 c.2141-2387_c.2583+276 13247 NHEJ No repeat element AluSx/SINE/Alu 0 
Exon 17 c.2390-509_c.2547+820 1488 NAHR AluJb/SINE/Alu AluJo/SINE/Alu 11 
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Of the 12 samples with MLPA deletions, three had deletions of exons 2-6, of which two 

had exactly the same breakpoints (Table 3.10). Two patients had a deletion of exons 

11-12 but each with different breakpoints.  

 

NAHR was detected in nine of the 12 samples analysed in this study (Figure 3.6). In all 

nine samples deletions appear to involve recombination between Alu repeats. Of these, 

five shared sequence homology at the breakpoints between 20 bp to 37 bp, while the 

sequence homology at the breakpoints was less than 15 bp for the remaining four 

samples (Figure 3.6). For the remaining three samples, the very little or lack of 

sequence homology surrounding the breakpoints was consistent with NHEJ as the 

recombination mechanism (Figure 3.7).  
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Figure 3.6: Schematic illustration of NAHR of large deletions in the LDLR including DNA sequence at breakpoints. (A) 
exon 2-6del; (B) exon 2-6del; (C) exon 4-7del; (D) exon 5del; (E) exon 11-12del; (F) exon 13-14del; (G) exon 15del and (H) 
exon 17del. Blue highlighted box represent sequence overlaps between 5´ end and 3´ end of the LDLR sequence for each 
sample. Coloured boxes represent the type of Alu repetitive sequence involved in exon(s) deletion.  
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Figure 3.7: Schematic illustration of NHEJ recombination of large deletions in the LDLR including DNA sequence at 
breakpoints. (A) exon 11-12del with four base overlap; (B) exon 4del and (C) exon 15–18del. Coloured boxes represent the 
type of Alu repetitive sequence involved in exon(s) deletion. 
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Haplotypes were constructed using the six microsatellite markers proximal or distal to 

the LDLR locus to investigate whether a common haplotype was present in the two exon 

2-6del samples sharing the exact breakpoints (Table 3.11). A shared haplotype of 2.8 

Mb characterised by D19S394 and D19S914 was present in the two samples. 

Table 3.11: Haplotypes for the six markers on chromosome 19 for two 
exon 2-6del samples sharing the exact breakpoints. 

Sample 
Markers/ Chromosome positions (Mb) 

D19S391 D19S865  D19S394  D19S914  D19S840 D19S556 
8.6  9.1  10.1  12.9  13.8  14.7  

FH35 153 153 219 221 233 241 89 101 218 218 283 283 
FH463 159 176 228 228 229 241 87 89 210 210 275 275 

 

3.4 Discussion 

More than 100 large gene rearrangements have been identified in the LDLR that cause 

FH (Usifo et al. 2012). In the breakpoint analysis of the 12 MLPA samples involving 11 

different variants, it is speculated that in nine of these a proposed mechanism for the 

recombination event was due to NAHR involving Alu repeat sequences (Figure 3.6). 

Furthermore a possible recombination mechanism for the remaining three MLPA 

samples is consistent with NHEJ recombination (Figure 3.7).  

Genomic breakpoints for three of the MLPA variants studied here (viz; exon 4del, exon 

5del and exon 11-12del) were completely different from those previously reported 

indicating separate mutational events. The 2,032 bp exon 4del variant found in this 

study (Figure 3.7B) was possibly a result of recombination between an Alu repeat in 

intron 3 with an exon 4 sequence. A complete lack of sequence homology at the 

breakpoints suggested NHEJ to be the mechanism for recombination. An LDLR 1.3 kb 

exon 4del variant and its genomic breakpoints have been previously reported, but 

clearly different to the exon 4del variant studied here (Neff et al. 2003).  

Of the three studies reporting LDLR exon 5del variants breakpoints were described for 

only two (Hobbs et al. 1986, Rudiger et al. 2005). Compared with the exon 5del sample 

in this study (Figure 3.6D), it would seem that recombination was the result of NAHR 

involving Alu repeats in all of these samples. That is, the breakpoints identified are all 
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different suggesting separate mutational events in the index case or a more distant 

ancestor.  

A deletion of LDLR exons 11-12 was identified in two samples each with different 

breakpoints. One sample had a 3,125 bp deletion and was a result of recombination 

between two Alu repeats located in same orientation in introns 10 and 12 (Figure 3.6E) 

while the second sample had a 2,403 bp deletion and was a result of a putative NHEJ 

recombination involving a common 4 bp sequence at the breakpoint (Figure 3.7A). 

Deletion of exons 11-12 in the LDLR has been reported at least three times with 

breakpoints indicated for only two (Rabacchi et al. 2009). These breakpoints defined as 

‘FH Genova-1’ involving a 4,276 bp deletion and the other also in an Italian proband 

gave rise to a 4,234 bp deletion with different breakpoints. Intron 10 is 2,332 bp long 

with six Alu repeats and intron 12 is 3,093 bp with 10 Alu repeats. Thus, the 

identification of four different breakpoints suggests that this LDLR region could be a 

recombination hotspot.  

Deletion of LDLR exons 2-6 were detected in three patients, of whom two had exactly 

the same breakpoints resulting in a deletion of 10,355 bp (Figure 3.6A), while the third 

sample appeared to involve a deletion of 18,433 bp (Figure 3.6B). Both deletions 

occurred between Alu repeats located in the same orientation and therefore probably due 

to NAHR. Two other examples involving deletions of exons 2-6 of the LDLR have been 

previously reported. However, their breakpoints were not identified (Langlois et al. 

1988, Sun et al. 1992). Microsatellite haplotype analysis performed here for the two 

exon 2-6del samples containing identical breakpoints identified a region spanning 2.8 

Mb that was common to both suggestive of a founder mutation occurring in a common 

ancestor multiple generations ago. In conclusion, contrary to earlier presumptions that a 

number of MLPA variants were considered to be identical, they should now on the basis 

of the results presented here be clearly considered to be non-identical thereby, reflecting 

separate ancestral origin or mutational events probably in different geographic regions.  

Breakpoints for the sample harbouring the LDLR exon 13-14del variant had a 20 bp 

sequence homology suggesting an NAHR event between two Alu repeats. Deletion of 

exons 13-14 variants have been reported five times with the size of deletions ranging 

from 3.7–4.7 kb (Horsthemke et al. 1987, Hobbs et al. 1988, Langlois et al. 1988, 

Bertolini et al. 1995, Fouchier et al. 2001). The 4.7 kb deletion designated ‘FH-Roma’ 
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(Bertolini et al. 1995) could possibly be the same as the 4,764 bp deletion reported here 

in this study and involve the same genomic breakpoints. 

The exon 4-7del variant found in this study appears to be novel and has not been 

previously reported. It was identified in an index case with cascade screening of six 

family members identified a further three mutation carriers. The 6,978 bp deletion could 

again be considered the result of NAHR between two Alu repeats located in opposite 

direction in introns 3 and 7. An interesting observation in this family was that all 

patients carrying the deletion also had a point mutation at c.1159C>G (p.P387A) in 

exon 8 of LDLR. This point mutation has also not been previously reported. In silico 

analysis using software designed to predict pathogenicity of SNVs, [viz: MutationTaster 

(Schwarz et al. 2010) and PolyPhen-2 (Adzhubei et al. 2010)] were inconclusive. 

In summary, the majority of the LDLR gene deletion variants studied here appear to 

have breakpoints located in Alu sequences. It should be noted that the LDLR gene has 

an exceptionally high Alu content of about 85% that being considerably more than most 

other genes. The presence of these Alu repeats probably explains the relatively high 

proportion (10-15%, Hooper et al. 2013) of FH due to MLPA detectable gene 

rearrangement. Of the LDLR deletion variants described in this study, nine appear to be 

the result of recombination between Alu repeats located intronically supporting the 

notion that NAHR is the mechanism driving rearrangements in the LDLR gene. 
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CASE STUDY – A 67 YEAR-OLD HONG KONG 
WOMAN HOMOZYGOUS FOR THE FAMILIAL 
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4.1 Introduction 
True homozygous FH outside of consanguineous pedigrees involving the same LDLR 

mutation is exceedingly rare given that more than 1200 disease causing mutations have 

now been reported (Usifo et al. 2012). In populations with relatively high FH carrier 

frequencies such as the Afrikaner community in South Africa (1 in 70) the prevalence of 

homozygous FH is 1 per 20,000 (Seftel et al. 1980, Liyanage et al. 2011). True 

homozygous FH involving the same LDLR mutation is generally confined to founder 

populations and cultural isolates (Liyanage et al. 2011). In untreated homozygous FH, 

CAD manifests early in childhood and most affected individuals experience cardiac 

events in the second or third decade of life and this may depend on the pathogenicity of 

the mutation (Goldstein et al. 2001). Recommended treatment of homozygous FH is 

aggressive cholesterol lowering using statins in combination with cholesterol absorption 

inhibitors and/or LDL apheresis or liver and cardiac transplantation depending on 

treatment efficacy, the age of the patient and severity of cardiovascular disease (Watts et 

al. 2011, Raal et al. 2012). 

