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ABSTRACT

Background: Fleart failure 1s a major public health problem throughout the world.
In South Africa 17% of mortality is attributed to cardiovascular discase (CVD).
Heart failure may be either ischemic or non-ischemic in origin. A significant
proportion of non-tschemic heart failure is due to cardiomyopathy. There are
currently five types of cardiomyopathy recognised, of which arrhythmogenic right
ventricular cardiomyopathy (ARVC) is one. ARVC is familial in 30 to 50% of cases
and it is inherited in an autosomal dominant or an autosomal recessive manner.
Twelve chromosomal loci have been linked to ARVC and six genes have been
identified. In 2004 Asano and colleagues reported a mouse model of ARVC that

established LAMR ] and ('BX5 as candidate genes for the human form of ARVC.

Methods: LAMR ] and CBX35 were screencd for mutations in a cohort of 22 unrelated
index patients, from the ARVC Registry of South Africa. The patients are from
ditferent ethnic groups ol which Caucasian is the majority. LAMRI was screened by
sequencing and CBXS was screened by DHPLC on the WAVE System.  The

sequence variants identified in ZAMR ! were subjected to haplotype analysis.

Results: A total of 17 sequence variants (SVs) were identitied in LAMR/] and were
named SV 1-17. Of these variants 10 (l.e., SV 1,2, 5,6, 8, 9, 10, 14, 16 and 17)
were known as SNPs on the NCBI SNP database. None of the seven novel variants
(ie.. SV 3,4, 7, 11,12, 13 and 15) were predicted to have a pathogenic effect on
protein structure or function. SV 3 is a single base substitution in the promoter
region of LAMRI, 140 bp upstream to exon 1. SV 4 was found to be a common
polymorphism with a carrier frequency of 4.6% 1n the background population. SV 7,
13 and 15 are intronic single base substitutions and SV 11 is an exonic single base
substitution that does not change the amino acid. SV 12 was homozygous in one
patient with apparent recessive ARVC but heterozygous in an unaffected and
aflected family member. SV 12 was therefore thought not to be disease causing.
Haplotype analysis of LAMR/I reveals that this gene contains either one or two

haplotype blocks depending on the block definition used. Two haplotypes account

13



for necarly half of all the chromosomes. The haploytype analysis is however limited

as it was calculated based on a small group of paticnts from different ethnic origins.

In C'BX5 a known SNP was identified in exon 2. Aberrant chromatographic profiles
were identified in exons 3, 4 and 5. No sequence variant was identified in exon 4
upon scquencing.  The cause of the aberrant profiles in exons 3 and 5 was not
identified as sequencing with either the forward or reverse primer did not produce
good quality scquence. These sequence variants however do not appear to be discase
causing. The SV in CBX)5 exon 3 appears to be a common polymorphism and the SV

in exon 5 was not identified in the patient’s aftected sibling.

Conclusion: No conclusive evidence of discase-causing mutations for ARVC was
found in the LAMR/ gene. Functional studies on the sequence variants are however
required to conclude if LAMR/ is a disease gene of ARVC. Preliminary results for
the C'BX35 mutation screen did not reveal a disease causing mutation in the South

African patients.
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1 INTRODUCTION

1.1 Structure and Function of the Heart

The heart is the first functional organ in the developing embryo and it starts beating
within three weeks after conception (Gilbert 2000; Sherwood 2004). The heart is
about the size of a clenched fist and it is located in the thoracic cavity between the
sternum and the vertebrae. It is divided into a right and a left half by the
atrioventricular septum. Each half is further divided into an upper and lower
chamber called the atrium and ventricle respectively (Sherwood 2004). An
atrioventricular (AV) valve is positioned between each atrium and ventricle and a
semilunar valve is located between each ventricle and the artery leading out from it
(Starr and Taggart 1998). The heart valves help to maintain a one-way flow of blood
(Van De Graaff 2002). The structure of the heart is illustrated in Figure 1-1.

Aorla

Superior vena cava Pulmonary artery

Pulmonary valve
Pulmonary veins
Pulmonary veins Left atrium

‘ Left AV vailve
Right atnum
Aortic valve

Right AV valve Chordae tendineae

Papillary muscle

Left ventricie

Right ventricle
interventricular septum

Inferior vena cava

(Sherwood 2004)

Figure 1-1: Longitudinal section of the heart, depicting the four heart chambers.
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The heart beats an estimated 42 million times a year (Van De Graaff 2002). Fach
time the heart beats, its four chambers go through phases of contraction (systole) and
relaxation (diastole). When the heart is relaxed, the atria fill with blood. The
increase in fluid pressure in the atria forces the AV valves open. Blood flows into
the ventricles, which completely {ill when the atria contract. As the filled ventricles
start to contract. the rising fluid pressure forces the AV valves shut, preventing the
backflow of blood into the atria. The pressure in the ventricles rises above that in the
great arteries, forcing the semilunar valves open and the blood leaves the heart. The
ventricles then relax, the semilunar valves close, and the atria fill with blood again to

repeat the cycle (Starr and Taggart 1998).

Although the left and the right sides of the heart contract and relax together, the two
sides function as two separate pumps. Deoxygenated blood, returning from systemic
circulation, enters the right atrium via the vena cavae. This Os-poor blood flows
from the right atrium into the right ventricle, which pumps it out through the
pulmonary artery 1o the lungs. Within the lungs, the blood becomes oxygenated and
it is returned to the heart via the pulmonary veins. This O,-rich blood enters the lefi
atrium and flows into the lefl ventricle, which pumps it out through the aorta. Major
arteries branch from the aorta to supply the various tissues of the body (Sherwood

2004). The blood flow through the heart is illustrated in Figure 1-2.

16



Superior vena

cava (Irom head)—— - Aorta

Right pulmonary

artery Left pulmonary
i artery
1
pulmonary vein Lef pulmonary
vein
Pulmonary
samilunar valve Left atrium

~_ Left atnoventncular
(AV) valve

Right atrium

Right alrioventricuiar

AV) valv
(AV) valve Aortic semilunar
valve
Inferior vena cava-——
{from body) Left ventricle
: ) o Interventricular
Right venlricle—— o septum

Arrows indicate direction of the blood flow.
[l = O2-rich blood
Il = O2-poor bioad

(Sherwood 2004)

Figure 1-2: Longitudinal section of the heart, depicting blood flow through the heart.

1.2 Cardiomyopathies

Heart failure is defined as a c¢linical syndrome of effort intolerance that is associated
with fluid retention due to cardiac dysfunction. Heart failure is a major public health
problem throughout the world (Seidman and Seidman 2001). In Europe, 50 million
of the population of 1,000 million suffer from heart failure, and in the USA, 4.9
million patients are treated for heart failure each year (Moolman-Smook et al. 2003).
In South Africa, similar statistics are not available however the Medical Research
Council (MRC) reports that deaths from all forms of cardiovascular disease (CVD)
account for 17% of total mortality (Bradshaw et al. 2003).

Heart failure may be either ischemic or non-ischemic in origin. The cause of a
significant proportion of non-ischemic heart failure is cardiomyopathy (Moolman-

Smook et al. 2003). In 1980 a Task Force, set up by the World Health Organisation

17



(WHO) and the International Society and FFederation of Cardiology (ISFC), defined
cardiomyopathy as a “heart muscle discase of unknown cause™ (Thicne ¢t al. 2004).
n 1995 the Task Force redefined cardiomyopathy as a “disease of the myocardium
associated with cardiac dysfunction” to reflect the new genetic discoveries (Thiene et
al. 2005).  There are currently five types of cardiomyopathy namely: dilated
cardiomyopathy  (DCM), hypertrophic  cardiomyopathy (HCM), restrictive
cardiomyopathy (RCM), arrhythmogenic right ventricular cardiomyopathy (ARV()

and unclassified cardiomyopathy.

1.2.1 Dilated Cardiomyopathy (DCM)

DCM is characterised by dilatation and impaired contraction of the left ventricle or
both ventricles. It may be idiopathic, familial/genetic, viral and/or immune,
alcoholic/toxic or associated with recognised cardiovascular disease (Richardson et
al. 1996). DCM may also be associated with other organ or muscle abnormalities.
FFamilial DCM may be inherited via autosomal dominant, autosomal recessive, X-
linked or mitochondrial transmission (Priori et al. 1999). The disease genes
identified encode cytoskeletal proteins related to force transmission e.g. dystrophin

(Thiene et al. 2005).

1.2.2 Hypertrophic Cardiomyopathy (HCM)

[ICM is characterised clinically by unexplained cardiac hypertrophy. Hypertrophy is
usually asymmetric and involves the interventricular septum. Familial disease with
autosomal dominant inheritance predominates (Richardson et al. 1996). Most of the
mutations have been found in genes encoding sarcomeric proteins ¢.g. B-myosin

heavy chain, thus impairing force production (Thiene et al. 2005).
o ol I‘

1.2.3 Restrictive Cardiomyopathy (RCM)

RCM is characterised by restrictive filling and reduced diastolic volume of either or

both ventricles.  Systolic function and wall thickness are normal or near-normal

18



(Richardson et al. 1996). RCM may be primary or secondary. Primary discase
includes idiopathic RCM, which may be characterised by skeletal myopathy and
autosomal dominant inheritance (Hughes and McKenna 2005).  Idiopathic RCM
appears 1o be a sarcomeric disease, like HCM, due to mutation of the cardiac

troponin I {Thiene et al. 2005).

1.2.4 Arrhythmogenic Right Ventricular Cardiomyopathy
(ARVC)

Two pathological forms of ARVC have been reported. a fatty and fibrofatty type.
The fatty variant is found only in the right ventricle. The myocardium is partially
or almost completely replaced with fat but there is no thinning of the right ventricular
wall. In the fibrofatty variant, the myocardium is replaced with fat and fibrous
tissue which leads to a thinning of the right ventricular wall. This form is associated
with inflammatory infiltrates (Thiene ct al. 1991; Wolfe and Corwin 2005). ARVC
1s characterised by progressive fatty or [ibrofatly replacement of right ventricular
myocardium (Richardson et al. 1996). Fatty or fibrofatty infiltration usually affects
the right ventricular outflow tract, the apex and the inflow tract (subtricuspid arca)
which is known as the “triangle of dysplasia”. The septum is usually spared (Paul et

al. 2003).

Most ARVC patients are male with a male:female ratio of 2.7:1.  The male
predominance is unexplained (Wolfe and Corwin 2005). FPigure 1-3 shows the
macroscopic structure, magnetic resonance image (MRI) and histopathology of a

heart with ARV,

[t is thought that ARVC may be a milder form of Uhl’s anomaly, This disease is
characterised by partial or complete absence of the right ventricular myocardium and
it presents in infancy as heart failure. The pathogenesis of Uhl’s anomaly has not

been determined (Dokuparti et al. 2005).
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(John et al. 2004)

Figure 1-3: A, A short axis slice of a heart with ARVC. Yellow streaks of fat are
indicated with arrows. B, A MRI of the same slice, which shows an increased signal
intensity corresponding to the yellow streaks seen in 4. C&D, A histopathology
specimen taken from the RV showing large numbers of fat cells. LV = Left
Ventricle, RV = Right Ventricle

1.2.5 Unclassified Cardiomyopathy

Cases that do not fit into any of the above mentioned groups, e.g., isolated left
ventricular non-compaction (LVNC), fall into the group unclassified cardiomyopathy
(Richardson et al. 1996; Hughes and McKenna 2005).

This literature review will, from here on, focus on ARVC as this is the disease under

investigation
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1.3 Historical Background of ARVC

In 1961, Dalla-Volta and colleagues described an “auricularization of the right
ventricular curve™ in a patient with “primitive endocardial fibrosis™ (Dalla Volta et
al. 1961; Paul et al. 2003). In 1977, Fontaine and colleagues consolidated these
lindings and called it “right ventricular dysplasia™ (i.e., an abnormality of
development) (Paul et al. 2003; Michael et al. 2004). Once the cause of this discase
was identified as progressive myocardial loss, the term “cardiomyopathy™ was
considered more appropriate than “dysplasia™ (Thiene et al. 1991). In 1995, ARV(C
was added to list of cardiomyopathies by the WHO/ISFC Task Force (Richardson et
al. 1996). The first case series off ARVC was reported for the first time in South

Alrica in 2000 by Munchnger and colleagues (Munclinger et al. 2000).

1.4 Epidemiology of ARVC

The exact prevalence of ARVC is unknown due to incomplete penetrance of the
discase and under diagnosis by clinicians and pathologists (Paul et al. 2003; Wolfe

and Corwin 2603).

In Italy. preliminary studies showed ARV to account for 20% of all sudden deaths
in individuals under the age of 35 years and 27% of sudden deaths in young athletes
(Thiene et al. 1988; Corrado et al. 1990). In a 21-ycar prospective cohort study,
ARV and coronary artery discase (CAD) were associated with the greatest risk of
sudden death in lalian athletes (Corrado et al. 2003). In the USA, ARVC accounts
for only 2% of sudden death in athletes while HCM is the most common cause of

sudden death in athletes causing 30% of cases (Maron et al. 1996).

The regional variation in ARVC prevalence may be due to two reasons.  First, the
genetic predisposition, dietary pattern and environmental conditions of ltalians are
different from those of Americans (Williams and Chen 2003). Second, in the 21-
year ltalian study, the examination ol all hearts was performed by the same team of

experienced cardiovascular pathologists (Corrado et al. 2003).
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The prevalence of ARVC was determined as | in 1000 inhabitants served by the
Academic Teaching Hospital in Quedlinburg, Germany (Peters et al. 2004). It was a
retrospective study over a S-year time period which revealed a much higher

prevalence than that of other centres.

The scarcity of reports on ARVC in Africa is thought to be due to the lack of
sophisticated cardiac clectrophysiology facilities and expertise required for the
diagnosis of the disease (Sliwa et al. 2005).  An initial report from the ARVC
Registry of South Africa suggests that ARVC oceurs in all segments of the
population and that 1ts clinical features and prognosis are similar to international

lindings (Latib et al. 2004; Sliwa et al. 2005).

