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Abstract 
 

The sudden death (SD) of a young and healthy individual can be traumatic. The 

incidence of SD in a young person is estimated to be between 1000 to 5000 people 

per year, globally. Approximately 85% of all SD cases are of cardiac origin, a condition 

known as sudden cardiac death (SCD).  

 

Familial dilated cardiomyopathy (FDCM) accounts for a major portion of SCD cases. 

The pathogenesis of FDCM is associated with changes in the main components of the 

nuclear lamina, within cardiac myocytes. These components are termed lamins, and 

they are intermediate filament (IF) proteins encoded by the Lamin A/C (LMNA) gene. 

Causative variants of the LMNA gene are a major risk factor for lethal arrhythmias and 

SD. These pathogenic variants provide crucial prognostic value for diagnosis of FDCM 

and can be highly predictive for SCD.  

 

This study aimed to identify variations in the LMNA gene among SCD cases, within a 

cohort representative of the South African population. Genomic deoxyribonucleic acid 

(DNA) was extracted from whole blood samples from 66 case subjects and nine 

controls. The extracted case and control DNA samples were subjected to real-time 

polymerase chain reaction (PCR) amplification followed by high-resolution melt (HRM) 

curve analysis. Samples were grouped according to their melt curve profile similarities 

and a representative sample from each group was sent for sequencing via automated 

Sanger sequencing. Sequencing results, in the form of chromatographs were 

analysed. 

 

Following sequencing analysis, two single nucleotide variants (SNVs) were identified 

in both case and control samples. The SNVs c.861T>C; p.Ala287 (rs535089) and 

c.1338T>C; p.Asp446 (rs505058) are classified as synonymous variants as there are 

no changes in the resulting amino acids. Of the 66 case samples and nine control 

samples, 46 case samples and eight control samples harboured either one or both of 

the identified SNVs. Of these, 21 case samples and eight control samples carried only 

the SNV rs538089, 19 case samples and one control sample carried both SNVs, and 

six case samples carried only the SNV rs505058. As is common among LMNA genetic 
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variants, the majority of these SNVs carriers were males (71.7%) and of African 

descent (80.4%). Although previously classified as benign, these variants have been 

associated with dilated cardiomyopathy (DCM) and other laminopathy phenotypes 

such as Emery-Dreifuss muscular dystrophy (EDMD), limb-girdle muscular dystrophy 

(LGMD), Hutchinson-Guilford progeria syndrome (HGPS) and Charcot-Marie Tooth 

disorder. Within our study population, it was noted that in a case subject, whose cause 

of death was determined to be a SCD due to suspected DCM, both SNVs were 

detected. 

 

This study sheds light on the need for further research into LMNA gene variants among 

the South African population. Due to their unique diagnostic value, inclusion of these 

variants in genetic screening panels can aid in confirming diagnosis of DCM and heart 

failure (HF), preventing SCD in young, otherwise healthy, individuals and further 

investigating other LMNA-associated diseases, which may arise as our population 

grows and diversifies.   
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 1 

 

 

Chapter 1: Literature Review 
 

‘Sudden death’ or ‘sudden unexpected death’ (SUD) are terms used, interchangeably 

across all literature, to describe an unforeseen or instant death, which occurs in an 

otherwise healthy individual (Saadi et al., 2020). Sudden death is common amongst 

the elderly, however, it is estimated that between 5000-7000 children and young adults 

die a SD, in the United States of America (USA), each year - leading to a significant 

societal burden (Fan et al., 2022).  

 

In South Africa (SA), a SD is defined as an unnatural death, in terms of the Regulations 

Regarding the Rendering of Forensic Pathology Services R636 and, therefore, is 

referred to a mandatory, medico-legal investigation (Inquests Act 58 of 1959), in order 

to determine possible cause of death. However, in a substantial number of SD cases 

in SA, the cause of death remains elusive after a full investigation (van Deventer et 

al., 2016). 

