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Abstract 

Familial hypercholesterolemia (FH) is an autosomal dominant disorder caused by 
mutations in the LDL receptor gene (Brown and Goldstein, 1986). Heterozygous FH is 
a common genetic disorder with an estimated frequency of 0.2% among the general 
population. Clinically, patients present with elevated plasma LDL-cholesterol levels, 
tendinous xanthomas, premature atherosclerosis and myocardial infarction within the fourth 
or fifth decade of life. Currently, diagnosis of FH relies on clinical phenotype. However, 
clinical criteria do not always permit unequivocabie diagnosis of heterozygous FH and, 
therefore, molecular diagnostic techniques are extremely valuable in this regard (Kotze et 
al., 1992; Lestavel-Delattre et al, 1994; Schuster et al, 1995). 

This thesis identifies a novel mutation, a cytosine to guanine substitution, at the 
third position of codon 152 in exon 4 of the LDL receptor gene in a Nova Scotian family 
clinically diagnosed with heterozygous FH. The mutation was identified by direct dideoxy 
sequence analysis of the LDL receptor gene and confirmed by cDNA sequencing. The 
mutation at codon 152 results in a cysteine -> tryptophan substitution in the ligand binding 
domain of the LDL receptor protein which is expected to distort and destabilize protein 
structure in this critical region. Functional assays suggested decreased ligand binding as 
the cause of FH in this family, a finding consistent with a mutation of this nature in exon 
4. 

The mutation at codon 152 creates a recognition sequence for the restriction 
endonuclease BsrI. Based on this finding, a diagnostic approach was developed to screen 
for the mutation using BsrI restriction analysis of a 160bp amplicon spanning the mutation. 
This analysis showed that the mutation segregated with the disease in this family and is 
the probable cause of FH in this kindred. Tbr C—»G substitution at the third position of 
codon 152 was not found in 11 other putatively unrelated families clinically diagnosed with 
heterozygous FH. Screening additional families over the next few years will determine the 
precise frequency of this mutation in the Maritime Provinces. BsrI analysis for the 
detection of the C-»G substitution at codon 152 is currently being used at the Queen 
Elizabeth II Health Sciences Centre for the diagnosis of heterozygous FH. 

In addition, an individual with familial defective apoB-100 (FDB) was identified, 
by molecular analysis, in a group of 13 patients clinically diagnosed with heterozygous FH. 
This finding demonstrates the need for molecular analysis to distinguish between FDB and 
FH and has been instrumental in establishing a routine screening program for the detection 
of FDB among heterozygous FH patients at the Queen Elizabeth II Health Sciences Centre. 

xiv 
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Overview 

Cholesterol is an essential biological molecule and has been the focus of intense 

research because of its importance in human cardiovascular disease. Intracellular levels of 

cholesterol are strictly regulated so that sufficient cholesterol stores are available for normal 

cell function while at the same time overaccumulation of cholesterol, which can lead to 

arterial deposition and subsequent disease, is prevented (Goldstein and Brown, 1990; 

Goldstein et al, 1995). High levels of serum cholesterol play an important role in the 

pathogenesis of coronary heart disease (CHD) (Levine et al, 1995). Numerous 

epidemiological studies have shown a positive correlation between LDL cholesterol levels 

and CHD, the leading cause of death in Western society (Ross, 1993; Poledne et al, 1995). 

The factors causing the high incidence of hypercholesterolemia in Western society are 

largely unknown but likely represent the complex interactions of various environmental, 

dietary, social and genetic factors. In some individuals, the primary genetic cause of the 

hyperlipidaemia can be defined such as in familial defective apoB-100 (FDB) (Soria et al, 

1989; Pullinger et al, 1995) or familial hypercholesterolemia (FH), two related disorders 

of cholesterol metabolism (Brown and Goldstein, 1986). Both FH and FDB, result from 

perturbations in LDL receptor-mediated uptake of cholesterol, in the form of LDL particles, 

from the circulation. Normally, cholesterol, in the form of LDL, is removed from the 

circulation by binding (by virtue of the apoB-100 component of the LDL particle) to 

specific cell surface receptors, LDL receptors. The receptor-ligand complexes are 

endocytosed and cholesterol is liberated from the receptor for processing by the cell. In 

patients with FDB, the apoB-100 protein is defective and is unable to bind to the receptor. 

1 
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In patients with FH, the LDL receptor protein is defective, thereby reducing the amount of 

cholesterol removed from the circulation and delivered inside the cell. In both FDB and 

FH patients excess LDL cholesterol accumulates in the circulation and is deposited in 

arterial walls producing atherosclerotic lesions, ultimately resulting in CHD. In either case, 

whether the ligand (FDB) or the receptor (FH) is defective, the outcome is similar and 

patients with FDB can be clinically indistinguishable from those with FH (Corsini et al, 

1991; Morash et al, 1994). 

In most instances, the molecular defect causing FDB is a single base substitution at 

codon 3500 of the apoB-100 gene which can be readily detected by molecular biological 

techniques (Motti et al., 1991). By contrast, the molecular defect causing FH is highly 

variable; over 150 different mutations in the LDL receptor gene have been described 

(Hobbs et al, 1990; Goldstein et al, 1995). Diagnosis of heterozygous FH is generally 

based on clinical presentation. However, the clinical presentation of heterozygous FH is 

highly variable even among individuals with the same mutation in the gene (Kotze et al, 

1992) as a result of the interactions of various environmental and genetic factors. 

Consequently, clinical criteria do not always permit unequivocable diagnosis of 

heterozygous FH and, therefore, molecular techniques for the diagnosis of the disease are 

extremely valuable clinically (Kotze et al, 1992; Schuster et al, 1995). Knowledge of the 

exact molecular defect causing the hypercholesterolemia can have diagnostic (Morash et al, 

1994), prognostic (Moorjani et al, 1993), therapeutic (Leitersdorf et al, 1993b) and 

preventative implications (Kotze et al, 1992). For example, children predisposed to specific 

gene defects, but who have not yet developed any clincial symptoms of the disease, might 



3 

significantly benefit from dietary intervention or drug therapy. The work presented herein 

focuses on familial hypercholesterolemia and the overall aims of this thesis, which are 

discussed in more detail later, were to: A) identify the molecular defect in the LDL receptor 

gene in a Nova Scotian family clinically diagnosed with heterozygous FH, and B) devise 

a strategy to screen for this mutation inother affected family members. 

Initially, 13 putatively unrelated individuals, clinically diagnosed with heterozygous 

FH, were included in the study. These patients were screened for the common mutation at 

codon 3500 in the apoB-100 gene. One of the 13 patients who had been diagnosed with 

heterozygous FH based on clinical presentation was shown to suffer from FDB instead. The 

causative mutation at codon 3500 of the apoB-100 gene was also observed in a clinically 

affected sibling but not in a normal sibling. This report was among the first to demonstrate 

the need for molecular analysis to distinguish between FDB and FH. Unfortunately, further 

analysis of this pedigree was not possible due to a reluctance of the family to participate 

in the study. The remaining 12 individuals were screened for large mutations in the LDL 

receptor gene by Southern analysis. No large rearrangements in the gene were detected by 

this analysis and so one family, designated family "M", was chosen for further analysis. 

The reasons for choosing this family were as follows: 1) the common mutation at codon 

152 precipitating FDB was excluded as a possible cause of hypercholesterolemia, 2) the 

physican had established a family history of severe hypercholesterolemia, 3) affected 

individulas had all of the classic clinical symptoms of heterozygous FH including tendinous 

xanthomas, and 4) the family was willing to participate in this study. 

To confirm the clinical diagnosis of heterozygous FH in the proband from family 
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M, LDI binding and uptake assays were conducted using Epstein-Barr virus (EBV) 

immortalized white blood cells isolated from the proband and an unaffected family member. 

EBV-immortalized lymphoblasts isolated from the proband bound and internalized 

significantly less 125I-LDL than those isolated from an unaffected family member, indicating 

a defect in LDL receptor function and confirming the clinical diagnosis of heterozygous FH. 

Consequently, a strategy to clone and sequence the LDL receptor cDNA was developed to 

determine the causative mutation in the gene. Since some of the reported mutations in this 

gene were shown to abolish transcription (Hobbs et al, 1987), Northern analysis was 

performed to ensure that the mutant allele was expressed in this family. Using Northern 

analysis, no significant differences in the amount of LDL receptor transcript were detected 

between clinically affected and unaffected family members suggesting that both the normal 

and the mutant alleles were expressed. Although the primer sequences to PCR amplify 

exons 1-18 of the LDL receptor gene from genomic DNA were available, it was financially 

not feasible, at that time, to purchase the 20 sets of primers required for this undertaking. 

Consequently, the 2.6kb LDL receptor cDNA was PCR-amplified in preparation for cloning 

and sequencing. Since the entire 2.6kb could not be readily amplified with one set of 

primers, five overlapping oligonucleotide primers were used to amplify the region. Using 

SSCP analysis it was not possible to determine the location of the mutation in the PCR-

amplified cDNA. Consequently, amplified fragments comprising the entire LDL receptor 

cDNA were cloned into plasmid cloning vectors (PCR II vector) in preparation for sequence 

analysis. Because the TA cloning system proved to be unstable, it was necessary to 

retransform the LDL receptor cDNA into an alternate bacterium, DH5oc. Although exons 
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1-4 and 5-8 of the LDL receptor cDNA were successfully recloned and sequenced using 

this strategy, a more efficient alternate approach was subsequently undertaken to sequence 

exons 1-18 of the LDL receptor gene.. All 18 exons of the LDL receptor gene were PCR-

amplified from genomic DNA isolated from the proband and sequenced by direct dideoxy 

sequencing. 

Direct dideoxy sequencing revealed several polymorphisms in this pedigree as well 

as a novel mutation at codon 152 in exon 4 of the ligand binding domain of the LDL 

receptor gene. The mutation, a C—>G substitution at the third position of codon 152, results 

in the substitution of a highly conserved and functionally important cysteine residue for 

tryptophan in the LDL receptor protein. This substitution is expected not only to distort but 

also to destabilize the protein structure in a critical region of the protein and most probably 

results in decreased ligand binding. 

The mutation at codon 152 creates a consensus sequence for BsrI restriction 

endonuclease. In light of this finding, a rapid screening method was developed to detect the 

mutation using BsrI restriction analysis of a 160bp amplicon and subsequent poly aery lamide 

gel electrophoresis. BsrI analysis was used to show that the mutation segregates with the 

disease in this family and is the probable cause of FH in this kindred. Over the next few 

years, BsrI analysis will be used to screen other Maritime FH patients to determine the 

prevalence of this mutation in this region. 



Chapter 1: Introduction 

Cholesterol is packaged within lipoprotein particles 

Cholesterol is an essential structural component of all cellular membranes, 

modulating fluidity, water solubility and mechanical stability of the lipid bilayer (Alberts 

et al, 1989). The primary source of cholesterol is from dietary intake; however, in the 

absence of sufficient dietary intake, cholesterol is synthesized by hepatocytes from acetyl 

CoA through a series of complex biochemical reactions. The rate-limiting step in 

endogenous cholesterol biosynthesis is the production of mevalonate from P-hydroxy P-

methylglutaryl by the enzyme HMGCoA reductase (Alberts et al, 1989). 

Cholesterol is esterified and packaged within the hydrophobic core of circulating 

lipoproteins for distribution throughout the body (Dolphin, 1985). Plasma lipoproteins are 

macromolecules consisting of lipids and specific proteins known as apolipoproteins. The 

core of the lipoprotein particle consists of the most hydrophobic lipids, such as triglycerides 

and cholesteryl esters; the more polar lipids, such as cholesterol and phospholipids, form 

the exterior of the particles. Lipoproteins function as transporters of hydrophobic lipids, 

sujh as cholesterol, throughout the hydrophillic environment of the plasma to target tissues 

for utilization or storage. The most abundant cholesterol carrying lipoprotein particles are 

the low density lipoprotein (LDL) particles (Dolphin, 1985). Each LDL particle contains 

~ 1500 molecules of cholesteryl esters (Goldstein et al, 1995) and one molecule of apoB-

100 protein (Fig.l). 

6 
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Figure 1 Schematic diagram of the LDL particle (modified from Brown and Goldstein, 

1986). 
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Cellular uptake of cholesterol 

Esterified cholesterol, in the form of LDL particles, is removed from the circulation 

by a process of receptor-mediated endocytosis (Brown and Goldstein, 1986) (Fig. 2). LDL 

particles bind, by virtue of the 514-kDa apoB-100 glycoproteins, to specific cell surface 

receptors known as low density lipoprotein (LDL) receptors. LDL receptor proteins are 

synthesized in the rough endoplasmic reticulum (ER) as a precursor protein containing high 

mannose N-linked carbohydrate chains and N-acetylgalactosamine with an apparent 

molecular weight of 120-kDa. Approximately 30 minutes after synthesis in the ER, the LDL 

receptors undergo subsequent processing and the molecular weight increases to an apparent 

weight of 160-kDa as the high mannose N-linked oligosaccharide chains are converted to 

the H form and each O-linked chain is elongated by the addition of one galactose and one 

or two sialic acid residues (Brown and Goldstein, 1986; Goldstein et al, 1995). Within 45 

minutes of synthesis, the receptors are present on the cell surface in specialized regions of 

the membrane known as coated pits (Brown and Goldstein, 1986). Coated pits are sections 

of membrane containing a cytoplasmic lining of the protein clathrin. The clathrin-coated 

pits containing LDL receptors, invaginate to form coated endocytotic vesicles. Once this 

occurs, the clathrin coating rapidly disappears and multiple endocytotic vesicles fuse to 

form irregularly shaped endosomes. As a result of the action of ATP pumps in the 

membrane, the pH of the endosome is decreased below 6.5. This drop in pH causes the 

dissociation of any LDL bound to LDL receptors. The LDL receptor is recycled back to 

the cell membrane for another round of endocytosis. The endocytosis of LDL receptors is 

independent of ligand binding and each LDL receptor is continually recycled every 10 
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minutes. The endosome containing the internalized LDL fuses with a lysosome where the 

LDL is processed. The apoB-100 protein is hydrolysed by proteases to amino acids and the 

cholesteryl esters are hydrolysed by a lysosomal acid lipase, producing unestenfied 

cholesterol. The unesterified cholesterol crosses the lysosomal membrane, enters the cellular 

compartment and is either inserted into plasma membranes, used to produce sterols or bile 

acids, or estej.fied and stored in the cytoplasm as cholesterol oleate. 

In addition to apoB-100, LDL receptors also bind proteins containing apolipoprotein 

E (apoE) (Goldstein et al., 1995). ApoE is a 34-kDa protein which is present in multiple 

copies in other lipoprotein particles including very low density lipoprotein (VLDL), 

intermediate density lipoprotein (IDL), and some species of high density lipoproteins (HDL) 

(Dolphin, 1985). Lipoproteins containing multiple copies of the apoE protein have 20-fold 

higher affinity for the LDL receptor than does LDL (Goldc -in et al, 1995). The VLDL 

receptor binds apoE containing lipoprotein5 hut not LDL. The two types of receptors are 

expressed in different tissues. 

P " I 
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Figure 2 Schematic diagram of LDL receptor mediated endocytosis (modified from 

Brown and Goldstein, 1986). LDL binds to LDL receptors (1), the receptor-ligand 

complexes are endocytosed forming clathrin coated vesicles (2), the coated vesicles fuse 

forming endosomes and subsequently the pH of the endosome decreases liberating the 

ligand from the receptor (3), the endosome fuses with a lysosome where the cholesterol 

esters are hydrolyzed liberating unesterified cholesterol (4), the cholesterol is processed 

by the cell and the LDL receptor is recycled back to the cell membrane to initiate 

additional rounds of endocytosis (5). LDL receptors are synthesized in the endoplasmic 

T B reticulum (6) and are further modified in the golgi apparatus (7) before reaching the cell 

surface. 
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The dual role of the LDL receptor: regulator ofcatabolism of LDL by receptor mediated 
endocytosis and production of LDL from IDL 

LDL is not secreted directly from the liver but is produced in the circulation from 

VLDL (Dolphin, 1985; Goldstein et al, 1995). VLDL is a large triglyceride-rich lipoprotein 

that is secreted by the liver and transports triglycerides to adipose tissue and muscle. In 

blood capillaries, the triglycerides of VLDL particles are removed by lipoprotein lipase. The 

triglyceride-deficient VLDL particle is known as IDL. Although IDL contains very little 

triglyceride, it is rich in cholesteryl esters, contains multiple copies of apoE and a single 

copy of apoB-100. The presence of multiple apoE proteins increases the affinity of DDL 

for the LDL receptor and some IDL is removed form the circulation by binding to the LDL 

receptor. Other IDL particles remain in the circulation and are converted to LDL. This 

conversion involves the loss of the apoE proteins with concomitant reduction in affinity for 

the LDL receptor. Thus, the LDL receptor has two important roles in normal cells. First, 

the LDL receptor limits production of LDL by mediating removal of the precursor IDL. 

Secondly, the LDL receptor increases degradation of LDL by mediating uptake of the LDL 

particles. Specific regions of the LDL receptor protein have been implicated in binding of 

lipoproteins containg apoB and apoE (Hobbs et al., 1990; Goldstein et al, 1995). Defects 

in the LDL receptor which inhibit LDL binding reduce the amount of LDL removed from 

the circulation. Defects in the receptor which impair binding of apoE- containing 

lipoproteins result in increased production of LDL particles since IDL remains in the 

circulation. It follows that defects which impair binding of both apoB- and apoE-containing 

lipoproteins result in both decreased removal of LDL and increased LDL production and, 
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consequently, produce hypercholesterolemia more severe than that produced by defects 

affecting LDL binding alone. 

Cholesterol: a regulator of overall cellular cholesterol homeostasis 

Intracellular levels of cholesterol are strictly regulated (Brown and Goldstein, 1986; 

Goldstein and Brown, 1990; Goldstein etal, 1995). Cholesterol, generated by the lysosomal 

hydrolysis of cholesterol esters within the LDL particle, negatively regulates the amount of 

cholesterol available to the cell. This feedback regulation occurs at several levels: 1) 

cholesterol down-regulates the activity of HMGCoA-reductase, preventing de novo 

cholesterol synthesis by hepatocytes; 2) cholesterol down-regulates the number of LDL 

receptors by affecting transcription of the LDL receptor mRNA; and thereby decreases the 

amount of cholesterol internalized by the cell; and 3) cholesterol increases the activity of 

acyl-coenzymeA:cholesterolacyltransferase (ACAT) which esterifies cholesterol to produce 

cholesteryl esters which are stored within the cell. 
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Defects in the uptake of cholesterol result in hypercholesterolemia and 
subsequent cardiovascular disease 

Both the high affinity of LDL for the T, DL receptor and the ability of the receptor 

to perform multiple cycles of endocytosis within its 20 hour life span allow large amounts 

of cholesterol to be delivered to body tissues (Goldstein et al., 1995). Normally, the levels 

of LDL-cholesterol in the circulation are low enough to prevent cholesterol deposition in 

arterial walls and subsequent cardiovascular disease. Two related disorders, familial 

hypercholesterolemia (FH) and familial defective apoB-100 (FDB), result from perturbations 

in this basic pathway of cholesterol uptake. In FH, the LDL receptors are either absent or 

defective in their ability remove LDL particles from the circulation (Brown and Goldstein, 

1986). In FDB, the apoB-100 protein component of the LDL particle is mutated such that 

binding to the LDL receptor is impaired (Soria et al., 1989; Pullinger et al, 1995). In both 

cases the result is similar: cholesterol accumulates in the blood causing 

hypercholesterolemia. The excess cholesterol eventually deposits in arterial walls leading 

to atherosclerotic plaque formation and subsequent cardiovascular disease. Both disorders 

are characterized by high LDL-cholesterol levels, normal to low HDL-cholesterol levels, 

premature atherosclerosis and premature myocardial infarction (Innerarity et al, 1990; 

Goldstein et al, 1995). Depending on the degree of hypercholesterolemia, excess 

cholesterol can form yellow-orange deposits in the skin, known as cutaneous xanthomas 

(tendinous xanthomas) or arcus cornea. Initial reports described patients with FDB 

characterized by lower LDL-cholesterol levels than those typically found in FH patients 

(Innerarity et al., 1990; Geisel et al, 1992). However, subsequent reports have shown that 

LDL-cholesterol levels among FDB patients can be as high as those described in FH 

\ 
• 
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patients (Rauh et al, 1991). In fact, clinically, it can be extremely difficult to distinguish 

between the two disorders and several reports have revealed FDB among patients clinically 

diagnosed with heterozygous FH (Corsini et aL, 1991; Myant et al, 1991; Morash et al., 

1994). 

Familial Defective ApoB-100 

Familial defective apoB-100 (FDB) is a disorder which results from mutations in 

the apoB-100 protein component of the LDL particle (Innerarity et al, 1990). In most 

instances, FDB is caused by a guanine to adenine substitution, at nucleotide position 10708 

(codon 3500) in exon 26 of the apoB-100 gene causes FDB (Soria et al, 1989). This 

mutation leads to a substitution of glutamine for arginine within the putative binding 

domain of the protein and reduces the affinity of the apoB-100 protein for the LDL receptor 

to ~ 3% of normal levels causing the accumulation of LDL particles in the circulation. Like 

heterozygous FH, FDB occurs at a frequency of 1 in 500 individuals in most populations 

(Innerarity et al, 1990). Both FDB and heterozygous FH can produce similar clinical 

features including: moderate; to severe hypercholesterolemia, tendon xanthomas, premature 

atherosclerosis and premature myocardial infarction (Corsini et al, 1991; Morash et al, 

1994). Two simple PCR-based assays have been developed to detect the mutation at codon 

3500 precipitating FDB (Motti et al., 1991; Mamotte and van Bockxmeer, 1993). These 

assays provide simple, reliable means to distinguish between FDB and FH. The first 

approach described by Motti et al. (1991) involves amplification of a 477 bp fragment 

which spans codon 3500. Subsequent digestion with Mspl restriction endonuclease and 

analysis of the digested PCR products by PAGE identifies FDB alleles. The second 

I 
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technique described by Mamotte and van Bockxmeer (1993) is a two-test strategy which 

eliminates the possibility of any false positives. In this approach, an 87 bp amplicon 

spanning codon 3500 is generated. The amplicon is digested separately with Seal and 

Sau96A. One enzyme cleaves the mutant allele but not the normal, the other cleaves the 

normal allele but not the mutant. Restriction enzyme digestion of the 87 bp fragment with 

Seal and Sau 96A and analysis of the digested PCR products by PAGE identifies any FDB 

alleles. 

Familial hypercholesterolemia (FH): Cause, frequency and clinical profile 

The subject of FH and the LDL receptor has been extensively and recently reviewed 

(Brown and Goldstein, 1986; Hobbs et al, 1990; Hobbs et al, 1992; Goldstein et al, 

1995). Although there are many publications in this field, the primary source of the 

information presented in this section of my thesis is the collection of reviews listed above. 

Additional sources are referenced where necessary such as for recent information not 

included in the review articles. 