1.5 Diagnosis of ARVC

In 1994, an “International Task Force for ARVC™ proposed standardised diagnostic
criteria (McKenna et al. 1994). The diagnosis is based on major and minor criteria
that encompass clinical, structural and functional features (Hodgkinson et al. 2005).
A hist of the diagnostic criteria is given in Table 1-1. A patient is diagnosed with
ARVC if they have two major criteria, one major plus two minor criteria or four

minor ¢riteria from ditferent diagnostic categories (McKenna et al. 1994),

Although the International Task Force criteria facilitate clinical diagnosis, they lack
sensitivity for carly disease when clinical findings are often subtle (Syrris et al.
2006). The experience of hypertrophic and dilated cardiomyopathy has been that
although  many relatives may |have phenotypic abnormalities that  are
“nondiagnostic”, they are nevertheless indicative of disease (Hamid et al. 2002). Ina
study of 67 families Hamid and colleagues found familial ARVC present in 28% of
index patients. When all cardiovascular abnormalities are considered, 48% had
evidence for familial ARVC. This lead Hamid and colleagues to propose broader

diagnostic criteria for familial ARVC (Hamid et al. 2002).



In 2006, Syrris and colleagues screened 100 white European ARV patients from the
United Kingdom for mutations in plakophilin-2 (PKP2) (Syrris et al. 2006).
Mutations were identified in 11 patients and their families were investigated, both
clinically and genetically, to identify genotype-phenotype correlations. [t was
however found that the clinical expression of PKP2 mutations 1s heterogeneous even
among first-degree relatives. A retrospective evaluation of the genotyped family
members revealed that strict adherence to the International Task Force diagnostic
criteria would have led to the false-negative diagnosis of probands and relatives that
arc in fact mutation-positive but exhibit incomplete disease expression. Use of the
modified diagnostic criteria, proposed by Hamid and colleagues, did expand the
diagnostic yield but it also led to falsc-positives, 1.e., several family members
assumed lo be clinically affected were found to be mutation-negative. This study
highlights the need for a more accurate set of diagnostic criteria. The identification
of all ARV disease genes would aid diagnosis of asymptomatic mutation carriers at

risk of developing the disease (Syrris et al. 2006).
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Table 1-1: Criteria for diagnosis of ARVC

Major criteria

Minor criteria

1. Global and/or regional dysfunction and
structural alterations

Severe dilatation and reduction of right ventricular
ejection fraction with no (or only mild) LV
impairment

Localised right ventricular aneurysms {(akinetic or
dyskinetic areas with diastolic bulging)

Severe segmental dilation of the right ventricle

Mild global right ventricular dilatation and/or
ejection fraction reduction with normal left
veniricle

Mild segmental dilatation of the right ventricle
Regional right ventricular hypokinesia

2. Tissue characterisation of walls

Fibrofatty replacement of myocardium on
endomvocardial biopsy

3. Repelarisation abnormalities

Inverted T waves in right precordial leads (V2 and
V3) (people aged more than 12 yr: in absence of
right bundle branch block)

4. Depolarisation/conduction abnormalities

Epsilon waves or localised prolongation (>110 ms)
of the QRS complex in right precordial leads (V1-
V3)

Late potentials (signal averaged ECG)

5. Arrhythmias

Left bundie branch block type ventricular
tachycardia (sustained and non-sustained) (ECG.
Holter, exercise testing)

Frequent ventricular extrasystoles (more than
1000724h) (Holter)

6. Family history

Familial disease confirmed at necropsy or surgery

Familial history of premature sudden death
(<35yr) due to suspected right ventricular
dysplasia

Familial history (clinical diagnosis based on
present criteria)

{(McKenna et al. 1994)

* Detected by echocardiography. angiography. magnetic resonance imaging or radionuclide scintigraphy. ECG, electrocardiogram; LV, left ventricle




1.6 Treatment of ARVC

Treatment of ARV is focused on controlling ventricular arrhythmias and preventing

sudden death (Frias 2003).

Patients with well-tolerated, non-life-threatening ventricular wrrhythmias are treated
with anti-arrhythmic drugs. Beta-blockers alone or in combination with sotalol or
amiodarone may be used {Campbell 20035). ARVC patients should avoid class la
antiarrhythmic agents such as propafenone which has been associated with incessant

ventricolar tachycardia in these patients (Michael et al. 2004).

Patients with life-threatening ventricular arrhythmias are best treated with an
implantable cardioverter defibrillator (ICD). A study by Hodgkinson ct al.
demonstrated that 1CD therapy improved survival of males. The eftectiveness of
ICD therapy in preventing sudden cardiac death in women was however not
demonstrated (Hodgkinson et al. 2005). This supports the clinical observation of a
milder disease expression and better long-term prognosis of ARVC in women

(Wichter and Breithardt 2003).

In patients with severe right ventricular or biventricular failure, treatment consists of
pharmacologic therapy for heart failure and heart transplantation (Michael et al.

2004; Frias 2005).

1.7 Genetics of ARVC

ARVC is familial in 30 to 50% of cases and it is inherited in an autosomal dominant
or an autosomal recessive manner (Hamid et al. 2002: Michael et al. 2004). Twelve
chromosomal loci have been linked to ARV, and six genes have been identified,
namely plakoglobin (JUP), cardiac ryanodine receptor (RyR2), desimoplakin (DSP),
plakophilin-2 (PKP2), transforming growth lactor-B3 (7GFA3) and desmoglein-2

(DSG2)y. The chromosomal loci and disease genes are given in Table 1-2,
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Four out of the six ARVC g¢enes, namely plakoglobin, desmoplakin, plakophilin-2
and desmoglein-2. encode cell junction proteins that are found in the desmosome. it
has therefore been suggested that ARVC be renamed as a cell junction

cardiomyopathy (Thiene ¢t al. 2005).

1.7.1 Structure and Function of the Desmosome

Desmosomes belong to a class of intercellular junctions called anchoring junctions™
(Yin and Green 2004). They are found primarily in epithelial tissues but they are
also present in the meninges, the dendritic reticulum cells ot lymph node follicles
and the myocardium. Desmosomes provide mechanical integrity to these tissues by

anchoring intermediate filaments (1Fs) to sites of strong adhesion (McGrath 2005).

Desmosomes contain proteins from three distinct gene families, namely:
1. ecadherins: desmogleins (Dsgl-4) and desmocollins (Dsc1-3)

2. armadillo proteins: plakoglobin, plakophilins (PKP1-3) and p0071

(also known as PKP4)

(Yin and Green 2004 McGrath 2005).

3. plakins: desmoplakins [ and IT1. plectin, envoplakin, periplakin and epiplakin

Figure 1-4 depicts the ulirastructure of the desmosome and the interaction of the

major desmosomal proteins.

It has been hypothesised that mutations in plakoglobin, desmoplakin. plakophilin-2
and desmoglein-2 cause ARVC by disrupting the desmosomes which results in cell

death and fibrofatty replacement (McKoy et al. 2000).



IDP

ODP

PM

DM

(McGrath 2005)

Figure 1-4: Desmosome ultrastructure and molecular model in human skin.
A, An electron micrograph of a desmosome in human skin, showing the regions of the junction, namely: the inner dense plaque (IDP), the outer
dense plaque (ODP), the plasma membrane (PM) and the dense midline (DM). B, A molecular model which depicts the relative organisation of

the major desmosomal proteins.
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1.7.2 Disease Genes

1.7.2.1 Plakoglobin (JUP)

A homozygous 2 base pair deletion in plakoglobin causes Naxos disease (McKoy et
al. 2000). This disease was first described in 1986, by Protonotarios and colleagucs,
in families originating from the Greek island of Naxos (Protonotarios et al. 1986). It
is an autosomal recessive form of ARV associated with thickening of the palms and
soles (palmoplantar keratoderma) and woolly hair (Protonotarios et al. 2002). The
skin and hair phenotype i1s fully expressed {from early intancy, while the cardiac

abnormalitics are 100% penetrant by adolescence (Protonotarios et al. 2001).

1.7.2.2 Desmoplakin (DSP)

Desmoplakin has been implicated in a number of cardiac conditions to date.

The first recessive mutation to be described caused heart disease. palmoplantar
keratoderma and woolly hair (Norgett et al. 2000). This cardiocutancous syndrome
is named Carvajal syndrome after Dr. Luis Carvajal-Huerta who first described it in
1998 (Carvajal-Huerta 1998). Clinical examination diagnosed the heart disease as
dilated cardiomyopathy but analysis of the cardiac pathology has revealed a
cardiomyopathy with unique pathologic {eatures (Kaplan et al. 2004). According to
Norman ¢t al., the cardiac disease is typical of ARVC with predominant lefl ventricle

mvolvement (Norman et al. 2005).

A heterozygous and a homozygous missense mutation, in different exons of the DSP
gene, were reported to cause autosomal dominant and autosomal recessive ARVC,
respectively (Rampazzo et al. 2002; Alcalar et al. 2003).  The recessive ARV
tamily reported by Alcalai is characterised by a pemphigus-like skin disorder and
woolly hair (Alcalai et al. 2003). In a recent study by Pilichou and colleagues,

mutations in DSP accounted for 16% of ARV (Pilichou et al. 2006).



Recently, a heterozygous single base pair insertion in DSP was identified and it is
reported  to  cause autosomal dominant  Arrhythmogenic Left  Ventricular

Cardiomyopathy (ALVC) (Norman et al. 2005).

1.7.2.3 Plakophilin-2 (PKP2)

Thirty different heterozygous mutations in PKP2 have been reported 1o cause 11-
27% of cases of autosomal dominant ARVC (Gerull et al. 2004; Syrris et al. 2006).

These mutations cover a range of mutation types. from missense and nonsense

mutations to deletions. insertions, deletion/insertions and splice site mutations.

1.7.2.4 Desmoglein-2 (DSG2)

Nine heterozygous mutations in DSG2 were detected in 8 probands.  Of these
mutations 5 were missense and there was a single insertion, deletion, nonsense and
splice site mutation. DSG2 has been reported to account for 10% of ARVC (Pilichou

et al. 2006).

1.7.2.5 Cardiac Ryanodine Receptor (RyR2)

. . 4 o . . . )
RyR2 is a calcium (Ca” )-release channel lound on the sarcoplasmic reticulum (an
intracellular Ca2” storage organelle). In the heart, Ca” regulates muscle contraction
and electrical signals that determine the cardiac rhythm. RyR2 is required for
excitation-contraction (EC)  coupling and maintaining intracellular  calcium

homeostasis (Marks 2000; Tiso et al. 2001; Chelu et al. 2004).

Missense mutations in RyR2 cause ARVC-2 and catecholaminergic polymorphic
ventricular tachycardia (CPVT) (Priori et al. 2001; Tiso et al. 2001). CPVT is
characterised by stress-induced. bidirectional ventricular tachycardia in the absence
of structural heart disease and seven mutations have been identified (Laitinen et al,

2001 Priori et al. 2001).
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Four mutations were identified in four families with ARVC-2. ARVC-2 differs
clinically from the other types of ARVC due to the presence of effort-induced
ventricular arrhythmias, high penetrance and 1:1 male:female ratio among affected

patients (Tiso et al. 2001).

It has been hypothesised that mutations in RyR2 cause ARVC-2 by altering the
ability of the channel to remain closed which leads to Ca™ leaking from the channel.
. . v Db gy e ) . . .o

The leaking of Ca™ will in turn lead to arrhythmias and an imbalance of intra-cellular

Ca’' can trigger apoptosis (Chelu et al. 2004; Dokuparti et al. 2003).

1.7.2.6 Transforming Growth Factor-B3 (TGFf3)

In 2005 Beffagna and colleagues reported transforming growth factor-33 (TGFA3) as
the disease gene involved in ARVC-1. TGEFB3 belongs to a group of regulatory
cytokines which are important in development and tissue homcostasis.  They
identified a nucleotide substitution in the 5° untranslated region (UTR) of an ARVC-
I family and in the 3° UTR of an unrelated ARVC patient. Neither nucleotide
change was found in 300 control subjects and in vitro expression assays showed
mutated UTRs to be about 2.5-fold more active than wild-types (BefTagna et al.

2005).

In an editorial, Nattel and Schott mention a number of issues that need to be resolved
before TGFR3 overexpression can be accepted as the molecular basis of ARVC-1.
Their first concern is that two families with linkage to ARVC-1 do not contain
TGFA3 mutations. The 77 vivo overexpression of TGFB3 needs to be confirmed in
the mutation carriers and the biological connection between TGFB3 overexpression
and ARVC needs to be established. TGFB3 is ubiquitously expressed yet mutations

in this gene result in only a cardiac phenotype (Nattel and Schott 2005).

[
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1.8 ARVC Registries

A multdisciplinary and multi-centre study of ARVC has been established in Europe
and North America. The European study involves seven countries, namely: ltaly,
Germany, France, United Kingdom. Greece, Poland and Cyprus (Basso et al. 2004).
The North America study is a collaboration of research groups from the University of
Arizona, Baylor College of Medicine and the University of Rochester. Patients
suspected of having ARVC are screened in enrolling medical centres, geographically
distributed in the United States and Canada (Marcus et al. 2003). The aim of these

studies is to investigate the clinical, pathological and genetic features of ARVC.,

A national ARVC registry was established in South Africa in 2004 under the
direction of the Cardiac Arrhythmia Society of South Africa (CASSA). The co-
ordinating centre is in the Cardiac Clinic at Groote Schuur Hospital in Cape Town.
A total of 32 patients from 27 families met the standarised diagnostic criteria for

ARVC (Latib et al. 2004).