 

 It is the consensus, across all the revised literature, that the majority of SD cases are 

as a result of underlying cardiovascular causes (Saadi et al., 2020). Approximately, 

30% to 40% of SD cases in the young (birth to 45 years) are due to an inherited 

cardiovascular disease (CVD), where death is often the first manifestation (Basso et 

al., 2010; Saadi et al., 2020). A global burden of disease study, reported by 

Shaboodien et al. (2020), claimed CVD is a major cause of mortality, globally, and is 

the second most frequent cause of death in Sub-Saharan Africa (SSA), following the 

human immunodeficiency virus/acquired immunodeficiency syndrome (HIV/AIDS). In 

2017, CVD causes were found in 38% of all non-communicable disease-related 

deaths in Africa (Keates et al., 2017). Considering that 35.7% of the South African 

population is aged 35 years or younger, SD due to undetected CVD can lead to a 

dramatic loss of economically active adults and a significant burden to an already 

overstretched health system. 
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 2 

 

1.1  Sudden cardiac death 

 

It is reported that 70% of all SD cases are classified as SCDs (Fan et al., 2022). 

Sudden cardiac deaths are defined as natural deaths due to underlying cardiac 

pathologies, preempted by an abrupt loss of consciousness, occurring within one hour 

after the severe and sudden onset of symptoms (Ferrero-Miliani et al., 2010). Often, 

SCD cases occur as unobserved, out-of-hospital events.  

 

There are challenges in determining the exact etiology of SCDs. Limited information 

exists due to a lack of uniform autopsy protocols, an inability to establish mandatory 

reporting requirements, and variances in case ascertainment procedures (D'Ascenzi 

et al., 2022). Coronary heart diseases (CHDs) account for approximately 80% of SCD 

cases in middle-aged individuals (55 years and older) (Campuzano et al., 2014). 

Vascular disorders of the myocardium, including acute myocardial infarction, are the 

dominant causes of SCD in older patients and are often regarded as the first 

expression of coronary artery disease (CAD) (Markwerth et al., 2021).  

 

Although a rare occurrence, SCD in childhood, adolescence, and early adulthood 

typically leads to an instant death (Markwerth et al., 2021). In a recent prospective, 

population-based study conducted in Australia and New Zealand (NZ), Gray et al. 

(2019) stated the prevalence of sudden cardiac death in the youth (SCDY <45 years) 

as 1.3 cases per 100 000 persons, with males accounting for a majority of the 

deceased. Basso et al. (2010), reported that 30% to 40% of SCDY cases are due to 

genetic cardiac disorders. Inherited cardiac diseases, commonly associated with SCD 

in children and young adults, are grouped into genetic structural and non-structural 

pathologies (Fan et al., 2022). Structural abnormalities of SCDY, which include 

cardiomyopathies (CM), myocarditis, premature CAD, and congenital heart disease, 

are typically identified during a routine gross and histopathological autopsy 

investigation (Gray et al., 2019). However, in one-third of SCDY cases, a cause of 

death is not found, despite the completion of a comprehensive autopsy investigation 

accompanied by other auxiliary investigations, such as toxicology and histology 

(Bagnall et al., 2016). These cases are termed unexplained SCDs. Unexplained SCDs 
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are described in the autopsy report as a death caused by a supposed cardiac 

arrhythmia (Sanchez et al., 2016). These arrhythmias are secondary to underlying 

primary arrhythmogenic disorders, commonly termed ‘channelopathies’, which leave 

no evidence to be found during a comprehensive macroscopic post-mortem 

investigation (Gray et al., 2019). 

 

Despite the grouping of inherited cardiac diseases associated with SCDY, into two 

main groups (structural or non-structural), significant overlaps between the two groups 

have been reported (Campuzano et al., 2014). For example, Sanchez et al. (2016) 

stated that CMs usually present with anatomo-morphological malformations in the 

cardiac tissue which can be found during autopsy examinations. However, Gray et al. 