 

This chapter describes a 67 year-old Hong Kong Chinese woman, originally from the 

South of Guangdong (Canton) province in China, who presented with xanthelasmata, 

severe extensive tendon xanthomata involving both hands, elbows, knees and Achilles 

tendons and corneal arcus at the age of 40 years with maximum total cholesterol of 16.9 

mmol/L. Her DNA was referred to Professor Frank M van Bockxmeer in 2012 for 

genotypic assessment by Professor Brian Tomlinson as part of a collaborative genetic 

screening programme of severe hypercholesterolaemic patients presenting at 

Department of Medicine and Therapeutics, The Chinese University of Hong Kong, 

Prince of Wales Hospital, Shatin, Hong Kong SAR, China. She was found to be 

homozygous for the LDLR c.1474G>A (p.D492N) mutation in exon 10 using the Royal 

Perth Hospital protocol (Hooper et al. 2012) and of note the entire coding regions from 

both parental LDLR alleles were found to be identical and homozygous in terms of 

DNA sequence. Since identification of her hypercholesterolaemia she has been on a 

highly restrictive low-fat diet with lifestyle changes including frequent and regular 

physical activity. She had been employed in a manual occupation from an early age. Her 

lipid profile, despite the highly restrictive diet regimen, remained high with total 

cholesterol of 15.3 mmol/L, LDLC 14.0 mmol/L, HDLC 1.0 mmol/L and triglycerides 

0.7 mmol/L. She had hypertension but was a non-smoker and coronary angiogram 
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performed at the age of 45 years was normal. She has been treated with various lipid-

lowering treatments since the age of 40 years and her serum total cholesterol level was 

reduced to ~ 11 mmol/L with maximum doses of the available statins plus 

cholestyramine in the 1990s and 2000s. Ezetimibe was added since 2006 and her total 

cholesterol was ~ 7-9 mmol/L with rosuvastatin 20 mg plus ezetimibe 10 mg and 

cholestyramine 8 g and was 6~7 mmol/L when the dose of rosuvastatin was increased to 

40 mg daily since 2009. Her lipid profile was significantly improved when extended-

release niacin in combination with laropiprant was given in 2011 and her total 

cholesterol was 5.7 mmol/L and LDLC was 3.4 mmol/ L with rosuvastatin 40 mg, 

ezetimibe 10 mg, cholestyramine 8 g plus extended-release niacin/laropiprant 1 g / 20 

mg. However, the extended-release niacin/laropiprant was withdrawn from the market 

in early 2013 due to the negative result in the large outcome study (Haynes et al. 2013) 

and her total cholesterol went up again to 9.9 mmol/ L. 

 

A CT coronary angiogram in 2012 showed that there were heavy atherosclerotic 

calcifications in the aortic root, aortic sinus, sinotubular junction and ascending aorta, 

but no evidence of significant epicardial coronary artery stenosis. She has not had a 

cardiac event. This patient has four children who all have elevated cholesterol levels, as 

would be expected being obligate FH heterozygotes of their homozygous mother. 

 

It has been established that related individuals have large regions of their genome that 

are identical-by-descent, through the sharing of a recent common ancestor(s). Most out-

bred individuals from a stable geographic region will harbour numerous runs of 

homozygosity (ROH) in size of the order of 1 Mb or less (McQuillan et al. 2008). When 

parents are closely related, for example in the second or third degree, they are highly 

likely to transmit ROH sized in the order of 10 Mb to their offspring. There has been 

much interest in this phenomenon with the recognition of it being relevant to increased 

likelihood of transmitting recessive disease and/or other risk factors underlying complex 

disorders (Ku et al. 2011). Longer (>10 Mb) ROHs can arise from a lack of 

recombination involving segments identical-by-descent, mainly due to recent inbreeding 

events but also due to a low recombination rate locally, while shorter ROHs are 

generally much older in origin and are broken down by repeated meioses (Kirin et al. 

2010). Studies focused on identifying the extent of homozygosity in individuals born 

into consanguineous unions using large number of SNPs in microarray platforms have 
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shown that the degree of homozygosity was higher in consanguineous individuals than 

the out-bred population (Schaaf et al. 2011). 

 

The aim of this study was to investigate if a unique disease haplotype could be 

ascertained in the LDLR c.1474G>A mutation carriers of this Hong Kong Chinese 

family and in another unrelated carrier of the same mutation from Hong Kong by 

microsatellite analysis. In addition, SNP chip data was to be used to establish the degree 

of consanguinity of the proband as well as to identify the approximate position of the 

recombination event in her LDLR gene region on chromosome 19. 

 

4.2 Materials and methods 
 

4.2.1  Pedigree ascertainment  

The three generation pedigree comprised of eight available members of a Hong Kong 

family who had their lipids measured with documentation of general information such 

as gender, age, history of smoking, dietary habits, personal and family medical history. 

Written informed consent was obtained from all adult participants and from the parents 

of the children. The study was approved by the Joint Clinical Research Ethics 

Committee of The Chinese University of Hong Kong and New Territories East Cluster 

and by the Human Research Ethics Committee of Royal Perth Hospital. 

  

4.2.2  Serum lipid measurements 

Lipid profiles were performed by standard methods in the Chemical Pathology 

laboratory at the Prince of Wales Hospital, Hong Kong, which has international 

laboratory accreditation. LDLC concentrations were calculated according to the 

Friedewald formula (Friedewald et al. 1972). 

 

4.2.3 Primer design, product amplification and sequencing 

Genomic DNA was extracted from venous blood using a phenol/chloroform method by 

laboratory staff at the Department of Medicine and Therapeutics, The Chinese 

University of Hong Kong, Prince of Wales Hospital and sent to Royal Perth Hospital 

for FH genetic screening as previously reported (Hooper et al. 2012). The proband was 
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screened for FH mutations by sequencing of all 18 exons of the LDLR, and parts of 

exon 26 and 29 of APOB and MLPA of LDLR (Hooper et al. 2012).  

 

Exon 10 of the LDLR was amplified in all family members and eight control samples 

using AmpliTaq Gold® as outlined in Section 3.2.9.2. Amplified products were 

sequenced as outlined in Section 3.2.7 using the LDLR exon 10 amplification primers 

(Table 4.1) and sequences analysed as outlined in Section 3.2.8.  

 
Table 4.1: Primer pair sequence for LDLR exon 10 amplification 
and its expected product size. 
 

Gene (Exon) Primer sequence (5´–3´) Size of product (bp) 

LDLR (10) F: CACCAGCCTCATCCCCAA 500 
R: CCATGCCCAGCCCACTAA 

  *F – Forward primer, R – Reverse primer 

 

4.2.4  Haplotype analysis 

Six microsatellite markers, three downstream (D19S865, D19S581, and D19S394) and 

three upstream (D19S1165, D19S221 and D19S914) of the LDLR spanning a 3.2 Mb 

region was used to construct haplotypes as outlined in Section 3.2.9. Primer pair 

sequences from NCBI database were used to amplify the microsatellite markers (Table 

4.2). Haplotype analysis were performed on the proband, all her family members, an 

unrelated LDLR c.1474G>A mutation carrier as well as eight additional individuals 

from the same ethnic/geographic background who did not carry the LDLR mutation.  
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Table 4.2: Primer pair sequences used to amplify the microsatellite markers and 
the fluorescent dye used to label the forward primer. 

 
Marker Primer sequence (5´–3´) Dye 

D19S865 F: GCTATTTGGGGTCTCTATCAATG NED R: GAAATCGCACAGTATTTGTCTCAC 

D19S581 F: TCGAGACTACAGTGAGCTG VIC R: ATTATGGGTGTCTTCCTGAC 

D19S394 F: AGACTACAGTGAGCTGTGG FAM R: GTGTTCCTAACTACCAGGC 

D19S1165 F: AAGCTATGATGGGTGCCAAT FAM R: ATCACTCTTCATTATGGCTTCA 

D19S221 F: GCAAGACTCTGACTCAACAAAA FAM R: CATAGAGATCAATGGCATGAAA 

D19S914 F: TTGGGACACACAATCCT FAM R: TTTCTTGGTGGAGTGGTT 
  *F – Forward primer, R – Reverse primer 

 

4.2.5  Single nucleotide polymorphism microarray analysis 

Two hundred ng of genomic DNA from the proband was sent to the Australian Genome 

Research Facility Ltd., Brisbane, Australia for microarray analysis. It was performed on 

an Illumina HumanOmniExpress BeadChip platform (Illumina, San Diego, CA) 

according to the manufacturer’s instructions. Mean spacing of the SNPs on this platform 

was 4.0 kb and median spacing was 2.1 kb. Genotyping analysis was carried-out using 

Illumina GenomeStudio v 2011.1 (Illumina, San Diego, CA) with the Genotyping 

module software (version 1.9.4) (Illumina, San Diego, CA). CNVs and ROHs were 

identified using cnvPartition Plug-in (version 3.2.0) (Illumina, San Diego, CA), based 

on the presence of homozygosity in the B-allele frequency but no change in log R ratio. 