1.9 Aims and Objectives of this Investigation

In 2004 Asano and colleagues reported a mouse model of ARVC caused by mutation
ol the laminin receptor 1 gene (Lamrl) (Asano et al. 2004). Lamrl is a ribosomal
protein localised in the nucleus and involved in apoptosis. An in vitro study of
cardiomyocytes expressing the mutated Lamrl showed early cell death accompanied
by alteration of the chromatin architecture. [t was also found that heterochromatin
protein I (Hpl) bound to mutant Lamrl. Hpl is localised at heterochromatin sites,
where it mediates gene silencing and it was concluded that the mutant Lamrl
interacts with Hpl to cause degeneration of cardiomyoctes (MIM: 604478). This
rodent model of ARVC thus established LAMR/] and C'BXS5 as candidate genes for
the human form of ARVC. (The official name and symbol for Hpl in homo sapiens

is chromobox protein homolog 5 (CBXS5) and hereafter will be referred to as such).
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The aim of this study was therefore to perform mutation screening of LAMRI and
CBX3 in the patients enrolled in the South African ARVC registry. There were a
number of factors underlying the plausibility of LAMRI] and/or CBXS as ARVC
disease genes. First, the heart disease found in the mice is characteristic of human
ARVC. In the mice the cardiomyocyte degeneration proceeded from the outer to the
inner part of the ventricular wall as in human ARVC.  Second, LAMRI maps to a
known ARVC locus. namely ARVC-5. Third, apoptosts in ARVC has been shown
in the autopsy specimens of the right ventricular myocardium (Dokuparti et al.

2005).

ldentification of all ARVC discase genes will aid clucidation of the pathogenic
pathway leading to the condition and assist with the clinical diagnosis of ARVC

(Dokuparti et al. 2005).
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Chapter 2:
LAMRI methods




2 METHODS: MUTATION SCREENING OF
THE LAMRI GENE

2.1 Patients

A total of 22 unrelated index patients, from the ARVC Registry of South Africa,
provided informed consent to participate in genetic studies (Appendix 1) and
contributed 8ml of blood for DNA extraction. The mean age at diagnosis was 33
years (range 14-53 years) and 77% were male. The demographics of cach patient are
given in Table 2-1. The majority of patients are of Caucasian origin. The blood
specimens and consent forms were sent to the molecular genetics laboratory of the
Division of Human Genetics, University of Cape Town (UCT). Patient information
was captured onto the Human Genetics Laboratory Database and a laboratory
reference code was assigned to each specimen to ensure confidentiality. DNA was
extracted from lymphocytes using the PU REGENE™ DNA lsolation Kit (Gentra
Systems, Adcoek Ingram Scientific). The DNA was stored as two stock samples, one
sample at -20°C and the other sample at -70°C.  DNA samples from Caucasian
individuals, with no history of heart disease, were provided by the Cape Heart

Centre, UCT and served as controls.



Table 2-1: Demographics of the ARV patients

Patient Age at Sex Ethnic origin
diagnosis
(in years)
ACM 1.2 KEV 20 Male | Caucasian
ACM 2.4 MRC 25 Male Caucasian
ACM 3.1 CHE 39 Female | Caucasian
ACM 4.1 ROS 26 Female | Mixed Ancestry
ACM S.1JOH 44 Female | Caucasian
ACM 6.1 HAV 2 Male Mixed Ancestry
ACM 8.3 MIC 14 Female | Caucasian N
ACM 9.1 POU 27 Male Caucasian
ACM 10.1 HIL 39 Male | Mixed Ancestry
ACM 11.2 JON 15 Male Caucasian
ACM 12.1 HER 50 Male Caucasian
~ACM 13.1JOH 18 Male | Caucasian
ACM 14.1 DER 43 ! Male Caucasian
ACM 15.1 VIG 27 ‘Male | Caucasian
ACM 16.1 HEN 35 Male Mixed ancestry
ACM 17.1 AKT 22 Male | Black o
ACM 18.1 TIA 21 Male | Caucasian
' ACM 19.2 CHR 19 Female | Caucasian
CACM 20.1 ENA | S3 Female | Caucasian
CACM 21.1 COL 51 Male | Caucasian
"ACM22.1AND 38 Male | Mixed Ancestry
"""" 40 Indian

ACM 23.1 GAM
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2.2 Polymerase Chain Reaction (PCR)

2.2.1 Primer Design

Primer pairs were designed for the seven exons of the LAMR/ gene. The sequence
of these primers is given in Table 2-2.  An annotation program ANNOTV9Y
(designed by Dr George Rebello. Diviston of Human Genetics, UCT) was used to
designate the exons and reported single nucleotide polymorphisms (SNPs) in the
genome sequence. Primer 3, a program freely available on the internet, was used (o
design the primers. Primers were designed to extend at least 60bp into the intron on
cither side of the exon in order to identify any variants that may affect splicing. The
primers were ordered from Molecular and Cell Biology, UCT. The primer pair for
exon 4 had to be redesigned as primer LAMRI 4F was designed over a region that
contained two SNPs, To avoid designing primers over sequence with reported SNPs
the =< >7 signs can be used in Primer 3 to demarcate sequence not suitable for
primers. The new primer pair was named Lamr] 4bF & R and was ordered trom

Ingaba Biotechnical Industries [Pty] Lid.



Table 2-2: LAMR primer sequences

Exon Name of primer Primer sequence Amplicon size
(3 -3 (in bp)

1 LAMRI TF taacttgagticegegetet 599
LAMRI] IR aggatgttagecegettict

2 LAMR!L 2F gecgtecacactatttecte 597
LAMRI 2R glicatgacccaacccaagt

3 LAMRI! 3F clgaglglepgaagigtyct 459
LAMRI 3R tptggatetectgacetegt

4 LAMRI 4F tgtgeetgetitacatggag 462
LAMRI 4R ggecagtcagtageeicaac
LAMRI 4bF tgcaggaaaletelggagaag 573
LAMRI 4bR cecltgtgptpttagegaaa

Sand 6 LAMRIT 3+6F {peteectgttacaattgett 677

LAMRI 5+6R cagatgetgtageacactgga

7 LAMRI 7F cetetgtgectaticageaa 570
LAMRT 7R aggaaggaageteagggaaa

F' = forward primer; R = reverse primer

2.2.2 PCR Optimisation

PCR was optimised for cach amplicon using a PCR optimisation kit (Roche
Diagnostics South Africa). The kit consists of 16 PCR buffers (buffer A-P) (10 x
cone.) each containing 100mM Tris-HCL and 500mM KCL  The buffers differ in

MgCl; concentration and pH-value as indicated in Table 2-3.



Table 2-3: PCR optimisation buffers

pH ‘Vlg(lz concentration [mM]
1.0 s 20 2.5
83 A B C D
8.6 E P G H
89 I J K L
9.2 M N 0 p

PCR was performed in 0.2ml tubes (4Bgene, Southern Cross Biotechnology) in a
total of 25l containing 100ng of DNA, 0.8uM of each primer, 0.2mM of ¢ach of the
4 dNTPs (Invitrogen, Laboratory Specialist Services or Bioline, Celtic Molecular
Diagnostics), 1x PCR optimisation bufter (Roche), 0.5 Unit of Tag polymerase
(Invitrogen. Laboratory Specialist Services or Promega GoTag", Whitehead
Scientific), made up with SABAX H,O (Adcock Ingram Critical Care). A total of
16 tubes were set up, each tube containing the same DNA sample but a different
PCR optimisation buffer. PCR cycling was carried out on a GeneAmp" PCR System
9700 (PE Applied Biosysiems) at the cyeling conditions given in Table 2-4. The
melting temperature (Tm) was calculated for each primer using the formula:
Tm=4(G+C)+2(A+T)
The annealing temperature was then calculated by subtracting 5°C from the lowest

melting temperature for the primer pair. The calculated annealing temperature for

each exon is given in Table 2-5.
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Table 2-4: PCR cycling conditions for LAMR] optimisation

Step Temperature Time Number of Cycles
Initial Denaturation 94°C 4 minutes 1 cycle
Denaturation 94°C 30 seconds
Annealing Ta* 30 seconds | 30 eyeles
Extension 72°C 30 seconds
Final Extension 72°C 7 minules I cycle

Table 2-5: Annealing temperatures calculated for cach L4MR/I exon

Exon number | Annealing temperature |
1 55°C
2 55°C N
3 57°C
4 55°C
4b 55°C
5+6 55°C
7 53°C




PCR products were electrophoresed through a 1% agarose gel containing ethidium
bromide (Appendix 2) to determine which buffer produced the best amplification.
The PCR products were mixed with agarose loading dye (Appendix 3) and
clectrophoresed alongside either 0.5pg 1kb Plus DNA Ladder (Invitrogen, 1.ab
Specialist Services) or 0.5ug GeneRuler™ 100bp DNA Ladder Plus (Fermentus,
Ingaba) (Appendix 4). The bulfer chosen for PCR of each exon in patient DNA is

given in Table 2-6.

Table 2-6: PCR optimisation bufler for PCR of each LAMRI exon

Exon PCR optimisation buffer

| [

2 H

3 B

4 B

i - 5
546 D
7 O

The PCR optimisation worked well for exons 2. 4, 4b and 5+6. The amplification for
exons 1 and 7 was poor. The number of cycles for exon 1 was increased from 30 (o
35 cycles and the annealing temperature for exon 7 was decreased from 55°C to
50°C. No product was obtained for PCR optimisation of exon 3 so the cycling
conditions were changed to that of a touchdown PCR where for 10 cycles the
annealing temperature starts high and then decreases by 0.5°C each cycle. The

cycling conditions for each exon are given in Table 2-7.
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Table 2-7: PCR cycling conditions for cach LAMR [ exon

A. Exon |

Step Temperature 7 Time Number of Cycles
initial Denaturation | 94°C | 4 minutes I eycle
" Denaturation 94°C 30 seconds
K‘rmea}ing 55°C 50 seconds | 35 cycles
Extension 72°C 1 30 seconds 1
Final Extension 72°C 7 minutes L cycle
B. Exon 2.4, 4b and 5+6
Step Temperatare | Time i Number of Cycles
Initial Denaturation | 94°C | l 4 minutes 1 cycle
| Denaturation: 94°C i 30 seconds | V
;"Annea!ing 55°C i 30 seconds | 30 cycles
CExtension | 72°C | 30 seconds
Final Extension 72°C | 7minutes | 1 cycle
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C.

D.

Exon 3
Step Temperature Time Number of Cycles
Initial Denaturation = 95°C 3 minutes 1 eycle
Denaturation 94°C 15 seconds
Annealing 62°C-57°C 15 seconds | 10 cycles
Extension 72°C 30 seconds
Denaturation 89°C 15 seconds
Annealing 57°C 15 seconds | 20 cycles
Extension 72°C 30 seconds
Final Fxtension 72°C 5 minutes 1 eyele
Exon 7
Step Temperature Time Number of Cyeles
[nitial Denaturation | 94°C 4 minutes 1 cycle
Denaturation 94°C 30 seconds
Anncaling 50°C 30 seconds | 30 cycles
Extension 72°C 30 seconds
Final Extension 72°C 7 minutes 1 cycle




2.2.3 Amplification of Patient DNA

PCR of the patient DNA was performed using the same reagents at the same
concentrations as detailed above. The buffer used is indicated in Table 2-6 (page
40). A negative control, where H,O replaced DNA. was included with every PCR
set up to rule out contamination. PCR cycling was carried out on a GcncAmpR PCR

System 9700 (PE Applied Biosystems) at the cycling conditions given in Table 2-7.

To contirm amplification, PCR products were electrophoresed through a 1% agarose
gel containing ethidium bromide (Appendix 2). The PCR products were mixed with
agarose loading dye (Appendix 3) and electrophoresed alongside cither 0.5ug 1kb
Plus DNA ladder (/nvitrogen, Laboratory Specialist Services) or 0.51g GeneRuler™

100bp DNA Ladder Plus (Fermentas, Ingaba) (Appendix 4).

It the amplitication of a DNA sample was poor, the concentration of the DNA added
to the PCR reaction was increased. [f this did not improve amplification, then the
annealing time, extension time and number of cycles were increased in the cycling

conditions. These cycling conditions are given in Table 2-8.

Table 2-8: PCR cycling conditions for increased PCR product

Step Temperature Time Number of Cycles
[nitial Denaturation | 95°C 2 minutes I eyele
Denaturation 93°C 30 seconds
W;inncaling Ta* | minute 35 cveles
Extension 72°C I minute
Final Extension 72°C 5 minutes 1 cycle

# Ta = annealing temperature and 1s the same as indicated in Table 2-7.




Amplification of patient DNA for exon 4 yielded two PCR products of slightly
different sizes. The cycling conditions were therefore changed to that of a
touchdown PCR to eliminate non specificity. These cycling conditions are given in

Table 2-9.

Table 2-9: Touchdown PCR cycling conditions for LAMR/ exon 4

Step Temperature | Time Number of Cyeles

Initial Denaturation | 95°C 3 minutes 1 cycle
Denaturation 94°C 15 seconds

Annecaling 60°C-55°C 15 seconds | 10 cycles

Extension 72°C 30 seconds

Denaturation 89°C 15 seconds

Anncaling 35°C 15 scconds | 20 cycles

Fxtension 72°C 30 seconds

Final Extension 72°C S minutes I cycle

2.3 Sequencing

Sequencing was performed in both directions to screen for mutations in the exons.
All 251l of each of the PCR products were electrophoresed through a 1% agarose gel
containing ethidium bromide (Appendix 2). The DNA fragments were excised from
the agarose gel using a clean, sharp scalpel and placed in 1.5ul tubes (Kppendorf,
Merck).  This step ensures that excess primers and non-specific amplification
products are removed, which may aftect the sequencing quality. An empty 1.5ml
tube was used to tarc the scale and the DNA fragments were weighed. The DNA
was extracted and purified from the agarose gel using the QlAquick Gel Extraction
Kit (QIAGEN, Southern Cross Biotechnology) or the Wizard® SV Gel and PCR

Clean-Up System (Promega, Whitehead Scientific) in accordance with the
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manufacturer’s instructions. DNA was eluted with 30ul and 50ul SABAX H,O

(Adcock Ingram Critical Carey respectively.