(2019) report that despite no evidence of structural change at autopsy, CM may be 

clinically diagnosed, genetically (via molecular autopsy), or in a family, as lethal 

arrhythmias could precede any evidence of overt structural changes. Recent reports 

have emerged that suggest CM could be responsible for SCD in a structurally normal 

heart (Sanchez et al., 2016) 

 

1.2  Cardiomyopathies  

 

Cardiomyopathies are a heterogeneous cluster of morpho-functional heart diseases 

(Seferović et al., 2019). These diseases are associated with structural malformations 

of the cardiac tissue, which involve hypertrophy, and dilatation of fatty and/or fibrotic 

infiltration (Campuzano et al., 2014). These abnormalities may be responsible for 

inducing life-threatening arrhythmias. The worldwide prevalence of CM is estimated at 

2.5 million cases and is forecasted to increase within the next decade. In a South 

African hospital-based study, Shaboodien et al. (2020) reported the highest 

prevalence of CM in SSA, 40.2%. In approximately 10% of SCD cases, CM is defined 

as the cause of death (Ferrero-Miliani et al., 2010). Cardiomyopathies are clinically 

classified as either familial/genetic or acquired. Genetically predisposed CM is 

predominantly inherited in an autosomal dominant pattern (Gray et al., 2019). Four 

main forms of CMs are frequently described across all available literature.  
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Hypertrophic cardiomyopathy (HCM), a monogenetic disease, resulting from 

variations in the genes encoding sarcomere proteins (Shaboodien et al., 2020). 

Hypertrophic cardiomyopathy is indicated by the thickening of the cardiac muscle 

tissue, with no exclusive ethnic, geographic, or gender distribution in the disease (Fan 

et al., 2022). Although HCM has, historically, been considered rare among Africans, 

there is inadequate evidence regarding the reevaluation of incidence, genetics, and 

clinical outcomes of HCM on the African continent, today (Shaboodien et al., 2020).  

 

Arrhythmogenic right ventricular cardiomyopathy (ARVC/ARVM), dubbed the ‘disease 

of the desmosome’, is due to pathogenic variations in the genes encoding the 

desmosomal proteins of the intercalated disks, located between cardiomyocytes 

(Vimalanathan et al., 2018). Also inherited in an autosomal dominant fashion, genetic 

penetrance of ARVC/ARVM is highly related to gender with a specific tendency in 

males (Ferrero-Miliani et al., 2010). Arrhythmogenic right ventricular cardiomyopathy 

is indicated by advancing fibrofatty scar tissue, which progressively replaces the 

cardiomyocytes (figure 1), resulting in the thinning of the right ( and in some cases, 

the left) ventricular walls (Fan et al., 2022). This form of CM is often associated with 

SCD in young athletes as arduous physical activity can lead to cardiac arrhythmia 

(Vimalanathan et al., 2018).  

 

 

 

 

 

 

 
Figure 1 Comparing the right ventricular wall in a healthy individual (a) versus in an 

ARVC/ARVM patient (b), who died suddenly. When stained with azan trichrome, healthy 

cardiomyocytes appear red, fibrous tissue appears blue and fatty tissue appears white. 

Arrhythmogenic right ventricular cardiomyopathy is indicated by advancing replacement of 

cardiomyocytes by fibrous and fatty scar tissue (seen in b). This results in the thinning of the 

right ventricular wall, inducing arrhythmias (Corrado et al., 2017). 

 

a b 
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Restrictive cardiomyopathy (RCM) is a lethal but rare disease, most commonly caused 

by infiltration and, in a smaller number of cases, by pathogenic genetic variants 

(Cimiotti et al., 2021). This disease is indicated by nondilated left or right ventricles 

with diastolic dysfunction. It is a myocardial condition that results from advanced 

myocardial stiffness (Fan et al., 2022). The most common causative variants, 

implicated in RCM, have been located in genes encoding the sarcomere proteins, 

however, recent studies have found other pathogenic variants in proteins that are not 

involved in the contraction and relaxation of cardiomyocytes (Cimiotti et al., 2021).  