FH is an autosomal dominant disorder which results from defects in the basic 

pathway of cholesterol metabolism. FH is caused by mutations in the LDL receptor gene 

which impair the ability of the LDL receptor protein to remove cholesterol from the 

circulation. FH exists in two clinically distinguishable forms: a less severe form resulting 

from a heterozygous mutation and a more severe form resulting from a homozygous 

mutation. Heterozygous FH is one of the most common human genetic disorders affecting 

1 in 500 individuals in most populations. In select populations, the disorder may be more 

frequent due to founder effects (discussed below). FH heterozygotes produce approximately 
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50% of the normal number of functional LDL receptors and exhibit a reduced ability to 

remove (bind, internalize or degrade) cholesterol from the circulation. This reduction in 

cholesterol removal elevates plasma LDL-cholesterol levels ~ two- to three-fold above 

normal to 300-500mg/dl. Excess cholesterol forms deposits in arterial walls and tendons 

producing atherosclerotic plaques and tendinous xanthomas, respectively, which increase 

in prevr.'snce throughout adulthood. In heterozygotes, deposition of cholesterol results in 

premature coronary artery disease and myocardial infarctions, usually by the third or fourth 

decade of life. Homozygous FH, the most severe form of the disease, results from 

mutations in both alleles for the LDL receptor. The two mutations can be identical (true 

homozygotes) or different (compound heterozygotes). Homozygous FH is rare affecting one 

in a million individuals in most populations. Homozygotes produce little or no functional 

LDL receptor proteins. Consequently, their ability to remove cholesterol from the 

circulation is minimal, resulting in a severe elevation plasma cholesterol (600-1200mg/dl). 

These individuals can have six to ten times the normal concentration of plasma LDL. 

Tendinous xanthomas appear in early childhood, usually by age 4, and homozygotes 

frequently die of myocardial infarction before the age of 20, or even during childhood. 

The LDL receptor gene and mRNA 

The LDL receptor gene located on chromosome 19 (p!3.1-pl3.3) (Lindgren, 198:)) 
9 

is 45kb in length and contains 18 exons and 17 introns (Sudhof et al, 1985). The LDL 

receptor gene encodes a mRNA of 5.3kb in length wiih a long 3'untranslated region of 

2.6kb (Yamamoto et al, 1984). The LDL receptor mRNA is expressed primarily in adrenal 

cortex and liver with little or no expression in heart, skeletal muscle and adipose tissue. 
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This contrasts with the VLDL receptor which binds apoE and is expressed at highest levels 

in heart, skeletal muscle and adipose tissue. 

Alu repetitive sequences are middle repetitive DNA sequences which are distributed 

throughout the human genome, mainly in intergenic regions and introns. The human 

genome has ~ 300,000 copies of Alu repetitive sequences. Each Alu repeat is ~ 300bp and 

is composed of two tandem repeats as the left and right arms. The human LDL receptor 

mRNA has three tandem copies of Alu sequences in the 3'untranslated region. The human 

LDL receptor gene is rich in Alu repetitive sequences averaging 1 Alu repeat every 1.6kb. 

LDL receptor gene promoter 

Several important cis-acting sequences which regulate expression of the LDL 

receptor gene are located within 200bp of the initiator methionine codon. These regulatory 

sequences include: three imperfect direct repeats of 16bp each, two-A/T rich sequences 

(TATA boxes), and a cluster of mRNA initiation sites which have been found in primate, 

rat, hamster, mouse, rabbit and Xenopus LDL receptor genes. Transcription of the LDL 

receptor gene is controlled by a lObp sequence known as the sterol regulatory element 

(SRE-1). Expression of the LDL receptor gene increases in the absence of cellular stores 

of cholesterol to upregulate the number of cell surface LDL receptors. Conversely, the 

SRE-1 element is repressed in the presence of sterols, transcription of the LDL receptor 

gene is reduced resulting in a decrease in the number of cell surface LDL receptors in a 

classic feedback loop. Three imperfect repeats are collectively involved in this sterol-

dependent regulation of LDL receptor gene expression. Repeat 2 contains the 10 bp SRE-1. 

In the absence of sterols, this element synergies with an Spl site present in both repeats 1 
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and 3 to promote high level transcription of the LDL receptor gene. In the presence of 

sterols, SRE-1 is inactive, thus reducing the amount of LDL receptor mRNA and decreasing 

the number of cell surface LDL receptors. This feedback loop efficiently supplies cells with 

cholesterol while concurrently preventing overaccumulation of cholesterol within the cell. 

Unfortunately, it can also produce adverse effects; high dietary fat intake, for instance, 

represses synthesis of hepatic LDL receptors, thereby reducing the clearance of LDL-

cholesterol from the circulation, resulting in atherosclerotic lesions (Goldstein et al, 1995). 

The LDL Receptor Protein 

The LDL receptor mRNA encodes a 160-kDa protein of 860 amino acids. The LDL 

receptor protein has been divided into five functional domains: a ligand binding domain, 

a region of homology to epidermal growth factor, a region of O-linked carbohydrates, a 

membrane spanning domain and a cytoplasmic tail (Fig.3). 

H 
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Figure 3 Schematic diagram of the LDL receptor protein which has been sudivided 

into 5 functional domains (modified from Brown and Goldstein, 1986) 
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A) Exon 1 encodes a signal sequence 

Exon 1 of the LDL receptor gene encodes a short 5' untranslated region and 21 

hydrophobic amino acids that constitute the signal sequence. The signal sequence directs 

the receptor protein to the exterior of the cell. This sequence is cleaved from the protein 

during translocation to the endoplasmic reticulum for final processing generating a cell 

surface glycoprotein of 839 amino acids. 

B) Exons 2-6 encode the ligand binding domain 

Exons 2-6 of the LDL receptor gene encode the ligand binding domain (LBD) (292 

amino acids). This domain consists of seven tandem repeats of ~ 40 amino acids each. Each 

repeat is encoded by a single exon except for the third, fourth, and fifth, which are encoded 

by exon 4. Exons 2, 3, 5 and 6 encode repeats 1, 2, 6 and 7, respectively. Each of the seven 

repeats contains six cysteine residues which form three intra-repeat disulfide bonds. These 

cysteine residues are essential for the folding of the protein and its orientation for 

interaction with the ligand. The carboxy terminus of each repeat contains a negatively 

charged triplet (serine-aspartic acid-glutamic acid) which is important for binding of the 

LDL particles to the receptor. ApoB-100 and apoE are enriched in short sequences of basic 

amino acids which are thought to bind to this negatively charged region of the LDL 

receptor. Binding studies using cells with naturally occurring mutations in the LDL receptor 

have indicated that specific repeats in the ligand binding domain are involved in the binding 

of apoE and apoB. Deletion of repeat 1 has no effect on binding of either LDL or P-

VLDL. Deletion of any other repeat impairs LDL binding by as much as 95%. Repeat 
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5 appears to mediate interaction of P-VLDL with the LDL receptor since deletion of this 

repeat reduces binding of P-VLDL by 50%. 

C) Exons 7-14 encode a region with homology to epidermal growth factor 

The epidermal growth factor (EGF) homology domain, is composed of 400 amino 

acids and is encoded by exons 7-14. This region shares moderate homology (33%) to part 

of the human EGF gene. This region includes three growth factor repeats, termed A, B and 

C which are 40 amino acid, cysteine-rich sequences. Repeats A, B and C appear to be 

functionally distinct. The first two repeats, A and B, are separated from the third, C, by 280 

amino acids which contain five copies of a conserved motif (tyrosine-tryptophan-threonine-

aspartic acid) which is repeated once every 40 to 60 amino acids. This region confers 

ligand dissociation in the endosome during receptor recycling and contributes to apoB, but 

not apoE, binding by positioning the ligand-binding domain so that it can bind LDL. 

D) Exon 15 encodes a region rich in O-linked carbohydrate chains 

The third domain, encoded by exon 15, consists of 58 amino acids and is rich in 

serine and threonine residues many of which contain O-linked sugar residues. Although this 

region can be deleted from the protein without adverse effects on receptor function in 

fibroblasts, deletion of this exon has been shown to segregate with FH in two families and 

is, therefore, presumably functionally important. 

E) Exon 16 and the 5'region of exon 17 encode the membrane spanning domain 

Exons 16 and the 5' terminus of exon 17 encode a hydrophobic stretch of 22 amino 

acids which represents the membrane spanning domain of the protein that anchors the 

I 
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receptor at the cell surface. 

F) The 3'end of exon 17 and the 5'end of exon 18 encode the cytoplasmic domain 
of the receptor 

The cytoplasmic tail of the receptor protein consists of 50 amino acids and is 

encoded by the remainder of exon 17 and the 5' coding sequence of exon 18. This region 

of the protein is important in the ability of the receptor to cluster in coated pits. 

Consequently, this region plays an integral role in internalization of the receptor. The 

remainder of exon 18 represents the 3' untranslated region of mRNA. 

Mutations in the LDL receptor gene and FH 

At least 150 naturally occurring mutations have been described in the LDL receptor 

gene. These include large mutations and small single base mutations that have been found 

throughout the gene especially within exon 4 which is an apparent "hot spot". Most of these 

mutations were characterized by Brown and Goldstein, from the so-called "Dallas 

collection", which consists of a collection of skin fibroblasts from 157 unrelated FH 

homozygotes and 13 heterozygotes from 14 different countries (Hobbs et al, 1990). 

Approximately 41% of the homozygotes in this group were true homozygotes harbouring 

the same mutation on both alleles while 59% were compound heterozygotes with two 

different mutant alleles. Approximately 13-15% of all mutations in the LDL receptor gene 

involve large rearrangements (insertions or, more commonly, deletions) which are detectable 

by Southern analysis. Most, if not all, of the larger alterations in the gene involve Alu 

repeat sequences including three insertions and 21 deletions. The remaining 85-87% of 

mutations described in the LDL receptor gene involve small point mutations or small 

inframe deletions which are not detectable by Southern analysis. Only three mutations 
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which disrupt RNA splicing have been described. 

Mutations in the LDL receptor gene have been categorized into five classes based 

on the functional defect produced in the protein. The five classes of mutations include: null 

alleles, transport-defective alleles, binding-defective alleles, internalization- defective alleles, 

and recycling-defective alleles. 

Class 1: Null Alleles 

Class 1, or null alleles, involve mutations which abolish protein production such that 

no immunoprecipitable protein is produced from the mutated allele. Mutations in this 

category account for ~ 17% of LDL receptor mutations and have been found in several 

exons. Several null alleles have been described in which the promoter is deleted and 

consequently no mRNA is produced. The 15kb deletion including exon 1 and the promoter 

of the LDL receptor gene commonly found in the French Canadian population results in 

a null allele which abolishes mRNA production (Hobbs et al, 1987). Mutations in the 

promoter region are rare, accounting for only 2% of all mutations described, presumably 

due to the small size of this region relative to the rest of the gene as well as redundancy 

of important regulatory elements in this region. Three splicing mutations and five large 

deletions have been described that produce receptor mRNA's of abnormal size. 

Class 2: Transport-Defective Mutations 

Class 2, or the transport-defective alleles, are the most common mutations in the 

LDL receptor gene constituting ~ 53% of all mutations described to date. Mutations in the 

exons which encode either the ligand binding domain (LBD) or epidermal growth factor­

like (EGF-like) region of the protein result in Class 2 mutations. Class 2 mutations usually 
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result from missense mutations or short inframe deletions which alter the amino acid 

sequence of the protein, causing misfolding of the protein. In these individuals, the 

migration of the 120-kDa precursor LDL receptor protein from the endoplasmic reticulum 

to the Golgi, which normally occurs within 60 minutes after synthesis is defective. The 120-

kDa receptor remains within the endoplasmic reticulum and is eventually degraded without 

reaching the cell surface. There are two categories of class 2 mutations. Class 2A mutations 

demonstrate a complete block in transport of the receptor from the endoplasmic reticulum 

to the Golgi and produce little or no 160-kDa protein. In class 2B mutations, depending on 

the mutation, variable amounts of protein are transported at a reduced rate to the Golgi and 

then to the cell surface. 

Two thirds of all known class 2 mutations involve the LBD while most of the 

remaining one third of class 2 mutations occur in the EGF-like domain. These mutations 

are not distributed evenly throughout the LBD. Repeat 5 of the LBD, encoded by exon 4, 

contains three times as many mutations as any other repeat, and is therefore considered a 

"hot spot". Mutations in repeat 5 impair binding of both LDL (apoB-100) and apoE-

containing lipoproteins such as IDL. Almost half of the known class 2 mutations in the 

LBD involve amino acid residues in the highly conserved, negatively charged triplets at the 

3' end of each repeat. These negatively charged residues are believed to interact with the 

positively charged residues in the receptor binding domain of apoE and apoB proteins. A 

further 30% of class 2 mutations in the LBD involve one of the 42 conserved cysteine 

residues. Approximately half of the mutations which cause the class 2 phenotype and occur 

within the EGF-like domain (1/6 of all Class 2 mutations) involve one of the three cysteine-
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rich growth factor repeats. The other half of the class 2 mutations in the EGF-like domain 

occur within the 280 amino acid domain separating the second and third repeats. FH 

Lebanese is a common mutation producing a class 2 allele in FH patients from Lebanon 

and Syria (Lehrman et al., 1987). It is a C to A substitution which produces a stop codon 

at position 660 (repeat C in exon 14 of the EGF region). The mutation results in the 

production of a truncated protein of 100-kDa lacking the membrane spanning and 

cytoplasmic domains of the protein. Another class 2A mutation, FH French Canadian-2, 

which is common among the French Canadian population, also affects a cysteine in this 

region of the protein. This mutation converts a cysteine to a tyrosine in repeat C (exon 14) 

of the EGF-like domain. 

Class 3: Binding-Defective Mutations 

Class 3 binding-defective mutations represent ~ 7% of the mutations described in the 

LDL receptor gene; however, the actual frequency of class 3 mutations is difficult to 

determine, since many class 2 mutations also result in decreased binding. In class 3 

mutants, the defective protein is produced and secreted on the cell surface but is unable to 

bind LDL. Depending on the mutation, the receptor may retain the ability to bind apoE. 

Generally, class 3 mutations involve either the ligand binding domain, frequently the 

cysteine-rich repeats, or the EGF-like region. Normal binding of LDL appears to require 

at least part of the EGF-like region. Deletion of repeat A (FH Leuvan-Y) or repeats A and 

B (FH Cape Town-2), but not repeat B alone, reduces LDL binding significantly. Binding 

of P-VLDL is unaffected by deletion of the entire EGF-like region or by deletion of either 

repeats A or B. These results indicate that the EGF-like region is necessary for binding of 
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LDL (apoB) but not apoE. 

Class 4: Internalization-Defective Mutations 

Class 4 mutations are rare and comprise mutations in the cytoplasmic region of the 

protein (Class 4A) or deletions involving regions of both the cytoplasmic domain and 

adjacent membrane spanning domain (class 4B). In individuals with a class 4 mutation, the 

LDL receptor protein is produced and can bind LDL normally, but is incapable of 

internalization. Class 4A mutant receptors tend to be diffusely distributed over the surface 

of the cell rather than concentrated in the coated pits. A naturally occurring mutation 

named FH Bari is characterized by a cysteine to tyrosine substitution at amino acid 807. 

Information gathered from this patient and subsequent in vitro mutagenesis revealed that 

an aromatic residue (tyrosine, phenylalanine or tryptophan) at position 807 is critical for 

internalization. Tyrosine 807 is part of a tetrameric sequence NPVY (asparagine-proline-

valine-tyrosine) that directs LDL receptors to coated pits within the membrane. 

Approximately 90% of class 4B mutant LDL receptors, in which both the cytoplasmic 

domain and adjacent membrane spanning domain are affected, are not embedded in the 

membrane, but rather are secreted out of the cell into the surrounding medium. The 10% 

which remain attached to the plasma membrane bind LDL but fail to internalize it. 

Class 5: Recycling-Defective Mutations 

Class 5 defects, representing the recycling-defective proteins, account for ~ 22% of 

the Dallas collection. Class 5 receptors are able to bind and internalize LDL normally, but 

once inside the cell, the receptors are unable to dissociate from the LDL in the endosome 

and are degraded in the lysosome. Recycling-deficient mutations often occur within the 
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EGF-like region of the receptor. In addition to its role in ligand binding, the EGF-like 

domain is also important in the acid-dependent dissociation of the receptor from the ligand 

in the lysosome. 

Recurrent Mutations 

Recurrent mutations in unrelated individuals are rare. To my knowledge, there are 

nine instances in which the same mutation has been identified in two seemingly unrelated 

individuals As an example, FH Mexico (Hobbs et al, 1992) and FH French Canadian-3 

(Leitersdorf et al, 1990) alleles have the same guanine to adenine substitution at the 3' 

terminus of exon 4 in codon 207. This substitution alters codon 207 from GAG to AAG. 

If identical mutations arose independently, then they should be found on chromosomes with 

different haplotypes. Barring a crossover, a mutation will remain associated with a 

chromosome of a specific haplotype (Goldstein et al., 1995). Haplotype analysis showed 

a difference in the restriction pattern on either side of the substitution at four polymorphic 

sites in these two individuals indicating that the mutation arose independently m each 

individual. In six other pairs of individuals from different ethnic backgrounds, the same 

mutation was also shown by haplotype analysis to occur independently (for review see 

Goldstein et al, 1995) For the remaining two putative recurrent mutations, haplotype 

analysis indicated a common ancestral origin for the mutation. 

Founder Effects 

In most populations, the frequency of FH is 1/500 or 0.2% In general, the frequency 

of each of the 150 documented mutations in the LDL receptor gene is low being limited 

to one specific family. However, in certain ethnic populations, isolated by cultural or 
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geographical boundaries, the frequency of FH and specific mutations in the LDL receptor 

gene are substantially higher due to founder effects (Leitersdorf et al, 1990; Lehrman et 

al., 1987; Kotze et al., 1992).. The concept of "founder effect" is based on the assumption 

that "gene defects were introduced in newly formed colonies by the early settlers and this 

small initial gene pool then rapidly expanded without significant dilution from further 

immigration and little mixing from other ethnic groups" (Simard et al, 1994). There are 

several known populations in which founder effects in the LDL receptor gene have been 

described. Examples include: the Ashkenazic Jews of Lithuania (Goldstein et al, 1995), 

South Afrikaners (Kotze et al, 1989; Kotze et al., 1992), the French Canadians (Leitersdorf 

et al, 1990), Christian Lebanese (Lehrman et al, 1987), Sephardic Jews (Leitersdorf et al, 

1993), Norwegians (Leren et al, 1994) and the Finns (Alto-Setalo, 1989). 

The highest frequencies of FH in the world are found in South Africa among the 

Ashkenazic Jews (1 in 67 individuals) (Goldstein et al, 1995) and the Afrikaners (1 in 80 

individuals) (Kotze et al, 1992). Descending from 2000 original settlers, the population 

now is estimated at 3 million. Three different mutations have been shown to account for 

90% of FH in South Africa (Kotze et al, 1992). The most common mutation is a cytosine 

to guanine substitution at nucleotide position 681 of the gene which accounts for ~ 70% of 

FH in South African patients (Kotze et al, 1990). The mutation results in a change from 

aspartic acid to glutamic acid at codon 296 in the ligand binding domain of the protein 

producing a transport-deficient or class 2 protein. The other two mutations: in exon 9 (base 

1285) and exon 4 (base 523) are present at frequencies of 20% and 10% respectively. The 

incidence of FH among the French Canadian population has been estimated at 1 in 270, or 
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~ 0.4% which is ~ two fold higher than in most populations (Leitersdorf et al, 1990). In 

northeastern Quebec, the frequency is even higher, estimated at 1 in 154 individuals. The 

French Canadians descended from ~ 3000 original settlers; the population is now estimated 

at 5.3 million. There are six mutations which account for 85% of the mutant alleles among 

French Canadians. Of these, the most common is a large lOkb deletion in the 5'region of 

the gene which accounts for ~ 60% of FH in this population (Hobbs et al, 1987; Leitersdorf 

et al, 1990). Th'; deletion creates a Class 1 mutation because it includes the promoter and 

exon 1. Four additional mutations have been described among the French Canadian 

population; all are less common than the lOkb deletion. These include three missense 

mutations in exons 3, 4, 10 and 14 and a 5kb deletion which removes exons 2 and 3. 

A single nucleotide substitution which creates a premature termination codon at the 

amino acid 660 is prevalent among the Christian Lebanese population (Lehrman et al, 

1987). The cytosine to adenine substitution in the EGF-like region eliminates 180 amino 

acids from the mature protein producing a class 2 mutant protein which is not transported 

from the endoplasmic reticulum to the Golgi. Founder mutations among the Druze 

(Landsberger et al, 1992), Sephardic Jews (Leitersdorf et al, 1993) and Lithuanians 

(Goldstein et al, 1995) are also a frequent cause of FH in the Middle East. Among the 

Finnish population, two founder mutations are prevalent (Aalto-Setala et al, 1989). 
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Polymorphisms in the LDL receptor gene 

The situation in which two or more alleles at a given locus occur with an 

appreciable frequency is known as a polymorphism, and the locus is said to be polymorphic 

(Alberts et al, 1989). These polymorphic alleles can produce different phenotypes, such as 

affecting mutations or have no effect on the protein, such as benign polymorphisms. Benign 

polymorphisms are alterations in the sequence of DNA which may occur in the coding 

region of a gene but do not alter the amino acid sequence of the protein and, therefore, 

have no adverse effect. This is possible because the code for amino acids is degenerate and 

several different codons can specify the same amino acid (Alberts et al, 1989). 

In some instances, the polymorphic base may either create or eliminate a naturally 

occurring cleavage site for restriction endonucleases, creating a restriction fragment length 

polymorphism (RFLP). Multiple RFLP's have been described in the LDL receptor gene (see 

review Hobbs et al, 1990). Most of these polymorphisms occur within introns (Humphries 

et al, 1993); however, several benign polymorphic sites have been identified within exons 

(Hobbs et al, 1987; Soutar et al, 1991; Jensen et al, 1994; Saint Jore et al, 1993; 

Yamakawa-Kobayashi et al, 1993). Interestingly, a polymorphism in exon 8 has been 

described (Kotze et al, 1986; Goldstein et al, 1995) which affects a StuI restriction site 

causing an amino acid substitution that has no apparent effect on protein function. 
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Clinical Variability 

The clinical presentation of heterozygous FH is variable (Goldstein et al, 1995; 

Schuster et al, 1995). Among individuals with different mutations in the LDL receptor 

several factors are known to affect the clinical presentation. First, it is known that mutations 

which completely abolish receptor function produce a more severe phenotype, and are less 

responsive to therapy, than mutations which produce receptors with impaired function 

(Moorjani et al, 1993). In one study, 21 homozygous FH patients with two different 

mutations in the LDL receptor gene were compared (Moorjani et al, 1993). One group of 

patients had the lOkb deletion including exon 1 and the promoter of the LDL receptor gene 

which produces a null allele and abolishes transcription of the gene such that no LDL 

receptor protein is produced. The second group had a mutation in exon 3 producing a class 

3 mutation which is defective in ligand binding. Initially, the two groups when combined 

showed a variation in plasma cholesterol of more than 3-fold. However, when the 

homozygotes were subdivided into two groups based on the nature of the mutation, the 

variability among subjects decreased significantly. Furthermore, plasma cholesterol 

concentrations were higher in subjects with the null allele than those with the class 3 

mutation. Individuals with the null allele (lOkb deletion) were more severely affected than 

and those with the class 3 (exon 3) mutation in that the age of onset of coronary heart 

disease was earlier, heart attacks were more frequent and coronary death was earlier in the 

former group. A second source of clinical variability can be attributed to different effects 

of the mutations on the ability to bind apoE and apoB-100. Mutations which abolish 

binding of both apoB and apoE lipoproteins would presumably produce a more severe 
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hypercholesterolemia than mutations which affect only apoB binding (Hobbs et al, 1990; 

Goldstein et al, 1995). Mutations which impair binding of both apoB and apoE lipoproteins 

increase the production of LDL by failure to sequester DDL and also decrease uptake of 

LDL. However, mutations which impair only binding of apoB lipoproteins do not affect 

uptake of DDL and consequently do not result in increased production of plasma LDL, but 

merely decrease uptake of LDL. Several individuals in the Dallas collection which were 

heterozygous for FH Denver-2, a mutation which impairs LDL binding but not p-VLDL 

binding, are shown to have only modest increases in plasma cholesterol, and are 

asymptomatic for coronary atherosclerosis. This may also explain, at least partly, the 

general tendency of FDB patients to have lower cholesterol levels than many FH patients. 