Cycle sequencing was performed in 0.2ml tubes (ABgene, Southern Cross

Biotechnology) in a total of 20ul containing ~100ng PCR product, 3.2uM forward or

R

reverse primer (described in Table 2-2 page 37), 2ul of the BigDye® Terminator v3.1
Cycle Sequencing mix (dpplied Biosystems), 24l BigDye"® Terminator v3.1 5x
Sequencing Buffer (dpplied Biosystems), made up with SABAX H,O (ddcock
Ingram Critical Care). The thermal cycling was carried out on a (f}encAmpR PCR
System 9700 (PFE Applied Biosystems) and the cycling conditions are given in Table

2-10.

Table 2-10: Sequencing cycling conditions

Temperature Time | Number of Cycles
96°C 1 minute 1 cycle

95°C 45 seconds

Ta* 4 minutes 25 cycles

* Ta (annealing temperature) for exons 1 to 5+6 was 55°C and for exon 7 was 50°C.

Excess di-deoxynucleotide terminators were removed from completed DNA
sequencing reactions using Centri-sep columns (Princeton Separations, Whitehead
Scientific), in accordance with the manufacturer’s instructions. 1f the columns were
used previously, 7% Sephadex™ G-50 Fine (dmersham Biosciences, Separation
Scientific) was prepared and 900ul was pipetted into each column. The columns
were left to stand for at least 30 minutes at room temperature before following the

manufacturer’s protocol.
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Sequencing was performed on the ABI Prism" 3100 Genetic Analyzer (Applied
Biosystems) and analysed using the Sequence Analysis version 3.7 software (Applied
Biosystems). Due to time restrictions some samples were sequenced by Mshengu
Tshabalala, in the Division of Human Genetics, UCT and Genecare, Christiaan

Barnard Memorial Hospital, Cape Town.

The electropherograms were analysed by eye to identify heterozygous variants. To
identify homozygous variants, the patients” sequences were aligned to the wild type
sequence. Biokdit, a program downloaded from the internet, was used to align the
sequences and the wild type sequence was obtained from the National Center for

Biotechnology Information (NCBI) database (NT _022517.16).

2.4 Polyacrylamide Gel Electrophoresis (PAGE)
Analysis

A 20bp deletion was identified in the promoter region. The background population
was screened for this variant to determine if it is a novel variant associated with
ARVC or a polymorphism. PCR of amplicon 1 was carried out, according to the
conditions described above, and polyacrylamide gel electrophoresis (PAGE) was

used to visualise the genotype of each PCR product.

Polyacrylamide gel was set between two glass plates (11.8em x 22cm). One of the
plates contained blocks of Dymo tape (Waltons) for well formation which is referred
to as the well plate. The other plate is referred to as the back plate. Both glass plates
were cleaned thoroughly with ethanol. The well plate was cleaned with acetone (to
remove the ethanol) and Gel Slick® Solution (BioWhittaker Molecular Applications,
Adcock Ingram Scientific) was applied to prevent the gel from adhering to this plate.
A mixture of plate glue (S/GMA) and 10% acctic acid was wiped vigorously over the
back plate so that the gel would adhere to this plate. lixcess plate glue was removed

with ethanol. The plates were clamped together (cleaned sides facing inwards) with
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a 0.5cm wide spacer in between. The plates were set upright with the wells at the

bottom. Figure 2-1 illustrates the set up of the plates.

back plate

spacer

well plate

wells

Figure 2-1: Set up of plates for polyacrylamide gel

A polyacrylamide gel was prepared by mixing 17ml 8% polyacrylamide solution
(Appendix 2) with 200l 10% ammonium persulphate (APS) and 20ul N’N’N’N’-
tetramethylethylenediamine (TEMED) (BDH Laboratory Supplies). APS and
TEMED cause polymerisation of the polyacrylamide solution, therefore this mixture
was quickly poured between the plates using a 10 ml syringe. The gel was allowed
to polymerise for approximately an hour before use. The clamps were removed, the
plates separated and the back plate (containing the gel) was put into position on the
“Muitiphor I Electrophoresis System™ (4dmersham Pharmacia Biotechnology,
Separation Scientific). Six filter paper strips (5em x 28cm) were soaked in |x TBE
(Appendix 3). Three strips were placed on both the top and bottom of the gel. A
volume of 3ul PCR product was mixed with 3pul agarose loading dye (Appendix 3)
of which 3ul was loaded into the well. The PCR products were electrophoresed
through the gel at approximately 355V for two hours alongside a 1kb Plus DNA

ladder (/nvitrogen, Lab Specialist Services). The gel was stained in silver staining
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solution 1 (Appendix 3) for 10 minutes. The gel was then washed in dI,0 to remove
any excess silver nitrate before being counter stained in silver staining solution 2

(Appendix 3) tor 5-10 minutes.

2.5 Haplotyping

Haplotype analysis was performed by Dr Adebowale Adeyemo at the National
Human Genome Center, Howard University, Washington DC, USA. Haplotype
blocks were defined using two methods: the confidence interval method and the solid
spine of L) method, both implemented in the Haploview program (Barrett et al.
2005). Haplotype construction was done using the PHASE algorithm (Stephens et
al. 2001; Stephens and Donnelly 2003; Stephens and Scheet 2005). This is a
Bayesian approach that uses coalescent-based methods to improve accuracy of
haplotype estimates from unrelated individuals sampled from a population. PHASE

version 2.1.1 was used for the analysis.
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3 RESULTS: MUTATION SCREENING OF
THE LAMRI GENE

3.1 Sequencing

Overall, a total of 17 different sequence variants (SV) were identified in the LAMRI
gene and they have been named SV 1-17. Fifteen of the SVs are single base
substitutions. SV 4 is a 20bp deletion in the promoter region of LAMRI. 47bp
upstream to exon | and SV 12 i1s a TA insertion in intron 3. A summary of the SVs
is given in Table 3-1 and the location of each SV is indicated in Figure 3-1. The SVs
have been annotated in the genomic sequence in Appendix 5 along with the nature of

the change and the SNP accession number (it'it is known).

Of the variants found, 10 (.e., SV 1, 2. 5,6, 8. 9. 10, 14, 16 and 17) have been
reported as single nucleotide polymorphisms (SNPs) on the NCBI SNP database.
The sequence variants found in each patient are indicated in Table 3-2 except for SV
14 and 17. SV 14 was excluded from the Table as it was only identified in one
patient. The sequences of the other patients did not cover this SV. SV 17 was
excluded from the Table as the genotype of this variant could not be accurately
determined in six patients. The genotype for SV 13 was not determined in half the
patients. When sequencing with the forward primer, patients heterozygous for the
TA insert (SV 12) resulted in the rest of the sequence becoming unreadable. When
secquencing with the reverse primer, SV 13 is situated too close 1o the reverse primer

to be accurately genotyped.
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Table 3-1: A summary of the sequence variants identified in the LAMR/] gene

SV number | Nature of change | SNP accession number | Physical location
SV 1 C>G 11717439 2847

SV?2 G>A 3772147 2859

SV 3 C>A - 2861

Sv 4 20bp deletion - 2934 2953
SV5 C>T 3772146 3000

SV 6 T>C 3772144 3220

Sv7 G>A - 3852

SV § [>C 1803893 3933

SV 9 A>G 3772141 4237

SV 10 C>1 3772138 4861

SV 1l C>T - 4993

SV 12 TA insertion - 5075 5076
SV 13 G>A - 5158

SV 14 A>G 2077798 6902

SV 15 A>C - 7005

SV 16 G>A 2269350 7956

SV 17 C>T 2723 8406

Note: SVs are numbered in base pairs relative to the genomic sequence in Appendix

5. SVsrecorded in the NCBI SNP database are highlighted in red.

SV6 gyg SV10 SVI2 SV 14 SV 16

O I T

P

T T

B5°bo B14bo 20620¢ 6430p 118bp 213op
Iszop I 166bg I 118bp T T 246bp 129bp 166bp 161bp
SV I-5
SV 7 SV 9 SV 13 SV 15
SV 11 SV 17

(Jackers et al. 1996)

Figure 3-1: Schematic diagram of the LAMR/ gene illustrating the location of the 17

sequence variants. E = exon, | = intron
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Table 3-2: The LAMRI sequence variants found in each patient

ACM 1.2 KEV
ACM 2.4 MRC
ACM 3.1 CHE
ACM 4.1 ROS
ACM 5.1 JOH
ACM 6.1 HAV
ACM 8.3 MIC
ACM 9.1 POU
ACM 10.1 HIL
ACM 11.2 JON
ACM 12.1 HER
ACM 13.1 JOH
ACM 14.1 DER
ACM 15.1 VIG
ACM 16.1 HEN
ACM 17.1 AKH
ACM 18.1 TIA
ACM 19.2 CHR
ACM 20.1 ENA
ACM 21.1 COL
ACM 22.1 AND
ACM 23.1 GAM

SV4 SV5  SV6 SV7 SV8  SV9 SV10 SV11 SVI2 SV13  Svi5 SV 16
= 4 .
11 11 11
11 11 11 11 11 11
11 11 11
11 11 11
11 11 11
11 11 11 11 11 11 11 11
11 11 11 11 - 11
11 11 11 11 11 11 11
11 11 11 11 11 11 11 11 11 11 11 11 11 11 11
11 11 11 11 [ N ¢ 11
11 ) 11 11 11 11 11 11 11 ) 11 11 11 11 11
11 11 11 11 11 11 11 11 11 1 11 11 11
11 11 11 11 11 11 11 11 11 R
11 11 11 11 11 1t 11 11 11 11 11 11 11 11 11
11 11 11 11 11 11 11 ) 11 11 11 11 11
11 11 11 11 11 R 11 R
11 11 11 11 11 11 11 11 11 11 11 11 11 11 11
11 11 11 11 11 11 11 11 11 11 11 11 11 11 11
11 11 11 11 11 11 11 11 11 11 11 11 11 11 11
11 11 11 11 11 11

1 = the wild type sequence (according to NBCI accession no. NT_022517.16), 2 = the sequence variant

yellow = homozygous for the wild type allele, green = heterozygous, blue = homozygous for the sequence variant

5
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The seven novel variants are SV 3,4, 7, 11, 12, 13 and 15. Four of these variants,
namely SV 4, 7, 11 and 15 were identified only once and each time in a different
patient. SV 3 is a single base substition in the promoter region of LAMRI, 140 bp
upstream to exon 1. SV 4 (20bp deletion) was screened in 3 family members and 65
ethnically matched population controls to determine if it is a novel variant associated
with ARVC or a polymorphism. The result of this screen is given in the PAGE
analysis section (page 54). SV 7, 13 and 15 are intronic sequence variants and SV 11
is an exonic sequence variant. This single base substitution (C>T) is at the third
“wobble” position of the codon. The codon TCC changes to TCT but the amino acid
remains the same, namely Serine. SV 12 (TA insertion) was further investigated in
patient ACM 1.2 KEV with apparent recessive ARVC who was homozygous for the
TA insertion. The pedigree of this patient is illustrated in Figure 3-2 and SV 12 is
illustrated in Figure 3-3. The unaffected mother and affected brother were sequenced
for amplicon 3 and both were heterozygous for SV 12, suggesting that this change is

unlikely to be disease causing.

z—

—0
E

Figure 3-2: Pedigree of family 1

1
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A AGACATAGAAA B AGACATATAGAAA

C AGACATATANAGA  AGACATAGAAA (wild type allele)

+ AGACATATAGA (allele containing TA insertion)

= AGACATAKARA (sequence of heterozygous patient)

Figure 3-3: A, A patient with wild type sequence (according to NBCI accession no.
(NT_022517.16). B, A patient homozygous for the TA insertion. C, A patient
heterozygous for the TA insertion. The derivation of the sequence for this patient is

given alongside.

To determine the effect of SV 3, 7, 11, 13 and 15 on splicing, Splice Site Prediction
by Neural Network was used which is available on the Berkeley Drosophila Genome

Project website (www.fruitfly.org/seq tools/splice.html). The splice sites could not

be determined for the sequence surrounding SV 3 and 15. SV 7, 11 and 13 were

predicted not to interfere with splicing.
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3.2 PAGE Analysis

The SV 4 (20bp deletion) found in patient ACM 9.1 POU was also detected in 2
unaffected family members and in 3/65 ethnically matched population controls (i.e.
Caucasian South Africans), suggesting that it is common polymorphism with a
carrier frequency of 4.6%. The three controls, with the variant profile on PAGE,
were sequenced to confirm the presence of the 20bp deletion. The pedigree of
patient ACM 9.1 POU is illustrated in Figure 3-4 along with the family genotyping

results.

A B
D——O 1:2 11:1 1]
I 2
Il Ir2

Figure 3-4: A, Pedigree of family 9. B, Genotype results for SV 4 in family 9.
Pedigree numbers are indicated above each lane. The DNA fragments with the 20bp
deletion are indicated with an arrow. L = 1 Kb+ DNA Ladder
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3.3 Haplotyping

The haplotype block definitions by the two methods, namely confidence interval and
solid spine of LD, are shown in Figure 3-5 on D’/LOD plots. There is clearly a block
running from SV 5 to SV 16. Another block may also be formed by SV 1-SV 4,

depending on the block definition used.

The haplotypes with estimated population frequency of at least 0.01 (or 1%) are
shown in Table 3-3 below. The two haplotypes in bold font below account for nearly
half of all chromosomes. The haplotypes are however from a group of patients with

ARVC and may not reflect the general population haplotype frequency.