 

Dilated cardiomyopathy is the most frequently genetically induced form of CM (Mohan 

et al., 2002). This disease leads to HF, later progressing to multiple organ failure 

(Caviedes Bottner et al., 2018). In Africa, DCM is implicated in 10% to 17% of all 

cardiac diseases diagnosed at autopsy and accounts for 17% to 48% of HF 

hospitalisations (Mayosi & Somers, 2007). Dilated cardiomyopathy has been 

implicated in a significant number of SCD cases (Fan et al., 2022). Due to the high 

mortality rate, DCM is the main indication for cardiac transplantation in children and 

young adults (Caviedes Bottner et al., 2018). It is estimated that 25% to 30% of all 

DCM cases have an identifiable familial component (Rosenbaum et al., 2020). 

However, due to the lack of accepted diagnostic criteria, it is believed that the 

percentage of familial DCM cases may be higher than initially suspected (Japp et al., 

2016; Mohan et al., 2002). 

 

1.3  Familial dilated cardiomyopathy 

 

The World Health Organization (WHO) defines DCM as a concerning cardiac disease 

in which structural or functional malformations of the cardiac muscle can result in 

significant morbidity and mortality, resulting in complications such as HF and 

arrhythmia (Jain et al., 2021). 

 

Dilated cardiomyopathy is a heterogenous disorder, with features of ventricular and, 

at times, atrial dilatation with normal or diminished wall thickness (Mohan et al., 2002). 

The disease is usually indicated by a left-ventricular ejection fraction (LVEF) of less 

than 45% accompanied by left-ventricular (LV) end-diastolic dimensions of greater 
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than 112% (taking into account age and body surface area) (Rosenbaum et al., 2020). 

During the initial stages of DCM LV alterations occur, as a protective response, to 

compensate for decreased contractility. However, as the disease progresses, the LV 

wall becomes dilated (figure 2a) and defective, steering toward progressive failure with 

peripheral hypoperfusion and retrograde failure with lung oedema and venous 

obstruction (figure 2b) (Caviedes Bottner et al., 2018). Dilated cardiomyopathy can 

present as a primary disorder of myocardial dysfunction or in conjunction with a variety 

of cardiac and non-cardiac diseases (Peters et al., 2020).  

 
Figure 2(a) A transthoracic echocardiogram (ECG) of a DCM patient shows a dilated left 

ventricle (arrow), systolic function is severely hindered. (b) A chest radiograph of a DCM 

patient shows severe cardiomegaly and pulmonary oedema consistent with DCM (Jefferies & 

Towbin, 2010). 

 

Dilated cardiomyopathy is common among younger children, and males and is 

specifically common among black individuals (Caviedes Bottner et al., 2018). In an 

estimated 36% of all HF cases, DCM is found to be the root cause (Rosenbaum et al., 

2020). In a recent study reported by Seferović et al. (2019), 32% of patients with recent 

onset DCM presented with HF and 66% of patients had at least one previous HF 

hospitalisation before the commencement of the study. In SSA, FDCM accounts for 

21.4% of all HF cases (Agbor et al., 2018). Heart failure is a serious public health issue 

in Africa and SA, associated with high death rates and poor quality of life.  

 

a b 
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The American Heart Association (AHA) groups the causes of DCM into 

genetic/familial, mixed, or acquired (Jain et al., 2021). The term ‘mixed’ is most 

commonly reserved for sporadic cases of DCM that may arise due to genetic-

environmental interactions. Causes of DCM include persistent viral infections and 

activated autoantibodies and immune complexes (ICs), toxic damage caused by 

chemotherapy treatments and genetic variants that affect structural proteins (figure 3) 

(Jain et al., 2021). Approximately, 70% of DCM cases are classified as ‘idiopathic’ 

DCM (IDCM) (Caviedes Bottner et al., 2018). This diagnosis is made because no clear 

and identifiable cause of DCM was found in the patient during a routine autopsy (Jain 

et al., 2021). However, IDCM diagnosis does not exclude genetic causes (Mohan et 

al., 2002). It is reported that 20% to 50% of all IDCM cases are determined to be 

familial (Ferrero-Miliani et al., 2010). Positive family history can be found in 30% to 

35% of all DCM cases and a genetic factor can be detected in 40% of sporadic DCM 

patients (Seferović et al., 2019). Familial DCM should be highly suspected if there is 

a positive family history of DCM in more than one family member and if a family 

member has experienced a SCDY (Rosenbaum et al., 2020). 