 

4.2.6  Calculation of percentage of homozygosity and degree of consanguinity  

Percentage of homozygosity (Froh) and degree of consanguinity based on the proportion 

of ROH was calculated using previously published methods (Sund et al. 2012). Froh 

calculations included ROH >5Mb on all autosomes to exclude regions in strong linkage 

disequilibrium (Wall et al. 2003). Froh was calculated using the formula: Froh = (Σ Lroh/ 

Lauto) x100, in which Lroh is the total length of all ROH >5 Mb and Lauto is the total 

length of autosomal base pairs represented on the Illumina HumanOmniExpress 

BeadChip (Appendix I).  

 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=unists&term=D19S865
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=unists&term=D19S865
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=unists&term=D19S914
http://www.agrf.org.au/
http://www.agrf.org.au/
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4.3  Results 
The Hong Kong Chinese proband was homozygous for the LDLR exon 10 mutation 

c.1474G>A (p.D492N). Sequencing of the proband’s family members confirmed the 

presence of this mutation in her four children and two grandchildren (Figure 4.1). This 

mutation was also identified in one other unrelated Hong Kong patient. 

 

 
Figure 4.1: Pedigree of the Hong Kong Chinese family carrying LDLR c.1474G>A 
mutation. Homozygous proband is indicated by the arrow and mutation carriers are 
shown as half-filled circles and squares. 
 

 

Lipid levels and clinical features including presence or absence of xanthomata and CAD 

varied among the heterozygous mutation carriers (Table 4.3). The baseline (ie. off lipid-

lowering therapy) mean plasma total cholesterol level of those six heterozygous 

mutation carriers was 8.3 mmol/L and the LDLC was 6.4 mmol/L. One of the proband’s 

sons (II:1) had a cardiac event at age 47 years in 2011 and he was a smoker until that 

event, although this patient was treated with cholestyramine and subsequently statins 

since he was 25 years old. He was given rosuvastatin 20 mg daily since 2004 and his 

total cholesterol was ~ 6-8 mmol/L and LDLC was ~ 4.5-6 mmol/L. Ezetimibe was 

added since 2010 and his total cholesterol was 5 mmol/L and LDLC was 3.5 mmol/L. 

The remaining mutation carriers showed no obvious signs of related cardio-metabolic 

diseases such as CAD, hypertension or diabetes mellitus. 

III:3 

II:4 II:3 II:2 II:1 

I:2 I:1 

III:1 

II:6 II:5 

III:2 
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Table 4.3: Baseline lipid levels and clinical features for FH homozygous proband and family members 
 

Subject Sex 
Current 

Age TC HDLC TG LDLC Smoker CA TX CAD 
(Yrs) (mmol/L) (mmol/L) (mmol/L) (mmol/L) 

I:1 F 67 15.3 1.01 0.7 14.0 No Present Present Absent 
II:1 M 48 9.0 0.9 1.1 7.9 Yes Present Present Present 
II:3 F 46 8.6 1.6 0.9 6.6 No Present Absent Absent 
II:4 F 43 9.1 2.0 0.7 6.8 No Present Present Absent 
II:5 M 40 9.8 1.1 0.5 7.8 Yes Present Present Absent 
III:1 F 20 6.4 1.8 0.5 4.4 No Absent Absent Absent 
III:2 M 9 4.8 1.4 1.1 2.9 No Absent Absent Absent 
III:3 M 15 6.8 1.2 1.2 5.1 No Absent Absent Absent 

*TC – total cholesterol, HDLC – HDL-cholesterol, TG – triglyceride, LDLC – LDL-
cholesterol, CA - corneal arcus, TX - tendon xanthoma, CAD – coronary artery disease 
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Of the six microsatellite markers genotyped, three were located proximal and three 

distal to the gene. The proband was homozygous for three markers distal to the LDLR 

(D19S1165, D19S221 and D19S914) (Table 4.4). Two disease haplotypes were 

identified in the proband, haplotype 228-233-246-150-205-87 was identified in all but 

II:4 whereas in the latter 219-241-254-150-205-87 was found to be associated with the 

mutation. The unrelated mutation carrier had a conserved haplotype of ~1 kb extending 

from D19S394 up to the mutation in LDLR gene compatible with the more common 

haplotype identified in the Hong Kong Chinese family (Table 4.4). None of the 

chromosomes carrying the wild-type allele in the heterozygous mutation carriers or the 

eight control samples genotyped had either disease haplotype.  

 

Table 4.4: Haplotypes for the six microsatellite markers on chromosome 19 for 
proband and heterozygous mutation carrier. 

 

Family Subject Microsatellite Markers 
D19S865 D19S394 D19S581 D19S1165 D19S221 D19S914 

1 

I:1 228, 219 233, 241 246, 254 150, 150 205, 205 87, 87 
II:1 228, 221 233, 245 246, 258 150, 150 205, 177 87, 85 
II:3 228, 221 233, 233 246, 258 150, 150 205, 177 87, 87 
II:4 219, 230 241, 233 254, 246 150, 146 205, 177 87, 87 
II:5 228, 221 233, 233 246, 258 150, 150 205, 177 87, 85 
III:1 228, 226 233, 261 246, 274 150, 150 205, 207 87, 89 
III:3 228, 242 233, 241 246, 254 150, 146 205, 195 87, 83 

2 I:1 226, 244 233, 237 246, 250 146, 154 191, 197 87, 89 
 

 

SNP-microarray analysis indicated extensive chromosomal ROHs in the proband, which 

gave insights into her parental chromosomal meiotic recombination history. Both of the 

proband’s chromosomes 19 contained two large ROHs proximal and distal to the 

centromere. These extended from nucleotide positions 11,163,562 bp to 24,562,565 bp 

(length – 13,399,003 bp) and 27,795,706 bp to 36,138,479 bp (length – 8,342,773 bp) 

(Figure 4.2). The Illumina HumanOmniExpress BeadChip used in this study did not 

cover centromeric regions (nt24,562,565 – nt27,795,706) of chromosome 19. Visual 

inspection of these data indicated approximate recombination loci for the LDLR region 

to nt 11,146,499 on the ‘p’ arm to nt 36,142,187 on the ‘q’ arm.  
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Figure 4.2: Regions of homozygosity in chromosome 19 of the proband. Two 
extensive regions of homozygosity spanning a ~ 13 Mb region on the ‘p’ arm inclusive 
of the LDLR gene locus and extending across the centromere to a ~ 8Mb region on the 
‘q’ arm (red boxes) are shown. SNPs in the centromeric region was not verified and 
hence not allowed for in the genotyping.  
 

 

The degree of relatedness of the parents of proband was determined from the ROH data. 

Figure 4.3 shows the distribution and sizes of all ROH >1 Mb for the proband. A total 

of 55 ROHs were identified with 19 regions > 5 Mb (Table 4.5). The longest ROH was 

a 36.1 Mb region in chromosome 12 while none or very short ROHs were identified in 

12 of the 22 autosomes (Figure 4.3). Based on ROHs > 5Mb, the percentage of 

homozygosity in the proband was calculated to be 8.57%. 

 

13,399,003 bp 8,342,773 bp 

Chromosome 19 
LDLR (11,200,038 – 11,244,492 bp) 

24,562,565 bp 11,163,562 bp 
27,795,706 bp 36,138,479 bp 
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Figure 4.3: Single-nucleotide polymorphism (SNP) microarray data indicating extensive runs of homozygosity (shaded 
in green on panels).  
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Table 4.5: Tabulation of runs of homozygosity longer than 5 Mb in the 
proband’s genome 

 

Chromosome Start  
(bp) 

End 
 (bp) 

Length  
(bp) 

3 107731380 126039033 18307653 
4 178152876 190915650 12762774 
6 44440722 58752089 14311367 
6 61891638 81274336 19382698 
7 4883121 17542073 12658952 
7 20907104 27143757 6236653 
7 27300262 32976416 5676154 
7 33197232 42108145 8910913 
7 151160602 157045557 5884955 
10 32456826 39097912 6641086 
10 48447097 54116418 5669321 
12 37927114 51243077 13315963 
12 54434277 90581532 36147255 
15 91454665 96844084 5389419 
16 11919959 35285582 23365623 
16 47999097 54492649 6493552 
17 35286563 43195699 7909136 
19 11163562 24562565 13399003 
19 27795706 36138479 8342773 
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4.4 Discussion  
Routine diagnostic sequence analysis of the exons and exon/intron boundaries of the 

LDLR for the proband revealed her to be homozygous for the previously reported 

mutation c.1474G>A in exon 10 which changes amino acid aspartic acid at codon 

492 to asparagine. Exon 10 encodes for one blade of the six-blade β-propeller 

structure within the EGF-precursor homologous domain of the LDLR. This structural 

domain is critically involved in the low pH-dependent release of lipoproteins from 

the receptor within endosomes and LDLR recycling to the hepatocyte membrane 

(Rudenko et al. 2002). Aspartic acid at position 492 is highly conserved and appears 

crucial for the proper folding of the β-propeller blades (Jeon et al. 2001). Disease 

prediction algorithms PolyPhen and MutationTaster indicate that the substitution of 

aspartic acid by asparagine will be deleterious and not tolerated (Adzhubei et al. 