Table 3-3: LAMRI haplotypes with an estimated population frequency of at least 1%
in ARVC patients

Haplotype

Freq

SE

111122122212212

0.072582

0.012482

111111112211111

0.014795

0.010833

111111111211211

0.014037

0.011045

11111120110

0.016622

0.016681

THTTIT111222121

0.034996

0.015350

ITTTEITIII121]

0.010362

0.013977

1111111111111

0.386538

0.028110

111111221222121

0.037263

0.023463

TI12111111T 011

0.031793

0.018631

121122122212212

0.101894

0.016953

21111111111

0.073574

0.010807

2121111211111

0.080543

0.013341
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Figure 3-5: Haploblock type definition by the A, confidence interval method and B,
solid spine of LD method. Strong linkage disequilibrium (LD) between markers is

indicated by a red block, inconclusive LD by white block, and strong recombination

by blue.
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4 METHODS: MUTATION SCREENING OF
THE CBX5 GENE

4.1 Patients

The patient cohort described in “Methods: Mutation Screening of the LAMRI Gene”
was screened for mutations in the CBX5 gene. Controls were used in the dHPLC
screen. They were of Caucasian and black African descent and were archived in the

Division of Human Genetics, UCT.

4.2 PCR

4.2.1 Primer Design

Primer pairs were designed for exons 2 to 5 of CBX5. The sequence of these primers
is given in Table 4-1. Exon 1 was excluded from this mutation screen as it is not
translated. The disease model, described by Asano and colleagues, was due to Hpl
binding specifically to mutant Lamrl (Asano et al., 2004). The hypothesis was
therefore to screen exons encoding CBXS protein for mutations that might lead to a
greater affinity of CBXS for LAMRI, and so lead to ARVC. ANNOTV9 and Primer
3 were used to design primers. OligoAnalyzer 3.0 and Basic Local Alignment

Search Tool (BLAST) were used to evaluate the primers.

OligoAnalyzer 3.0, a program freely available on the internet

(http://scitools.idtdna.com/scitools/Applications/OligoAnalyzer/Default.aspx), was

used to identify possible:
1. Hairpin structures: annealing of the primer with itself
2. Homo-dimers: annealing of primers of the same type

3. Hetero-dimers: annealing within primer pairs
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OligoAnalyzer 3.0 produces a graphical representation and a delta g value for each
possible secondary structure of a primer. An example of each secondary structure is
given in Figure 4-1. It the delta g value was -9kcal/mol or more negative, the primer

was redesigned (OligoAnalyzer 3.0 technical support, personal communication).

Table 4-1: CBX35 primer sequences

Exon | Name of primi;w Primer sequence | Amplicon size
L (in bp)
2 CBXS 2F cacatggcaacicagigtta 402
CBX5 2R clettaggaagagtgcaggag
3 CBX5 3l gleegaatglectettigaa 449
CBX5 3R | gpagaggeagciglaalcaa
4 LBiin wt&zgggttcaccaccagtct f 450
:‘EBXSW4R - gettiggpaatatgeagtet
5 CBX5 5F aggtgagpageaaatcaagte 484 -
CBX5 5R ' ci&@@fglaaatgcctggtc

BLAST, which is available on the NCBI website, was used to search for the primer
in the human genome. 1f the 37 end ol the primer was found anywhere else in the
genome, the primer was redesigned.  The primers were ordered from Ingaba

Biotechnical Industries [Pty] 1.ad.
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B HOMO-DIMER ANALYSIS

Dimer Sequence
5'- CACRTGGCAACTCAGIGITIA -3°

Maximum Delta G -34.4 kcal/mole

Delta G -5.38 kcal/mole
Base Pairs 4

5' CACATGGCRACTCAGIGITA
Il
3' ATTGIGACTCARCGGTACAC

Primary Sequence
§'- CRCAIGGCARCICAGIGITIA -3'

Secondary Sequence
5'- CICTTAGGARGAGTIGCAGGARG -3'

Maximum Delta G -36.87 kcal/mole

Delta G =5.09 kcal/mole
Base Pairs 3

5' CACRIGGCAARCTCAGIGITA
(BN
3' GAGGARCGTIGRGARGGATITICIC

Figure 4-1: Secondary structure prediction by OligoAnalyzer 3.0. A, Hairpin

structure B, Homo-Dimer C, Hetero-Dimer.

59



4.2.2 PCR Optimisation

PCR was optimised for each amplicon using the gradient function on the Px2
Thermal Cycler (Thermo Electron Corporation). PCR was performed in 0.2ml tubes
(ABgene, Southern Cross Biotechnology) in a total of 25ul containing 100ng of
DNA. 0.4uM ol each primer, 0.2mM of each of the 4 dANTPs (Bioline, Celtic
Molecular Diagnostics), 1x PCR Buffer (Promega, Whitehead Scientific; pH 8.5,
1.5mM MgCl), 0.5 unit of Tag polymerase (Promega GoTaq®, Whitehead
Scientific), made up with SABAX O (Adcock Ingram Critical Care). A total of
12 tubes were set up each with the same DNA sample but a different annealing
temperature, The PCR cyeling conditions are given in Table 4-2 and the annealing

temperatures are in Table 4-3.

Table 4-2: PCR cycling conditions for ('BX3 optimisation

Step | Tem perature Time Number of Cycles
Initial Denaturation | 95°C S minutes I cycle
Denaturation 95°C 30 seconds B
Annealing S0-60°C* 30 seconds | 25 cycles )
Extension 72°C 30 seconds
Iinal Extension 72°C 7 minutes 1 cycle
|

1

* Iach of the 12 tubes had a different annealing temperature ranging from 30-60°C.

The exact annealing temperature for cach tube is given in Table 4-3.



Table 4-3: Annealing temperatures for C'BX3 optimisation

Tube number | Annealing temperature
(in °C)

] 50.0

. s03 T

3 50.9

4 518

3 52.9

6 542

/ 55.5

8 X R

° 58.4

10 59.3

H 50.8
T2 T o

The PCR products were electrophoresed through a 1.5% agarose gel (Appendix 2) o
determine which annealing temperature produced the best amplification. A volume
ol 5ul of PCR product was mixed with 2.5ul agarose loading dye containing SYBR"®
Gold nucleic acid gel stain (Molecular Probes) (Appendix 3) and electrophoresed
alongside 0.5pg GeneR uler™ 00bp DNA Ladder Plus (Fermentas, Ingaba)
{(Appendix 4). The annealing temperature chosen for each exon is given in Table 4-
4. I multiple bands looked equally bright, the annealing temperature was calculated
(as described in “"Methods: Mutation Screening of the LAMR! Gene”) to aid

decision-making.
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Table 4-4: Anncaling temperature for PCR of each CBX5 exon

Exon number | Annealing temperature |
(in °C)
2 53
3 54 -
4 53
MMMMMM ’ 52

Note: The anncaling temperature that produced the best amplification was rounded

off to the nearest whole number,

4.2.3 Amplification of Patient DNA

PCR of the patient DNA was performed using the same reagents at the same
concentrations as detailed above. A negative control, where H,O replaced DNA. was
included with every PCR set up to rule out contanunation. PCR cycling was carried
oul on a Px2 Thermal Cyvcler (Thermo Electron Corporation) at the cycling
conditions given in Table 4-2 and the annealing temperature in Table 4-4. The
cycling number was however changed from 25 cyeles to 30 cycles to increase the

amount of PCR product.

To confirm amplification, the PCR products were electrophoresed through a 1.5%
agarose gel (Appendix 2). A volume of 5pl of PCR product was mixed with 2.5ul
agarose loading dye containing SYBR" Gold nucleic acid gel stain (Molecular
Probes) (Appendix 3) and electrophoresed alongside 0.5ug GeneRuler'™ 100bp

DNA Ladder Plus (Fermentus, Ingaba) (Appendix 4).



4.3 Denaturing High Performance Liquid
Chromatography (DHPLC)

DHPLC, performed by the WAVE® System (Transgenomic), was used to screen for
mutations in the exons. This method was initially developed in 1995 by Ocfner and

Underhill (Oefner and Underhill 1995).

4.3.1 Principle of DHPLC

DHPLC, under partial denaturing conditions, can detect single base substitutions,
small insertions and deletions (Xiao and Oelner 2001). Prior to DHPLC analysis,
PCR products are denatured at 95°C for 5 minutes and re-annealed over 45 minutes
by gradual cooling to 25°C (WAVE" manual). 1f one of the chromosomes contains a
sequence vartant, the PCR products will re-anneal to form the original homoduplexes
and the sense and anti-sense stands {rom different PCR  products will form

heteroduplexes (Xiao and Octner 2001).

The PCR products are loaded on the WAVE machine which injects the sample onto
the separation cartridge.  The cartridge is filled with alkylated nonporous
polystyrene-divinylbenzene (PS-DVB) beads which are electrostatically neutral and
hydrophobic. To aid adsorption of nucleic acids to the beads, triethylammonium
acetate (TEAA)Y is added. This reagent is positively charged and hydrophobic
therefore it interacts with nucleic acids (which are negatively charged) and the
hydrophobic beads. Increasing concentrations of acetronitrile flows across the
cartridge.  The hydrophobic interaction between the cartridge and DNA/TEAA is
broken and the PCR product elutes (WAVIE® manual). Under partial denaturing
conditions, heteroduplexes denature more extensively at the analysis temperaturc and
therefore elute carlier than the homoduplexes that undergo less pronounced
denaturation.  The ideal chromatographic protile is illustrated in Figure 4-2. The
order of elution of the four species is primarily determined by neighbouring stacking

interactions (Xiao and Oefner 2001).
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CG CG

cG cG
AT GC
GC GC
AT AT

Donature & Heanncal
|

Hetero- Homao-
Duplices
CeG CG CG CG
LG CG CG CG
AC GT, AT GC
dnTPs GC GC GC GC
primars AT AT AT AT
enzyme 25°25% 26% 25%

, ]

0 minutes 3

(Xiao and Oefner 2001)

Fioure 4-2: An ideal chromatographic profile for a mismatch.
=3 &

4.3.2 Design of WAVE methods

A WAVE method consists of an analysis temperature and DHPLC conditions.
WAVEMAKER™ Software Version 4.1 was used to identify the melting domains in
an amplicon and a WAVE method was designed for each domain. The analysis
temperatwre for a domain was chosen where the helical fraction (i.e., double
strandedness) of the domain is between 50 - 90%. The DHPLC conditions “rapid
DNA for mutation detection™ was sclected where the acetronitrile flow rate is
1.5ml/min and the slope of the acetronitrile gradient is 5.0. These initial conditions
were chosen as it runs samples in the shortest time possible,.  WAVEMAKER'™
Software predicts when the sample will clute based on sequence composition and the

WAVE method. In order to elute the sample between the injection peak and wash
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peak the gradient duration was increased or a time shift was added. The WAVE
methods were tested on two control samples. A volume of 7ul of PCR product was
injecled onto the cartridge for each WAVIE method. Suitable chromatographic
profiles were obtained for exons 4 and 5. The WAVI methods were redesigned for
exons 2 and 3. 1f the elution peak was of insufficient magnitude the injection volume
was increased. If the sample cluted to close the injection peak or the wash peak a
time shift was added and either the gradient duration was increased or the sample
was run on “slow DNA for mutation detection”. The DHPLC conditions “slow DNA
for mutation detection” has an acetronitrile flow rate is 0.9ml/min and the slope of
the acetronitrile gradient is 2.0. In exon 2, two out of the three WAVE methods were
redesigned but this did not improve the chromatographic profiles. This exon was

theretore screened by sequencing.

4.3.3 Mutation Screening of Patients

[n order to identify recessive mutations, patient PCR product was mixed with control
PCR product in an equimolar ratio. lleteroduplex formation was carried out on a
Hybaid TouchDown Thermal Cycler. The injection volume of cach mixed PCR
product was 7ul for each WAVE method except for two methods for exon 3 which

had 14ul injected.

4.4 Sequencing

FExon 2 samples and those samples that showed aberrant chromatographic profiles
were sequenced as in “Methods: Mutation Screening of LAMR/ Gene” with a few

deviations.

The purified PCR products were quantified using the UVipro Gold Gel
Documentation System (UF/tee. Whitehead Scientific).  This was performed to
accurately determine the volume of PCR product to add to the cycle sequencing
reaction. A volume of 4] of PCR product was mixed with 10pl agarose loading dye

and 1pl agarose loading dye containing SYBR® Gold nucleic acid gel stain
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(Molecular Probes) (Appendix 3). The PCR products were electrophoresed through
a 1% agarose gel alongside 1pl (0.5pg) GeneRuler'™ 100bp DNA Ladder Plus
(Fermentas, Ingaba) (Appendix 4) mixed with 7ul SABAX H,O (Adcock Ingram)
and 2pl agarose loading dye containing Syber Gold., The Gel Documentation System
quantified the purified PCR product by comparing it to the known concentration of

the DNA fragments of the ladder.

Cycle sequencing was performed with 4pl of the BigDye" Terminator v3.1 Cycle
Sequencing mix (Applied Biosystems) and the thermal cycling was carried out on a
Hybaid TouchDown Thermal Cycler. Due to time restrictions some samples were
sequenced by Genecare, Christiaan Barnard Memorial Hospital, Cape Town. The
electropherograms were analysed, as mentioned previously, and the wild type

sequence was obtained from the NCBI database (NC_000012.9).