 

 

 

 

 

 
 
 
 
 
 
 
 
Figure 3 The causes of DCM are classified as acquired, familial or an interplay between 

genetic and environmental factors (‘mixed’). Causes of DCM include genetic variants that 

effect structural proteins, viral infections, autoantibodies and ICs and toxic damage caused by 

chemotherapy treatments (Jain et al., 2021). 
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Unlike most Mendelian disorders, genetic associations in FDCM have variable disease 

penetrance and clinical presentations (Seferović et al., 2019). Sporadic manifestations 

of DCM may be the result of several, low penetrance alleles within the general public 

(Jain et al., 2021). Genes implicated in the pathogenesis of FDCM are mainly involved 

in coding for proteins of the sarcomere, cytoskeleton, nuclear envelope, sarcolemma, 

cardiac ion channels, and/or intercellular junction molecules (Seferović et al., 2019). 

Genetic variants are mainly inherited in an autosomal dominant fashion, but other 

patterns of inheritance have also been associated with FDCM, such as autosomal 

recessive, X-linked, and mitochondrial (Jain et al., 2021).  

 

The sarcomere structural protein titin, encoded by the TTN gene, is the largest gene 

found in the cardiac muscle tissues and is the most prevalent gene associated with 

FDCM (Shaboodien et al., 2020). Variants in the TTN gene account for 25% of FDCM 

cases and 12% to 18% of sporadic DCM cases, however, genetic variants in the TTN 

gene are not usually linked to cardiac conduction defects (Rosenbaum et al., 2020).  

 

Variations in the Phospholamban (PLN) gene, which encodes the transmembrane 

protein in the sarcoplasmic reticulum (SR) - Phospholamban, have also been 

implicated in the pathogenesis of FDCM (Burke et al., 2016). A specific founder variant 

(R14del) has been reported in both the Netherlands and Germany, resulting in a higher 

prevalence of FDCM in those populations (McNally & Mestroni, 2017).  

 

Significant interest in the use of genetic markers in determining the projection of DCM 

as well as risk stratification is hindered by the fact that genetic testing in FDCM 

produces a relatively low diagnostic yield (30% to 35%) (Seferović et al., 2019). This 

may be due to the variable aspects of the disease. However, one significant exception 

exists. The Lamin A/C nuclear envelope protein is encoded by the LMNA gene. 

Variants in the LMNA gene commonly result in both DCM and conduction system 

disease with the risk of SCD increasing by up to 46% in carriers (Rosenbaum et al., 

2020). Pathogenic variations in the LMNA gene are highly predictable for lethal 

arrhythmias and SCD (Burke et al., 2016). 
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1.4  The LMNA gene 

 

The major mammalian lamin proteins include A-type lamins and B-type lamins (Tatli 

& Medalia, 2018). B-type lamins (lamin B1 and B2) are encoded by LMNB1 and 

LMNB2 genes, respectively, and are expressed in all types of cells including stem cells 

and neurons (Captur et al., 2018). Pathogenic variants in the LMNB genes are 

considered extremely rare and are not involved in the pathogenesis of cardiac 

diseases (Kang et al., 2018). A-type lamins (lamin A and lamin C) are found, only, in 

completely differentiated cells and, unlike B-type lamins, are not expressed in stem 

cells nor cells of the central nervous system (Rankin & Ellard, 2006). A-type lamins 

are encoded by the LMNA gene.  