However, even among individuals with the same mutation in the LDL receptor gene, 

the plasma LDL concentration and severity of coronary heart disease vary (Pereira et al, 

1995). This provides strong support for the importance of other genetic loci and 

environmental factors, such as smoking and diet, in determining the severity of 

hypercholesterolemia, either by augmenting or reducing the effects of a specific gene defect. 

The net cholesterol levels represent the sum of a number of interacting factors which vary 

for each individual. There is a large body of evidence indicating that high LDL serum 

levels increase the risk of premature atherosclerosis and cardiovascular disease (Ross, 1993; 

Levine et al, 1995). However, the vast majority of people with increased cholesterol levels 

do not suffer from mutations in either apoB-100 or the LDL receptor gene. Rather, in these 

individuals, the hypercholesterolemia results from a number of factors including interaction 

of many genetic loci as well as numerous environmental factors which either augment the 
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hypercholesterolemia or produce cardioprotective effects (Poledne et al., 1993). These same 

factors could also influence the hypercholesterolemia caused by specific gene defects. For 

example, an intronic polymorphism in the LDL receptor gene which is detectable using the 

restriction enzyme PvuII has been associated with lower total cholesterol and LDL-

cholesterol levels (Poledne et al, 1993). Levels of HDL-cholesterol have been shown to 

produce cardioprotective effects and high levels of HDL cholesterol are associated with 

decreased risk of coronary disease. The apoE genotype is also known to be an important 

risk factor in coronary heart disease (Horie et al, 1992). Human apolipoprotein E is a 299 

amino acid protein which is present in several lipoproteins including VLDL and HDL. The 

apoE component of the lipoproteins is important in receptor-mediated uptake from the 

circulation. There are three major apoE alleles which code for three distinct isoforms, E2, 

E3 and E4. ApoE3 is the most frequent isoform. Unlike apoE3 and apoE4 which bind 

normally to receptors, binding of apoE2 is defective. Individuals which are homozygous for 

the apoE2 allele are predisposed to hyperlipoproteinemia and coronary heart disease. The 

levels of lipoprotein(a) or Lp(a) may be an additional factor influencing the severity of 

hypercholesterolemia (Scanu and Fless, 1990). Lp(a) is an LDL particle which has an 

additional protein, apo(a), attached by a disulfide bond to the apoB-100 protein moiety. 

Individuals with high levels of Lp(a) have increased risk of myocardial infarction. 

Thus both environmental and genetic factors play an important role in the final 

expression of disease by exacerbating or reducing the impact of mutations in either the LDL 

receptor gene or the apoB-100 gene. Environmental and genetic influences may explain at 

least part of the clinical variability which has been noted among FH and FDB patients, 
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particularly those having the same mutation in the LDL receptor gene. 
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Aim of this Thesis 

Currently, diagnosis of FH is based on clinical presentation (Dr, Meng Tan, personal 

communication). However, clinical presentation does not always permit unequivocable 

diagnosis of FH and, therefore, molecular techniques for the diagnosis of the disease are 

valuable clinically (Kotze et al, 1992). The classic clinical symptoms of the disease are 

highly variable, even among patients with the same mutation (Pedeira et al, 1995; Schuster 

et al, 1995) and may not always be apparent, especially in young adults and children. For 

example, tendon xanthomas are present in only 85% of patients with FH (Savolainen et al, 

1991). Furthermore, lipid values among individuals with normal LDL receptor alleles and 

FH heterozygotes may overlap (Lestavel-Delattre et al., 1994; Schuster et al., 1995). In 

addition, several studies have demonstrated familial defective apoB-100 (FDB) among 

patients with a clinical diagnosis of heterozygous FH (Myant et al, 1991; Morash et al, 

1994). Consequently, diagnosis of heterozygous FH, based on clinical presentation, may not 

be adequate and therefore molecular diagnosis of specific mutations becomes essential. This 

is particularly true in regions in which polygenic hypercholesterolemia is prevalent or where 

founder effects are possible, such as in culturally or geographically isolated regions. 

The ability to distinguish between hypercholesterolemia induced by molecular 

defects at the LDL receptor locus, and that caused by environmental influences or other 

genetic loci is useful clinically. This study was undertaken to identify the mutation in the 

LDL receptor gene in a Nova Scotian family clinically diagnosed with heterozygous FH and 

to develop a diagnostic approach for detection of the mutation. 
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Chapter 2: Materials & Methods 

Patients 

Initially, thirteen putatively unrelated probands, clinically diagnosed with 

heterozygous FH, presenting to Dr. Meng Tan {Camp Hill Medical Centre) were asked to 

participate in this study. The 13 probands were Caucasian and of European descent. Clinical 

diagnosis of heterozygous FH was based on the following criteria: presence of tendon 

xanthomas in the patient or first-degree relatives, elevated LDL cholesterol levels above the 

90th percentile for age and gender, and a family history of heart disease or sudden deaths 

in first-degree relatives. All 13 probands gave informed consent for enrolling in this study. 

The lipid profiles including total cholesterol, LDL-cholesterol, HDL-cholesterol, 

triglycerides and apolipoprotein B-100 levels for each of these probands are shown in Table 

1. In the Nova Scotian population the normal ranges for triglycerides, HDL-cholesterol, and 

LDL-cholesterol are 0.63-3.37 mmol/L, 0.7-1.9 mmol/L, and 1.6-4.8 mmol/L respectively. 

The reference values for the 90th percentile for total cholesterol levels in the Nova Scotian 

population range from 5.29 to 6.07 mmol/L for males aged 20 to 60 respectively and from 

5.55 to 7.10 mmol/L for females aged 20 to 69 respectively. Total cholesterol, triglycerides 

and HDL-cholesterol were assayed using a Cobas FARA analyzer (Roche Diagnostics, 

Mississauga, ON) in the research laboratory of Dr. Meng Tan (Dalhousie University). 

Plasma LDL-cholesterol was calculated using the Friedewald equation (Friedewald et al, 

\9"'i.). ApoB-100 levels were measured by electroimmunoassay on a Behring nephelometer 

100 analyzer (Behring; Somerville, NJ). This study was approved by the Research Review 

Committee at the Queen Elizabeth n Health Sciences Centre (Halifax, N.S.). 

36 
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Proband Additional Sex Age Total Cholesterol Triglycerides Apo B 
Family mmol/l mmol/l g/l 

Members 

plasma LDL HDL 

A 

B 

C 

D 

E 

F 

G 

H 

1 

J 

K 

L 

M 

* unaffected sib 

affected sib 

11.2 

*11.4 

*11.5 

111.1 

111.2 

111.3 

111.4 

•111.5 

*111.6 

111.7 

•111.8 

111.9 

F 

F 

M 

F 

F 

M 

F 

F 

F 

F 

M 

M 

F 

F 

F 

M 

F 

M 

F 

F 

M 

M 

M 

F 

M 

M 

F 

50 

59 

-

-

34 

-

38 

43 

46 

34 

18 

47 

-

36 

63 

71 

71 

65 

42 

71 

40 

29 

27 

42 

38 

42 

47 

6.38 

8.01 

6.94 

7.7 

8.12 

6.44 

6.02 

6.35 

7.32 

7.7 

5.48 

8.18 

7.95 

8.28 

7.25 

6.86 

5.54 

10.6 

5.91 

7.26 

9.72 

5 

4.09 

9.42 

4.86 

7.75 

4.4 

4.9 

no 

4.9 

5.9 

6.7 

5.4 

3.9 

4.5 

5.6 

6.17 

3.8 

5.4 

6.4 

6.4 

5.7 

5.2 

3.8 

9.7 

4.8 

4.4 

8.2 

3 

2.4 

7.8 

3.4 

6.3 

1.7 

0.7 

information 

1.1 

1.1 

1.3 

0.9 

1.5 

0.8 

1.1 

1.07 

1.5 

0.9 

1.2 

0.8 

1 

1.2 

1.1 

0.6 

0.5 

0.8 

0.8 

0.7 

1.4 

0.9 

1 

0.8 

0.77 

5.25 

available 

2.68 

1.61 

0.7 

0.45 

1.49 

2.31 

1.38 

N/D 

0.5 

4.71 

0.78 

2.44 

1.2 

1.01 

1.56 

1.36 

0.75 

4.64 

1.69 

2.86 

0.71 

1.5 

1.14 

1.57 

N/D 

1.61 

1.58 

1.61 

1.6 

1.23 

1.11 

1.37 

1.47 

N/D 

N/D 

1.65 

1.34 

1.81 

N/D 

1.49 

1.31 

2.16 

1.23 

1.7 

2.49 

N/D 

N/D 

2.32 

1.14 

2 

Table 1 Lipid profiles of 12 of the 13 putatively unrelated probands with a clinical diagnosis of 
heterozygous FH and participating family members (where appropriate) showing: total 
cholesterol, high-density lipoprotein cholesterol (HDL), low-density lipoprotein cholesterol (LDL), 
triglycerides and apoliprotein B-100 levels (apoB); ND, not determined. * Clinically unaffected. 
Some values represent post treatment levels. 
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Southern Analysis 

A) Isolation of DNA from whole blood 

DNA was isolated from whole blood by the salting-out method described by Miller 

et al., (1988) with some modifications. Briefly, ~ 15 ml of whole blood, collected in EDTA 

(disodium ethylenediaminetetraacetate dihydrate) vacutainer tubes, was mixed with 5 

volumes of ammonium chloride (NH4Cl):Tris solution (900 ml of 0.155M NH4CL:100 ml 

of 0.170M Tris, pH 7.65) which was prewarmed to 37°C in a 50 ml polypropylene tube. 

The resulting solution was placed at 37°C for 5 minutes to lyse the red blood cells. The 

contents of the tube were centrifuged at 2000 rpm for 10 minutes in a swinging bucket 

centrifuge (Beckman GPR centrifuge; Mississauga, Ontario) to pellet the nucleated cells. 

The supernatant was decanted and the cell pellet (white blood cells) was washed with 20 

ml of isotonic (0.85%) saline and recentrifuged as described above. The saline wash was 

repeated and the cell pellet was subsequently resuspended in 10 ml of 0.75M sodium 

chloride (NaCl):0.024M disodium EDTA, 500 ul of 20% SDS (sodium dodecyl sulfate), and 

100 ul of 20 mg/ml proteinase K to lyse the white blood cells. The solution was incubated 

at 56°C overnight. Subsequently, 3.3 ml of 6M NaCl were added to the lysate, and the 

solution was shaken vigorously for 15 seconds to denature and precipitate the proteins. The 

sample was centrifuged at 2500 rpm for 15 minutes at 20°C. The supernatant was 

transferred to a 50 ml polypropylene tube to which 2 volumes of absolute ethanol were 

added. Precipitated DNA was collected with a pipette tip and washed with a gentle stream 

of 70% ethanol. The DNA was dissolved in TE buffer (lOmM Tris-HCl, pH 7.4:lmM 

EDTA, pH 8.0) and stored at 4°C. 

I 
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B) Restriction digestion and Southern blot 

Southern analysis was performed according to standard protocols (Sambrook et al., 

1989 pp 9.24-9.40) to identify large mutations .in the LDL receptor gene. Genomic DNA 

(10 ug) from the 13 probands clinically diagnosed with heterozygous FH was digested with 

three to six restriction enzymes (Gibco BRL; Burlington, Ontario) according to 

manufacturers instructions. The enzymes used for Southern analysis included: EcoRI, StuI, 

Xhol, PvuII, BamHI, Hindlll, and Styl. The digested DNA was fractionated by gel 

electrophoresis in 1% (w/v) agarose gels in tris borate (TBE) buffer at 30 volts overnight. 

DNA was visualized by staining with ethidium bromide. The DNA was transferred to 

reinforced nitrocellulose in 20XSSC according to standard procedures (Sambrook et al, 

1989; pp 9.40). The blots were hybridized according to standard methods (Sambrook et al, 

1989; pp 9.47-9.55) using the 2.6 kb 5'coding sequence of the LDL receptor cDNA in 10 

ml of prehybridization solution (50% formamide, 19&SDS, 5X Denhardts, 5XSSPE, 100 

ug/ml sheared herring sperm DNA) at 42°C overnight in sealed bags as described below. 

Following hybridization, blots were washed twice in IXSSC, 1%SDS for 15 minutes at 

room temperature followed by two additional washes in 0. IXSSC, 1%SDS for 15 minutes 

at 42°C and exposed to Kodax X-ray film (InterSciences Inc.; Markham, Ontario) for up 

to one week. 

DNA was isolated from normal lymphoblasts (ATCC), according to the method of 

Miller et al. (1988) and was used as a normal control in most of the Southern analyses. The 

lymphoblasts were cultured in RPMI1640 media (Gibco, BRL) containing 10% fetal bovine 

serum (FBS) (Gibco, BRL) in a 37°C, 5%C02 incubator. 
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C ) Preparation of the 2.6kb cDNA probe in plasmid pLDLR3 

I) Bacterial growth and isolation of plasmid DNA 

The full length LDL receptor cDNA in the plasmid pLDLR3 transformed in HB101 

bacterial cells was purchased from the American Type Tissue Collection (ATCC; Rockville, 

Maryland). The bacteria were propagated for subsequent isolation of plasmid D N A 

according to standard procedures (Sambrook et al, 1989). Briefly, an inoculum was taken 

from a frozen (-70°C) stock of HB101 containing the pLDLR3 plasmid and streaked onto 

a LB (Luria-Bertani) agar plate containing 50 ug/ml ampicillin. The culture plate was 

placed at 37°C for 16-19 hours to allow the bacteria to grow. Subsequently, the culture was 

placed at 4°C to stop growth. A large uniform colony was chosen and inoculated into 5 ml 

of LB medium containing 50 ug/ml ampicillin and placed in a 37°C shaker overnight. In 

the morning, the culture was placed on ice to halt bacterial growth. Four to six hours later, 

the 5 ml culture was transferred to a sterile two litre flask containing 500 ml of prewarmed 

LB with 50 ug/ml ampicillin and incubated in a 37°C shaker overnight. Approximately 16 

hours later, plasmid DNA was isolated by equilibrium centrifugation in cesium chloride 

(CsCl)-ethidium bromide gradients according to standard procedures (Sambrook et al, 

1989; pp 1.42). 

//) Isolation of the 2.6 kb LDL receptor cDNA probe 

The pLDLR3 plasmid DNA was dissolved in TE buffer and quantitated by 

spectrophotometry at A260 (Sambrook et al, 1989; pp E.5). The 2.6 kb coding region of the 

LDL receptor cDNA was isolated from the plasmid by digestion with Smal and Sacll 

restriction endonucleases (Yamamoto et al, 1984). Briefly 100 ug of plasmid DNA (37 ul) 
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was digested in a final volume of 2.5 mis with 100 ul of Smal (10 units/ul; Gibco, BRL) 

in the presence of 2.5 mM spermidine and IX React 4 buffer at 37°C overnight. A 20 ul 

aliquot of the digest was electrophoresed in a 1% agarose minigel in TBE (Sambrook et al., 

1989; pp B.23) at 80 volts for 1 hour to monitor the efficiency of the digestion. Complete 

digestion by Sma I was followed by the addition of 100 ul of Sacll (10 units/ul; Gibco, 

BRL) to the digest mixture. Digestion was terminated by the addition of EDTA to a final 

concentration of 12.5 mM. The digested DNA was electrophoresed in a 1% agarose gel 

in TBE buffer at 30 volts for 29 hours and then visualized by staining with ethidium 

bromide. Digestion of pLDLR3 with Smal and Sacll generated fragment sizes of ~ 4.0, 2.6 

and 1.1 kb. The 2.6 kb fragment represented the coding region of the LDL receptor cDNA. 

A band of DNA at ~ 2.6 kb (as estimated by comparison to lambda Hindlll marker) was 

excised from the gel and electroeluted using the S&S Elutrap, electro-separation chamber 

(Schleicher & Schuell; Keene, New Hampshire). Using this system, DNA is 

electrophoretically removed from the agarose and collected in a reservoir of TBE buffer. 

The resulting TBE-DNA solution was subsequently concentrated using the Elutip D Kit 

(Schleicher & Schuell; Keene, New Hampshire) according to manufacturer's instructions. 

The DNA was precipitated in 100% ethanol overnight at -20°C and then collected by 

centrifugation at 12000 rpm for ten minutes. The DNA pellet was rinsed with 70% ethanol 

twice, air-dried and dissolved in 20 ul of TE. The DNA was quantitated by comparison to 

known quantities of standard DNA markers (Lambda Hind III) in 1% agarose gels run in 

TBE at 30 volts for 1.5 hours (Sambrook et al, 1989; pp E.5-E.6) and stored as 100 ng 

aliquots for multiprime labelling with [oc32P]dCTP. 
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///) Competitive prehybridization of the probe 

The 2.6 kb LDL receptor cDNA probe was labelled using the Amersham (Oakville, 

Ontario) multiprime labelling system according to manufacturer's instructions. 

Approximately 100 ng of DNA in a total of 25 pi of water were denatured at 100°C for 3 

minutes, then quick-chilled on ice for 5 minutes to prevent reannealing. Ten pi of labelling 

mix, 5 pi of primer, 2 pi of Klenow fragment and 7 pi [a32P]dCTP (Dupont; Mississauga, 

Ontario or Amersham; Oakville, Ontario) were added to the denatured DNA and the 

mixture was incubated at 37°C for 1 hour. The reaction was terminated by adding 10 pi of 

0.5 M EDTA. The labelled probe was separated from unincorporated radioisotope using 

Sepharose G50 columns (Sambrook et al, 1989; pp E.35-.36). The 2.6kb radiolabeled 

probe was competitively prehybridized with sheared human placental DNA before being 

added to the Southern blot. For the competitive prehybridization, 20XSSC (final 

concentration, 6X) and sheared placental DNA (final concentration, 1 mg/ml) was added 

to the multiprimed probe (Christie Riddell, personal communication). The mixture was 

incubated at 100°C for 10 minutes and then at 65°C for a further 15 minutes before being 

added to the Southern blot which had been prehybridizing for at least 1 hour at 42°C. 

IV) Preparation of placental DNA for competitive prehybridization 

Placental DNA was isolated using the method described by Miller et al, (1988). 

Approximately 51 g of frozen human placenta (obtained from the DNA diagnostics lab at 

the Izaac Walton Killam Childrens Hospital, Halifax, Nova Scotia) were homogenized with 

a mechanical homogenizer in 200 ml of lysis buffer (100 mM NaCl, 10 mM Tris pH 8.0, 

25 mM EDTA pH 8.0, 0.5% SDS, 1 mg/ml proteinase K) and was shaken at 50°C for 15 
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hours. Following the incubation, 2 ml of 6M NaCl per 3.5 ml lysate were added. The 

sample was shaken vigorously for 2 minutes and centrifuged at 3500 rpm for 20 minutes 

at 20°C. The supernatant was placed in a beaker and 2.2 volumes of 100% ethanol were 

added to precipitate the DNA. The DNA was spooled out with a glass rod and washed in 

70% ethanol twice. The DNA was air-dried and dissolved in 27.5 ml of TE buffer, pH 7.4 

at 37°C. The total amount of DNA recovered was quantitated by spectrophotometry at A260. 

Approximately 80 mg of placental DNA were isolated. To shear the DNA, 33 pi of DNase 

solution (100 ug/ml DNase, 20mM Tris pH 8.0, ImM MgCl2) were added to 80 mg of 

placental DNA in a final volume of 27.5 ml (Sambrook et al, 1989). The solution was 

mixed and incubated at room temperature for 3 minutes and then at 65°C for 15 minutes. 

Successful shearing of the DNA was determined by electrophoresis in a 1% agarose 

minigel. The sheared placental DNA ran faster than the 0.6 kb size marker of lambda 

Hindlll indicating that only low molecular weight DNA was present. One milligram 

aliquots of placental DNA were stored at -20°C. 

Northern analysis 

A) Cell culture 

Immortalized cells (see below) were grown in RPMI 1640 media (Gibco-BRL; 

Burlington, Ontario) containing 10% fetal bovine serum (FBS) (Gibco, BRL) in 50 ml 

flasks and subcultured before reaching confluency. Approximately 48 hours before 

harvesting, the medium was replaced with RPMI 1640 containing 10% delipidated serum 

(prepared as described below). The cells were collected by centrifugation at 2500 rpm for 

5 minutes and washed twice in phosphate buffered saline (PBS) (Sambrook et al, 1989 pp 
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B.12). The cells were resuspended in RPMI 1640 containing 10% delipidated serum. 

Maintaining cells in delipidated serum is necessary to maximize expression of the LDL 

receptor mRNA. The cells were grown for 48 hours in two 500 ml flasks in 150 ml media 

containing delipidated serum. The cells were then collected in 50 m) tubes by centrifugation 

at 2500 rpm for 5 minutes and the cell pellet was stored at -70°C for RNA extraction. 