66



Chapter 3:
CBX) results




5 RESULTS: MUTATION SCREENING OF
THE CBX5 GENE

5.1 DHPLC

5.1.1 Exon 3

7

Exon 3 was analysed with three WAVE methods.  The chromatographic profile

observed at each WAVE method fell into one of three groups namely:

1. wild type chromatographic profiles, i.e.. profiles that resembled the control

sample (Figure 5-1A)
2. aberrant chromatographic profiles indicative of a sequence variant
(Figure 5-1B)

3. spurious chromatographic profiles that could not be definitively classified as

wild type or aberrant (Figure 5-1C)

One patient [rom each group was chosen for sequencing. The results ot the screen

are summarised in Table 5-1 and an example of cach profile is given in Figure 5-1.
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Table 5-1: Summary of the CBX5 exon 3 DHPLC screen

Patients Methods (in °C)
55.7 | 54.7 | 52.7
ACM 1.2 KEV* 2 2 2

ACM 2.4 MRC 2 2

ACM 3.1 CHE ] 1 ]

ACM 4.1 ROS 2
ACM 5.1 JOH* 1 ] ]
ACM 6.1 HAV ] | |
ACM 8.3 MIC* 3
ACM 9.1 POU 3
ACM 10.1 HIL 1 1 1
ACM 11.2 JON | 1 1

12

(R ]
9

(8]

(9]

2
()

ACM 12.1 HER 3 3 3
2 2 2

ACM 13.1 JOH
ACM 14.1 DER | 2 2 2
ACM 15.1 VIG ;) 2 2

ACM16.1 HEN 2 2 2
ACM 17.1 AKH 2 2 2
ACM 18.1 TIA 2 2 2
ACM 19.2 CHR 2 2 2
ACM 20.1 ENA 2 2 2
ACM 21.1 COL 2 2 2
ACM22.1 AND | 3 3 3

ACM 25.1 GAM | 2 2 2

Note: 1= wild type profile, 2 = aberrant profile, 3 = spurious profile
Patients with the same chromatographic profile at all three WAVE methods are

highlighted in the same colour. Patients chosen for sequencing are indicated with a *
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Figure 5-1: Chromatograms of exon 3 @ 55.7 °C indicating A, wild type profile B,

aberrant profile and C, spurious profile.
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5.1.2 Exon 4

Minor differences in chromatographic profile were observed in two out of four

WAVE methods in patient ACM 3.1 CHE. These chromatograms are shown in

Figure 5-2.
A
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Figure 5-2: Chromatograms of exon 4, patient ACM 3.1 CHE and control (con 11.1)

at A, 57.5°C and B, 55.2°C. Minor differences between control and patient profile

are indicated.
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5.1.3 Exon S

Differences in chromatographic profile were observed at all three WAVE methods in
patient ACM 19.2 CHR. These chromatograms are given in Figure 5-3. DNA for
this patient’s affected sibling (ACM 19.1 TRE) was archived in the Division of
Human Genetics, UCT and was subsequently screened for this exon. The sibling did
not have the same chromatographic profile as the patient and the polymorphism was
therefore concluded not to be disease causing. The patient and sibling

chromatograms are given in Figure 5-4.

— con 121
— ALM Y82
con 121
— ACM 192
- con 121
— ACM 192

Time (Minutes)

Figure 5-3: Chromatograms of exon 5, patient ACM 19.2 CHR and control (con
12.1) at all three WAVE methods
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Figure 5-4: Chromatograms of exon 5, patient ACM 19.2 CHR, sibling ACM 19.1
TRE and control (con 12.1) at all three WAVE methods

5.2 DNA Sequencing

5.2.1 Exon 2

One sequence variant, a T to C substitution, was identified in exon 2. It is reported
as a SNP on the NCBI SNP database (accession no. 1140681). Seven patients were
homozygous wild type (according to NC 000012.9) (i.e. T/T), ten patients were
heterozygous for the variant (i.e. T/C or Y) and five patients were homozygous for
the variant (i.e. C/C). The status of each patient for the SNP is shown in Figure 5-5.

Sequencing with the forward primer did not produce good quality sequence.

72

con 121
— ACK 181
ACM 182
can 121
— ACM 191
— ACM 182
con 121
ACM 181
— ACN 192



CBX5 amplicon 2 ATTTTGTCCTTTGCCTTTGCAGGGACCTGGTGGCCTTAGTC
CBXS exorn 2 asemmssasaan ascennae
p T - N . Tt TN . Ty vemve L Y s
2 AR i e e e 2 Al - = el et Y= larE e S
BAR K ek E weie e e % Sk 5 e 5 & e e Cuviaosnuewms siim
ELAR |5 e e e e e e e e R e i s s mmva sovat wnwe
S 1 - S | e R T R R S it~ = [l A S 5
6.1 000 Iaeiads - e s Senlete % e . = e . 2PN A ey
B.3R = Jesesaan S W R e S S e G T T .
SoAR K e e mons S R S e SR E e s 5l 5 il B i i
10.1IR = |eescaaa - S e il o v SR LT e RS e
1198 2000 (s mreeemegme e s A < el S R TR
ig. i 000 N|sewaess AR Aew uE 5 mielEe E AR W e e
13018 00000 e s a6 R e eee e o - R AR 5 o B Tl
AR e o e e e AR i v - i Foswigre SRR .
1S il 0000 | R R S e e Bk clen s = Ao abeils Sre
[16.1R = |eseea-u= TR TR A R ¢ e ¥oa o x winms s
FT.1B: 000 e e m s e s s = e A S il o o o0 Sms R
g1 232000 Jessnsaws SRR © 5 R S v -~ S A W ~ O
i 2r 0000 Jewscmewn . i o o I A S
20.1F = |ess e smsasassasscssana-ccmanasnsscssnssnsna
9%, 4E. =00 |Yeeiesale e Nk B SS9 s ) T T
B AR 000 lesmmaes e e e e e e 5 s s . O g s
SE.IR 000 lseeses PR ) S B2 s o Sk )

Figure 5-5: Part of the alignment between the reverse sequences and the wild type

sequence which shows the status of each patient for the SNP.

5.2.2 Exon 3

The sequence variants were not identified in exon 3 as sequencing with either the

forward or the reverse primer produced sequence of poor quality.

5.2.3 Exon 4

No sequence variant was identified in patient ACM 3.1 CHE upon sequencing. The
minor differences in the chromatographic profiles were therefore not indicative of a

variant.

5.2.4 Exon 5

The sequence variant in ACM 19.2 CHR was not identified as sequencing with either

the forward or the reverse primer produced sequence of poor quality.
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6 DISCUSSION

6.1 Main Findings

The aim of this study was to screen LAMRI and CBXS genes for mutations that cause
ARVC in a cohort of South African patients. Lamrl was reported to cause ARVC in
a mouse model and was a biologically plausible candidate gene. ('BX)S was screened

as the mouse homolog, Hpl, was reported to bind to the mutant Lamrl,

The candidate genes identified by the mouse model were considered important as
phenotypic homologies with other organisms have been useful in identifying human
disease genes. A successful example of this approach is when phenotypic
resemblances led to the identification of MS/{2 and MLH1 (human homologs of
yeast mismatch repair genes) as disease genes in hereditary colon cancer (Strachan

and Read 1999).

A definitive method of mutation detection was used for the LAMRI gene because of
the relatively small number of patients (i.e., 12) that was available at the beginning of
the study, and the urgency to replicate the findings of Asano et al. in man.
Furthermore, it was felt that a re-sequencing study of the LAMRI gene would
provide uscful information about the structure of variation at this locus. When
disease causing mutations were not found in the LAMR/ gene, mutation screening ol
the CBX3 gene was conducted by DHPLC which is cost-effective, rapid and nearly
100% of sequence variations can be detected (Oefner and Underhill 1999; Xiao and

Oefner 2001).
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6.1.1 LAMRI1

A total of 17 sequence variants were identified in LAMRI and they were named SV
1-17. Of these variants 10 (i.e,, SV 1, 2, 5, 6, 8, 9, 10, 14, 16 and 17) were reported
as SNPs on the NCBI SNP database. None of the seven novel variants (i.e., SV 3, 4,
7, 11,12, 13 and 15) were predicted to have a pathogenic effect on protein structure
or function, although this remains to be confirmed in functional studies for some of

the variants.

SV 3 is a single base substitution in the promoter region of LAMRI, 140bp upstream
to exon 1. The possibility that this variant, which occurred in 4 patients, affects
transcription has not been excluded in this study. Four variants, namely SV 4, 7, 11
and 15 were identified only once and each time in a different patient. SV 4 was
found to be a common polymorphism with a carrier frequency of 4.6% in the
background population. SV 7, 13 and 15 are intronic sequence variants and SV 11 is
an exonic variant that does not change the amino acid. SV 12 was homozygous in
one patient with apparent recessive ARVC but heterozygous in unaffected and

affected family members. SV 12 was therefore thought not to be disease causing.

To determine the effect of SV 3, 7, 11, 13 and 15 on splicing, Splice Site Prediction
by Neural Network was used which is available on the Berkeley Drosophila Genome

Project website (www.fruitfly.org/seq tools/splice.html). The splice sites could not

be determined for the sequence surrounding SV 3 and 15. SV 7, 11 and 13 were

predicted not to interfere with splicing. .

For SV 4 (20bp deletion) and SV 12 (2bp insertion) the exact bases deleted or
inserted could not be determined. According to the Human Genome Variation
Society (HGVS) “the most 3 position possible is arbitrarily assigned to have been

changed”. The 20bp deletion, 292'tctccggctc cgcecettett cegetegact ttetttgeca to

tctccggete cgetttgeea, is therefore indicated in Appendix 5 as 2934 _2953del20 and
not as 2933 2952del20. The 2bp insertion, **"'acatagaaag to acatatagaaag, is
indicated in Appendix 5 as 5075 _5076insTA and not as 5074 _5075insAT.
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There are two possible explanations why disease causing mutations were not found
in LAMRI. First, this gene, like 7GFA3, may be a rare cause ot ARVC and disease
causing mutations were theretore not identified due to the small number of patients
screened.  Pilichou and colleagues reported that in a cohort of 80 unrelated ARVC
probands, two probands carried a pathogenic or causative TGF43 mutation (Pilichou
ct al. 2006). Second, the molecular mechanism by which LAMR/ causes disease in

the mouse may not be applicable to man.

Structure of variation in LAMR/

Single base substitutions were the most {requent form of sequence variation with a
frequency of 88% (15 of 17 variants) compared to 12% (2 of 17 variants) observed
for insertion/deletion variants. This frequency of sequence variation is consistent
with other studics of human DNA sequence variation (Kwok et al. 1996; Nickerson

et al. 1998).

The average distance between adjacent SNPs in the human genome has been
reported as 1871bp (Hinds ¢t al. 2005). The single base substitutions in the LAMR/
pene are however at much closer intervals with the first five substitutions found
clustered in amplicon 1 (599 bp). There were five reported SNPs, two SNPs in
amplicon 1 and three SNPs in amplicon 7 (5§70 bp), that were covered by sequencing

but were not identified in any of the ARVC patients,.

Haplotypes are a combination of alleles at different markers along the same
chromosome that tend to be inherited as a unit. Haplotypes are commonly used 1o
localise a disease-conferring gene or locus by genetic association or linkage studies.
SNPs are the choice of DNA-based markers for genetic case-control association
studies due to their abundance in the human genome and their potential to be
genotyped in a large-scale, automated fashion (Crawford and Nickerson 2005). In
candidate gene association studies, haplotypes of linked SNPs make a locus more
polymorphic and thus more informative. This is illustrated in a haplotype analysis of

the aldosterone synthase gene and heart size (Mayosi et al. 2003).
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Haplotype analysis of the LAMR] gene reveals that this gene contains either one or
two haplotype blocks depending on the block definition used. Haplotype blocks are
regions of low haplotype diversity due to high linkage disequilibrium. The
boundaries of the blocks could have been generated by hotspots of recombination or
by other forces such as population history (i.e., founder effect, drift and selection)
{Crawford and Nickerson 2005). Two haplotypes have been found to account for
nearly hall of all chromosomes. The haplotypes are however from a group of

patients with ARVC and may not reflect the general population haplotype frequency.

6.1.2 CBXS

In O'BXS a sequence variant was identitied in exon 2 that has been reported as an
SNP on the NCBI SNP database (accession no. 1140681). In exon 3 the
chromatographic profiles of the patients fell into one of three groups, i.c., wild type.
aberrant or spurious.  The cause of the aberrant and spurious profiles was not
identified as sequencing with either the lorward or reverse primer did not produce
sequence of good quality. [t is unlikely that this sequence variant(s) is disease
causing as it appears to be a common polymorphism with 13 patients with an
aberrant profile and 4 patients with a spurious profile. No sequence variant was
identified in exon 4 upon sequencing. Aberrant chromatographic profiles were
observed for one patient in exon 5 at all three WAVE methods.  The sequence
variant was not identified because neither the forward nor the reverse primer
produced readable sequence. It is unlikely that this sequence variant is discase
causing as it was not found in this patient’s affected sibling. Preliminary results for
the C'BX3 mutation screen indicate that this gene may not be a disease gene in South

African patients.
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6.2 Troubleshooting

6.2.1 Primer Design

To avoid designing primers over sequence with reported SNPs (as was the case for
primer LAMRT1 4F) the “<0 >” signs were used in Primer 3 to demarcate ('BXS

sequence not suitable for primers.

OligoAnalyzer 3.0 and BLAST were used to evaluate the primers designed for
C'BX35. These two programs greatly improved primer design as is evident in the
comparison between CBXS and LAMRI primers. The C'BX5 PCRs were optimised in
one step and no difficulty was experienced in amplilying patient DNA samples.
Some of the LAMRI PCRs were optimised in one step but other PCRs required many
changes to the PCR cycling conditions before they were considered optimised.
When amplitying the patient DNA samples not all samples would amplify in the first
PCR. The DNA concentration was increased and cycling conditions with increased
annealing time, extension time and number of cycles was employed to amplify

problematic samples.

6.2.2 DHPLC

Exon 2 was not screened by DHPLC as two of the three WAVE methods, namely the
WAVE method at 58.5°C and 56.5°C, did not produce suitable chromatographic
profiles for analysis. The chromatograms of exon 2 are shown in Figure 6-1. This

cxon was therefore screened by sequencing.
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Figure 6-1: Chromatograms of exon 2, control samples con 11.1 and 12.1

6.2.3 Sequencing

Difficulties were experienced in sequencing LAMRI exons 4, 5 and 6 as well as

CBX5 exons 2, 3 and 5.

Analysis of the sequence obtained for LAMRI exon 4 revealed that the wrong
genomic sequence had been sequenced. Inspection of the exon 4 primers revealed
that the forward primer was designed over a region that contained two SNPs. One of
the SNPs was situated 2bp from the 3’ end. The exon 4 primers were subsequently

redesigned and named LAMR]1 4bF & R.