2010, Schwarz et al. 2010).Several earlier studies have reported on the c.1474G>A 

mutation in FH patients with only one group recording a clinical phenotype (Mak et 

al. 1998, Amsellem et al. 2002, Damgaard et al. 2005, Taylor et al. 2007). Mak and 

colleagues reported a 42-year-old Chinese male patient heterozygous for c.1474G>A 

mutation to have elevated cholesterol level (total cholesterol: 9.5 mmol/L; LDLC: 

7.6 mmol/L) without presence of tendon xanthomata or CHD (Mak et al. 1998).  

 

Although the proband is homozygous for the LDLR c.1474G>A mutation with 

exceedingly high total cholesterol at diagnosis at 40 years, she remarkably had not 

experienced a cardiac event. Previous studies have shown that Chinese patients with 

the same LDLR mutation may manifest significantly lower circulating LDLC levels 

and lower cardiovascular risk while resident in China compared with those 

migrating to Canada and presumably adopting elements of a Western lifestyle and 

diet suggesting environmental factors play a role in determining the phenotypes of 

FH (Pimstone et al. 1998). This has been attributed, in part, to cardioprotective 

factors such as a traditional Chinese diet and lifestyle including exercise and greater 

energy expenditure in daily life tasks (Sun et al. 1994). The present case, suggests 

that such factors could have been present in the first three decades of the proband’s 

life during the 1940s, 50s and 60s prior to commencing combination drug therapy in 

the late 1990s and may have contributed significantly to her survival without a 

cardiac event to age 67 years. The proband had heavy atherosclerotic aortic 
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calcifications which presumably indicate atheromatous deposits in this region 

associated with increased risk of atherosclerotic disease (Mackey et al. 2007). 

Lowering cholesterol and blood pressure are crucial for helping to keep this 

condition under control. It has been recognised that homozygous cases of FH 

respond poorly to conventional therapy and some patients may need LDL apheresis, 

but the proband examined here had a reasonable lipid response to statins plus 

ezetimibe and cholestyramine and this may suggest that the c.1474G>A mutation in 

LDLR is a defective mutation leading to reduced function of LDLR rather than a null 

mutation causing loss of function of the receptor. The LDLC was further improved 

with extended-release niacin in the proband and this may be partly related to her 

elevated baseline lipoprotein(a) level (1.08 g/L) which was reduced by 44% with 

extended-release niacin therapy. 

 

It is well recognised that some classic cardiovascular risk factors such as male 

gender, smoking, hypertension, diabetes, low HDLC levels also influence the 

development of cardiovascular disease in patients with FH (Jansen et al. 2004, 

Alonso et al. 2008). This may also explain the increased manifestation of disease in 

her son, who was a smoker for over 20 years before the event and had low HDLC 

levels. He may have adopted an energy enriched diet of affluence compared to the 

proband, as well as a more sedentary lifestyle. 

 

While primary dyslipidaemia has both environmental and genetic causation, the 

genetic contribution predominates (Talmud et al. 2013). It is now recognised that 

with the exception of monogenic lipid disorders that place individuals in the 

extremes of the population distributions of LDLC or triglycerides, those above the 

mean have a relative surfeit of deleterious polygenic variants compared with 

protective forms (Brahm et al. 2013). Such genetic and allelic heterogeneity has 

been invoked to explain the variable phenotypic expression of FH within pedigrees 

where despite inheritance of a large effect size variant, co-inheritance of other more 

modest effect size lipoprotein metabolic variants can ameliorate or exacerbate the 

basal hypercholesterolaemic state. Similarly, assessment of cardiovascular disease 

risk requires consideration of multi-variant susceptibility involving a number of 

genetic loci in combination with genetic factors (Kathiresan et al. 2008, Anand et al. 

2009, Teslovich et al. 2010).  

http://www.wisegeek.com/what-is-cholesterol.htm
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In order to investigate the chromosomal recombination history of the LDLR locus in 

the proband microsatellite haplotype analysis was performed selecting the six most 

informative microsatellite markers proximal and distal to LDLR. Two disease 

microsatellite haplotypes (228-223-246-150-205-87 and 219-241-254-150-205-87) 

were identified for the LDLR mutation c.1474G>A that were present only in the 

mutation carriers and not in the controls suggesting the mutation may exist in two 

conserved haplotype blocks. Extending the microsatellite analysis to another 

c.1474G>A mutation carrier unrelated to this Hong Kong family revealed a common 

haplotype of 1.0 kb, from D19S394 extending up to the mutation, to the dominant 

haplotype in the family (Table 4.4) suggesting that this may be an ancestral 

haplotype. However, further analysis in a larger cohort of mutation carriers from the 

same ethnic and geographic origin is needed to confirm this observation.  

 

SNP-microarray analysis indicated extensive chromosomal ROHs in the proband 

which also gave insights into recombination history. The most common mechanism 

postulated to explain the high frequency of ROHs in the human genome is parental 

consanguinity with approximately 6% homozygosity expected in the genome of 

offspring of first cousin marriages (Broman et al. 1999, Woods et al. 2006). The 

expected degree of homozygosity in offspring from second degree relatives is 12.5% 

and for third degree relatives is 6.25%. The proband’s result of 8.57% suggests that 

her parents were either first cousins or possibly more closely related but not primary 

relatives. ROHs due to consanguineous mating have been hypothesised to underlie 

several recessive disorders as well as in accumulation of risk factors for complex 

diseases (Pemberton et al. 2012). For example, case-control studies indicate that the 

odds of having schizophrenia increased by approximately 17% for every 1% 

increase in genome-wide autozygosity (Keller et al. 2012). This is unlikely to be 

relevant to FH (it being an autosomal dominant disorder), but could pertain to 

autosomal recessively inherited hypercholesterolaemia involving the LDLRAP1 gene 

(Eden et al. 2001).  

 

In summary, the effects of inbreeding in prior population studies have been limited 

by the inability to genotype large regions of the genome in extended pedigrees. SNP 

microarray data and the identification of extensive ROHs in the proband established 

a high degree of parental consanguinity as well as identifying recombination events 
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in her genome. The observation of widespread scattering of much smaller regions of 

homozygosity in her genome has implications for disease gene finding strategies 

based on recessive models. Further family-based studies using massively parallel 

sequencing technology might be useful to explore if these numerous homozygous 

regions observed in the proband harbour functional cardio-protective gene variants 

such as in genes involved in lipoprotein metabolism, in particular those that enhance 

reverse cholesterol transport or immune related genes, which may have contributed 

to her survival to 67 years. 

 

 

 

 

 



 

 
93 

 
 

CHAPTER FIVE 
 

 

SEQUENCING OF LDLR MESSENGER RNA FOR MUTATION 
DETECTION 
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5.1 Introduction 
Within the nucleus, genes are initially transcribed into pre-mRNA, which undergoes 

a highly regulated splicing process to give rise to mature mRNA consisting of the 5′ 

promoter region, the protein coding region and 3′ UTR. Splicing of the LDLR pre-

mRNA results in a mature mRNA of 5,292 bp, of which approximately 2,583 bp 

corresponds to the LDLR protein coding region (Yamamoto et al. 1984, Sudhof et 

al. 1985) (Figure 1.5).  

 

Conventional approaches to causative mutation detection in FH including EBESA 

and MLPA methods at best have a 70% success rate in patients with ‘definite’ FH 

(Hooper et al. 2012). Failure to detect all causative mutations has been attributed to 

genetic heterogeneity, clinical misclassification of hypercholesterolaemic patients 

and limitations of conventional DNA-based analytical methods. The latter include 

uncertainty of in silico or predictive software to assess the pathogenicity of gene 

variants found. Family studies as well as in vitro assays are necessary to confirm the 

pathogenicity of variants identified via in silico analysis as the latter does not take 

into account the physiology of a cell (Francová et al. 2004, Mollaki et al. 2013). 

Although mutations in LDLR coding regions are known to cause a defective gene 

product, a significant number of disease-causing variants reside in intronic regions 

and hence may not be identified by conventional exon sequencing methods 

(Bourbon et al. 2009). 