B) RNA extraction 

Total RNA was extracted with guanidinium thiocyanate followed by 

ultracentrifugation in cesium chloride according to standard protocols (Sambrook et al, 

1989; pp 7.19-7.22). Total RNA was prepared from white blood cells isolated from proband 

M, a clinically affected family member, and a clinically unaffected family member. The 

cells had been previously immortalized with EBV. In addition, total RNA was isolated from 

a normal lymphoblast cell line (ATCC), which served as another normal control. Total 

RNA was quantitated by spectrophotometry at A260. Seven ul of formaldehyde, 20 ul of 

formamide, and 2 pi of 10X Mops (3-[N-morpholino]propanesulfonic acid) buffer was 

added to 50 ug (10 pi) of total RNA. The mixture was heated to 65°C for 20 minutes and 

placed on ice. Following the addition of 2 ul of gel loading buffer (Sambrook et al, 1989 

pp B.24), the RNA samples were electrophoresed according to a standard protocol for 

Northern analysis (Sambrook et al, 1989; pp 7.43-7.45). Briefly, the Northern gel was 

composed of 2 g of ultrapure agarose (Gibco, BRL) dissolved in 140 ml of autoclaved 

water, 10 ml of 20X Mops (Sambrook et al, 1989; pp B.l), 36 ml of formaldehyde, and 

2 ul of ethidium bromide (25 mg/ml). The Northern gel was electrophoresed in Mops buffer 

at 30 volts for approximately 16 hours. The RNA was visualized by ethidium bromide 



45 

staining. The Northern gel was destained in distilled water for 30 minutes, soaked in 50mM 

sodium hydroxide for 30 minutes and finally neutralized in lOOmM Tris, pH7.4 for 30 

minutes before transfer to S&S reinforced nitrocellulose (pore size - 0.45pm) (Schleicher 

& Schuell; Keene, New Hampshire) in 20XSSC overnight according to published methods 

(Sambrook et al, 1989; pp 7.46-7.49). Following transfer of the RNA, the nitrocellulose 

was washed in 2XSSC for 5 minutes and baked at 80°C for 2 hours. Approximately 10 ml 

of prehybridization solution (Sambrook et al, 1989; pp 7.52) containing 100 ng of the 

competitively prehybridized 2.6kb LDL receptor cDNA probe were added to the Northern 

blot and incubated overnight at 42° C with constant shaking (Sambrook et al, 1989; pp 

7.52). Following hybridization, the Northern blot was washed in 0.5XSSC, 0.5%SDS at 

55°C for 30 minutes and exposed to Kodax X-ray film (InterSciences; Markham, Ontario) 

for three days. The relative amounts of RNA loaded in each lane were standardized by 

hybridization with glyceraldehyde 3-phosphate dehydrogenase cDNA probe (ATCC) and 

subsequent densitometry within the linear range of the autoradiogram. 

C) Delipidation of serum 

Delipidation of the FBS was performed according to Liscum et al., (1987) using 

Cap-o-Sil purchased from Eastman Kodak (Rochester, New York). Briefly, the Cap-o-Sil 

was washed twice for 10 minutes with acetone in a large beaker (50 ml acetone per g of 

Cap-o-Sil). After each wash, the acetone was filtered from the Cap-o-Sil through two layers 

of #4 Whatman filter paper. The Cap-o-Sil was dried overnight and then crushed to a fine 

powder. Eight grams of dried Cap-o-Sil were added to 250 ml of FBS containing 1 ml of 

antibiotics (penicillin, steptomycin; Gibco, BRL). The serum was stirred at 4°C for 48 hours 
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and centrifuged at 8000 rpm for 30 minutes in a Beckman Model J2-21 centrifuge 

(Mississauga, Ontario). The supernatant was carefully decanted, filter-sterilized through a 

0.22 urn bottle top filter and stored at 4°C. 

D) Immortalization of isolated white blood cells by Epstein-Barr virus (EBV) 

Whole blood was collected from the proband, three additional clinically affected 

family members and two clinically unaffected family members of family M in green 

heparinized tubes to prevent coagulation and processed at room temperature immediately 

upon arrival. White blood cells were collected by Ficoll gradient as previously described 

(Dacie and Lewis, 1991). Blood was mixed with an equal volume of complete media 199 

(Gibco, BRL) or 0.85% saline in a 50 ml polypropylene Falcon tube. Approximately 6 ml 

of the blood:saline solution were layered carefully on top of 3 ml of ficoll (Gibco, BRL) 

in a 15 ml polystyrene tube. The tube was centrifuged at 1500 rpm for 25 minutes. The 

white blood cells of the buffy coat, localized to the interphase between the bottom plasma 

and the upper red blood cells. The white blood cells were carefully removed with a 1 ml 

disposable pipette and placed in a 15 ml white cap tube. The buffy coat was then washed 

with 5 ml of media 199 or 0.85% saline. The white cells were collected by centrifugation 

at 1500 rpm for 8 minutes at room temperature. The cells were washed and recentrifuged 

once more before resuspension in 1 ml of complete medium (Iscove's modified Dulbeccos 

medium {IMDM} containing 20% FBS (Gibco, BRL). The cells were incubated in 15 ml 

polypropylene tubes with the caps loosened at 37°C in a 5% C02 incubator for 1 hour, after 

which approximately 200 pi of supernatant from a culture of cells (B95-8) previously 

infected with EBV were added (Chenevix-Trench et al, 1990). One hour later, 1 ml of 
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complete medium (IMDM) was added. Ideally, these cultures should remain in the presence 

of EBV for 1 week, however, due to an increase in medium acidity, the medium was 

replaced the next day. The cultures remained at 37°C in the white cap tube for 

approximately two weeks, after which they were transferred to 50 ml flasks for further 

culturing in RPMI 1640 media containing 20% FBS (Gibco, BRL). 

Molecular screening for the codon 3500 mutation in the apoB-100 gene 

A) Screening for FDB by the method of Motti et al, 1991 

I) PCR primers and reaction conditions 

The primers used to amplify the 477 bp amplicon of the apoB-100 gene spanning 

the codon 3500 mutation have been described previously (Motti et al, 1991) and were 

purchased from the DNA core facility of the University of Calgary. The downstream PCR 

primer represents nucleotides 11128-11151 of the apoB-100 gene. The sequence of the 5' 

upstream primer corresponds to nucleotides 10675-10698 of the apoB-100 gene with a 

modification to the last 3' base (nucleotide 10697) which involved introducing a cytosine 

instead of an adenine. This terminal 3' nucleotide corresponds to the first base of codon 

3500 and the substitution creates a cutting site in the normal allele (CCGG) for the 

restriction enzyme Mspl. In the mutant allele, the mutation abolishes the recognition site 

for the enzyme. Absence of the Mspl restriction site at codon 3500 is diagnostic for FDB. 

The 477bp apoB-100 amplicon may contain a second benign polymorphic Mspl recognition 

site at codon 3611 which can be present in either the normal or the mutant allele (Fig. 4) 

(Huang et al, 1988; Morash et al, 1994). 

PCR amplification of the 477bp apoB-100 fragment was performed as previously 
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described (Motti et al 1991) with some modifications. Thermalcycling was performed using 

a COY Model 60 Tempcycler in a total volume of 100 pi containing 300 ng of genomic 

DNA, 2.5 units of Thermus aquaticus (Tag) DNA polymerase (Gibco, BRL), 30 pmol of 

each primer (30pmol/ul), lOmmol/L Tris-HCl pH 8.4, 50mmol/L KC1, 1.0 mmol/L MgCl2, 

0.2mmol/L each of dATP, dGTP, dCTP, dTTP, and 1.4 mg/ml BSA. Each sample was 

mixed and then overlaid with two drops of mineral oil prior to amplification. The samples 

were denatured at 96°C for 1 minute, followed by annealing at 60°C for 1 minute and 

extension at 70°C for 1 minute. This was repeated for 35 cycles and followed by a final 

extension at 70°C for 5 minutes. 

//) Mspl restriction digestion for detection of the codon 3500 mutation in the apoB-
100 gene 

Following the PCR amplification, 30 pi of the DNA were digested with 4 ul (40 

units) of Mspl (Boehringer Mannheim; Laval, Quebec) and 4 pi of 10X React buffer L in 

a total volume of 40 pi at 37°C for 3 hours. A 20 (.•• Jiquot of the digestion mix was 

analyzed by polyacrylamide gel electrophoresis (PAGE; 10%w/v) in TBE buffer. DNA was 

visualized by staining with ethidium bromide. The sizes of the digested DNA fragments 

were determined by comparison to a 100 bp size marker. This approach was used to screen 

the 13 probands (A-M) clinically diagnosed with FH for FDB. 
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Mspl restriction sites 

in the amplified Apo B-100 fragment 

3500 * 3611 # 
—i I 

23 bp 
333 b p 

477 bp 

121 bp 

* FDB mutation 
# benign polymorphism 

Figure 4 Mspl restriction map of a 477bp PCR amplicon spanning codon 3500 of the 

apolipoprotein B-100 gene. Adapted from Motti et al., 1991. 
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B) Screening for FDB using the two-test strategy ofMnmotte and van Bockxmeer, 1993 

Mamotte and van Bockxmeer (1993) described a different approach for detection 

of the arginine to glutamine substitution at codon 3500. Like the method described by 

Motti et al. (1991), this approach uses mutagenic PCR primers that introduce restriction 

sites in the PCR-amplified DNA which facilitate detection of the mutation at codon 3500 

in the apoB-100 gene. This method generates 87 bp amplicons spanning codon 3500 which 

are cleaved with either Seal or Sau96l. In the first test, the downstream primer is 

mismatched to the normal allele by substitution of guanine for adenine, 4 bp from the 

mutation at codon 3500. This mismatch results in the formation of a restriction site for 

Sau96l in the amplification product of the normal apoB-100 allele but not the mutant allele. 

The mutation at codon 3500 which causes FDB prevents formation of this restriction site. 

The second test uses the same upstream primer as the first test but a different downstream 

primer. The downstream PCR primer had been designed with two mismatches which, in 

addition to the codon 3500 mutation in FDB, create a recognition site for Seal in the 

mutant allele but not in the normal allele. Using this approach, DNA amplified from a FDB 

heterozygote is cleaved with both enzymes, whereas DNA amplified from a normal 

individual is cleaved with Sau96l but not with Seal. The method of Mamotte and van 

Bockxmeer (1993) was assayed as an alternate approach to the method described by Motti 

et al (1991) for detection of the common mutation in the apoB-100 gene at codon 3500 

causing FDB. 

For this approach, PCR amplification was performed as described by Mamotte and 

van Bockxmeer (1993). Briefly, reactions were carried out in a final volume of 25 pi 
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containing: 0.25 units of Taq DNA polymerase (Perkin-Elmer, Amplitaq), 6.25 pmol of 

each primer (University of Calgary DNA laboratory), lOmmol/L Tris-HCl (pH 7.4), 

50mmol/L KCL, 2.0mmol/L MgCl2, 0.001% (w/v) gelatin, 0.2mmol/L of each dNTP, and 

100 ng of genomic DNA. Samples were initially denatured at 95°C for 5 minutes, followed 

by 35 cycles of: denaturing at 95°C for 1 minute, annealing at 46CC for 1 minute and a 1 

minute extension at 72°C. Following amplification, 20 ul of the PCR product were digested 

with 30 units of either Seal (Gibco, BRL) or Sau96l (Gibco, BRL) at 37°C for 2-3 hours 

in a total volume of 30 pi according to manufacturer's instructions. The digested PCR-

amplified DNA was analyzed by PAGE (10% gel in TBE) and visualized by staining with 

ethidium bromide. Sizes were determined by comparison to lOObp and lObp ladders 

(Gibco, BRL). Genomic DNA isolated from proband L, a clinically affected sibling, and 

a clinically unaffected sibling were analyzed by this approach to confirm diagnosis of FDB 

in this pedigree. 

LDL receptor function assays 

Biochemical assays to measure LDL binding and internalization have been described 

previously (Ho et al, 1976 a,b; Goldstein et al, 1983). These assays are typically 

performed using cultured fibroblasts, isolated from skin biopsies, but also can be performed 

using lymphocytes. For our studies, it was not feasible to establish fibroblast cultures from 

the patients. Consequently, LDL binding to and internalization (uptake) by the LDL 

receptor were measured using cultured lymphoblasts isolated from peripheral whole blood 

and transformed with EBV. The binding and internalization assays were performed initially 
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using commercially purchased iodinated LDL (Biomedical Technologies Inc.; Stroughton, 

MA). The quality of the commercially prepared iodinated LDL (125I-LDL) was not sufficient 

to yield satisfactory results, therefore, the experiments were repeated using LDL which was 

isolated, purified and iodinated in our laboratory from whole blood obtained from a male 

donor with normal lipid concentrations. 

A) Isolation of LDL from Whole Blood 

I) Separation of LDL from VLDL and HDL 

LDL was isolated from whole blood (450cc) from an individual with a normal lipid 

profile by sequential centrifugation (Goldstein et al, 1983). Briefly, the blood was 

centrifuged in 50 ml polypropylene tubes at 3000 rpm for 30 minutes at 4°C. The blood 

separated into a bottom layer of red and white blood cells and an upper phase of plasma. 

The density of the plasma (258 ml) was increased from 1.006 to 1.030 with solid sodium 

bromide. Approximately 15 ml of plasma (density of 1.030) were placed in 30 ml seal-top 

centrifuge tubes (Beckman) using a syringe and a 16 gauge needle. The tube was gently 

filled with sodium bromide (d= 1.030). Samples were centrifuged at 40000 rpm (BecLman 

Ti 50.2 rotor) in a Beckman L5-50B ultracentrifuge for 18 hours at 4°C to separate VLDL 

from the HDL/LDL fraction. The density of VLDL is less than d= 1.030 and, consequently, 

floats to the top of the tube; the densities of LDL and HDL are higher than 1.030 and, 

therefore, remain in the lower phase at the bottom of the tube. The tubes were sectioned 

with a tube slicer and the solution (~ 250 ml) in the bottom of the tube, representing the 

HDL and LDL fractions, was transferred to a sterile container. Preservative was added to 

the solution of HDL/LDL to a final concentration of 0.075% thimerosal, 0.13% sodium 
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azide, 0.37% EDTA pH 8.0. The density of the HDL/LDL solution was increased with solid 

sodium bromide from 1.030 to a density of 1.050. Approximately 30 ml of HDL/LDL 

solution was placed in 45 ml centrifuge tubes .by dripping the solution through a syringe 

with a 16 gauge needle. The remainder of the tube was carefully filled with a solution of 

sodium bromide (density = 1.050). Samples were centrifuged at 40000 rpm (Beckman Ti 

50.2 rotor) for 20 hours at 4°C to separate the LDL from the HDL. The LDL floated to the 

top and the HDL remained in the bottom of the tube.. The tubes were sectioned with a tube 

slicer (Beckman) and the solution in the top (upper 1/3) of the tube, representing the LDL, 

was withdrawn with a 16 gauge syringe and retained. Approximately 100 ml of LDL 

solution was obtained from 450cc of whole blood. 

//) Concentration, quantitation and iodination of LDL 

The LDL was concentrated with the dehydrant aquiside as described previously 

(Goldstein et al, 1983). Briefly, 20 ml of LDL was placed in each of five dialysis bags 

(dialysis tubing 2 ml/cm, cutoff 12000-14000 daltons) which had been previously boiled 

in distilled water for 10 minutes and allowed to cool. The dialysis bags containing the LDL 

solution were immersed in aquiside at 4°C . Every 30 minutes, the aquiside which caked 

on the tubing, was carefully removed. As the volume of LDL solution decreased, the 

dialysis bag clamp was adjusted so that the tubing remained taut. This was repeated until 

the volume of LDL solution had decreased to 7-8 ml (8 hrs). Once the volume had 

decreased to 7-8 ml, the aquiside was completely removed from the tubing. The tubing was 

rinsed with distilled water and the LDL was placed into a fresh dialysis bag (2 ml/cm, 

cutoff 12000-14000 daltons). 
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The concentrated LDL (7-8 ml) was dialysed twice in a large beaker against one 

litre of phosphate buffered saline (PBS) (Sambrook et al, 1989) containing ImM EDTA 

pH 7.4 in a cold room with gentle stirring overnight to remove the sodium bromide. 

Following equilibration with PBS, the LDL was removed from the dialysis bag, filtered 

through a 0.45 pm filter and stored in a sterile tube at 4°C. The LDL concentration was 

determined by Lowry assay (Lowry et al, 1951), iodinated as described (Goldstein et al, 

1983) and used in binding and internalization assays within two weeks. 

B) LDL receptor binding and internalization (uptake) assays 

I. Cell Culture 

For the binding and uptake assays, lymphocytes from the proband and an unaffected 

control, which had been isolated from whole blood and immortalized with EBV as 

described above, were used. The cells were cultured in RPMI 1640 media (Gibco, BRL) 

containing 10% FBS in 500 ml tissue culture flasks. To upregulate the number of LDL 

receptors, the cells (600 ml of cell suspension for each cell line) were harvested during the 

proliferation phase of growth by centrifugation at 2500 rpm, rinsed in PBS to remove any 

residual FBS, resuspended at a density of 1 million cells per ml in RPMI 1640 medium 

containing 10% delipidated serum (Goldstein et al, 1983) and cultured at 37°C in a C02 

incubator for 24 hours. 

//. Surface binding of nsl LDL to EBV-immortalized lymphoblasts 

Surface binding of iodinated LDL to LDL receptors of EBV-immortalized 

lymphocytes isolated from the proband of family M and a clinically unaffected family 
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member was determined as described previously with some modifications (Ho et al, 1976 

a,b; Goldstein et al, 1983; Humphries et al, 1993). Lymphoblasts grown for 20 to 24 hours 

in delipidated serum were collected by centrifugation at 2000 rpm for 5 minutes. The cell 

pellet was rinsed in freshly prepared RPMI 1640, pH7.4 (buffered with 25mM Hepes) 

containing 0.5% BSA (fraction 5, Sigma), or RHB medium, and recentrifuged. BSA serves 

as an alternate substrate for proteases and thereby inhibits degradation of the iodinated 

LDL. The cell pellet was resuspended in 10-20 ml of ice-cold RHB medium and kept on 

ice for at least 30 minutes prior to incubation with iodinated LDL (to prevent internalization 

of LDL bound to cell surface receptors). Two to four million cells were transferred to 

12X75mm polystyrene white cap tubes (nonsiliconized) in a total volume of 100 pi for the 

binding assays. Following the 30 minute incubation at 4°C, 100 pi of the iodinated LDL 

medium or 100 pi of the competitive medium (iodinated LDL containing 20-fold excess of 

non-radioactive LDL) was added to the cell suspensions. Four independent binding assays 

were performed; each experiment was performed in duplicate using approximately 2, 5, 

10, 15 and 20 ug/ml iodinated LDL with and without a 20-fold excess of cold LDL to serve 

as a competitive inhibitor. Controls containing medium with no cells were performed in 

duplicate at each concentration of iodinated LDL to determine nonspecific binding to the 

tube. The cells were incubated with the iodinated LDL at 4°C for 4-5 hours with agitation 

every 20 minutes to ensure that the cells remained in suspension. Following the 4 hour 

incubation, the cells were centrifuged at 1400g for 10 minutes at 4°C in an JJ3C PR 6000 

centrifuge (Damon/TEC Division). The supernatant was decanted and the cell pellets were 

placed on ice for subsequent washes. The washes were performed on ice with the use of 
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an automatic 1 ml dispenser and the cells were collected between washes by centrifugation 

at 1700 rpm for 10 minutes at 4°C. The cells were washed twice with 600 ul of ice-cold 

PBS containing 0.5% BSA, followed by three .washes in 600 pi of ice-cold PBS. In the 

final wash with PBS, 500 pi of the cell suspension was transferred to a new 10X75mm 

falcon tube and the cell pellet was harvested and dissolved in 1.6 ml of 0.1N NaOH. The 

amount of 125ELDL bound to each of the samples was measured in a gamma counter and 

the protein content of each sample was determined in duplicate by standard Lowry assay 

(Lowry et al., 1951). 

///) LDL internalization (uptake) assay 

The relative abilities of EBV-immortalized lymphoblasts isolated from the proband 

and the subject to internalize iodinated LDL were compared (Ho et al, 1976a,b: Goldstein 

et al, 1983; Richard Theolis, personal communication). The internalization assay was 

conducted as described for the binding assay except that the assay was performed at 37°C 

and cells were not cooled on ice prior to the assay. The experiment was conducted in RPMI 

1640, pH 7.4 (Gibco, BRL) buffered with sodium bicarbonate containing 0.5% BSA. The 

internalization assay was performed in both 6 well multiwell dishes in a volume of 500 pi 

and in 12X75mm tubes in a volume of 200 ul at 37°C in a 5% C02 incubator. 

Approximately 2 million cells were used per determination and the concentrations of 

iodinated LDL ranged from - 2 ug/ml to 20 ug/ml. The cells were incubated with iodinated 

LDL for 5-6 hours at 37°C in a C02 incubator with agitation every 30 minutes. The assay 

was performed in duplicate. Controls for the assessment of nonspecific binding contained 

each of the experimental concentrations of iodinated LDL medium as well as a 20-fold 
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excess of cold LDL to serve as a competitive inhibitor of binding. The cells were chilled 

on ice for 30 minutes following the 5-6 hour incubation to stop further internalization and 

washed as described for the binding assay. Following the washes, the cells were 

resuspended in 0.1N NaOH and counted in a gamma counter. The gamma counts 

represented the amount of iodinated LDL internalized and degraded by the cells as well as 

any uninternalized, surface-bound LDL. 

IV) Statistical Analysis 

Kd and Braax values for four separate binding assays were calculated using linear 

regression analysis. All values are expressed as mean +/- standard deviation (SD) and 

standard error of the mean (SEM). The statistical significance of the results was calculated 

using a one-tailed paired Student's t test. 

Identification of the mutation in the LDL receptor gene in one Maritime family 
clinically diagnosed with heterozygous FH 

One of the 13 probands, proband M, was used for further molecular studies. Several 

strategies were employed to identify the molecular defect responsible for FH in Family M. 

The first attempts were aimed at amplifying, cloning and sequencing the LDL receptor 

cDNA which was obtained by reverse transcription of total RNA (Landsberger et al, 1992; 

Leitersdorf et al, 1993). Attempts to amplify and clone the entire 2.6kb cDNA using one 

set of PCR primers were unsuccessful and, consequently, an alternate approach was 

developed to PCR amplify the cDNA using five pairs of overlapping oligonucleotide 

primers. The resulting amplicons, ranging in size from approximately 350 - 750 bp were 
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cloned into both M13 bacteriophage vectors and a plasmid specifically designed to clone 

PCR products (PCR II; TA cloning). Cloning into Ml 3 was unsuccessful; and although the 

inserts were successfully cloned into the PCR II vector, additional complications arose 

which necessitated transforming the plasmids into an alternate bacterium. This latter option 

proved inefficient and, as a result, was discontinued. Consequently, each of the 18 exons 

of the LDL receptor gene was PCR-amplified from genomic DNA and sequenced by direct 

dideoxy sequencing. The details of each of these strategies are described below. 

cDNA APPROACH 

A) cDNA synthesis and PCR amplification 

I) cDNA synthesis 

Complementary DNA (cDNA) was prepared as described elsewhere (Murphy et al, 

1992) using random hexamer oligonucleotide primers and MMLV (Moloney murine 

leukaemia virus) reverse transcriptase. Briefly, 1 pg of total RNA (isolated from 

immortalized cells as described above) was diluted to 10 pi in sterile autoclaved water and 

overlaid with two drops of mineral oil. The sample was heated to 90°C for 10 minutes and 

then placed on ice for 5 minutes. Following this denaturation, 1 pi of ImM random 

hexamers (pdN6), 2.5 pi ImM dNTPs, 1 pi RNasin (40 units/pl) (Promega; Montreal, 

Quebec), 1 pi MMLV reverse transcriptase (200 units/ul) (Gibco, BRL), 5 pi 5X buffer 

(supplied with the enzyme), 2.5 pi 0.1M dithiothreitol (DTT), and 2 pi water were added 

to the diluted RNA. Air bubbles that could inhibit the reaction were carefully removed. The 

samples were incubated at 23°C for 10 minutes followed by a 3 hours 30 minute incubation 

at 42°C, and finally a 7 minute incubation at 95°C (to denature the MMLV reverse 
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transcriptase) in a Coy Model 60 Tempcyder. 