 

The LMNA gene is located on the long arm of chromosome 1 (1q21.2-1q21.3), it is 24 

kilobases (kb) in size and is made up of 12 exons (Genschel & Schmidt, 2000). Exon 

1 to exon 10 is conserved between lamin A and lamin C proteins (lamin A/C proteins), 

with lamin C being generated from exon 10, which is transcribed by alternative splicing 

and translated into just six amino acids (figure 4) (Kang et al., 2018). Exons 11 and 12 

are exclusive to lamin A and exon 12 contains the sequence that codes for the 

carboxy-terminal CaaX (C, cysteine; a, aliphatic residue; X, any residue) box of 

prelamin A (Genschel & Schmidt, 2000). Prelamin A is matured into lamin A after 

integration into the nuclear lamina structure. The protease gene ZMPSTE24 is 

responsible for lamin A maturation and accurate processing of prelamin A into lamin 

A is crucial for proper cell function and stability (Kang et al., 2018).  

 

 

 
 
 
 
 
 

 
Figure 4 The LMNA gene is composed of 12 exons and two proteins, lamin A and lamin C. 

Exon 1 to exon 10 are identical between lamin A and lamin C, with lamin C being generated 
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from exon 10 which is transcribed by alternative splicing and translated into just six amino 

acids. Exons 11 and 12 are exclusive to lamin A and exon 12 contains the sequence that 

codes for the carboxy-terminal CaaX (C, cysteine; a, aliphatic residue; X, any residue) box of 

prelamin A. Prelamin A is processed by the ZMPSTE24 protease into mature lamin A (Kang 

et al., 2018). 

Lamin A/C are classified as IF proteins and form part of the nuclear envelope and 

cytoskeleton (Rankin & Ellard, 2006). All lamins, along with their binding partners- 

nuclear pore complexes (NPCs), form the nuclear lamina, a multimeric structure that 

is associated with the nucleoplasmic surface of the inner nuclear membrane (INM) 

(Genschel & Schmidt, 2000). The formation and structure of the nuclear lamina are 

shown in figure 5 below (de Leeuw et al., 2018).  

 

Lamin A/C filament structure is composed of an N-terminal head, a coiled-coil central 

rod domain - containing the unique nuclear localisation signal (NLS) and immunoglobulin 

(Ig) - fold domain- plus a CaaX motif at the C-terminal tail (de Leeuw et al., 2018). 

 

 

 
 

 
 
 
 
 
 
Figure 5 A-type lamins (gold), B-type lamins (purple), and NPCs (blue) form a meshwork 

structure below the INM, known as the nuclear lamina (de Leeuw et al., 2018). 

 

Structural analysis of the nuclear lamina shows that lamin A/C IF proteins form 

homodimers, which aggregate into head-to-tail polymers. Two polymers then interact, 

laterally, and form lamin protofilaments, which are 3.5 nanometres (nm) thick and have 

a specific beaded appearance due to the Ig folds found every 20 nm ( figure 6a) (Tatli 

& Medalia, 2018). Lamin protofilaments further arrange, in a half-staggered fashion, 
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and form dense filamentous bundles that make up the nuclear lamina meshwork 

structure (figure 6b) (Captur et al., 2018; de Leeuw et al., 2018). The nuclear lamina 

aids in the structural support of the nucleus and protection of the chromatin, however, 

lamin A/C plays important roles in other processes such as chromatin organisation, 

deoxyribonucleic acid (DNA) repair, gene expression, and signal transduction (Captur 

et al., 2018; de Leeuw et al., 2018).  

 

More than 600 point variants of the LMNA gene have been documented and are 

known to cause a spectrum of diseases in certain body tissues (Tatli & Medalia, 2018). 

Disease phenotypes caused by LMNA pathogenic variants are collectively termed 

laminopathies.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6(a) Lamin A/C IF proteins form homodimers, which aggregate into head-to-tail 

polymers. Two polymers then interact laterally and form lamin protofilaments which are 3.5 

nm thick and have a specific beaded appearance due to the Ig folds found every 20 nm. (b) 
Lamin protofilaments further arrange in a half-staggered fashion and form dense filamentous 

bundles that make up the nuclear lamina's meshwork structure (seen in gold). The NPCs 

(shown in red) act as binding partners (de Leeuw et al., 2018; Tatli & Medalia, 2018).  
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1.5  Laminopathies  

 

A particularly intriguing characteristic of the LMNA gene variations is their ability to 

result in a diverse number of disease phenotypes (Rankin & Ellard, 2006). Most of the 

pathogenic LMNA variants or sequence-level alterations are missense variants but 

non-sense as well as intragenic deletions and duplications have also been implicated 

(Captur et al., 2018).  