 

A cDNA approach for mutation detection at an mRNA level has been attempted and 

reported by several groups over the three decades (Gibbs et al. 1989, Liguori et al. 

2003, Bourbon et al. 2007). EBESA designed to identifying mutations in the exonic 

region of a gene analyses ~15% of the entire LDLR gene missing the possible 

intronic mutations responsible for large gene rearrangements and splice variants. 

Hence, cDNA sequencing of the target mRNA transcript is potentially more 

informative for identifying SNVs, splice variants and intronic mutations that may 

cause deletions of whole exons. During the investigation of 52 unrelated Italian FH 

families using cDNA sequencing isolated from lymphocytes of the coding region of 

LDLR two splice mutations were identified; one at an exon 16/intron 15 boundary 

and another in a 5′ donor splice-site of intron 10, both resulting in non-functional 

LDLR (Liguori et al. 2003). In another study a rare (private) silent mutation in exon 
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9 was reported that caused the creation of a new splice-site resulting and a 31bp 

deletion in exon 9, giving rise to a non-functional LDLR (Bourbon et al. 2007). 

Another finding of particular interest showed that a G to A transition in intron 3 of 

the LDLR gene found in a Spanish family gave rise to two LDLR isoforms. The 

intronic transition resulted in two splice variants to be transcribed. In some affected 

family members it resulted in the skipping of exon 3 while in others the inclusion of 

intron 3 in the mRNA transcript both resulting in dysfunctional LDLRs (Cameron et 

al. 2009).  

 

In general, splicing of introns to generate mature mRNA is guided by splicing 

enhancer and silencer sequences located within exons and introns of genes. 

Mutations in these sequences may lead to aberrant intron excision, resulting in exon 

skipping and generation of unstable mRNA transcripts (Gaildrat et al. 2010). These 

splice variants as well as nonsense and missense mutations within exons can lead to 

the formation of premature termination codons in mRNA that are subsequently 

targeted for degradation (Frischmeyer et al. 1999). Nonsense-mediated decay 

(NMD) is the most well characterised mRNA surveillance mechanism that degrades 

mRNA transcripts containing premature termination codons (Khajavi et al. 2006). 

Although less common than NMD, two additional pathways exists for mRNA decay, 

namely ‘non-stop decay’ which targets mRNA that lacks a stop codon and ‘no-go 

decay’ which targets mRNA with stalled ribosomes due to the presence of mRNA 

secondary structures. All three mechanisms have evolved to protect cell from 

potential toxic protein products transcribed from aberrant mRNA transcripts 

(Garneau et al. 2007).  

 

Degradation of mRNA transcripts is also modulated by mRNA stabilising elements 

located mainly in the 3′ UTR of genes. The most well-studied regulatory elements 

are the cis-acting AU-rich elements located within the 3´ UTR of genes (Khabar 

2005). Mutations in these sequences have been shown to alter the secondary 

structure of mRNA and to be associated with human diseases (Chatterjee et al. 

2009). 

 

One of the aims of this thesis work was to attempt to address the potential 

shortcoming in conventional EBESA analysis in terms of failure to detect intronic 
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splice variants and false negative findings due to limitations of the in silico methods. 

It was proposed to analyse LDLR cDNA derived from lymphocyte mRNA to 

identify LDLR variants in selected FH patients and compare findings with those 

obtained by conventional DNA analytical methods including EBESA and MLPA. 

 

5.2 Materials and methods 
 

5.2.1 Sample selection 

Twenty five samples, with a representative range of mutations, were selected from 

unrelated patients clinically diagnosed as having ‘definite’ FH by DLCNC (≥ 8). 

Seven patients had LDLR missense mutations, three had a nonsense/frameshift 

mutations identified by EBESA, and three had large deletions/duplications detected 

by MLPA. A further 12 patients were selected on the basis that a mutation could not 

be found by EBESA/MLPA methods in order to investigate false negative findings 

due to failures to detect splice variants or pathogenic variants by in silico algorithm 

(Table 5.1).  
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Table 5.1: Characteristics of samples selected for LDLR mRNA analysis based 
on Dutch Lipid Clinic Network Criteria (DLCNC) and mutation detection 
method.  

 
DLCNC Mutations identified  Detection method 

10 c.326G>A (p.C109Y) EBESA 
9 c.533A>T (p.D178V) EBESA 
10 c.251C>T (p.P84L) EBESA 
10 c.1618G>A (p.A540T) EBESA 
10 c.81C>G (p.C27W) EBESA 
16 c.1637G>A (p.G546D) EBESA 
8 c.501C>A (p.C167*) EBESA 
9 c.246C>A (p.C82*) EBESA 
12 c.301G>A (p.E101K) EBESA 
13 c.1118_1121dupGTGG (p.Y375Wfs*7) EBESA 
15 Deletion of exons 2-6  MLPA 
16 Deletion of exon 4  MLPA 
13 Duplication of exons 7 and 8  MPLA 
12 None detected  
9 None detected  
10 None detected  
10 None detected  
8 None detected  
18 None detected  
12 None detected  
9 None detected  
13 None detected  
14 None detected  
13 None detected  
13 None detected  

 

5.2.2 RNA extraction from whole blood 

Blood was collected in EDTA tubes and RNA extracted from peripheral blood 

samples stored at 4°C for 20-24 h. The time delay in blood processing occurred due 

to routine blood samples being collected mostly in the late afternoon at this 

Hospital’s collection centre. RNA was extracted using QIAamp® RNA Blood Mini 

Kit (# 52304, Qiagen, CA, USA) in accordance with the manufacturer’s instructions. 

Seven and a half mL of ‘EL’ Buffer (for red cell lysis) was added to 1.5 mL of 

whole blood, and incubated on ice for 15 min, vortexing (Grant-Bio PV-1 Vortex 

Mixer; Grant Instruments, Ltd., Cambridge, UK) twice during incubation. Sample 

was centrifuged (Eppendorf Centrifuge 5424, Hamburg, Germany) at 1,200 rpm for 

10 min and the supernatant discarded. An additional 3 mL of ‘EL’ Buffer was added 

to the pellet vortexed and centrifuged again at 1,200 rpm for 10 mins before 
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discarding the supernatant. White blood cells were lysed using a mix of 6 μL of 14.3 

mol/L β-mercaptoethanol and 600 μL of ‘RLT’ Buffer. Six hundred μL of ‘RLT’/ β-

ME buffer was added to the sample vortexed and the lysate transferred onto a 

QIAshredder spin column placed in a 2 mL collection tube. The spin column was 

centrifuged at 13,000 rpm for 2 min and the homogenised lysate was transferred to a 

1.5 mL tube (Eppendorf Safe-Lock TubesTM, Hamburg, Germany). Six hundred μL 

of 70% ethanol was added to the homogenised lysate and mixed by pipetting. Six 

hundred μL of the sample were loaded on to the QIAamp spin column placed in 2 

mL collection tube. The column was centrifuged at 13,000 rpm for 30 s and the 

flow-through eluent discarded. Three hundred and fifty μL of the first wash buffer 

‘RW1’ was added into column and spun again at 13,000 rpm for 30 s and the flow-

through eluent discarded.  

 

Any residual DNA on QIAamp spin column membrane was removed by using 

RNase-Free DNase Set (# 79254, Qiagen, CA, USA). DNase I incubation mix 

contained 10 μL of DNase I stock solution and 70 μL of ‘RDD’ buffer. Eighty μL of 

DNase I incubation mix was added to the QIAamp spin column membrane and 

incubated for 15 min at room temperature. Three hundred and fifty μL of ‘RW1’ 

Buffer was added into column, spun at 13,000 rpm for 30 s and the flow-through 

eluent discarded. The column was transferred to a fresh 2 mL collection tube and 

spun at 13,000 rpm for 15 s with 500 μL of second wash buffer ‘RPE’. The flow-

through eluent was discarded and collection tube used again for the second ‘RPE’ 

wash. The column was transferred to a fresh 2 mL collection tube and centrifuged at 

13,000 rpm for one min, to remove any carryover ‘RPE’ Buffer. The column was 

then transferred to a 1.5 mL collection tube and 30 μL of RNase free water added 

and centrifuged at 13,000 rpm for 1 min to elute purified RNA. RNA was quantified 

on a Nanodrop™ 1000 spectrophotometer (Thermo Fisher Scientific, MA, USA) 

and 1 µg/µL was used for cDNA synthesis.  

 

5.2.3 cDNA synthesis 

cDNA synthesis was performed using SuperScript® III First-Strand Synthesis 

System (# 18080-051, Invitrogen, Life Technologies, NY, USA). An LDLR mRNA 

reverse primer (5-GGTTTTTGTAGCCTGAATGT-3) was designed for cDNA 

synthesis. One µL of 5 ng/µL LDLR mRNA reverse primer was added to a 0.2 mL 
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PCR tube  (Eppendorf, Hamburg, Germany ) containing 1 µL of 10 mM dNTP mix 

(Fisher Biotec,WA, Australia), 1 µg/µL of RNA and made up to 10 µL with water. 