//) PCR Amplification of entire 2.6kb coding sequence of the LDL receptor cDNA 
using one set of PCR primers 

a) PCR primers 

Tho primers which were designed for amplification of the entire 2.6kb coding region 

of the LDL receptor cDNA are described below and were purchased from the University 

of Calgary DNA Core Facility. 

forward: 5' ATAAAGCTTAAATTGCGCTGGACCGTCGCCTTGC 3' 

reverse: 5' ATAGGTACCCGCCACGTCATCCTCCAGACTGACC 3' 

b) PCR amplification 

Several attempts were made to amplify the entire 2.6kb coding region of the LDL 

receptor cDNA using one set of PCR primers as described below. 

Condition 1 

The PCR reaction contained: 1-10 pi of cDNA, lOmmol/L Tris-HCl, pH 7.4, 50mmol/L 

KCl, 0.1 mg/ml gelatin, 200 pmol/L of dNTPs, 0.5mmol/L, l.Ommol/L or 1.5mmol/L 

MgCl2, 1 pi of dimethyl sulfoxide (DMSO), 250 nmol/L of each primer and 2.5 units of 

Taq DNA polymerase (Gibco, BRL). Thermocycling was performed in a Coy TempCycler 

II (Diamed Laboratories Supplies; Mississauga, Ontario) as follows: 1 minute at 94DC, 20 

seconds at 55°C, 2 minutes at 72°C. This profile was repeated for 35 cycles followed by a 

final extension at 72°C for 5 minutes. 

Condition 2 

The PCR reaction contained: 1-10 pi of cDNA, 20 pmol of each primer, 2.5 iinits of Taq 

DNA polymerase (Boehringer Mannheim), 1 pi of dNTPs (20mM each NTP), 5 pi of 

I I 
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lOXBuffer (lOOmmol/L Tris-HCl, pH 8.3, 50mmol/L KCL, 0.5 mmol/L, l.Ommol/L or 

15mmol/L MgCl2, 1 mg/ml of gelatin in a final volume of 50 pi (personal communication, 

technical services Boehringer Mannheim). Thermocycling was performed in a Coy 

Tempcycler JJ. Samples were incubated at 94°C for 2 minutes, 55°C for 2 minutes, 72°C 

for 2 minutes followed by 30 cycles at 94°C for 1 minute, 55°C for 1 minute, 72°C for 2 

minutes. Cycling was terminated by a long extension at 72°C for 15 minutes. 

Condition 3 

PCR was performed in a total volume of 50 pi containing: 25mmol/L Tris-HCl, pH 7.3, 

50mmol/L KCl, 0.5mmol/L, l.Omrnol/L, 1.5mmol/L or 2mmol/L MgCl2, 1 mmol/L DTT, 

20mmol/L dATP, dGTP, dCTP and dTTP, 2.5 units Taq DNA polymerase, 300 ng of 

genomic DNA and 30 pmol of each primer (Karen Sampson, personal communication). 

Thermocycling consisted of 35 cycles of: 94°C for 1 minute, 55DC for 1 minute and 72°C 

for 1 minute. 

Ill) PCR amplification of the LDL receptor cDNA using 5 sets of primers 

The 2.6kb coding sequence of the LDL receptor cDNA was amplified using first 

strand cDNA as a template and five sets of overlapping primers (for sequence see Appendix 

1) to generate five amplicons ranging in size from ~ 350 - 700 bp. The sites of primer 

annealing to the cDNA are indicated in Fig. 5. Using these primer pairs, (hereafter denoted 

as P1/P4, P5/P8, P9/P12, P13/P15, P16/P18), exons 1-4, 5-8, 9-12, 13-15 and 16-18 were 

amplified to generate amplicons of 739, 560, 726, 534 and 353 bp, respectively. The 

primers were purchased from the DNA Core Facility at the University of Calgary and the 

primer sequences were kindly provided by Dr. Eran Leitersdorf (personal communication). 

• 
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The primers were designed to include the consensus sequence for BamHI and Sphl 

restriction endonucleases to facilitate cloning into Ml 3 vectors. 

Approximately 5 pi of cDNA was PCR-amplified using the five sets of overlapping 

primers in a Coy Model 60 Tempcycler. The amplification was performed in a total volume 

of 100 pi in the presence of 10% DMSO, 100 pmol of each primer (100 pmol/ul), 4.5 pi 

dNTP(20mM), 2.5 units Taq DNA polymerase (Boehnnger Mannheim), 40mmol/L KCl, 

lOmmol/L Tris-HCl (pH 8.0), l.Ommol/L MgCl2and 200 pg/ml gelatin (Eran Leitersdorf, 

personal communication). Initially, varying amounts of WI38 (a normal human fibroblast 

cell line) cDNA were used to optimize conditions It was determined that as little as 5 ul 

of cDNA (l/5th the total reaction) could be used for subsequent PCR amplification PCR-

amplified samples were denatured for 90 seconds at 94°C followed by 5 minutes annealing 

and extension at 68°C (Landsberger et al, 1992), this cycle was repeated 35 times. LDL 

receptor cDNA from the affected proband and her unaffected daughter was generated and 

PCR-amplified for subsequent cloning using the five sets of primers The amplification 

products were analyzed in 0.8% agarose gels in TBE buffer or in 10% (w/v) polyacrylamide 

gels in TBE buffer for improved resolution of size and purity. The PCR-amplified DNA 

was visualized by staining with ethidium bromide. 
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Figure 5 The nucleotide sequence of the LDL i eceptoi cDNA, taken fi om Yamamoto et 
al, 1984 Arrows indicate primers P1/P4 (solid red), P5/P8 (green), P9/P12 (blue), P13/P15 
(black) and P16/P18 (dashed red) used to amplify exons 1-4, 5-8, 9-12, 13-15 and 16-18, 
respectively of the LDL receptor cDNA 
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To ensure that the PCR-generated amplicons were specific for the LDL receptor 

gene, 15 pi of each of the five amplicons were electrophoresed in 1% agarose gels and 

transferred to nitrocellulose according to standard procedures for Southern blot analysis 

(Sambrook et al., 1989). The PCR-amplified DNA was hybridized with the 2.6 kb LDL 

receptor cDNA probe. The resulting blot was washed in 0.1XSSC/1%SDS at 68°C for 1 

hour to ensure specificity and then exposed to X-ray film for five minutes. 

B) Cloning the 2.6kb PCR-amplified LDL receptor cDNA 

Attempts were made to clone the amplified cDNA into Ml3 bacteriophage vectors 

(Pharmacia; Baie d'Urfe, Quebec) and a plasmid vector developed by Invitrogen 

Corporation (San Diego, California) which was specifically designed for cloning of PCR 

products (PCR JJ). The latter approach is commonly known as TA cloning. 

I) Cloning exons 1-4 and 5-8 into bacteriophage Ml3 

The five sets of oligonucleotides used for PCR amplification of the LDL receptor 

cDNA included consensus sequences for BamHI and SphI restriction endonucleases to 

facilitate cloning into M13 vectors. Following PCR amplification, the PCR products were 

digested with BamHI and SphI and subcloned into the polylinker site of bacteriophage Ml 3. 

For this approach, PCR-amplified DNA representing exons 1-4 and 5-8 of the LDL receptor 

cDNA for the proband and the normal control were purified by electrophoresis in 1% 

agarose. The amplicons were excised from the gel and electroeluted in dialysis bags 

according to standard procedures (Sambrook et al, 1989) or electroeluted using the S&S 
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Elutrap system (Schleicher & Schuell; Keene, New Hampshire). The eluted DNA solution 

was extracted once with an equal volume of phenol:chloroform:isoamyl alcohol (25:24:1) 

followed by a chloroform wash and ethanol precipitated according to standard procedures 

(Sambrook et al, 1989 pp B.4-5, E.3-4). The precipitated DNA was washed with 70% 

ethanol and dissolved in TE. The DNA was digested with 30 units of SphI (Gibco, BRL) 

for 2 hours at 37°C followed by digestion with 50 units of BamHI (Gibco, BRL) overnight 

in a total volume of 50 pi. Concurrently, M13mpl8 and M13mpl9 DNA (Pharmacia) were 

digested with SphI and BamHI. The digested DNA samples were extracted with 

phenolxhloroform and ethanol precipitated. The DNA was dissolved in TE and quantitated 

in a 1% agarose gel by visual comparison (ethidium bromide stain) with known quantities 

of a standard DNA size marker (Lambda-tfrW///; Gibco, BRL). 

Ligation was performed at 12°C overnight in a refrigerated water bath according 

to manufacturer's instructions using 4 units of T4 DNA ligase (Pharmacia; Baie d'Urfe, 

Quebec) and a ratio of either two or three molecules of amplicon (exons 1-4 or 5-8) to one 

molecule of vector in a total volume of 10 pi. The ligation products were analyzed in 1% 

agarose gels run in TBE buffer. DNA was visualized by staining with ethidium bromide 

//) Cloning into PCR II vector: TA Cloning 

a) Ligation of exons 1-4 and 5-8 into the PCR II vector 

The five amplicons representing the coding region of the 2.6kb LDL receptor cDNA 

from the affected proband and a clinically unaffected family member were cloned into the 

TA system cloning system (Invitrogen Corporation; SanDiego, California) according to the 

manufacturer's instructions. Briefly, a ratio of three molecules of insert to one molecule of 

f 
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vector was used in the ligation reaction; the PCR-amplified DNA was not purified prior to 

ligation. The ligation was performed at 12°C using 50 ng of vector (2 pi) and the 

appropriate amount of PCR-amplified DNA (based on the size of individual amplicons) in 

a total volume of 11 pi containing 4 units of T4 DNA ligase and 1 pi of React buffer 

(supplied). 

b) Transformation of recombinant PCRII vector into competent invotF' bacterial cells 

The ligation reaction was transformed into competent invaF bacteria (Invitrogen 

Corporation; SanDiego, California) according to the manufacturer's instructions. Briefly, 2 

pi of (3-mercaptoethanol and I pi of the ligation mixture were added to 50 pi of frozen 

competent cells and the cells were placed on ice for 30 minutes. Following the 30 minute 

incubation, the cells were heat-shocked for 60 seconds at 42°C and placed on ice for 2 

minutes. Subsequently, 450 pi of SOC medium (Sambrook et al., 1989; pp A.2) was added 

and the culture was shaken at 37°C for 1 hour. Following the one hour incubation, 10, 50 

and 100 pi aliquots of the culture were spread on LB agar plates containing 50 pg/ml 

ampicillin and overlaid with 15 ul of 10% XGal (5-Bromo-4-chloro-3-indolyl-(3-D-

galactoside). The plates were incubated at 37°C overnight and then at 4°C for at least 24 

hours to ensure blue/white colour selection. 

c) Colony selection and screening 

For each of the five amplicons representing the 2.6kb LDL receptor cDNA for the 

proband and the normal control, numerous white bacterial colonies were chosen and grown 

in 5 ml LB medium containing 50 pg/ml ampicillin. DNA was isolated from 1.5-3.0 ml of 

each culture according to standard procedures (Sambrook et al., 1989; pp 1.25). All of the 

w 
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the clones were screened for the presence of LDL receptor specific sequences by Southern 

analysis and subsequent hybridization to the competitively prehybridized 2.6kb LDL 

receptor cDNA probe to identify clones which did not contain the desired insert (Sambrook 

et al., 1989; pp 1.85). For the Southern gel, plasmid DNA was digested with EcoRl (30 

units) in a total volume of 30 pi to separate the insert from the multicloning site of the 

plasmid. The clones that hybridized to the LDL receptor cDNA probe were frozen in LB 

containing 15% glycerol and stored at -70°C (Sambrook et al, 1989 pp A.5). 

d) Alkaline Denaturation and Dideoxy Sequencing of Insert Positive Clones 

For both the proband and the normal control, plasmid DNA containing LDL receptor 

specific sequences was isolated for dideoxy sequencing by several methods including. 

alkaline denaturation (Sambrook et al, 1989; pp 1.25), commercial plasmid DNA isolation 

kits (Qiagen plasmid maxi kit; Chatsworth, California) and equilibrium centrifugation in 

cesium chloride gradients (Sambrook et al, 1989; pp 1.42). The latter two methods produce 

larger quantities and superior quality DNA than the first. The plasmid DNA was 

quantitated by spectrophotometry at A2S0. Approximately, 3-5 pg of double-stranded DNA 

were sequenced with USB Sequenase (Version 2.0) DNA sequencing kit (Amersham) 

according to manufacturer's instructions. The M13 -40 universal primer, the T7 promoter 

pnmer or the Sp6 promoter primer were used for sequencing Samples were heated to 84°C 

for 3 minutes, placed on ice for 2 minutes and electrophoresed in 6% polyacrylamide 

sequencing gels in TBE buffer (Sambrook et al, 1989 pp 7.6.1-7.6.7). Briefly, the 

sequencing gel was prepared as follows: 48 g of urea were dissolved by heating in 70 ml 

of water. To this solution, 5 ml of 20X TBE, 15 ml of 38:2 bis:acrylamide (Boehringer 
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Mannheim), 200 pi of ammonium persulfate (APS) (BioRad Laboratories; Hercules, 

California) at 450 mg/ml, and 20 pi N,N,N,N Tetramethylethylenediamine (TEMED) 

(BioRad Laboratories) were added. Electrophoresis was performed on a BRL S2 Sequencing 

apparatus (Bethesda Research Laboratories Life Technologies Inc; Gaithersburg, MD) after 

prewarming the gel for 1 hour at 1700 volts. Samples (5 pi) were loaded and 

electrophoresed at 1700 volts for 4-8 hours. The gel was fixed in a solution of 10% 

methanol/10% acetic acid for 30 minutes before transfer to 3MM Whatman paper. The gel 

was dried for 2 hours at 80°C and exposed to Kodax X-ray film for up to one week. 

e) Recloning into DH5oc. selection of positive clones and dideoxy sequencing 

For both the proband and the normal control, plasmid DNA (PCR JJ) containing 

exons 1-4 and 5-8 of the LDL receptor cDNA was transformed into DH5a bacterial cells 

(Sambrook et al, 1989; pp 1.82-1.84). Transformation into DH5a bacterial cells was 

necessary because of difficulties (see discussion) encountered using the invaF' bacterial 

cells supplied with the TA cloning kit. For the transformation into DH5a bacteria, 

approximately 1-10 ng of plasmid DNA, isolated from the invaF' bacteria by one of the 

three methods discussed above, was transformed into DH5a bacteria. Transformation was 

performed according to standard procedures (Sambrook et al, 1989; pp 1.84). Briefly, 

plasmid DNA was added to competent DH5oc cells. The cells were placed on ice for 30 

minutes. Following the 30 minute incubation, the bncteria were heat-shocked at 42°C for 

45 seconds and placed on ice for 2 minutes. A portion (10 or 100 pi) of the transformation 

reaction was spread on LB agar plates containing 100 ug/ml ampicillin and X-Gal (15 pi 

of a 40 mg/./il solution) to allow blue/white colour selection of insert-positive clones 

I I I • 
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(Sambrook et al, 1989; pp 1.86). The plates were incubated at 37°C overnight. 

White colonies were chosen with a sterile inoculating loop and grown in 5 ml LB 

containing 100 pg/ml ampicillin in a 37°C shaker incubator overnight. The clones were then 

screened for the presence of sequences specific to the LDL receptor cDNA. The DH5a 

clones were not screened by Southern analysis but rather by PCR amplification of an 

aliquot of the bacterial colony (Sanjoy Gupta, personal communication) using primers P1/P4 

and P5/P8 which had been used originally to amplify exons 1-4 and 5-8, respectively, from 

the cDNA. Theoretically, only bacterial colonies with a plasmid containing the desired 

insert should amplify. Briefly, an aliquot of the bacterial colony was inoculated (using a 

sterile eppendorf tip) into a PCR tube containing 10 pi of PCR reaction buffer (300 pi of 

water, 40 pi of 2.5 mmol/L dNTP's, 40 units of Taq DNA polymerase, 50 pi of 10X buffer 

{500mmol/L KCl, lOOmmol/L Tris-HCl, 15mmol/L MgCl2 and 0.1% gelatin} and 30 pmol 

of each PCR primer). Thermocycling was as follows: 45 seconds at 92°C, 45 seconds at 

62°C and 45 seconds at 72°C. This cycle was repeated 35 times. As an aliquot of each 

bacterial clone to be screened was transferred to the PCR reaction tube, a portion of each 

bacterial colony was inoculated into 5 ml of LB broth containing ampicillin (100 pg/ml) 

to produce a stock culture for each bacterial clone. The cultures were grown at 37°C 

overnight. The PCR products were electrophoresed in 1% agarose gels in TBE buffer and 

rhe DNA was visualized by staining with ethidium bromide. 

For all positive clones (which amplified using the primers specific for the LDL 

receptor cDNA), plasmid DNA was isolated from 1.5 ml of bacterial culture using the 

alkaline denaturation method (Sambrook et a',. 1989; pp 1.25). Approximately 3-5 pg of 

I 
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the plasmid DNA were used for subsequent dideoxy sequencing using Sequenase (version 

2.0) DNA sequencing kit (Amersham) and electrophoresed on 6% polyacrylamide 

sequencing gels as described above. 

C) Single-strand conformation polymorphism analysis 

I) PCR amplification and preparation of samples 

Single-strand conformation polymorphism (SSCP) analysis is a technique which can 

be useful to distinguish between sequences of DNA which differ by as little as one base 

pair (Orita et al., 1989 a,b). SSCP involves electrophoresis of denatured, radioactive PCR 

amplicons in nondenaturing polyacrylamide gels. The conformation of the DNA molecule 

influences its rate of migration through the gel (Orita et al., 1989a,b;, Hayashi et al., 1992). 

Amplicons which differ in sequence by as little as one base pair may migrate differently 

in SSCP gels, if the substitution alters the conformation of the DNA molecule. 

Consequently, the technique can be useful in identifying a region of DNA that may contain 

a mutation or polymorphism (Orita et al, 1989 a,b; Hayashi et al., 1992). 

The five PCR-generated amplicons representing the LDL receptor cDNA isolated 

from three to five clinically affected and two clinically unaffected members of family M 

were analyzed by SSCP as described with some modifications (Orita et al, 1989 a,b; 

Zietkiewicz et al, 1992). cDNA synthesis and PCR amplification were as described above 

except that 0.5 pi of [a32P]dCTP (Dupont) per sample was added to each PCR reaction 

mixture and the number of cycles of amplification was reduced from 35 to 27 to minimize 

any nonspecific amplification products. For the proband and at least one clinically 

unaffected family member, undigested PCR-amplified DNA for each of the five amplicons 
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of the LDL receptor cDNA was subjected to electrophoresis in SSCP gels as described 

below. However, since SSCP is most effective when DNA fragments of 200bp or less are 

analyzed (Sheffield et al, 1993) and the PCR amplicons representing the LDL receptor 

cDNA ranged in size from ~ 350 to 750 bp, the amplicons were digested with various 

restriction enzymes to generate smaller fragments. Restriction digests were performed in 

a total volume of 20 pi containing 10-20 units of enzyme (Gibco, BRL) at 37°C overnight. 

Exons 1-4 were digested with PvuII and StuI, exons 5-8 were digested with PvuII, Hhal, 

Alul, and BamHI, exons 9-12 were digested with BamHI and Bglll, exons 13-15 were 

digested with SphI and PstI, and exons 16-18 were digested with Xhol and Alul. 

11) SSCP gel conditions 

Approximately 2 pi of the PCR-amplified undigested DNA were mixed with 7 ul 

of 0.1 %SDS in 20mM EDTA and 8 ul of sequencing stop solution (Sequenase version 2.0 

DNA sequencing kit; Amersham) (Zietkiewicz et al, 1992). The mixture was heated to 

88°C for 8 minutes and then chilled on ice for 5 minutes before loading. Undigested PCR-

amplified DNA was subjected to electrophoresis in SSCP gels containing: 20 ml of 50:1 

bis-acrylamide, 10 ml of glycerol, 70 ml of 1XTBE, 200 pi of ammonium persulfate (450 

mg/ml), and 20 pi of TEMED. Samples (5 ul) were electrophoresed at 300 volts for 16 

hours at room temperature on a BRL S2 Sequencing apparatus (Bethesda Research 

Laboratories). 

Undigested PCR-amplified DNA and amplified DNA digested with various 

restriction enzymes was analyzed under SSCP conditions as described (Orita et al., 1989a,b) 

with some modification. SSCP gels contained: 10 ml of 29:1 bis-acrylamide, 44 ml of 
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1XTBE, 0, 3 or 6 ml of glycerol, 1 ml of ammonium persulfate (150 mg/ml), and 30 pi of 

TEMED. Approximately 2 pi of amplified DNA were mixed with 4 ul water and 5pl 

sequencing stop solution (Sequenase version 2.0 DNA sequencing kit), denatured at 95°C 

for 5 minutes and placed on ice for 5 minutes. Samples (5 ul) were subjected to 

electrophoresis for 20 hours at 300 volts at room temperature (gels containing glycerol) or 

at 4°C (gels containing no glycerol). Nondenatured control samples were included on each 

gel. SSCP gels were transferred to 3MM Whatman paper, baked at 80°C for 2 hours and 

exposed to Kodax X-ray film for 3-7 days. 

GENOMIC DNA APPROACH 

A) PCR amplification of the 18 exons of the LDL receptor gene from genomic DNA 

I) PCR primers 

The PCR primers used to amplify exons 1-18 of the LDL receptor gene were 

described by Simard et al, (1994) and their sequences are listed in Appendix 2. In addition 

to the published primers, two oligonucleotide primers (4C1 and 4C2) were designed and 

prepared to PCR-amplify the middle region of exon 4. All of the primers were synthesized 

on a Beckman OligolOOO DNA synthesizer (Beckman; Mississauga, Ontario) using 30nmol 

columns. The primers were isolated from the columns and purified using the DNA UltraFast 

Cleavage and Deprotection kit (Beckman). All of the PCR primers were reconstituted in 

100 pi of sterile water and stored as stock solutions at -20°C. 



72 

//) PCR amplification 

PCR amplification was performed in a total volume of 50 pi containing: 25pmol 

of each primer (4C1 and 4C2; Appendix 2); 2 ul of genomic DNA (150-250 ng/ul), 

0.20mmol/L dNTP's, 50mmol/L KCl, lOmmol/L Tris-HCl, pH 8.3, 1.5mmol/L MgCl2, 

0.01% gelatin, and 2 units of Taq DNA polymerase. The samples were amplified as 

follows: 92°C for 45 seconds, 62°C for 45 seconds, 72°C for 45 seconds. This was repeated 

35 times followed by an extension at 72°C for 10 minutes. For each amplification, a 

negative control containing everything except DNA was included. 