Exons 5 and 6 were amplified in one amplicon. The sequence obtained from the 5+6
amplicon was of good quality until after a stretch of 10 “T” bases. This is illustrated
in Figure 6-2. According to an online guide to sequencing by Hill and Helps
(Chapter 8, Online resources), Tag DNA polymerase is not able to efficiently read
through homopolymeric stretches of bases due to its lack of processivity. When Taq
DNA polymerase reaches a homopolymeric stretch of bases one of two things can

occur. The polymerase can either prematurely drop off the DNA, which results in
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premature loss of signal strength, or it can “slip”, which results in high background
after the homopolymeric region. The latter appears to be the case in sequencing of
amplicon 5+6. This did not however pose much of a problem as the 10 “T” bases
were situated in the intron between exons 5 and 6. Exon S was therefore sequenced

with the forward primer and exon 6 was sequenced with the reverse primer.

T GWAMCCMA

Figure 6-2: Sequence obtained for one patient where sequencing was performed

with A, LAMRI 5+6F and with B, LAMRI] 5+6R. The same stretch of sequence is

shown,; the reverse sequence has been reverse complemented by BioEdit.

Poor sequence quality was obtained when sequencing was performed with primers
LAMR] 4bR, CBXS5 2F, CBXS5 3F&R and CBX5 SF&R. The sequence obtained
for CBX5 exons 2 and 3 is shown in Figure 6-3 and 6-4 respectively. These primers

produced sequence of similar poor quality suggesting a common problem.
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A

240 250 260

G 6 6 6 AANUGGNTTTNUICECNNAGT ANNTNCC

Figure 6-3: Sequence obtained for one patient where sequencing was performed
with A, CBX5 2F and with B, CBX5 2R. The same stretch of sequence is shown;

the reverse sequence has been reverse complemented by BioEdit.

A l
150 169 170

G G NG 6 6N @ A A A AT AAT AANCCCGG G G NG A A

Figure 6-4: Sequence obtained for one patient where sequencing was performed

with A, CBX5 3F and with B, CBXS 3R. The same stretch of sequence is shown;

the reverse sequence has been reverse complemented by BioEdit.
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On closer inspection of the sequences one observes a small peak before each correct
peak, e.g.. in Figure 6-4 at position 155 one observes a black peak indicating a G
{which is the expected letter at this position) underneath which is a small red peak.
This small red peak corresponds to the next letter at position 156 which is a red peak
indicating a 'l (which 1s the expected letter at this position). The same is observed in
the reverse sequence except that the small peak occurs after each correct peak

because the sequence has been reverse complemented.

An online guide to sequencing by IHill and Helps describes this phenomenon and
attributes it to poor quality primer. Primers are synthesised from the 37 to 5” end and
primers that are the result of poor synthesis will have common 37 ends and different
5" ends. According to Hill and Helps these primers produce sequences containing a

background “pre-read” where a small peak will be seen before cach correct peak.

The purchase of the UVlipro Gold Gel Documentation System (U/Vitec, Whitehead
Scientific) meant that the puritied PCR product could be accurately quantified to
determine the correct amount to add to the cycle sequencing reaction. This improved
the sequence quality as previously the amount of purified PCR product added was

estimated from the intensity of the PCR product on the gel photo.

6.3 Conclusion

This is the first re-sequencing study of the LAMRI gene in man to identify sequence
variants that may cause ARVC. Although varants that could unequivocally be
considered o cause ARVC were not detected, 7 new sequence variants have been
discovered and a haplotype structure for the LAMRI gene has been proposed. This
information will be invaluable in future gene association studies of LAMRI.
Preliminary results for the C'BXS mutation screen indicate that this gene may not be a

disease gene in South African patients.
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6.4 Future Work

The primers need to be re-synthesised for ('BX35 exons 3 and 5 to identify the
sequence variants in these exons. [f the sequence variant in CBXS exon 3 is found to
be different in the groups with aberrant and spurious profiles then the variants need
to be confirmed in each patient. "The variants can be identified either by restriction
enzyme digestion or by DHPLC. In the latter method each patient PCR product
would be mixed with the PCR product of the patient sequenced in their group before
the sample undergoes heteropduplex formation and is loaded on the WAVE® System.
I the patients have been correctly classified then all the chromatograms will look the

same.

Further investigation ol LAMR I sequence variants SV 3 and 15 is needed as intronic
variants have been reported to altect splicing of the gene transcript and cause
disease. A splicing functional assay or an in vitro splicing assay can be performed to
determine if the variant aftects splicing (Pagani and Baralle 2004). The two LAMRI

related genes identified by Asano and colleagues also need to been screened.

All seven novel sequence variants identified in this study will be submitted to the

SNP database.

Further research needs 1o be carried out to identify the disease causing genes in
ARVC. Genes encoding desmosomal proteins would be a good place to start as
these genes are the major cause of ARVC to date. Desmocollin-2 is expressed
ubiquitously in desmosomal tissues and would be a good candidate gene to screen

(Garrod et al. 2002).
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8 ELECTRONIC RESOURCES

BLAST search on NCBI

http://www.ncbi.nlm.nih.gov/blast/

Hill AIM, Helps, NR (2000) A Guide to Automated DNA Sequencing v1.2.

http://www.dnaseq.co.uk/Downloads/sequencing_guide.pdf

Human Genome Variation Society (HGVS) mutation nomenclature rules

http://www.HGVS.org/mutnomen/

OligoAnalyzer

http://scitools.idtdna.com/scitools/Applications/Oligoanalyzer/Default.aspx

Primer 3

http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi

Splice Site Prediction by Neural Network available on the Berkeley Drosophila

Genome Project website

www.fruitfly.org/seg tools/splice.html
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Appendix 2: Gel Formulas

1% (w/v) Asarose gel with ethidium bromide (100ml)

lg Agarose
100mi 1X TBE (see Appendix 3)

oul Ethidium bromide (10mg/ml)

1.5% (w/v) Avarose gel (100mb

1.5g Agarose

100ml 1X TBE (see Appendix 3)

8% PAGE Gel

200ml 40% Acrylagel
100ml 10X TBE
422¢ Urea

Make up to 1L with dH,0

Microwave for 5 minutes to dissolve urea



Appendix 3: Solutions and Buffers

10X Tris Borate EDTA (TBE) buffer (21)

216¢ Tris
110g Boric acid
14.8p EDTA

Make up to 21. with di 1O

Agarose Loading Dve

0.125¢ (0.25%) Bromophenol blue
20g (40%) Sucrosc

Make up to S0ml with dH,0O and ensure the pH is 8 or more basic

Avarose Loading Dve with SYBR® Gold nucleic acid oel stain

Make a 1:500 dilution of SYBR" Gold in agarose loading dye (i.c., 2ul:Tml)

Silver staining solutions

Solution 1:
g Silver Nitrate

Make up to 11 with dH,O

Selution 2:

15¢ NaOt]

R00m! dH;0

Mix on magnetic stirrer
Add 10ml formaldehyde

Make up to 1L



Appendix 4: DNA Ladders

Figure 9-1: 1 Kb Plus DNA Ladder. A volume of 0.7ug of DNA ladder was

electrophoresed on a 0.9% agarose gel.

bo ng/0.5ug %
3000 778 156
2000 550 11.0
1500 392 78
1200 330 66
1031 33'8 6.7
R A

12.7
4 . 0
300 250 50
200 250 50

50

—_
=
™

o
L]

Figure 9-2: GeneRuler™ 100bp DNA Ladder Plus. A volume of 0.5ug of DNA

ladder was electrophoresed on a 1.7% agarose gel.
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Appendix 5: LAMRI annotated sequence

The LAMRI ¢xons and sequence variants have been annotated in the genome sequence. A ™7 sign
precedes the sequence varant. [n the following line the position of this sequence varant (in this

annotation), the nature of the sequence variant and the SNP accession number (if it is known) is

given. The sequence variants identified in this study are highlighted and labelled SV 1-17.

Annotvy - Gecrge Rebello, May 2004

NS LN Sequenca:

51bpy
166hp}
1158bp)
Z246bp)
12%bp)
166bp)
=> 161lbp}
= 1038 bp

;
4
I
{
LAMRI - Eront {
/
\

Total or 72 SHPs In annotation

Thes

are searched for in the 60
.

Introny, only 4 patterns 2 for:
UL2 introns)y™, TYNYYRAY"Y, PYRYRAY", and “"CTRAYY

DNA

in Branch site descriptors:

= Guanosine, T - Thymidine,
lpYrimidine), K = G or T (Ketol,
{(Stroug), W = A or T |

N o« A or Cor G or T

basaed on:
NM 002255 1039 bp mRNA linear
Homo saplens laminin receptor | {ribosomal protein
(LAMRT), mRHA.

Annotated sequence file:

NT 022517 17
sapiens chromosome 3
REGION: 38370797,

LLE GI3755016

DNA linear CON 12-FEB~2004
ontig.
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2521
2581
2641
2701
2761
2821

2881
2941

aacttcceccectt
aataaaataa
ccttectact
ggtacaaggg
acaggaatta
agatccgacc

(2844) (c/g) (dbSNP:11925942),
(2857) (a/g) (dbSNP:11926001),

aagtgaacat
aataaatctt
tttcaggtaa
ctgggtaaga
tgcacagggc
aggatgccgc

ttaaatctga
caagtttttg
caaaatggca
acgeccegee
gtcgctgtgg

tac®cgg”®etac agccca“ga.g .ccgctcctg cggcgcaagc
SV 1

attacgtcct
tttacctaac
gcttaggcta
tggctgacta
cactagaaac

gttaaactgt
aatttgttgt
gaaagccgct
acttgagttc
cccaaagtca

tctccaggaa
gtcgaacaaa
catattcgca
cdegetetgd
caagcgcccc

(2847) (c/g) (dbSNP:11717439),

’

ccgccttcecct gaagaaaaag cccagtcccg gcagcegttcet tctceccggectce cgc®eccttett

ccgetecgact ttetttgcca ttgg~ctgaca acggagtaca taaggacgtc atttcctgcfi
(2965) {(branch site - CTRAY),

SV 4 (2934

2953)

(del20),

LAMR1-Exonl (3001-3051 -> 51bp)
GCCTGTCTTT TCCGTGCTAC CTGCAGAGGG GTCCATACGG CGTTGTTCTG Ggtgagttcc
gtgtagcgtc cctggcgcecct tccagggcta gaaaaatgag cttttcectge tcaaatgaag
ggtgagaaga ctagtgatga aagccggtca gactggatct gtctcccgecec cggcgcgcecce

3001
3061
3121
3181

3241
3301
3361

3421
3481

3541

3601
3661
3721
3781
3841

caccttaggc ctgcggcecccg cacgtg
(3215) (c/t) (dbSNP:3772145),

gcca ggctAcggch ggcgggttcc cagagtgccce

cgggagcggg tggaggccgc cctccagcgg aggctccgag ctggggttcg gaccaggccg
cgggtgggcg ggagtgcaga aagcgggcta acatcctgtg ttgctatcce ttcggagtcce

cacacggcgg tgagtc”tagg cccaggcgct gatttacacc agcectacttgg gctgg®tcggg

(3377) (t/q) (dbSNP:3772143), (3416) (c/t) (dbSNP:11706951)

thttcectte gegtcgtgeg ggtcaggagt
ggtgacagca cagcgaagta attccaaagc
(3528) (a/t) (dbSNP:3772142)
aaaacaattc atgcecttttt tgcctttagt
(3600) (a/g) (dbSNP:1472508)

tatctagttg
tgaatttcca
atttcctcag
tttaccctte
tgettttaag
SV 7 (3852)

ttaacttggc
ttcgctaatt
taagatgtgce
actacactgt

gcatccacaa
tcgtgtagtt
gctgttccgt
aagctcaatg

taaggttctc
atccgcectac

ttgcatattc

cttttcctta
ttattactcg
aatacacgac
cctgacacta

gggtttttag

acaaacaagt

aatctgc™ttg aaaatgtctg

caaacatggc

attcctatct
gttactctgc
atgtatgggt
tagcagatgg

tgctettttg

tgagaagtgt
cgtccacact
taactttctg
agtttttggt

g*gtgtgccct acttaactca atggaatgaa aagaaatagg ttgctctctt

(g/a)

LAMR1-Exon2 (3908-4073 -> 166bp)

3901

3961
4021
4081
4141
4201

4261
4321
4381
4441
4501
4561

4621
4681
4741
4801

atttcagATT CCCGTCGTAA CTTAAAGGGA AA.TTTCACA "ATGTCCGGAG CCCTTGATGT

CCTGCAAATG
CACCAATCTT
attgctttaa
ggttagttct
aacatacttt

atatgtcagt
ggctgagttt
tgaactgaat
gaaccagagy
taccaaggac

cagat”tataa aagggaaaga gtggcagaaa gccaggaagt ggatt”attaa gaaccaatga
(4566) (t/g) (dbSNP:3772140),