Reaction mixture was incubated at 65 °C for 5 min and at 4 °C for 2 min in a DNA 

Engine Dyad Cycler (Bio-Rad, Hercules, CA, USA) for primer annealing. Ten µL of 

cDNA synthesis master mix (Table 5.2) was added to the primer annealed reaction 

mix and incubated in a DNA Engine Dyad Cycler (Table 5.3).  

 
Table 5.2: Composition of the reaction mixture for cDNA synthesis. 

 
Reagent Per reaction (µL) 
10X RT Buffer 2 
MgCl2 (25 mmol/L) 4 
DTT (0.1 mol/L) 2 
RNaseOUT™ 1 
SuperScript™ III RT 1 
Total 10 

 
Table 5.3: Thermal cycler protocol for cDNA synthesis. 

 
Step Program  Temperature (°C) Time (min) 

1 Hold 50 50 
2 Hold 85 5 
3 Hold 4 5 

 

One µL of RNase H was added to the reaction mix and incubated at 37 °C for 20 

min in a DNA Engine Dyad Cycler for degradation of any residual RNA. One µL of 

cDNA was used for amplification of LDLR mRNA.  

 

5.2.4 Product amplification and sequencing  

The coding region of LDLR mRNA was amplified and sequenced according to 

protocol previously reported by Bourbon et al. (2009). In a private communication 

these authors kindly provided their primer sequence data for both synthesis and 

sequencing protocols. This region was amplified as three overlapping amplicons 

(Table 5.4, Figure 5.1) using a commercial LongRange PCR kit as outlined in 

Section 2.2.3. All amplicons were amplified in a DNA Engine Dyad Cycler (Bio-

Rad, Hercules, CA, USA) using a touch-down PCR program (Table 5.5).  
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Figure 5.1: A schematic diagram of LDLR mRNA. The coding and non-coding 
regions are annotated on each amplified amplicon with exonic content indicated in 
parenthesis.  
 

 

Table 5.4: Primer pair sequences used to amplify LDLR mRNA and their 
predicted  product sizes (Bourbon et al. 2009). 

 

Fragment Primer (5´– 3´) Product size 
(bp) 

1 F: CTGGCAGAGGCTGCGAGCATGGG 1619 R: CTTCATGTACTGGACTGACTGGGGAACTCCC 

2 F: CACGATGGGAAGTGCATCTCTC 1954 R: CGGTGGAGATAGTGACAATGT 

3 F: ACAACAACGGCGGCTGTTCCCACGTCTGCAATG 1662 R: GCCTGGGAGTCCCGCCCCTGCCCAGAACCCTT 
 *F – Forward primer, R – Reverse primer 

 

Table 5.5: Thermal cycler touch-down PCR protocol for amplification 
of LDLR mRNA. 
 

Step Program  Temperature (°C) Time  Cycles 
1 Hold 93 3 min 1 
2 Denaturing 93 30 s 

10 3 Annealing 70  
(decrease 1°C per cycle) 45 s 

4 Extension 72 3 min 
5 Denaturing 93 30 s 

25 6 Annealing 60 45 s 
7 Extension 72 3 min 
8 Extension 72 10 min 1 

 

Amplified products were electrophoresed on 1% (w/v) agarose gels (Figure 5.2) and 

if more than one product was present, the selected product was excised on the basis 

of length from the gel and purified as outlined in Section 3.2.4. 

 

1 2 3 4 5 6 7 9 10 11 12 8 14 15 13 16 17 18 3´ UTR 

LDLR mRNA 
Coding region Non-coding region 

Fragment 1 (5´ UTR, exons 1 - 9) 

Fragment 2 (exons 5 - 14) 

Fragment 3 (exons 8 - 18, 3´ UTR) 

Non-coding region 

5´ UTR 
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Figure 5.2: Agarose gel electrophoresis showing the amplicons obtained with a 
sample containing duplication of exons 7 and 8. A normal control allele product 
(1,954 bp) and the exon 7-8 duplicated allele product (2,200 bp) are indicated in 
lanes marked ‘C’ and ‘11’ relative to a 1 kb DNA ladder standard. 
 

 

The three LDLR mRNA amplicons were sequenced using 14 primers in either 

forward or reverse direction (Bourbon et al. 2009) (Table 5.6). Sequencing was 

carried out as outlined in Section 3.2.7.  
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Table 5.6: Primer sequences used to sequence LDLR mRNA (Bourbon et al, 
2009, private communication). 

 
Primer ID Primer sequence (5´– 3´) 

1 CTGGCAGAGGCTGCGAGCATGGG 
2 CTTCATGTACTGGACTGACTGGGGAACTCCC 
3 ACAACAACGGCGGCTGTTCCCACGTCTGCAATG 
4 GCCTGGGAGTCCCGCCCCTGCCCAGAACCCTT 
5 GACTGCGAAGATGGCTCGGATGG 
6 CACGATGGGAAGTGCATCTCTC 
7 CAGCTCTGCGTGAACCTGGAGGGTGGCACA 
8 CAGCAACATCTACTGGACCGACTCT 
9 CACGGCGTCTCTTCCTATGACACC 
10 CGGTGGAGATAGTGACAATGT 
11 ACCCAGGAGACATCCACCGTC 
12 AGAAGACCACAGAGGATGA 
13 AAACCCCGTCTCTACTAAAA 
14 TCTTTATGTCCGCCCACC 

 

5.2.5 mRNA sequence analysis 

Messenger-RNA sequence chromatograms were analysed using CLC Main 

Workbench software (version 6.1) (CLC Bio, Aarhus, Denmark). LDLR mRNA 

sample sequences were aligned to the LDLR mRNA reference sequence from NCBI 

(NM_000527) to identify variants. 

 

5.3 Results 
To determine whether sequencing of LDLR mRNA was capable of detecting single 

nucleotide mutations; indels; as well as large gene rearrangements, the entire coding 

region of LDLR mRNA was amplified as three large amplicons. These were then 

Sanger sequenced to identify variants. Sequencing of the LDLR mRNA products 

identified all nine heterozygous single nucleotide mutations previously identified by 

EBESA in these samples (Figure 5.3). The chromatogram peak heights for all of the 

heterozygous variants were similar, suggesting equal copy numbers for both alleles 

in the sequencing reaction.  
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Figure 5.3: LDLR mRNA sequence obtained with nine previously identified heterozygous single nucleotide 
variants. Sequences are aligned to the LDLR mRNA reference sequence (NM_000527) an annotated with 
mutations and SNPs.  
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One of the cases selected was shown by EBESA to harbour a 4 bp insertion in exon 8 of the 

LDLR (Table 5.1). Sequence alignment of the LDLR mRNA with the LDLR mRNA 

reference sequence clearly revealed the heterozygous 4 bp insertion (c.1121_1122insGTGG) 

in exon 8. The peak heights corresponding to the allele with the 4 bp insertion were lower 

relative to the intact normal allele product (Figure 5.4). 

 

 
Figure 5.4: LDLR mRNA sequence for a sample with a 4 bp insertion in exon 8. 
Sequence containing the c.1121_1122insGTGG is shown, aligned with a LDLR mRNA 
reference sequence (NM_000527).  
 

 

Three samples with LDLR MLPA variants (two deletions and one duplication) were also 

included in the 25 samples selected for this study (Table 5.1). Amplification and sequencing 

of the LDLR mRNA amplicons derived from samples harbouring the exon 4del (Figure 5.5), 

exon 2-6del (Figure 5.6) and the exon 7-8dup (Figure 5.7) variants confirmed the presence 

of all three previously identified gene rearrangements. The exon 7 and 8 duplicated allele 

consisted of the following composition: exons 6,7 and 8 followed by exons 7,8 and 9 

(Figure 5.7).  
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Figure 5.5: LDLR mRNA sequence for a sample with an exon 4del. Chromatogram showing 
the absence of exon 4 sequence in LDLR mRNA obtained from patient previously established by 
MLPA. The nucleotide positions corresponding to the start and end of exons 3 and 5 are annotated 
on the chromatogram. 
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Figure 5.6: LDLR mRNA sequence for a sample with exon 2-6del. Chromatogram showing the 
absence of exons 2-6 sequence in LDLR mRNA obtained from patient previously established by 
MLPA. The nucleotide positions corresponding to the start and end of exons 1 and 7 are annotated 
on the chromatogram. 
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Figure 5.7: LDLR mRNA sequence for a sample with an exon 7-8dup. 
Chromatogram showing the duplication of exons 7 and 8 sequence in LDLR mRNA 
obtained from patient previously established by MLPA. The exonic composition of the 
duplicated allele is annotated on the chromatogram 
 
 