B) Direct dideoxy sequence analysis of the 18 exons of the LDL receptor gene 

I) Purification of exons 1-18, PCR-amplified from genomic DNA 

PCR-amplified DNA was purified for subsequent direct sequencing as described by 

Drebot and Lee (1994) with some modifications. For each exon, approximately 50 pi of 

PCR-amplified DNA was subjected to electrophoresis in 1% agarose in TBE buffer at 85 

volts for 1.5-2 hours. DNA was visualized with ethidium bromide; sizes were estimated by 

comparison with a lOObp DNA size ladder (Gibco, BRL). The DNA was purified from the 

agarose according to the method of He et al, (1992). Briefly, the gel area containing the 

PCR-amplified DNA was excised from gel using a scalpel blade. The gel slice was cut into 

smaller pieces and placed in a 500 pi tube which had been punctured in the base with an 

18 gauge needle and plugged with sterile siliconized glass wool. The 500 pi tube was 

placed inside a 1.5 ml tube and centrifuged at 12000 rpm for one minute to isolate the 

DNA from the agarose. The DNA solution was collected in the 1.5 ml tube. The volume 
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of the DNA solution was adjusted to 100 pi with sterile water and the sample was purified 

using the Geneclean JJ kit (Biocan Scientific; Mississauga, Ontario) according to 

manufacturer's instructions with a few modifications. Briefly, 50 pi of TBE modifier and 

450 pi of Nal (pH6.0; adjusted as described below) were added to the DNA solution. Nal 

in the Geneclean kit was supplied at pH 7.0 to isolate DNA fragments of 500bp and larger. 

For smaller DNA fragments, for example 100-200bp, the pH of the Nal must be adjusted 

to pH 6.0. This was achieved by adding 5 pi of 10% acetic acid to 1000 pi of Nal. The 

DNA solution containing the Nal and the TBE modifier was heated to 55°C for 5 minutes 

followed by the addition of 20 pi of glassmatrix to bind the DNA. The sample was 

incubated at room temperature for 5 minutes and mixed every minute to ensure the glass 

matrix remained in solution. The sample was centrifuged at 12000 rpm for 10 seconds to 

collect the glass matrix and the supernatant was decanted. The pellet was washed three 

times with 700 pi of NEW WASH and centrifuged at 12000 rpm for 30 seconds between 

washes. The pelleted r;lassmatrix was redissolved in 20 pi of sterile water and incubated 

at 55°C for 5 minutes to elute the DNA. Following the 5 minute incubation, the sample was 

centrifuged at 12000 rpm for 1 minute and the supernatant was transferred to a fresh tube. 

The DNA sample was dried in a Savant Speed Vac for approximately 20 minutes or until 

desiccated and then reconstituted in sterile water (15 pi). Immediately prior to sequencing, 

the DNA was centrifuged at 12000 rpm for 1 minute and the supernatant was transferred 

to a new 500 ul tube to eliminate any residual agarose which could inhibit subsequent 

sequencing reactions. 

! ! 
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//) Direct dideoxy sequencing of exons 1-18 of the LDL receptor gene 

Direct sequencing was performed as previously described (Drebot and Lee., 1994) 

with some modifications. The amplified DNA from a 50 ul PCR reaction was purified as 

described above and redissolved in 15 pi of sterile water. Three to six pi of the amplified 

DNA were used in subsequent direct sequencing reactions. To a total volume of 6 pi of 

DNA, 1 pi (~ 5pmol) of either the upstream or downstream PCR primer, 2 pi of annealing 

buffer (660mM Tris-HCl pH 7.5, 66mM MgCl2,100mM DTT), and 1 ul dimethyl sulfoxide 

(DMSO) were added. The primers used to sequence each exon were usually the same 

primers used to PCR-amplify each exon. For some exons, the primers used in the PCR 

amplification produced poor sequencing results. In these cases, additional primers (see 

Appendix 3) were synthesized for sequencing. The PCR reaction was mixed by gentle 

pipeting and incubated in an PTC-100 Programmable Thermal Controller (MJ Research Inc; 

Watertown, Mass) at 95°C for 5 minutes. The denatured samples were immediately 

immersed in liquid nitrogen or dry ice/methanol for 5-30 minutes. The samples were 

thawed rapidly and pipette into a 0.5 ml tube for subsequent sequencing. The samples were 

sequenced using Sequenase version 2.0 DNA sequencing kit (Amersham) according to 

manufacturer's instructions with the following modifications. Following addition of the 

labelling mixture, 1 pi of Mn (manganese) buffer (supplied with the sequencing kit) was 

added and 1 pi of radioisotope was used instead of the recommended 0.5 pi. The use of Mn 

buffer is recommended for sequencing close to the primer. The termination reactions were 

performed in microtiter plates. 

I 
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///) Analysis of exons 1-18 by electrophoresis in buffer gradient sequencing gels 

Following sequencing, exons 1-18 of the LDL receptor were electrophoresed in 

buffer gradient gels as described (Biggin et- al., 1983). Buffer gradient gels are 6% 

denaturing polyacrylamide gels which are cast such that the concentration of TBE at the 

bottom of the gel is higher than in the upper regions of the gel, unlike regular sequencing 

gels in which the concentration of TBE is constant throughout. Buffer gradient gels are cast 

with 2.5XTBE at the bottom of the gel and 0.5XTBE in the upper sections of the gel. The 

advantage of buffer gradient gels is that they allow more sequence to be read than 

conventional gels. Gradient gels can be run for longer periods than nongradient sequencing 

gels and because the DNA migrates more slowly as the concentration of TBE in the gel 

increases bands high on the gel can be resolved without loss of sequence data close to the 

primer. Buffer gradient gels were prepared as previously described (Biggin et al., 1983). 

The gel plates were cleaned, siliconized, rinsed in distilled water and assembled according 

to manufacturer's instructions (Biorad Laboratories). The bottom of the apparatus was sealed 

with 20 ml of bottom mix (Appendix 4) containing 100 pi of freshly prepared 25% APS 

and 100 pi of TEMED. Two solutions were prepared for casting the buffer gradient gel: 

solution A (0.5XTBE) and solution B (2.5XTBE). Solution A contained 80 ml of top mix 

(Appendix 4), 80 pi each of 25% APS and TEMED. Solution B contained 30 ml of bottom 

mix (Appendix 4), 30 pi each of 25% APS and TEMED. To cast the gel, 50 ml of solution 

A were draw into a 60cc syringe; the remaining 30 mi were drawn into a second 60cc 

syringe. Solution B was carefully drawn into the syringe containing 30 ml of solution A 

followed by three air bubbles to produce a gradient with solution A overlaying solution B. 

* | I i 
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The contents of the syringe containing both solutions was dispensed down the centre of the 

plates. The remainder of the gel was filled using the syringe containing only solution A (50 

ml). The buffer gradient gels were allowed to polymerize overnight. Sequencing samples 

were denatured in microtiter plates by floating the plate in an 85°C water bath for 3 minutes 

then placing the plate in ice water for at least 2 minutes. Approximately 5 pi of each 

sample were loaded on the buffer gradient gel. The gels were electrophoresed in 1XTBE 

buffer at 45-50 watts on a BioRad Sequi-Gen Sequencing apparatus (BioRad Laboratories) 

for approximately 4 hours or until the bromophenol blue dye was two inches from the 

bottom of the gel. The sequencing gels were fixed in a solution of 10% methanol: 10% 

acetic acid for 20-30 minutes, dried at 80°C for 1.5 hours and exposed to Kodax Biomax 

MR film for 1-4 days. 

C) BsrI restriction analysis for detection of the C-4 G substitution at codon 152 

I) PCR amplification 

Genomic DNA, isolated from whole blood, was PCR-amplified in a total volume 

of 50 pi containing: 25 pmol of each primer (4C1 and 4C2; Appendix 2), 0.20 mmol/L. 

dNTP's, 50 mmol/L KCl, lOmmol/L Tris-HCl, pH 8.3, 1.5mmol/L MgCl2, 0.01% gelatin), 

2 units of Tag DNA polymerase, and 2 pi of genomic DNA (150-250 ng/pl). The samples 

were amplified as follows: 92°C for 45 seconds, 62CC for 45 seconds, 72°C for 45 seconds 

for 35 cycles followed by an extension at 72°C for 10 minutes. For each amplification, a 

negative control containing everything except DNA was included. 

I ' ' 



77 

//) BsrI restriction analysis 

The PCR primers 4C1 and 4C2 amplify a 160bp fragment spanning codon 152. 

Normally, the 160bp amplicon contains one BsrI restriction site, upstream of codon 152. 

The C -» G substitution at codon 152 in the mutant allele creates an additional BsrI 

consensus sequence. Consequently, the mutation at codon 152 is readily detected by BsrI 

restriction analysis and subsequent PAGE. For this analysis, 15 pi of the PCR-amplified 

DNA were digested with 20 units of BsrI restriction endonuclease (New England Biolabs; 

Mississauga, Ontario) and 4 ul of reaction buffer in a final volume of 40 pi at 65°C for 2.5 

hours. Appioximately 10 pi of the restriction digest were analyzed by electrophoresis in 

15% polyacrylamide gels at 130 volts for 1.5 hours. DNA was visualized by ethidium 

bromide staining. DNA isolated from all original probands participating in this study, as 

well as several clinically affected and clinically normal members of family M, were 

screened using this approach for the codon 152 mutation. In addition, BsrI analysis was 

used to screen for the mutation in 88 control DNA samples (Queen Elizabeth JJ Health 

Sciences Centre; Halifax, Nova Scotia). 
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Chapter 3: Results 

Southern analysis 

A) Optimization of hybridization conditions 

Initially, DNA isolated from the 13 putatively unrelated probands participating in 

this study was hybridized with the 2.6kb LDL receptor cDNA probe isolated from pLDLR3 

which was multiprirned but not competitively prehybridized. A representative Southern blot 

is shown in Fig. 6A. The dark smearing in the lanes containing genomic DNA was 

observed repeatedly; it was evident even when the hybridization temperature was increased 

from 42°C to 65°C and could not be removed even after stringent washing (0. IXSSC, 

O.IXSDS, 68°C) for prolonged periods of time (up to 2 hours). In fact, the probe could not 

be removed by stripping the blot (boiling in water for 5 minutes). The fact that the probe 

hybridized strongly to the genomic DNA, coupled with the observation that very little 

signal was detected within lanes containing no DNA or anywhere else on the blot suggested 

that the hybridization was specific for DNA rather than background signal. Further analysis 

of the probe revealed that exon 18 of the LDL receptor gene contains repetitive Alu 

sequences. The cDNA probe used in the Southern analysis contained these Alu sequences 

(Yamamoto et al., 1984). Therefore, it was probable that the probe was hybridizing to the 

abundant repetitive Alu sequences scattered throughout the human genome obscuring 

hybridization to the LDL receptor gene. This problem was eliminated by competitively 

prehybridizing the multiprirned probe with sheared human placental DNA. Fig. 6B 

illustrates a representative Southern blot hybridized with the competitively prehybridized 

LDL receptor cDNA probe. 

78 
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Figure 6 Autoradiogram showing a representative Southern blot of genomic DNA digested 

with EcoRI and probed with the 2.6kb LDL receptor cDNA probe before (A) and following 

(B) competitive prehybndization of the probe with sheared human placental DNA. 
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B) Southern analysis of 13 putatively unrelated Maritime individuals clinically diagnosed 
with heterozygous familial hypercholesterolemia 

Southern analysis was performed using.genomic DNA isolated from whole blood 

of 13 putatively unrelated individuals, clinically diagnosed with heterozygous FH. DNA 

from each patient was digested with a minimum of three to six different restriction 

endonucleases in an attempt to identify large mutations (insertion or deletion) in the LDL 

receptor gene. A representative Southern blot is shown in Fig. 7. This figure shows 

digestion of DNA with EcoRI (left panel) and StuI (right panel) isolated from five 

putatively unrelated heterozygous FH patients and a normal lymphoblast control. No 

difference in the restriction pattern is seen between any of the affected individuals and the 

normal lymphoblast cell line. None of the Southern analyses revealed any significant 

differences between the restriction patterns of normal controls and affected individuals. 

These results suggested that no large mutations could be detected by Southern analysis in 

these patients. 

A polymorphic StuI site (arrow) was observed in DNA isolated from proband M 

(Fig. 8). The StuI polymorphism was not observed in any of the other clinically affected 

family members but was observed in one of the clinically normal family members (111.6). 

I i 
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Figure 7 Representative Southern blot showing DNA, isolated from five putatively 

unrelated patients clinically diagnosed with heterozygous FH, digested with EcoRI (left 

panel) and StuI (right panel) and hybridized with the 2.6kb LDL receptor cDNA probe. 

I 
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Figure 8 Autoradiogram of a representative Southern blot illustrating the StuI RFLP 

(arrow) identified in several members of family M. Clinically affected: 11.2, 11.3, 11.7; 

clinically unaffected: 111.6. 111.5. The polymorphism was detected in one clinically 

affected (11.3) and one clinically unaffected family member (111.6). 
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Apo t$-100 analysis 

A) Screening for FDB by Mspl restriction analysis (Motti et aL 1991): The identification 
of an individual with heterozygous FDB among 13 individuals clinically diagnosed with 
heterozygous FH. 

The diagnosis of heterozygous FH in tfw individuals participating in this study was 

based on clinical presentation. However, heterozygous FDB and heterozygous FH cannot 

always be distinguished from one another on the basis of clinical criteria. It was, therefore, 

necessary to screen for arginine to glutamine substitution at codon 3500 in the apoB-100 

gene. Consequently, the thirteen unrelated patients, clinically diagnosed with heterozygous 

FH, were screened for the codon 3500 mutation in the apo-B-100 gene by PCR 

amplification and subsequent digestion with Mspl as described elsewhere (Motti et al, 

1991). PCR amplification generated a 477 bp amplicon as expected. The results of Mspl 

digestion revealed that 12 of the 13 patients clinically diagnosed with heterozygous FH had 

two normal alleles at codon 3500. Figure 9 shows a representative polyacrylamide gel of 

the PCR-amplified DNA from six of the patients following Mspl digestion. For five of the 

patients shown here and the remaining seven patients not shown, the Mspl restriction 

pattern was identical. Mspl digestion of the 477 bp PCR amplicon generated 333, 121 and 

23 bp fragments indicating that each of these individuals has the two normal apoB-100 

alleles at codon 3500. The 23 bp fragment is not retained on the gel and is therefore not 

evident. The 121 bp fragment is due to a benign polymorphic Mspl site at codon 3611 

which is not diagnostic of FDB. The presence of an additional band at 477 bp in lane E 

was due to incomplete digestion of the DNA and was eliminated in later experiments. 

Mspl restriction analysis of a 477 bp amplicon spanning codon 3500 indicated that 
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one of the 13 patients clinically diagnosed with FH (Fig. 9, proband FDB) was 

heterozygous for the codon 3500 mutation in the apoB-100 gene. The arginine to glutamine 

substitution at codon 3500 abolishes a naturally occurring Mspl recognition site resulting 

in a 356 bp fragment which represents the combination of 333 and 23 bp fragments (see 

Fig. 4 for restriction map). Thus, the presence of a band at 356 bp after PAGE of the Mspl-

digested PCR products is diagnostic for the mutation. The normal apoB-100 allele was 

cleaved at codon 3500 generating restriction fragments of 333 and 23 bp. The 121 bp 

fragment results from cleavage at the nondiagnostic, polymorphic Mspl restriction site at 

codon 3611. The FDB proband is a 45 year old patient who had previously been diagnosed 

with heterozygous FH bas.i on the clinical profile. Molecular screening by PCR 

amplification and subsequent Mspl digestion permits distinctiou between heterozygous FH 

and FDB which was not possible based on clinical criteria alone and has identified this 

patient as FDB, not heterozygous FH. 

PCR amplification and restriction analysis with Mspl was subsequently used to show 

that the mutation at codon 3500 segregated with the disease in this family (Fig. 10). The 

affected sibling, like the FDB proband, also possessed the substitution at codon 3500 as 

indicated by the appearance of a band at 356 bp. The mutant allele was also cleaved at the 

polymorphic Mspl site at codon 3611 generating a 121 bp fragment. The normal allele was 

cleaved at codon 3500 but not at codon 3611 generating fragments of 454 bp (the 

combination of 333 bp and 121 bp) and 23 bp. 
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Figure 9 Polyacrylamide gel (10%) electrophoresis of the PCR amplified apoB-100 

fragment following Mspl digestion of six of the thirteen original patients in this study. Five 

of the individuals, have normal apoB-100 alleles at position 3500 (A-E). The sixth patient 

(proband FDB or patient H from the original group of 13 given a clinical diagnosis of 

heterozygous FH) actually has FDB caused by a common mutation at position 3500 of the 

apoB-100 gene. The FDB proband was identified by the presence of a band at 356bp 

(arrow) which is diagnostic for FDB using this procedure. Modified from Morash et al, 

1994. 
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Figure 10 Polyacrylamide gel (10%) electrophoresis showing the Mspl digestion 

products of the amplified apoB-100 fragment from an affected (FDB sib) and an unaffected 

sibling (unaffected sib) of the FDB proband (patient H from the original 13 participants 

in this study). Modified from Morash et al, 1994. 
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DNA amplified from the clinically unaffected sibling was cleaved at codon 3500 and 3611 

generating fragments of 333, 121 and 23 bp confirming homozygosity for the normal allele 

at codon 3500. 

B) Confirmation of FDB using PCR amplification and subsequent digestion with Sau96I 
and Seal (Mamotte and van Bockxmeer., 1993) 

Diagnosis of heterozygous FDB was further confirmed in this family using the two-

test method of Mamotte and van Bockxmeer (1993) (Fig. 11). For both the clinically 

affected proband and her clinically affected sibling, restriction analysis of an 87 bp PCR 

amplicon spanning codon 3500 generated fragments of 87, 67 and 20 bp. The 20 bp 

fragment is not retained on the gel. The 67 and 20 bp fragments were generated by 

cleavage of the normal allele at codon 3500 with Sau96I. The 87 bp fragment was 

generated from the mutant apoB-100 allele which was not cleaved by Sau961 because the 

codon 3500 mutation abolishes the Sau961 recognition site, thereby confirming heterozygous 

FDB. DNA amplified from the clinically unaffected sibling was digested at codon 3500 

with Sau96I generating fragments of 67 and 20 bp. 

Conversely, the mutation at codon 3500 creates a recognition site for Seal restriction 

endonuclease. DNA amplified from the clinically unaffected sibling was not cleaved by 

Seal, while DNA amplified from the clinically affected proband and her clinically affected 

sibling was cleaved by the enzyme and generated 65 and 22 bp fragments. The 87 bp 

fragment in these lanes represents the normal allele which was not cleaved by Seal. These 

results cc jrm the clinical diagnosis of heterozygous FDB indicating that the mutation is 

segregating with the disease in this family. 
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Figure 11 Polyacrylamide gel (10%) electrophoresis of a 87bp amplified apoB-100 

fragment following digestion with either Sau96l or Seal. DNA was isolated from the FDB 

proband, a clinically unaffected sibling and a clinically affected sibling. The mutant alleles, 

but not the normal alleles, were cleaved with Seal; the normal alleles, but not the mutant 

alleles, were cleaved with Sau96l. These data confirm a clinical diagnosis of heterozygous 

FDB in this family (from Morash et al, 1994). 
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Pedigree of family M 

One of the 13 families, clinically diagnosed with heterozygous FH, was chosen for 

further investigation. The rationale for choosing this family is as follows: 1) the family did 

not carry the arginine-»glutamine substitution at codon 3500 of the apoB-100 gene, 2) the 

physician had established a family history of severe hypercholesterolemia, 3) affected 

family members had classic symptoms of heterozygous FH including tendinous xanthomas, 

premature atherosclerosis and an early incidence of myocardial infarction, and 4) the family 

was large and willing to participate in the study. A partial pedigree of the family which was 

chosen, denoted as family M, is shown in Fig. 12. This family is very large and figure 12 

illustrates primarily members of the family who were involved in this study. This family 

was from the Eastern Shore area of Nova Scotia. 
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Figure 12 Partial pedigree of family M. Arrow indicates the proband. Open circles and 

squares refer to clinically unaffected females and males respectively, while the darkened circles 

and squares refer to clinically affected females and males respectively. Each member of the 

family will be identified in subsequent text by the pedigree numbers indicated here. 
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Blading and internalization of iodinated LDL by EBV-immortalized lymphoblasts 

A) Surface Binding of125ILDL to lymphoblasts at 4°C 

At 4°C LDL binds to LDL receptors but is not internalized. The relative amounts 

of 125ILDL bound to EBV-transformed lymphocytes derived from the proband (11.3) of 

family M and a clinically unaffected family member (111.6) were compared. The results 

of four separate binding assays indicated that EBV-immortalized lymphoblasts from the 

proband bound significantly less iodinated LDL at 4°C than did a normal control (111.6). 

Non-specific binding, in the presence of a 20-fold excess of unlabelled LDL, was similar 

in both cell lines. A representative binding assay is shown in Fig. 13. Similar binding 

curves were obtained for each of the four experiments. Kd and Bmax values for each of the 

four binding assays were calculated by linear regression analysis. The mean Kd and Bmax 

values for the four experiments for the proband were: 3.69 ug/ml +/- sd 2.03 (SEM 1.02) 

and 9.69 ng/mg +/- sd 1.1 (SEM 0.55), respectively. The mean Kd and Bmax values for the 

normal cell line were: 3.81 pg/ml+/-sd 2.24 (SEM 1.1) and 16.69 ng/mg+/-sd 4.11 (SEM 

2.05), respectively. The results of the students paired t-Test (one-tailed) indicated that the 

Bmax values for the two cell lines were significantly different (T= 3.05 with 3 df) with a 

confidence level of 95% (p=0.0276), but that the Kd values were not significantly different 

(T= 0.071 with 3 dfj. 
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LDL Binding Assay 
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Figure 13 Representative LDL binding assay (4°C) showing total and non-specific surface 

binding of I125LDL to EBV-immortalized lymphoblasts isolated from the proband and a 

clinically unaffected family member (111.6). Data provided in Appendix 5A. 
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B) Uptake of asILDL by lymphoblasts at 3TC 

Uptake of 125ILDL by EBV-immortalized lymphoblasts isolated from the proband 

and her clinically unaffected daughter (111.6) was compared by incubating the cells at 37°C 

in the presence of 125ILDL for 5 hours. The values obtained at 37°C represent the amount 

of !25ILDL internalized as well as any surface-bound LDL. The results of the LDL 

internalization assay are shown in Fig. 14. Lymphoblasts isolated from the proband 

internalized, degraded and bound ~ 50% less 125ILDL than those isolated from a normal 

control cell line. Since at 37°C LDL is bound and internalized, uptake (ng125ILDL/mg total 

cell protein) was significantly higher (~ two- fold) at 37°C than at binding at 4°C, for each 

of the two cell lines. 
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Internalization Assay 

A Proband, Total 
A Unaffected, Total 

Figure 14 Uptake assay (37°C) showing total and non-specific uptake (binding, 

internalization and degradation) of I125 LDL to EBV-immortalized lymphoblasts isolated from 

the proband and a clinically unaffected family member (111 .6). Data provided in Appendix 5B. 
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Northern analysis 

A) Immortalized cells grown in fetal bovine serum 

Northern analysis was performed to determine whether the mutant allele was 

expressed in this family and if so, whether it was of normal size. Northern analysis was 

initially performed using total RNA isolated from EBV-transformed lymphoblasts from two 

clinically affected and one unaffected family member as well as a control RNA isolated 

from a normal lymphoblast cell line (ATCC) all of which had been grown in RPMI 1640 

containing 10% FBS. Using total RNA isolated from cells grown in FBS, it was not 

possible to detect a transcript for the LDL receptor gene in any of the samples including 

the normal control lanes (data not shown). Hybridization of the blot to the cDNA probe for 

glyceraldehyde-3-phosphate dehydrogenase (ATCC), revealed an intense signal in each lane 

indicating that the expression of the LDL receptor gene was below detectable levels under 

these conditions. 