RAGGAGGAGG
GACTTCCAGA
ttttttgtta
gggtaatttc
aaataaatgt

tgtctgagtt
ctaatagctc
tttgagtgga
aetggaaggca
ttgggagtga

4
ATGTCCTTAA
TGGAACAGTA
ctccagctgt
tttctatctt
tettgttatt

acgggacttg
gcatagtgcc
aagtggggta
ttaagttggc
catgctgtaa

start

GTTCCTTGCA GCAGGAACCC ACTTAGGTGG
CATCTATARA AGGAAAAGTG ATGgttagtc
aagtacaaat tttgagcttg ctattctcgt
ccttaaatga agccagaccc ctacgttgaa

gagagallaag atttctgctc caggggagga

ggttgggtca
ttcaacttca
agaggtggga
taaggcactt
aggagtttta

tgaacatgag
taggtactta
atgaacaata
acttatttta
ggatgaatct

(4606) (a/c) (dbSNP:3772139)

tggaataagt acagggaaag agaaaggaaa gatggattta gccaactgaa
acactattaa agctcagggt ggaggccagt

tgtgctatat caatggcagg attttcgcta acaccagtag agcttgcctc

gtttggtagt actcgctgcc acatagagta
LAMR1-Exon3(4893-5011 -> 11%bp)
4861 “caagtgttac aaatccttct gccctcactt agGCATCTAT ATCATAAATC TCAAGAGGAC

sV 10

(4861) (c/t) (dbSNP:3772138)

cttggctceat

aacttgagaa gaatgtttgc

gaacttctga

aaagttcatt
cacaggctat
tggtttggaa
gagataaagc
tgcatcagtg

tctaggectgce
gtgtcggaag
tatgactgga
acagccaggt

4921 CTGGGAGAAG CTTCTGCTGG CAGCTCGTGC AATTGTTGCC ATTGARAACC CTGCTGATGT

4981 CAGTGTTATA TCITCCAGGA ATACTGGCCA Ggtttgtgga acagtggtta gtttttatat

5041 tatagaaata aagcttacag acattgtgag acataflgaaag acataagaaa acagaaataa
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5101

5161
5221

5281
5341
5401
5461
5521
5581
5641
5701
5761
5821
5881
5941
6001
6061
6121

6181
6241
6301

6361
6421
6481

6541
6601
6661
6721
6781

6841
6901

6961

ctcaggccgg gcgcggtggc tacgcctgta

s5v 13

(5158)

(g/a)

gtattacgag gtcaggagat ccacaccacg

aaattagttg ggcgtggggg cgggtgcectg
(5276) (a/g) (dbSNP:7632488)

agaatggecgt
agcctgggtg
caaactccac
tatgaccttc
gectgttgte
taagctcaag
accatgcctg
tggtcttaaa
tacaggcgta
tggcagtatg
aaattctatt
tgaaatactg
agttcccgtt
cagtaagtta

gaacccggtg
acagagccga
tgttaagaga
cttttttttt
catcctggac
ggatteoteet
actgattttt
cgcctgatcet
agccactgcg
ttgaacttta
aaagtggctt
ggacagaaat
aattgggagt
tgattttgcc

ggcggagcete
gactctgtct
tcttaagttg
tttttttttt
tgcagtggtg
gcctcatect
gtatttttag
caagtgatcc
cccagcctgt
taatttcatt
atcacatttt
tttttaagaa
ctgagccagg
actgcactee

atcccagcac

gtgaagcccce
tagtcccage

gcagtgagct
caaaaaaaaa
gactgagcca
ttttcettea
tgatatcggce
cccgagtage
tagagacatg
teccaceteg
aagacctttt
ttgtgtagac
cccatagtca
tcttagccag
agatccctca

aagcctgggg

tttgggaggt

atctctacta
tactcaggag

gagatgcgcc
aaaaaagaaa
tagaaatcgc
agacagtctc
tcattgcage
tggaattaca
gttttaccat
gcectceccaaa
caacatacat
ttgtgccact
aagtttttac
tcatgacggc
agtccaggag
cacagagtga

ggagtcciac

aaaatacaaa
gccaatagtgg

actgtactcc
atagaaaact
ccttatgacc
tegctotgtt
ctttgcctcce
ggcatgtgcc
ttggccaggce
gtgttgggat
gctgggcatc
aaatatctag
cttaaaacaa
atgcacccat

ctgggggctg
gatceotgttt

cttaaaa™aaqg ccagtcatgg gtggctcatg cttttgtaat atggggtact ttgtgaggcet
(6128) (a/c) (dbSNP:11921564)
gaggctggtg gcttgcttga gcccagaagt tcgagaccag ggtgggcaac gtggcaaaac
tccgtctcta ccaaaattaa caaaaacgag ctgggtgtog tgttggcgtg cctgtagtcet
cagctgaggc t"aaggtggg”a agattgctag aacacaggag gttgaggcag cagggagcca

(6312) (a/g) (dbSNP:7619128),

(6320) (a/g) (dbSNP:7619131)

agactgtcca ctgcatccca gcctgagtga cagagtgagg ccttgtctca aagagaacct
ctgccaactt gaatgaaaaa taccttaatt tgtattttta agaaatgact agttagtaaa
acttgaatct tttttgccac agctcta”™ttt taataatttt “tctgttgaga aaactagtag

(6508) (a/t) (dbSNP:7621701),

atttcttgaa
ttaaaaatta
tttgcagagg
tagaaaaaag
gagaaaaata

ttctaagagt
tgtagtaaga
gttatteectg
gcagttagtt
tactgagcat

tctaacaggg
ctttatttca
aaactgactt
attgctgtag
ctagattaggg

(6834) (a/g) (dbSNP:1318417)
atagtagaaa aacaagcctg tcttttttaa

g

{6925) (t/g) (dbSNP:2077799)

attttattca
atgttgacag
gttactagga
aatgaactga
ccaggtagtg

tgtatgcagg

(6521) (£/-) (dbSNP:11431351)

tcttaactat
gacgggttcc
ccacatagtt
gtgacagttc
ttgctaggtg

aaatctctgg

tttgacagat
catgtgtgtt
tggtacacag
ttgcttgett
ctc”gggatat

agaagtaaga

ggttaagg aaagctqgo™gt atgt”gcctge tttacatgga gtagtagtga ttaagttgge

(6919) {a/g) (dbSNP:2077797),

cagtgcccag aagtgettac tgggtgccag gattgttget gtgg.atatc gagtac’cact

LAMR1-Exon4 (7041-7286 -> 246bp)

7021
7081
7141
7201
7261
7321
7381
7441
1501
7561

7621
7681
7741
7801

7861

aacttttaaa
CAATTGCTGG
AGCCACGGCT
CTTATGTTAA
ACATTGCCAT
tgctctagaa
gccgatgaac
acaagggtct
tactgcatga

ttcttcaaag
CCGCTTCACT
TCTTGTGGTT
CCTACCTACC
CCCATGCAAC
aaaacattcc
tcgcaagtgt
ctggcccasat
cagctttgtg

AGGGCTGTGC
CCTGGAACCT
ACTGACCCCA
ATTGCGCTGT
AACAAGgtaa
tgtgcacatt
aggtagtgtg
gagtggagtt
gagaaatgaa

TGAAGTTITGC
TCACTAACCA
GGGCTGACCA
GTAACACAGA
tgattttagyg
gttagagctt
ctacatgagg
tgatagtaat
aacatttgga

; {7017} (branch site - YNYYRAY)

TGCTGCCACT
GATCCAGGCA
CCAGCCTCTC
TTCTCCTCTG
atctagagtt
ggagttgagg
ggcaagtttt
tettgctaca
aaatagtgtg

GGAGCCACTC
GCCTTCCGGG
ACGGAGGCAT
CGCTATGTGG
tgtgaatgcg
ctactgactg
cgctaacacc
agtataacat
ttcttctgcee

tttgtcctatg tttcttgectc aggcctcagg cacttggect ttgttttcac accaacttga
(7568) (a/g) (dbSNP:1392192)

tgggttctac
taaccctagt
Ettettttte
tgctcecctat

tataagatgc
tgtgcataag
aatccctatg
tacaattgct

taaaaaggtg
aattgcccag
attccagtgt
tttcaactaa

{7853) (c/t) (dbSNP:2269349)
tgtaagagcc aggaaggtgc ttgctgtttg
{7910) (branch site - YNYYRAY)

ggttgtgtgt
atattttttt

gcagacaagg
gagatgtctg

ggtttgacca

ggttcagatet
taaatgccag
ttgaaaatcc
tacttttggt

ggttgatttg
tgtccaggca
ctatt-tataa
ac”ctagatga

agtgtcact”™t tttaataatc



LAMR1-Exon5(7936-8064

7921
7981
8041
8101
8l6l
8221

8281
8341

8401

8461

8521 aggacagagc tgatggcttt ttttggtatt c”tcttaacag AAGACTGGAG
(8552) (branch site - YNYYRAY),

-> 129%bp)

tgccactctt ggcagGGAGC TCACTCAGTG GGTTT GATGT GGTGGATGCT GGCTCGGGAA
SV 16(7956) (a/g) (dbSNP:2269350)
GTTCTGCGCA TGCGTGGCAC CATTTCCCGT GAACACCCAT GGGAGGTCAT GCCTGATCTG
TACTTCTACA GAGATCCTGA AGAGgtaagc ttctccaaag gcttgtggtt acataagcaa
attggacgac ttggactgtg cttctaggaa gcaaaacttg tcagtccctg taagtctttc
LAMR1-Exon6(8183-8348 -> 166bp)
ctcttttttt tt*tgtaaccc agATTGAAAA AGAAGAGCAG GCTGCTGCTG AGAAGGCAGT
(8173) (branch site - YRYRAY)
GACCAA"GG"AG GAATTTCAGG GTGAATGGAC TGCTCCCGCT CCTGAGTTCA CTGCTACTCA

(8227-8498) (STS:RP _SA 1),

(8229-8474) (STS:G59752)

GCCTGAGGTT GCAGACTGGT CTGAAGGTGT ACAGGTGCCC TCTGTGCCTA TTCAGCAATT
CCCTACTGgt atgtatcagg atagaggtga atcaagctga tattttgca”a cttctcagtt
(8390) (a/g) (dbSNP:2276714)

tLatt

gtgtgctaca gcatctgata gactgctgtt gg®gagtgggg taaggaaaaa

(8493) (t/g) (dbSNP:7635671)
LAMR1-Exon7 (8561-8721 -> 161bp)

(8572) (a/g) (dbSNP:2725)

8581

8641

8701
8761
8821
8881
8941

9001
9061
9121
9181
9241
9301
9361
9421
9481
9541
9601

9661
9721
9781
9841
9901
9961

10021
10081

10141

10201

10261

10321

GCCACGGAAG ACTGGTCTGC AGCTCCCACT GCTCAGGCCA CTGA"ATGGGT

(8625-8788) (STS:RH92628)

ACTGACTGGT
stop

GGAAAATARA
agaatacctg
acttctaaag
tccttectgt
agttggtaac

gcgtaggtaa
ttaactattc
ttgecectet
aaatgtgatg
ctgttgccca
ggttcaagcg
cacacctagc
cctggcctca
tgttttttat
ctattaaaaa

ggcagaggca

CT~TAAGCTGT TCTTGCATAG GCTCTTAAGC AGCATGGAARA

CATCAGTTTC
ggattgcata
cccactgtag
gtggagaaca
ctcaggaata

gttctataga
ctggaagccc
tgtcagettiyg
ttctccatat
ggctggagta
attcttgtgce
taatttttgt
tgtgaccecgce
gtattaatgc
aatactcgtg
aagcgattgce

Taaaagttgt
tcaaagcata
atagtgtata
tgtgtgctgt

cttcatttag
ataataaata
ttgcttttca
gaaaatagat

(8571) {c/t) (dbSNP:2724),

tttgecttttt
catgtctcga
cttcagaatt
gtaagtggtt

taac tttaatgatc tctgtgactt ttatactagc tttaagaggt tttcattcca

tactacattg

*C*"GCTCAGCCT

AGGAGCAACC
AATGGTTGAT

actccagatc
catgagttgt
tccctgaget
acacatactt

cttttcc™gag gcecctgatga tcttgctttt attaccattt
(8968) (c/g) (dbSNP:7638276)

gcttaggttt
tggagaggcg
cctacaggtt
ttgecwltge
cagtggcgtg
ctcaggctcc
atttgtagta
cccaaaatgc
tggtggcttc
gctgtcatgt
ttgagctcag

(9654) (c/t) (dbSNP:13070037)

aaaccccatc
agtacctcag
ctgcagtgag
gtctcaaaaa
cctgaactga
tgtgaccaca

tctctccaaa
ctacacagga
ctgtgattga
gattatagag
tttacatgga
ttcctaggge

agatacaaaa
gactgaggtyg
gcccctgtat
acatttccat
ttcatacatt
tcecttececggt

(10017) (a/g) (dbSNP:7641291)

caagcattgt cttcatggga agcctgctta
ctataatgtc tccaagttga atggcattca
(10111) (a/g) (dbSNP:12638378)

ggttagcaa®c actggtagag attgctggaa tcaggatggt gggaagcagg gacagtttac
(10150) (c/t) (dbSNP:12638341)
cagaaggcta ctgg”tcaaca ggggagttgg agaagcattg cgaggtggtg tgagcctgga
(10215) (c/t) (dbSNP:7633878)
gtaaggtata ctaagctcat ttatgagcgg gttctgggtg gagtctgttc ag”®cgaacaga
(10313) (c/t) (dbSNP:13095720)
gaaccttggc atttctggac acttgaagat actgtggaaa acatccgttg tgactatcca

ttatttttga
atggtecctte
ctgggagaqgg
€ggggagggyg
atctcagttc
ttcgtagctg
gagatggttc
tgggattaca
atcctaaacg
tggctcacee
gagttcagga

aattggcagg
ggagaatcac
actctagcct
agattggatt
ctcttggaaa

ggtgctgagg

tggctgtaag

gagtcttcct
cccacattga
agaggtatgt
gttggggaga
actgcaacct
ggatttcagg
tgccaggctyg
ggcctgagcce
gatttcaaga
atgatcccag
ccagcctggg

gtgtgatggc
ctgaggccag
gggtgacgaa
gaatgcagat
atttacaaaa
caatgggaac

cgaggctggg

gtcacttagg
gagacattaa
atgtatttaa
cagtctttcc
ctgcctcctg
tgtgcactgc
gtctccaact
tgaccatatt
tttteattge
cactttggga
caa“tgtggta

atactcctgt
gagttggagg
gtgaggccct
tttgagatgg
tacatgtaca
actgca®gcct

aaaatctgcc

~“gtgagattta tggatcctga agttgcaagt



tacttgg ggtcacatge agaccoa
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