5.4 Discussion 
In this chapter, an LDLR mRNA sequencing approach was used to identify mutations in 

25 selected FH patients and compare findings with those obtained by EBESA and 

MLPA methods. Disease-causing mutations were present in 13 samples while no 

disease-causing mutation was identified in the remaining 12 samples in LDLR, PCSK9 

or in parts of exons 26 and 29 of APOB (Table 5.1) possibly due to uncertainty in 

pathogenicity prediction software used to analyse the variants, or simply the gene with 

the disease causing mutation is yet to be identified. All SNVs identified by EBESA and 

MLPA were also identified by sequencing LDLR mRNA. LDLR mRNA sequencing did 

not identify any mutations in the 12 samples where no mutation was detected by 

EBESA and MLPA methods. 
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The peak heights in the LDLR mRNA sequence chromatograms for samples involving 

single base change were all similar suggesting that amplification products from both 

allelic mRNA species were present in near equal amounts without preferential mRNA 

degradation or amplification of a single allele (Figure 5.3). For the representative 

sample containing a 4 bp insertion the LDLR mRNA sequence peak heights were 

considerably lower for the allele containing the insertion compared to the normal allele, 

possibly due to reduced template with the insertion relative to the normal allele 

probably attributable to enhanced decay of mRNA derived from the mutant allele 

(Figure 5.4). NMD is a conserved eukaryotic surveillance mechanism that functions to 

detect and prevent the expression of aberrant mRNA (Silva et al. 2009). NMD of 

mRNA occurs when a transcript containing a premature termination codon is identified 

by NMD factors and is rapidly degraded eliminating the abnormal transcript (Conti et 

al. 2005). Several in vitro and in vivo studies that compare the expression of wild-type 

and mutant proteins has shown the presence NMD at mRNA level in several genetic 

diseases (Khajavi et al. 2006).  

 

RNA molecules have a relatively short half-life and are subjected to degradation by 

endo- and exo- nucleases (Esnault et al. 1999). It has also been established that sample 

collection and clotting additives as well as storage conditions affect the rate of total 

RNA degradation (Rainen et al. 2002). Current methods for RNA extraction from whole 

blood collected in EDTA tubes require immediate sample processing to minimise RNA 

degradation, which is often impractical in routine diagnostic settings, resulting in low-

quality RNA. Methods such as snap-freezing of plasma or addition of stabilising agents 

have been used to decrease the rate of RNA degradation. Chai and colleagues compared 

RNA concentration, yield and integrity between standard RNA isolation method with 

RNA isolation from blood samples collected in PreAnalytiX, PAXgene Blood RNA 

Tubes (Chai et al. 2005). They showed that although the RNA yield and concentration 

were similar in both methods, extensive RNA degradation was observed in samples 

extracted via their standard method. Perhaps, degradation of mutant allele LDLR mRNA 

could in part, explain why it was not possible to identify a disease-causing mutation in 

the 12 samples where no mutations were previously identified by routine 

EBESA/MLPA diagnostic methods in patients classified as ‘definite FH’. The presence 

of a relative abundance of the normal transcript due to NMD in the extracted RNA 

would lead to its preferential amplification and at exponential phases result in near 
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absence of the mutant allele template in sequencing reactions and hence failure to detect 

the mutant allele. Another plausible explanation for the failure to detect causative 

mutations in these ‘definite FH’ samples by conventional diagnostic means could be 

due to genetic heterogeneity involving mutations in a gene or number of genes currently 

unknown to cause FH. Family studies would be useful in such a scenario to differentiate 

between unknown monogenic with large size effect causes from those due to compound 

heterozygosity involving a number of genes each with a relatively more modest effect 

size. If, for example only two or three genes of modest effect size co-incidentally were 

present in an index case cumulatively resulting in very high LDLC levels, Mendelian 

expectations would predict a marked variable LDLC phenotype in the extended family 

of such probands.   

 

Currently, two commercial systems are available for collection and immediate 

stabilisation of peripheral blood RNA, PreAnalytiX, PAXgene Blood RNA Tubes® 

(Qiagen, CA, USA) and Tempus Blood RNA Tubes® (Applied Biosystems, CA, USA). 

They both contain proprietary solutions that reduce RNA degradation and gene 

induction during blood collection. Several studies have compared the effectiveness of 

the two methods for mRNA stabilisation during phlebotomy and showed that the RNA 

collected with both methods was of high quality (Matheson et al. 2008, Menke et al. 

2012).  However, although appearing equally effective in stabilising RNA  both, the 

PAXgene Blood RNA and Tempus Blood RNA collection and extraction systems are 

more expensive and difficult to justify for routine diagnostic work-up of 

hypercholesterolaemia queries particularly those involving cases with low or 

inadequately ascertained DLCN scores yet to be considered by the referring clinicians to 

have be ‘FH’. Matheson and colleagues compared the cost of extracting RNA using the 

PAXgene and Tempus RNA systems and showed that Tempus RNA system was 20% 

less expensive and required approximately 40% less processing time compared to using 

PAXgene RNA system (Matheson et al. 2008).  

 

The three deletion and duplication variants included in the study each showed the 

expected presence of two differentially sized amplification products. Gel extraction and 

sequencing of the amplicons of interest identified the expected exonic deletions and 

duplications (Figure 5.5-5.7). Exon 4 contains 381 bp and exons 2-6 contain 873 bp, 

and as both of these are divisible by 3, these deletions maintain the open reading frame 
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of the LDLR sequence. Pathogenicity of single exon deletion variants is not solely 

determined by the loss of the structural domain. Degradation rates of mRNA involving 

in-frame deletions tend to be lower and disease phenotype less severe than with those 

due to nonsense and missense mutations, depending on the function of the deleted 

LDLR protein domain or degree of truncation. For example; antisense-induced exon 

skipping to restore the reading frame and stability of dystrophin mRNA has attempted 

as a therapeutic strategy in patients with severe Duchenne muscular dystrophy (van 

Deutekom et al. 2001). The LDLR exon 7-8 duplication variant studied here was also in-

frame and two products of similar relative abundance (Figure 5.2), suggesting similar 

expression levels of both alleles indicating the stability of the mRNA was not impaired 

by the duplication.  

 

In summary, in the assessment of gene variant pathogenicity LDLR mRNA approaches 

have theoretical advantage over genomic DNA based methods in that it gives direct 

insight into transcriptional and translational events at a cellular level. By allowing 

assessment at a LDLR protein structural level it mitigates the uncertainity in EBESA 

and MLPA methods due to limitations of in silico predictive software. It overcomes 

ambiguity where different predictive software applications yield inconsistent 

conclusions as was the illustrative case above where a single base change resulted in 

two splice variants of different pathogenicity. It is a more effective method than 

genomic DNA analysis for the identification of single nucleotide variants as well as 

large deletions, insertions and duplications. Both total RNA degradation as well as 

NMD could influence the relative abundance of mRNA transcripts at a cellular level. 

Venesection into sample collection tubes containing RNA stabilising agents should be 

considered for the routine genetic diagnostic assessment of FH in patients where there is 

a moderate to strong clinical suspicion of disease by diagnostic criteria such as DLCNC 

score.  
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6.1 Conclusions 
FH is considered to be the most common genetically definable form of 

hypercholesterolaemia in the world with a prevalence of at least 1 in 500 in most 

countries. It is an autosomal dominant disorder, caused by mutations mainly in the 

LDLR gene. FH is characterised by high LDLC levels and is associated with severely 

increased risk of CHD. In Chapter One, of this thesis I have reviewed the hepatic LDL 

clearance pathway and the genes presently known to be involved in causing FH. This 

chapter also include a review of the epidemiology, current clinical tools used for 

diagnosis, treatment, as well as mutations identified in FH patients. In addition, a brief 

review of the advanced DNA sequencing technologies including massively parallel 

sequencing that became available during the course of this work is presented.  

 

The experimental work presented in Chapter Two reports on the practicability of Ion 

Torrent PGM sequencing technology to identify mutations in the LDLR in an FH 

cohort. About 1200 unique variants ranging from large rearrangements and deletions to 

SNVs in the LDLR have been described in the literature to date in patients with FH. The 

current FH diagnostic methods are EBESA-based limited to ~ 15% of the entire LDLR 

gene sequence and MLPA that identifies large gene rearrangements. In this work, the 

complete LDLR gene was sequenced using an Ion Torrent PGM platform. Comparison 

of all variants identified in the region of LDLR analysed by EBESA that was common to 

that analysed by Ion Torrent PGM sequencing showed 99.2% concordance, while 

95.8% concordance was seen when comparing all mutations detected. Although the 

specificity and sensitivity of both Ion Torrent PGM and Sanger sequencing were 

comparable, Ion Torrent PGM had the added advantage of being capable of sequencing 

a large number of genes in a single multiplex run, thus making it more cost effective for 

routine diagnosis of FH where at least five genes have been implicated in disease 

causation. 