B) Immortalized cells grown in delipidated fetal bovine serum 

Cholesterol deprivation maximizes transcription of the LDL receptor gene. 

Consequently, Northern analysis was repeated using cells grown in delipidated serum to 

upregulate expression of the LDL receptor gene. The expression of the LDL receptor gene 

was compared using RNA isolated from EBV-immortalized lymphoblasts from the proband 

(11.2), an affected family member (111.7), an unaffected family member (111.6) and a 

normal lymphoblast cell line all of which had been grown in delipidated serum (Fig. 15). 

Serum deprivation significantly increased expression of the LDL receptor mRNA to levels 
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which were detectable by Northern analysis. The 2.6kb LDL receptor cDNA probe 

hybridized to a transcript of approximately the correct size as estimated from the position 

of the 28S ribosomal RNA (5 kb) in all four samples. To standardize for variations in the 

amount of RNA in each sample, the blot was also hybridized with a probe for the 

housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase. No significant differences 

in the amount of LDL receptor mRNA were observed in RNA isolated from clinically 

affected individuals and controls (the clinically unaffected family member and the normal 

lymphoblast cell line) suggesting that both the normal and mutant alleles were expressed 

in the proband. Since the nonnal allele does not compensate for the mutant allele by being 

overexpressed, if the mutation abolished transcription of the LDL receptor gene, a 50% 

decrease in the amount of LDL receptor transcript would be expected (Goldstein et al., 

1995). Furthermore, no detectable difference in size of the transcript was noted between 

affected and normal family members. 
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Figure 15 Middle panel: Ethidium bromide-stained Northern gel of RNA isolated from 

EBV-immortalized lymphoblasts isolated from two clinically affected family members 

(11.2, 111.7), a clinically normal family member (111.6) and a normal lymphoblast cell 

line. Top panel: Hybridization with the 2.6kb LDL receptor cDNA probe. Bottom panel 

Hybridization with a probe for glyceraIdehyde-3-phosphate dehydrogenase. The expected 

sizes of the LDL receptor and glyceraldehyde-3-phosphate dehydrogenase transcripts are 

5.3kb and 1.3kb, respectively. Clinically affected: 11.3, 111.7; clinically unaffected 111.6. 
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Single strand conformation polymorphism analysis of the LDL receptor cDNA 

The five amplicons representing the entire LDL receptor cDNA (refer to figure 18A) 

were analyzed by SSCP in an attempt to localize the mutation in the gene. Undigested PCR 

product from the proband, her clinically affected son (111.7) and her clinically unaffected 

daughter (111.6) were analyzed by SSCP. In some instances, additional family members 

were also included. Although the DNA samples were analyzed using several different SSCP 

conditions (50:1 or 29:1 acrylamide: bis containing 5%, 10% or no glycerol and 

electrophoresed at 4°C or room temperature) no significant differences were observed (Fig. 

16). For each of the amplicons, DNA from four additional affected family members (11.2, 

111.3, 111.4 and 111.2) and one additional unaffected family member (111.5) digested 

with various restriction enzymes (smaller fragments facilitate mutation detection) were also 

analyzed by SSCP. These samples were also subjected to electrophoresis under various 

conditions (5%, 10% and no glycerol either at room temperature or 4°C). SSCP analysis 

did not reveal any detectable differences in the migration of digested DNA between affected 

individuals and normal subjects. 

For exons 13-15, a difference in the migration of DNA was observed following 

digestion with PstI (arrow); however, this difference did not segregate with the disease (Fig 

17). SSCP patterns from the proband (11.3) and the clinically unaffected daughter (111.6) 

were identical to one another but different from that of the clinically affected son (111.7) 

suggesting the presence of a polymorphism in the gene which is not associated with the 

disease. Using these same SSCP conditions, no difference in the migration of this region 

was evident for undigested PCR product or A/a/-digested PCR product. 
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Figure 16 Autoradiogram showing SSCP analysis of exons 5-8 of the LDL receptor 

cDNA, PCR-amplified from cDNA. Clinically affected: 111.4, 111.7, 11.3; clinically 

unaffected: 111.5, 111.6. 
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Figure 17 Autoradiogram showing SSCP analysis of exons 13-15, PCR-amplified from 

cDNA and digested with PstI restriction endonuclease indicating differences in migration 

(arrow). Clinically affected: 11.3 and 111.7; clinically unaffected: 111.6; nD: control lane 

containing DNA which was not denatured prior to electrophoresis. 
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Identification of a point mutation in the LDL receptor gene 

cDNA Approach: PCR amplification »nd cloning of the 2.6kb LDL receptor 
cDNA 

A) PCR amplification of the LDL receptor cDNA 

Several attempts to amplify the entire 2.6 kb coding region of the LDL receptor 

cDNA using one set of PCR primers were unsuccessful (data not shown). However, exons 

1-4, 5-8, 9-12, 13-15 and 16-18 of the LDL receptor cDNA were PCR-amplified using 

primers P1/P4, P5/P8, P9/P12, P13/P15 and P16/P18, generating amplicons of 739, 560, 

726, 534 and 353 bp, respectively (Fig. 18A). PCR amplicons of the expected size were 

generated from DNA isolated from the proband (11.3) and a clinically unaffected family 

member (111.6). For exons 1-4, two PCR products were generated, an amplicon of the 

expected size at approximately 739 bp and an additional non-specific PCR product at 

approximately 350 bp. This non-specific PCR product was observed in both affected and 

normal members of family M and also in PCR-amplified DNA from a nonnal lymphoblast 

control cell line and could not be eliminated even at higher annealing temperatures. To 

ensure that the amplicons produced were specific for the LDL receptor, Southern analysis 

was performed using the 2.6 kb LDL receptor cDNA probe (Fig. 18B). All five amplicons 

hybridized to the probe. The 2.6 kb LDL receptor cDNA probe did not hybridize to a 477 

bp amplicon generated from the apoB-100 gene which was used as a negative control (data 

not shown). Furthermore, the non-specific PCR product of - 350 bp which was generated 

by PCR amplification of exons 1 -4 did not hybridize to the LDL receptor cDNA probe. 

f 
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Figure 18 A) Polyacrylamide gel (10%) showing PCR amplification of exons 1-4, 5-8, 

9-12, 13-15 and 16-18 of the LDL receptor cDNA isolated from the proband using primers, 

P1/P4, P5/P8, P9/P12, P13/P15 and P16/P18. The expected size of each of the amplicons 

is indicated. B) Southern blot showing hybridization of the PCR amplicons with the 2.6kb 

LDL receptor cDNA probe. 
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B) Cloning the LDL receptor cDNA 

I) Cloning into M13mpl8 and M13mpl9 bacteriophage 

Although the PCR primers used to amplify the LDL receptor cDNA were designed 

with restriction sites for BamHI and SphI to facilitate cloning into Ml3 vectors, numerous 

attempts to clone the amplicons into M13mpl8 and M13mpl9 bacteriophage were 

unsuccessful (data not shown). 

//) Cloning into PCR II Vector 

Taq DNA polymerase adds a single adenine residue to the 3' terminus of PCR 

products. PCR II vector is a plasmid constructed by Invitrogen Corporation (San Diego, 

California) specifically for cloning PCR products. This vector contains a single 3' terminal 

thymine to facilitate cloning of PCR products which have 3' adenine residues. 

Exons 1-4, 5-8, 9-12, 13-15 and 16-18 of the LDL receptor cDNA, isolated from 

the proband and her clinically unaffected daughter were ligated into PCR II vector, and 

subsequently transformed into competent invaF' bacterial cells. Since this vector contains 

the lacZ gene promoter, blue/white colour selection of clones containing inserts was 

possible. The transformations appeared successful in that at least ten-fold more white 

colonies (presumably containing insert) than blue colonies (containing no insert) were 

observed. Plasmid DNA was isolated from white colonies, digested with EcoRI and 

screened by Southern analysis using the 2.6kb LDL receptor cDNA probe to verify that 

each clone contained inserts specific to the LDL receptor cDNA. A representative Southern 

blot of plasmid DNA containing exons 1-4 of the LDL receptor cDNA is shown (Fig. 19). 

Although the plasmid DNA was isolated from white colonies, many of these white colonies 

I 
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Figure 19 Southern analysis of plasmid DNA containing exons 1-4 of the LDL receptor 

cDNA. The upper panel shows electrophoresis following EcoRI digestion of plasmid DNA 

from the proband ("affected) and a clinically normal family member (111.6) (normal). The 

bottom panel shows the corresponding autoradiogram of the Southern blot hybridized with 

the 2.6kb LDL receptor cDNA probe. 
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did not contain an insert that could hybridize to the LDL receptor probe. Table 2 

summarizes the results of the Southern blot analysis of exons 1-4,5-8, 9-12, 13-15 and 16-

18, listing the total number of white colonies screened by Southern analysis and the 

corresponding number of clones that hybridized to the LDL receptor cDNA probe, ie. the 

number of clones containing LDL receptor sequences. These results indicated that 

approximately two-thirds of the white colonies were false positives since they did not 

hybridize to the 2.6 kb LDL receptor cDNA probe. 

Ill) Isolation of plasmid DNA from clones containing LDL receptor-specific 
sequences 

For both the proband and the unaffected control (111.6), plasmid DNA containing 

exons 1-4, 5-8 and 9-12 and 13-15 was isolated from clones containing inserts specific for 

the LDL receptor cDNA (48 clones in total) by alkaline denaturation for subsequent 

dideoxy sequencing. For many of the clones, plasmid DNA was also isolated using 

commercial plasmid DNA isolation kits purchased from Qiagen (19 clones) and Pharmacia 

(Easy Prep) (20 clones), or by centrifugation in cesium chloride-ethidium bromide 

gradients (10 clones). These methods typically yield higher quality and quantities of DNA 

than the alkaline denaturation method. However, the yields of plasmid DNA isolated by 

all of these techniques were extremely poor, despite normal growth of the bacterial culture 

(determined by optical density readings at A600). The yields of plasmid DNA were 

insufficient for subsequent sequence analysis. 
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EXONS 

1-4 

5 - 8 

9 -12 

13-15 

16-18 

> 

Scr 

24 

22 

15 

24 

8 

^FFECTED 

insert+ 

8 

7 

6 

10 

1 

UNAFFECTED 

Scr 

10 

5 

13 

10 

9 

insert+ 

3 

3 

8 

3 

0 

Table 2 Summary of the Southern analysis results screening white bacterial colonies 

containing exons 1-4, 5-8, 9-12, 13-15 and 16-18 of the LDL receptor cDNA using the 2.6kb 

LDL receptor cDNA probe. Scr refers to the total number of white bacterial colonies screened 

by Southern analysis; insert+ refers to the total number of clones containing inserts which 

hybridized to the LDL receptor cDNA probe, ie. containing LDL receptor sequences. 

AFFECTED refers to clones generated from cDNA produced from the proband; 

UNAFFECTED refers to clones which were generated from cDNA isolated from the clinically 

unaffected control (III. 6). 
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IV) Transforming plasmid DNA containing exons 1-4 and 5-8 into DH50L bacterial cells and 
dideoxy sequencing analysis of exons 1-4 and 5-8 

For the proband and the clinically unaffected control (111.6), plasmid DNA isolated 

from insert+ (containing inserts which hybridized to the LDL receptor cDNA probe) invaF' 

bacterial clones containing exons 1-4 and 5-8 of the LDL receptor cDNA was transformed 

into competent DH5a cells. For exons 1-4, plasmid DNA from two of the insert+ clones 

derived from the unaffected and five insert+ clones derived from the proband were 

transformed into DH5a. For exons 5-8, plasmid DNA from one insert+ bacterial clone 

derived from the unaffected daughter and six insert+ bacterial clones derived from the 

proband were retransformed into DH5a. Plasmid DNA for each of the DH5a clones was 

isolated by standard alkaline denaturation. The yields of plasmid DNA isolated from the 

DH5a bacterial cells was substantially higher than those obtained with the invaF' bacterial 

cells. 

Plasmid DNA isolated from the DH5a clones was sequenced (dideoxy sequencing) 

using the M13 universal primer and Sp6 promoter pnmers. Exons 1-4, (-2 to codon 210) 

of the cDNA were sequenced for two clones from the clinically unaffected daughter and 

four clones from the proband (data not shown). Although the sequence in this region was 

prone to compressions, most of the sequence of exons 1-4 of the LDL receptor cDNA was 

obtained. For exons 5-8, one clone derived from the clinically unaffected control and 6 

clones derived from the proband were sequenced. For most of these clones, the entire 

sequence of exons 5-8 of the cDNA was generated (data not shown). Retransforming into 

DH5a bacteria and sequencing these clones was time consuming and inefficient; 
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consequently, an alternate approach was pursued to sequence directly (without cloning) each 

of the 18 exons of the LDL receptor gene. Since the latter approach was the more 

favourable, retransforming and sequencing the clones containing exons 9-18 of the LDL 

receptor cDNA was not continued. 

Genomic DNA approach: PCR amplification and direct dideoxy sequencing of 
exons 1-18 of the LDL receptor gene from genomic DNA 

A) PCR Amplification of exons 1-18 of the LDL receptor gene 

Exons 1-17 and the coding region of exon 18 of the LDL receptor gene were PCR-

amplified from genomic DNA. The estimated sizes of the PCR amplification products were 

as expected based upon the published sequences of each exon. 

B) Direct dideoxy sequence analysis of exons 1-18 of the LDL receptor gene 

For direct sequencing, both alleles at a given locus are sequenced simultaneously 

within the same reaction. As a result, each band on the sequencing gel actually represents 

the combination of the two nucleotide bases, one from each allele. If the two alleles are 

identical one band at G, A, T or C is observed. If the two alleles differ, as a result of a 

single base substitution, two bands occur at the same position on the sequencing ladder, 

each having one half the intensity of the surrounding bands. For the proband, exons 1-17 

and the coding region of exon 18 of the LDL receptor gene were sequenced by direct 

dideoxy sequencing from PCR-amplified DNA (for sequence data see Appendix 6). Direct 

dideoxy sequencing of genomic DNA isolated from the proband revealed six single base 

changes from the published sequence of the LDL receptor cDNA (Yamamoto et al., 1984). 

Five of these nucleotide variants, in exons 2, 8, 12, 13, and 15 (Fig. 20), were benign 
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polymorphisms which have been reported previously (Hobbs et al, 1987; Soutar et al, 

1991; Saint Jore et al, 1993; Yamakawa-Kobayashi et al, 1993). The polymorphisms in 

exons 2 and 8 were also observed in the cDNA (Fig. 21). A common polymorphism in 

exon 2 which results in a homozygous substitution (T—>C) at the third position of codon 6 

was observed in both the genomic DNA and the cDNA (Figs. 20A and 21 A, respectively). 

This substitution does not affect the amino acid sequence of the protein since both TGT and 

TGC code for cysteine. A cytosine residue was also observed at this position in all four 

cDNA clones derived from the affected proband and both cDNA clones derived from the 

unaffected family members. In exon 8, at the first position of codon 370, a heterozygous 

guanine (GCC)—^adenine (ACC) substitution was also observed in both the cDNA (Fig. 

2 IB) and in the genomic DNA (data not shown) isolated from the proband and the 

clinically unaffected control (111.6). This polymorphism results in the substitution of 

alanine (GCC) for threonine (ACC) but has no reported effect on protein function (Hobbs 

et al., 1990). A third polymorphism was observed in exon 12 (PCR-amplified from genomic 

DNA) which resulted in a T->C substitution at the third position of codon 570 (Fig. 20D). 

This polymorphism (AAT->AAC) does not alter the amino acid sequence and creates a 

Hindi site. In exon 13, a C—>T substitution at the third position of codon 632, which does 

not alter the amino acid sequence of the protein, was also observed (Fig. 20B). The 

substitution (GTC—>GTT) abolishes a restriction site for Avail. A fifth polymorphism was 

observed at the third position of codon 723 in exon 15 resulting from a G->A substitution 

(Fig. 20C). This substitution (CGG-»CGA) does not alter the amino acid sequence of the 

protein and abolishes a consensus sequence for Mspl and Haelll. 
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Figure 20 Benign polymorphisms (arrow) in exon 2 (A), exon 13 (B), exon 15 (C) and 

exon 12 (D) detected by direct dideoxy sequence analysis of exons 1-18 of the LDL 

receptor gene from genomic DNA isolated from the proband. Polymorphic bases are 

indicated in bold and by *. G-guanine, A- adenine, T-thymine, C-cytosine. Each of the 

polymorphisms was verified by sequencing in both directions. The polymorphism in exon 

12 was also verified by restriction analysis with Hindi restriction endonuclease (data not 

shown). 
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Figure 21 Polymorphisms (arrows) in exon 2 (A) and exon 8 (B) detected in cDNA 

isolated from the proband. Polymorphic bases are indicated in bold and by *. G-guanine, 

A-adenine, T-thymine, C-cytosine. 
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C) C-^G Substitution at the third position of codon 152 of exon 4 

Exon 4 was PCR-amplified from genomic DNA and sequenced using three sets of 

primers (4A, B, C; Appendix 2). Using the published primers for exon 4 (4A and 4B), the 

sequence between 160 and 230bp of exon 4 could not be generated. Consequently, a third 

set of primers (4C) was designed in which the upstream primer represented nucleotides 121-

143 of the published sequence of exon 4 and the downstream primer was the reverse 

complement to the published sequence of nucleotide? 258-280 (upstream primer: 5' agg cct 

cct gcc egg tgc tea cc 3' and downstream primer: 5' tec cct tgg aac acg taa aga cc 3'). These 

primers amplified a 160 bp fragment. 

In addition to the five polymorphisms, a sixth nucleotide variant was observed in 

genomic DNA isolated from the proband and PCR-amplified using primers 4C1 and 4C2. 

A single nucleotide substitution, cytosine-^guanine, at the third position of codon 152 within 

exon 4 of the LDL receptor gene (Fig. 22A) was observed. The presence of two bands, a 

C and a G, on the sequencing gel at the same location indicated that this individual was 

heterozygous at this position. This single alteration, (TGC)-^(TGG) results in the 

substitution of tryptophan for cysteine in the ligand binding region of the protein. The 

heterozygous C—»G substitution was subsequently observed by direct dideoxy sequence 

analysis in three other clinically affected family members (data not shown). Sequence 

analysis of genomic DNA isolated from two clinically unaffected members revealed only 

one band, a cytosine, the normal nucleotide present at this position (Fig. 22B). The C—»G 

substitution was observed for each of the affected family members but not in the unaffected 

family members when the DNA was sequenced in either direction. 

I i 
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Figure 22A C-»G substitution (arrow) at the third position of codon 152 in exon 4 of 

the LDL receptor gene detected by direct dideoxy sequencing of PCR-amplified DNA 

isolated from the proband. The mutation results in a cysteine (TGC)-»tryptophan (TGG) 

substitution in the protein. B Direct dideoxy sequence analysis of codon 152 of PCR-

amplified DNA isolated from a clinically unaffected family member (111.6) showing the 

normal sequence (arrow) and cysteine at codon 152. 
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The C—>G substitution at codon 152 was also observed in one of four cDNA clones derived 

from the proband (Fig. 23). The remaining three clones from the proband and both clones 

from the clinically unaffected daughter (111.6) contained the normal cytosine at this 

position. 

D) Development and use of a rapid screening test for detection of the C-» G substitution 
at codon 152 in exon 4 

I) Detection of the C-$G substitution at codon 152 by PCR amplification of a 
160bp amplicon and subsequent digestion with BsrI restriction endonuclease 

The C^G substitution at codon 152 (ACTGC->ACTGG) creates a recognition site 

for the restriction endonuclease, 2?.ST/(ACTGGN). Consequently, a simple and reliable PCR-

based screening technique was developed to detect the C -» G substitution at codon 152. 

This approach involved amplification of a 160 bp amplicon spanning codon 152 using 

primers 4C1 and 4C2 and subsequent restriction analysis with BsrI restriction endonuclease. 

BsrI is a nonpalindromic enzyme and, therefore, cleaves DNA at the following sequences: 

5' ACTGG 3' and 5' CCAGT 3'. Consequently, in addition to the BsrI recognition site 

created by the C—>G substitution in clinically affected individuals, an additional BsrI 

recognition site occurs within the 160 bp PCR amplicoa in both normal and mutant alleles 

(Fig. 24). The 160 bp amplicon representing the normal allele therefore contains one BsrI 

recognition site and is cleaved into 39 and 121 bp fragments (Fig. 25). The mutant allele 

contains two BsrI recognition sites and is cleaved into 63, 58 and 39 bp fragments. On 15% 

polyacrylamide gels the 63 and 58 bp bands are not resolved and migrate together at 

approximately 60 bp. Therefore, a band at approximately 60 bp is diagnostic of the 

mutation (C->G substitution at codon 152). 
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Figure 23 Nucleotide sequence of a region of exon 4 spanning codon 152 of cDNA 

clones derived from the proband. Comparison of the mutant allele (left panel) and the 

normal allele (right panel) showing a heterozygous C—>G substitution at the third position 

of codon 152. 

I 
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Figure 24 The DNA sequence of exon 4 Arrows indicate pnmer sequences (4C1 and 

4C2) used to PCR-amplify a 160bp fragment spanning codon 152 BsrI restnction sites are 

shown in ( ) The C—»G substitution at codon 152 creates an additional BsrI site which is 

not present in the normal allele. This substitution results in a cysteine (Cys)-Hryptophan 

(Tip) substitution in the protein. 

a 
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EXON 4 

catccatccctgcagcccccaagacgtgctcccaggacgagtttcgctgccacgatgggaagtgcatctctcggcagttc 

gtctgtgactcagaccgggactgcttggacggctcagacgaggccfccfgcccggrgcrcacctgtggtcccgccagctt 

Cys 
rccagjgcaacagctccacctgcatcccccagctgtgggcctgcgacaacgaccccgactgcgaagatggctcggatgagt 

....|ictgdg.... 
Trp 

<r-

ggccgcagcgctgtagggg/crfrflcgfgrrccaaggggacagtagcccctgctcggccttcgagttccactgcctaagt 

ggcgagtgcatccactccagctggcgctgtgatggtggccccgactgcaaggacaatctgacgaggaaaactgcggtatgg 

Figure 24 
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Restriction analysis with Bsr\ for the detection of the mutation at 
codon 152 in exon 4 

160bp 

Normal 
39bp 121bp 

Mutant 
39bp 63bp 58bp 

mutant Bsr\ cutting site 

Figure 25 BsrI restriction map of the 160bp amplicon spanning codonl 52 of the normal 

and mutant alleles. In the mutant allele, the C - G substitution at codon 152 creates a 

re' ignition site for BsrI (*). A second, BsrI recognition site occurs in both the normal and 

tl ; mutant alleles within the 160bp amplicon upstream of codon 152. The 160bp amplicon 

representing the mutant allele therefore contains two BsrI cleavage sites, whereas the 

normal allele contains only one. The presence of a band at ~ 60 bp on 15% polyacrylamide 

is diagnostic for the mutation. 
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//) BsrI analysis of family M demonstrating that the C—¥G substitution at codon 152 
segregates with the disease 

The results of the BsrI analysis of eight clinically affected and five clinically 

unaffected family members is shown in Fig 26. For the clinically unaffected family 

members, BsrI digestion of the 160 bp amplicon spanning the mutation generated 121 and 

39 bp fragments. For the eight clinically affected individuals, a different restriction pattern 

was observed. In these individuals, the normal allele was cleaved by BsrI to generate 121 

and 39 bp fragments. The mutant allele was cleaved twice generating 39, 58 and 63 bp 

fragments. The 58 and 63 bp fragments were derived from BsrI cleavage of the 121 bp 

fragment at codon 152 and are diagnostic for the mutation. The 58 and 63 bp fragments can 

not be resolved on these gels and, therefore, migrate as a single band at approximately 60 

bp. All of the clinically affected individuals are heterozygous for the C-»G mutation at the 

third position of codon 152. These results confirm the sequencing data and show that the 

mutation segregates with the disease in this family. 
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Figure 26A. Partial pedigree of family M. Arrow indicates the proband. Darkened circles 

and squares represent clinically affected females and males, respectively. Open circles and 

squares represent clinically normal females and males, respectively. B. BsrI restriction 

analysis of eight clinically affected and five clinically unaffected family members. Patient 

11.1 could not be recruited into this study and was therefore not analyzed. The 160bp 

amplicon representing the normal allele was cleaved to 121 and 39bp fragments. For the 

mutant allele, the band at 121 bp was cleaved, as a result of the mutation at codon 152, to 

generate two restriction fragments (63 and 58bp) which can not be resolved and migrate 

together at ~60bp. The presence of a band at ~60bp is diagnostic for the C-»G substitution at 

codon 152. fc* 



136 

& 

J 

-0 
1:2 

O CI 
1:1 11:4 1112 

^ 

A i i a 

:3 11:5 

D O LJI i 
111:1 111:2 111:3 111:4 111:5 111:6 111:7 111:8 111:9 

B 

121 bp u 

* 63,58 bp , 

39 bp 

** fcrf fctf W 

V •» J + > ^ i ^ Vworf 

• * * ^ « • * 

Figure 26 



137 

///) BsrI analysis of other Maritime families clinically diagnosed with heterozygous 
FH 

The 12 other putatively unrelated individuals clinically diagnosed with heterozygous 

FH originally participating in this study were screened by BsrI analysis for the C-K3 

substitution at codon 152 (Fig. 27). DNA isolated from ten of the eleven individuals was 

not cleaved by BsrI at codon 152 indicating that these individuals did not have the C-»G 

substitution in exon 4. DNA isolated from proband C was cleaved by BsrI at codon 152 

(fragment at ~ 60 bp) indicating that this individual did indeed have the C-»G substitution 

at codon 152. Further investigation revealed that proband C was related (within two 

generations) to the proband in Family M. 

IV) BsrI analysis of 88 control DNA. samples 

An additional 88 control DNA samples (from the Victoria General Hospital) were 

screened for the C->G substitution at codon 152 by BsrI analysis (data not shown). The 

C->G substitution was not detected by BsrI analysis in any of the 88 control DNA samples 

(176 alleles). 
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Figure 27 Representative polyacrylamide gel (15%) showing BsrI restriction analysis 

of a 160bp amplicon spanning codon 152 which was PCR-amplified from DNA isolated 

from 10 of the 13 original patients involved in this study. One of the 12 patients (proband 

C) had the C-»G mutation at codon 152 of the LDL receptor gene as indicated by the 

presence of a band at approximately 60bp. None of the other 12 probands including 

proband H, the patient with the arginine -^glutamine substitution at codon 3500 of the apoB-

100 gene, had the C-»G substitution at codon 152 of the LDL receptor gene. 
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Chapter 4: Discussion 

Southern analysis 

A) Screening for large mutations in the LDL receptor gene 

DNA from the 13 putatively unrelated FH probands participating in this study was 

initially screened by Southern analysis to detect potential mutations in the LDL receptor 

gene. Each of these individuals had been diagnosed, based on clinical presentation, with 

heterozygous FH. The results of the Southern analysis indicated that none of the 13 

individuals had a mutation in the LDL receptor gene which was large enough to be detected 

by Southern analysis. This finding was not surprising considering that at least 150 different 

mutations have been described in the LDL receptor gene (reviewed in Hobbs et al, 1990; 

Hobbs et al, 1992; Goldstein et al, 1995), of which approximately 87% are point 

mutations. Only 13% of mutations described in the gene arc large enough to be detected 

by Southern analysis. 

B) Identification of a StuI restriction fragment length polymorphism in exon 8 in family 
M 

Although no large mutations in the LDL receptor gene were detected in the 13 

probands, a polymorphism was detected by Southern analysis using the restriction enzyme, 

StuI, in one of the 13 individuals, specifically, the proband from family M. Direct dideoxy 

sequence analysis of exons 1-18 of the LDL receptor gene revealed a StuI polymorphism 

in exon 8 (a single base change creating a StuI recognition site) suggesting that the 

polymorphism detected by Southern analysis represents the exon 8 StuI polymorphism. 

Although the polymorphism in exon 8 alters the amino acid sequence of the protein it has 
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not been reported to affect protein function (Kotze et al, 1986), a finding which is 

corroborated by the fact that the polymorphism was also detected in a clinically unaffected 

family member. 

Molecular analysis for the diagnosis of FDB 

A) Identification of FDB among 13 patients clinically diagnosed with heterozygous FII 

Heterozygous FDB and heterozygous FH are two related disorders of lipid 

metabolism. In both abnormalities, there is accumulation of LDL particles in the circulation 

and deposition of cholesterol in abnormal locations. FDB was first described among patients 

with moderate hypercholesterolemia (Innerarity et al, 1987). Subsequent studies showed 

that the levels of cholesterol in FDB patients could sometimes be comparable to those in 

FH patients (Tybjaerg-Hansen et al, 1990; Tybjaerg-Hansen et al, 1992; Schuster et al, 

1990). Although heterozygous FH and FDB differ in their etiology, both disorders can 

produce similar, and in some instances identical, clinical symptoms (Myant et al, 1991; 

Corsini et al, 1991; Morash et al, 1994). In fact, several reports have estimated that 2-5% 

of patients given a clinical diagnosis of heterozygous FH actually have FDB (Talmud et al, 

1991). The potential similarity in clinical presentation, coupled with the fact that both 

disorders occur at approximately the same frequency (1 in 500 individuals in most 

populations), make the distinction of patients with heterozygous FH or FDB sometimes 

difficult when based solely on clinical criteria. Unlike mutations in the LDL receptor gene 

which occur throughout the gene and cause heterozygous FH, FDB is caused by mutations 

in the apoB-100 gene (Soria et al, 1989; Pullinger et al, 1995). The most frequenct 

mutation is at codon 3500 of the apoB-100 gene. The mutation at codon 3500 can be easily 
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detected by PCR amplification and subsequent restriction enzyme digestion (Motti et al, 

1991; Mamotte and van Bockxmeer, 1993). Since the diagnosis of heterozygous FH in the 

individuals participating in this study was based solely on clinical presentation, it was 

necessary to screen the 13 patients for the common mutation at codon 3500 in the apoB-

100 gene. Consequently, the 13 probands participating in this study were screened by 

molecular analysis for the substitution (arginine -» glutamine) at nucleotide 10,708 (codon 

3500) in the apoB-100 gene. Our results indicated that one of the 13 patients carried the 

arginine —> glutamine substitution at codon 3500. The mutation was detected in another 

clinically affected member of this family but was not observed in a clinically normal 

sibling. Our data support the findings of Corsini et al, (1991) which described the detection 

of an individual with FDB who was initially diagnosed as heterozygous FH based upon 

clinical presentation alone. These results were among the first to demonstrate the necessity 

for molecular analysis in distinguishing between hypercholesterolemic patients suffering 

from FDB and those with heterozygous FH. 

B) Comparison of two molecular diagnostic approaches for the detection of FDB 

For the molecular diagnosis of FDB, two recently described PCR-based methods 

were employed (Motti et al, 1991, Mamotte and van Bockxmeer, 1993). The first involved 

amplification of a 477bp fragment and subsequent restriction isotyping by Mspl enzymatic 

digestion (Motti et al, 1991). The second involved a two-test strategy requiring two PCR 

amplifications, each producing 87bp PCR products that were then cleaved with either 

Sau96l or Seal (Mamotte and van Bockxmeer, 1993). Both diagnostic methods were equally 

effective in the diagnosis of FDB; however, certain technical points should be considered. 
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The region of DNA amplified by the procedure described by Motti et al., (1991) includes 

a polymorphic Mspl restriction site at codon 3611. Consequently, fragments of 477 bp, 

resulting from undigested DNA, and the 454 bp,, fragment generated from the normal allele 

(when cleaved at codon 3500, but not at codon 3611), are not easily distinguished on 10% 

PAGE. For each analysis, a portion of uncleaved PCR-amplified DNA should be included 

on the polyacrylamide gel to distinguish between a 454 bp restriction fragment and 477 bp 

undigested PCR products. In addition, PCR-amplified, Ms/>/-cleaved DNA from an 

individual with a normal apoB-100 allele (333 bp band) or, ideally, from a known FDB 

heterozygote (333 bp and 356 bp bands) should also be included to distinguish between 

possible FDB homozygotes (356 bp) and individuals with two normal apoB-100 alleles (333 

bp). The advantage of the second technique, namely the two-test strategy described by 

Mamotte and van Bockxmeer (1993) is the clearer separation of mutant and normal allelic 

counterparts obtained as a result of the smaller fragments generated which facilitates data 

interpretation. 
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Approach to identify a point mutation in the LDL receptor gene in a Nova Scotian family 
clinically diagnosed with heterozygous FH 

A) Choice of an appropriate family 

One of the 13 probands (proband M), clinically diagnosed with heterozygous FH, 

was chosen for subsequent molecular studies to identify a mutation in the LDL receptor 

gene. The reasons for choosing this family are as follows. First, this family did not carry 

the arginine -» glutamine substitution at codon 3500 in the apoB-100 gene. Secondly, the 

physician had established a family history of severe hypercholesterolemia, and any affected 

individuals examined had all of the classic clinical symptoms of FH, including tendinous 

xanthomas premature atherosclerosis and an early incidence of myocardial infarction. 

Finally, this pedigree is large and the family was eager to participate in the study. 

B) Protein binding assays confirm a functional defect in the LDL receptor protein 

Although a clinical diagnosis of heterozygous FH had been established and FDB 

(caused by the codon 3500 mutation) had been discounted as the cause of the 

hypercholesterolemia in his family, protein binding and uptake assays were performed to 

assess LDL receptor function in family M. The importance of such experiments is 

highlighted in a recent study (Lestavel-Delattre et al, 1994) in which lymphoblasts isolated 

from hypercholesterolemic patients with the classic clinical presentation of heterozygous 

FH exhibited normal binding and internalization of LDL to LDL receptors in 20% of the 

cases (9 of 41). Mutations in the apoB-100 gene and FDB were also excluded in all nine 

cases. In these individuals, the cause of hypercholesterolemia could not be determined and 

presumably involves other genes regulating lipoprotein metabolism. Consequently, the 
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ability of EBV-immortalized lymphoblasts from the proband and a clinically unaffected 

family member to bind and internalize iodinated LDL was measured. These studies revealed 

that white blood cells isolated from the proband bound and internalized significantly less 

iodinated-LDL than cells from the clinically unaffected family member. Furthermore, the 

amount of iodinated-LDL bound to the surface of EBV-immortalized lymphoblasts isolated 

from the proband and the unaffected control was comparable to that reported elsewhere 

(Humphries et al, 1993). These studies confirmed that the proband did indeed have 

functionally defective LDL receptors, thus confirming the clinical diagnosis of heterozygous 

FH, 

C) Sequencing the LDL receptor gene to identify the mutation causing FH in family M 

cDNA Approach 

I) PCR amplification of the coding region of the LDL receptor mRNA 

Most, if not all, of the point mutations which have been described in the LDL 

receptor gene are found within the coding region (Hcjbs et al, 1990; Hobbs et al., 1992; 

Goldstein et al, 1995). Several reports (Leitersdorf et al, 1993; Landsberger et al, 1992) 

identified LDL receptor mutations by sequencing the PCR-amplified LDL receptor cDNA. 

From these reports, a strategy to amplify and clone the LDL receptor mRNA isolated from 

the proband and a clinically unaffected control from family M was developed. At the time 

that this project was begun it was not financially feasable to PCR amplify, clone and 

sequence the genomic DNA, although this was certainly the more favorable approach. 

Although mutations within the promoter region of the LDL receptor gene are rare 

(Goldstein et al, 1995), it was important to ensure that the mutant allele was expressed in 
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the affected individuals, since some reported mutations in this gene abolished transcription 

(Hobbs et al., 1987). In order to obtain the quantities of RNA required for these studies, 

lymphoblasts isolated from whole blood were immortalized with EBV. Northern analysis 

revealed no significant differences in the amount or size of the RNA transcript between 

affected and unaffected family members. These results suggested that both the normal and 

mutant transcripts were expressed in the affected family members and, furthermore, that 

there was very little, if any, difference in size between them. 

Initially, one set of PCR primers was designed to amplify the entire 2.6kb coding 

region of the LDL receptor cDNA. This approach, if successful, would have significantly 

reduced subsequent cloning efforts. However, numerous attempts to amplify the 2.6kb 

cDNA using one set of primers were unsuccessful. Consequently, the cDNA was PCR-

amplified using five sets of overlapping exonic primers (Eran Leitersdorf, personal 

communication). 

2) SSCP analysis of the amplified cDNA from the proband and clinically 
unaffected family members 

The clinical profile and LDL binding studies indicated that the proband suffered 

from heterozygous, rather than homozygous FH. Typically, homozygous FH would have 

resulted in a more severe clinical phenotype including: higher serum cholesterol levels, 

earlier onset of atherosclerosis and coronary heart disease. Sequencing from either Ml3 

bacteriophage or plasmid vectors generates information from only one allele at a time. 

Since the proband was heterozygous for the LDL receptor mutation sequencing from either 

M13 or plasmid vectors would require that a minimum of four to five clones for each of 
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the five amplicons be sequenced to ensure that both normal and mutant alleles were 

represented. Because of the large number of clones required for sequencing, SSCP analysis 

was undertaken to identify the DNA fragment with the mutation, and therefore reduce the 

number of clones needed. If the amplicon containing the mutated exonic region could be 

identified by SSCP, this amplicon would then be sequenced to identify the mutation in the 

cDNA. SSCP had been useful in identifying other mutations and polymorphisms in the 

LDL receptor gene (Saint-Jore et al, 1993; Yamakawa-Kobayashi et al, 1993; Leren et 

al, 1993). 

SSCP is a technique which detects single base pair changes resulting from either 

mutations or benign polymorphisms in the sequence of DNA (Hayashi et al, 1992; Orita 

et al, 1989 a,b; Sheffield et al, 1993). The ability of this technique to detect nucleotide 

changes is based on the ability of the substitution to alter the conformation of denatured 

DNA such that its mobility through a polyacrylamide gel is altered. If the mutation alters 

the conformation of the DNA, then the mutated allele migrates through the gel either faster 

or slower than the normal allele. Although SSCP has been useful for detection of various 

mutations and polymorphism in the LDL receptor gene (Saint-Jore et al, 1993; Yamakawa-

Kobayashi et al, 1993; Leren et al, 1993, Leren et al, 1995; Gunderson et al, 1996), not 

all single base pair changes are detectable by SSCP. Furthermore, it is usually necessary 

to vary gel conditions, either by adding glycerol in various concentrations or by altering the 

temperature of electrophoresis, in order to observe sequence differences by SSCP (Leren 

et al, 1993). Alterations in the migration of DNA resulting from sequence variations may 

be evident under one set of SSCP conditions but not using other conditions. 
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Five amplicons representing the entire cDNA from at least two affected and one 

unaffected family members were analyzed by SSCP. For several amplicons, as many as four 

affected and two unaffected individuals were analyzed. For optimal results, SSCP is usually 

performed using a DNA size range of ~ 50 to 200 bp (Sheffield et al, 1993). The five 

amplicons which were generated in this study ranged in size from ~ 350 to 750 bp. As a 

result, each amplicon was digested with restriction enzymes to generate smaller DNA 

fragments of 200-300 bp which might be more readily resolved on SSCP gels. A mutation 

would, theoretically, cause alterations in the SSCP pattern of all clinically affected family 

members but none of the unaffected family members, whereas an alteration of the migration 

pattern caused by a benign polymorphism could occur in both affected and unaffected 

family members. No significant differences in the migration of either undigested PCR 

amplified cDNA or digested, PCR-amplified cDNA between clinically affected and 

clinically unaffected family members under any of the conditions used, with perhaps one 

exception. The migration of Pstf-cleaved DNA representing exons 13-15 of the LDL 

receptor cDNA was identical in the proband and an unaffected family member (111.6) but 

differed from that of another clinically affected family member (111.7) indicating that the 

allele was not segregating with the disease. Direct dideoxy sequencing of genomic DNA 

isolated from the proband revealed the presence of a benign polymorphism in exon 15 

which can be readily detected by restriction digestion with Haelll. Haelll restriction 

analysis of PCR-amplified DNA representing exon 15 of the proband, the affected family 

member and clinically unaffected family member revealed that the proband and unaffected 

daughter were heterozygous for the exon 15 polymorphism whereas the affected son was 
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homozygous. It is tempting to speculate that the SSCP pattern observed when exons 13-15 

of the LDL receptor cDNA were cleaved with PstI resulted from the exon 15 

polymorphism. The proband and the clinically unaffected family member had an identical 

genotype at this locus and showed identical SSCP patterns, whereas the clinically affected 

family member had a different genotype and was characterized by a different SSCP pattern. 

It is perhaps not surprising that SSCP analysis of the undigested PCR amplicons was 

unsuccessful considering the large size of the amplicons. Even following digestion with 

various restriction enzymes, the sizes of many of the restriction fragments were above 200 

bp. Sheffield et al., (1993) showed that SSCP is most sensitive when used to detect 

sequence variation in fragments of 200 bp or less. Furthermore, there was an inverse 

correlation between fragment size and sensitivity with a marked decrease in sensitivity for 

mutation detection as fragment size increased above 200 bp. In addition, several frequent 

benign polymorphisms have been described in the LDL receptor gene in exons 2 (Soutar 

etal, 1991), 7 (Jensen et al, 1994), 8 (Leitersdorf et al, 1989) 12 (Leitersdorf and Hobbs, 

1988), 13 (Hobbs et al, 1987), 11, 15 (Saint-Jore et al, 1995) and 18 (Yamakawa-

Kobayashi et al, 1993). These changes could result in differences in the migration of any 

one or all of the five amplicons representing the LDL receptor cDNA and may be detected 

by SSCP once the appropriate conditions were established. On the other hand, not all 

alterations in DNA sequence are detectable by SSCP and sensitivity appears to be sequence 

specific (Sheffield et al, 1993). Consequently, the mutation might not be detectable by 

SSCP analysis, even under optimal conditions. For these reasons, this approach was 

discontinued and cloning of the amplicons in preparation for subsequent dideoxy sequencing 
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was initiated. 

3) Cloning and sequencing DNA fragments containing exons 1-4, 5-8, 9-12, 13-15 and 
16-18 of the 2.6kb LDL receptor cDNA from the proband and the clinically unaffected 
control (111.6) 

i) Cloning into M13 bacteriophage 

Initially, Ml 3 bacteriophage was chosen as the cloning vector since this vector 

generates single-stranded DNA for sequencing. Furthermore, the PCR primers used to 

amplify the LDL receptor cDNA were designed with restriction sites for BamHI and SphI 

restriction endonucieases to facilitate cloning into Ml3 bacteriophage vectors. Several 

attempts to ligate the amplicons representing the LDL receptor cDNA into M13mpl8 

bacteriophage were unsuccessful. There are various reasons which might account for this 

including: the temperature of the ligation, inefficient enzyme (ligase) activity, inappropriate 

ratio of insert to vector DNA or failure of either insert or vector to digest properly with 

either BamHI or SphI (Sambrook et al., 1989). Since the ligations were performed in a 

refrigerated water bath, using newly purchased enzyme, the most likely explanations for the 

failure of the ligation are inappropriate digestion of the DNA or inappropriate ratio of insert 

to vector DNA. Although the concentration of vector DNA was known, the concentration 

of insert DNA was estimated by quantitation against known quantities of lambda Hindlll 

DNA in agarose gels. It is possible that the estimated concentrations were incorrect and, 

therefore, the vector to insert ratios used in the ligation were inappropriate. It is also 

possible that either the vector or the inserts were not cleaved by BamHI or SphI restriction 

endonucieases. It was impossible to determine whether the vector was cleaved with both 

enzymes or just one (successful cutting with the first enzyme linearizes the vector) or if the 
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insert DNA (linear) was cleaved with either BamHI or SphI. 

II) Cloning into the plasmid vector, PCR 11 

Since numerous attempts to clone the amplicons into M13 bacteriophage vectors 

were unsuccessful, an alternate strategy to clone the inserts into the plasmid vector PCR JJ 

using the TA cloning kit was adopted. The PCR II vector is a plasmid vector developed 

by Invitrogen (San Diego, California) and supplied in a cloning kit (TA cloning kit). This 

vector was specifically designed for cloning of PCR products. Taq polymerase has a 

nontemplate-dependent activity which adds a single adenine residue to the 3'-terminus of 

PCR products. The PCR U vector contains a single 3'-terminal T residue to facilitate 

cloning of PCR products. 

The five amplicons, representing the LDL receptor cDNA, derived from the proband 

and the unaffected control were ligated into PCR II vector and transformed into invaF' 

bacterial cells (supplied with TA cloning kit). The PCR U plasmid contains the lacZ 

promoter which allows blue/white colour selection of bacterial colonies containing 

recombinant plasmid (containing insert). Bacterial colonies containing plasmid DNA which 

lack an insert are blue, whereas bacterial colonies containing plasmid DNA in which an 

insert has disrupted the lacZ gene are white. To ensure that the white bacterial clones 

chosen for subsequent sequence analysis contained the amplicons of interest several white 

colonies and one blue colony (negative control) were screened using the 2.6kb LDL 

receptor cDNA probe by standard Southern analysis. The results of Table 2 indicated that 

~ 66% of the white colonies did not contain an insert which hybridized to the LDL receptor 

cDNA probe. A relatively large number of false positive clones was expected for exons 1-4, 