 

The experimental work described in Chapter Three examined the molecular 

rearrangements resulting in the formation of large deletions in the LDLR. The results 

obtained were consistent with the notion that the most common mechanism underlying 

these large deletions was recombination between homologous regions of the same 

chromosome involving the numerous repetitive sequences found in the LDLR. Several 

studies have reported large deletions in LDLR but only a few have identified the exact 
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genomic breakpoints for the deletions. In this work, I determined genomic breakpoints 

for 12 individual large deletions in LDLR in clinically diagnosed FH-patients. 

Approximately 94% of the LDLR consists of non-coding sequences making the 

establishment of the exact location of breakpoints by Sanger sequencing challenging. A 

strategy was therefore adopted where Ion Torrent PGM sequencing would be used to 

identify the approximate location of breakpoints in the 12 samples selected for study in 

this work followed by Sanger sequencing to determine the exact location of the genomic 

breakpoints. In nine of the samples analysed, the deletion appeared to be the result of 

non-allelic homologous recombination between Alu repeats while the remaining three 

samples appeared to be the result of non-homologous end joining recombination where, 

if any, only short stretches of sequence identity were present between the two ends of 

the breakpoint junctions. Although none of the breakpoints reported here have been 

previously reported, the 4.7 kb deleted variant designated ‘FH-Roma’ by Bertolini and 

colleagues (1995) could share the same breakpoint as the 4.7 kb deletion variant 

reported here. Two of the 12 samples analysed here had identical genomic breakpoints. 

Haplotype analysis performed on the two exon 2-6del samples containing identical 

genomic breakpoints identified a 2.8 Mb region on chromosome 19 that was common to 

both samples suggesting the two patients may share a common ancestor.  

 

Chapter Four reports on the investigation of a case of homozygous FH in a Hong Kong 

Chinese family. The proband was homozygous for LDLR mutation c.1474G>A (p. 

D492N) in exon 10. It was observed that she has survived to the age of 67 years with no 

cardiac event despite being homozygous FH. Four of her obligate heterozygote children 

carried the mutation as did two of her grandchildren. The presence of the same 1.0 kb 

haplotype in an unrelated carrier of the same mutation as the one identified in the 

proband’s family suggests that this could be an ‘ancestral haplotype’. The 8.57% degree 

of DNA sequence homozygosity identified in the proband and the presence of numerous 

runs of homozygosity in her genome may potentially harbour functional cardio-

protective gene variants which may have partly contributed to her survival to 67 years.  

 

Chapter Five describes investigations exploring the feasibility of using LDLR mRNA 

sequence analysis for mutation detection. Such an approach should enable the direct 

identification of mutations resulting in protein amino acid changes, given the mature 

LDLR mRNA transcript is translated without modification into the amino acid 



 

 
114 

sequence, which then undergoes post transcriptional modification to form the functional 

protein. Of the 25 samples analysed 13 samples with previously known LDLR mutations 

identified by EBESA or MLPA were also identified by LDLR mRNA sequencing. Of 

these, nine samples with heterozygous SNVs and the three samples with large gene 

rearrangements showed equal peak heights on the chromatogram indicating the presence 

of equivalent amplification product from both the mutant and wild-type alleles. 

Chromatogram peak heights with the LDLR mRNA resulting for a 4 bp insertion allele 

was relatively smaller than the wild-type allele suggesting less abundance of the mutant 

allele. It has generally been established that factors such as total RNA degradation and 

nonsense-mediated decay could influence the relative abundance of mRNA transcripts 

when blood samples are collected in tubes without RNA stabilising agents. This could 

perhaps have contributed to a lack of mutation detection in the remaining 13 samples 

analysed by LDLR mRNA sequencing. 

 

In conclusion, the experimental work presented in this thesis demonstrates the clinical 

utility of emerging DNA technologies in the clinical diagnosis of FH as well as 

identifying the limitations and challenges in current genetic screening methods. These 

studies also add further support to the importance of family based studies using next 

generation methodology such as massively parallel sequencing techniques to evaluate 

putative causative mutations in clinically diagnosed FH patients where there has been a 

failure in mutation detection in the currently known genes despite an unambiguous and 

strong clinical suspicion of FH.  
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6.2 Future directions 
Currently, the success rates of finding a pathogenic mutation in genetic screening 

programs of patients with a clinical diagnosis of FH range from a low of 30% to best 

reported rates of 70% to 85% (Liyanage et al. 2011). In the present work, Ion Torrent 

PGM sequencing, as well as mRNA sequencing approaches confirmed the presence of 

genetic variants previously detected by conventional means but with greater utility and 

enhanced informativeness. Future diagnostic paradigm will need to take into 

consideration the technical and other limiting factors identified in this work in order to 

improve the success rate of mutation detection in FH patients. 

 

Ion Torrent PGM sequencing has the capacity to sequence multiple genes per sample 

without a major change in cost. It would be of interest to explore the amplification and 

sequence of all genes currently known to cause FH in patients diagnosed with clinical 

FH. This would enable the examination of all variants in coding as well as non-coding 

regions of the genes thereby enhancing the discovery of causative mutations. The 

discovery, for example, of two APOB mutations outside of the exonic regions 

conventionally sequenced currently in FH patients by Motazacker and colleagues 

highlights the importance of a need to sequence the entire coding region of candidate 

genes involved in FH (Motazacker et al. 2012). Use of paired-end sequencing protocols 

in future studies would be advantageous as it increases the accuracy of base calls as well 

as the read length. Increasing the read length would also help in phasing of 

chromosomes, which might clearly identify compound heterozygosity thereby 

simplifying inheritance studies in multigenerational families.  

 

Next-generation sequencing approaches could also be extended to the pharmacogenetics 

of drug interventions in FH. This rapidly advancing aspect of sequence technology 

appears to have much potential for ‘personalized medicine’ in managing FH. 

 

LDLR mRNA sequencing was shown here to be an effective method for identifying 

single nucleotide mutations, large deletions and duplications in FH patients. It has been 

established that total RNA degradation as well as NMD effects the relative abundance 

of abnormal mRNA transcripts in a sample (Khajavi et al. 2006). Extraction of mRNA 

from blood samples collected into mRNA stabilising agents such as in PAXgeneTM 

tubes and performing real-time PCR in mutation negative patients could be of 
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considerable clinical diagnostic interest. This approach may increase the rate of 

mutation detection in clinically diagnosed FH patients.  

 

A polygenic component has been proposed to play an important role in elevation of 

LDLC in clinically diagnosed FH patients (Talmud et al. 2013). It would be of interest 

to classify clinically diagnosed mutation negative FH patients according to their gene 

scores into either polygenic or monogenic and to conduct family-based whole-genome 

sequencing for patients with monogenic cause. This may allow us to identify rare FH 

causing mutations or novel genes involved in causing FH as well as those that modulate 

cholesterol metabolic pathways by previously unsuspected molecular mechanism.  
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Appendix I: Breakdown of genomic coverage by the Illumina HumanOmniExpress 
BeadChip 
 

Chromosome Start (bp) End (bp) Length (bp) 
1p 82154 121346616 121264462 
1q 143343508 249218992 105875484 
2p 18674 92275027 92256353 
2q 95395795 243048760 147652965 
3p 61495 90442925 90381430 
3q 93537290 197838262 104300972 
4p 71566 49651131 49579565 
4q 52697859 190915650 138217791 
5p 25328 46399093 46373765 
5q 49457282 180693127 131235845 
6p 203878 58752089 58548211 
6q 61891118 170919470 109028352 
7p 44935 58022491 57977556 
7q 61074194 159119486 98045292 
8p 164984 43791691 43626707 
8q 46886735 146293414 99406679 
9p 46587 46386250 46339663 
9q 65629772 141066491 75436719 
10p 98087 39097912 38999825 
10q 42356527 135477883 93121356 
11p 198510 51591253 51392743 
11q 54794237 134934063 80139826 
12p 191619 34826574 34634955 
12q 37876400 133777645 95901245 
13p 19058717 115103529 96044812 
14p 19255726 107287663 88031937 
15p 20071673 102461162 82389489 
16p 88165 35285582 35197417 
16q 46450037 90163275 43713238 
17p 8547 22242355 22233808 
17q 25295032 81051007 55755975 
18p 13034 15375878 15362844 
18q 18556505 78015180 59458675 
19p 260912 24562565 24301653 
19q 27763440 59097160 31333720 
20p 63244 26293985 26230741 
20q 29445644 62912463 33466819 
21p 10827533 10913441 85908 
21q 14368320 48100155 33731835 
22p 16114244 51211392 35097148 
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                   Appendix I continued: 

Chromosome Start (bp) End (bp) Length (bp) 
Xp 2700157 58483247 55783090 
Xq 61694576 154916845 93222269 
Yp 2655180 10077460 7422280 
Yq 13132024 59032197 45900173 
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