 

Two hypothetic models have been suggested in an attempt to explain laminopathy 

phenotypes. The first, known as the ‘structural-mechanical model’ is based on the 

intense changes seen in the nuclear morphology – which may be attributed to the 

interruption of the filament formation (Tatli & Medalia, 2018). The disruption of the 

nuclear architecture results in nuclear fragility, which has been reported in skeletal 

muscle fibres, fibroblasts, and lymphoblastoid cells of patients with skeletal and 

cardiac laminopathies (Rankin & Ellard, 2006). The second hypothetic model,  known 

as the ‘gene expression model’, suggests that genetic variants do not affect the 

physical structure of lamin A/C proteins, but instead negatively alter cellular signalling 

pathways and gene expression (Tatli & Medalia, 2018). This may result in a hindered 

interaction between lamin A/C proteins, chromatin, or other nucleic proteins (Rankin 

& Ellard, 2006).  

 

The clinical effect of the variant differs depending on the molecular consequence of 

the predicted amino acid change (Captur et al., 2018). Many ‘hotspot’ variants can 

result in laminopathy diseases in adipose, skeletal, cardiac, and nerve tissues as well 

as in the premature aging of body tissues (Tatli & Medalia, 2018). Emery-Dreifuss 

muscular dystrophy (EDMD), limb-girdle muscular dystrophy (LGMD), familial partial 

lipodystrophy (FPLD) type 2, Hutchinson-Guilford progeria syndrome (HGPS), and 

FDCM are all laminopathy disease phenotypes (Kang et al., 2018). Although 

previously considered as separate diseases, the co-occurrence of more than one 

laminopathy phenotype in a family is well described. For example, in patients with 

EDMD and LGMD, DCM with conduction system disease is commonly found (Rankin 

& Ellard, 2006). These patients are, too, at an increased risk for SCD.  
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The most frequent cardiac phenotype of LMNA variants is FDCM (De Backer et al., 

2010). Mouse models, used to study the pathogenesis of FDCM, show a hindered 

response to mechanical stress suspected of promoting premature cardiac cell death 

(Burke et al., 2016). Cardiac laminopathy, also known as lamin A/C heart disease 

(LHD), is marked by lethal supraventricular arrhythmias and atrial fibrillation (AF), 

which may occur before any overt structural changes (Captur et al., 2018). This is 

different from most DCM-associated AF, hence the possible diagnosis of FDCM in a 

structurally normal heart. Cardiac laminopathies are characterised as a malignant 

disease with high penetrance (those affected will likely be symptomatic), early 

ventricular arrhythmias, atrioventricular (AV) block, and a rapid progression to HF 

(Hammersley & Halliday, 2020).  

 

1.6  The local relevance of familial dilated cardiomyopathy and the LMNA gene  

 

In contrast to developed countries, the main causes of HF, in Africa, are non-ischemic, 

such as FDCM (Agbor et al., 2018). Dilated cardiomyopathy is one of the major causes 

of HF, globally. In a cohort of 156,013 HF patients in the USA, DCM was reported as 

the underlying cause in 31% of cases (Seferović et al., 2019). In a retrospective study 

of case presentations in Ethiopia, DCM was reported as one of the most prevalent 

CVDs, accounting for 20% of cases (Keates et al., 2017). Information on the 

prevalence of FDCM-associated variants in the South African population is lacking, 

even though, in the Heart of Soweto study, 35% of HF cases were attributed to DCM 

(Sliwa et al., 2008).  

 

Molecular genetic testing aids in the confirmation of diagnosis, disease prognostics, 

risk stratifications, and treatment protocols (Lee & Ching, 2019). Cardiovascular 

investigations and genetic testing can lead to a specific diagnosis in 40% of patients 

(De Backer et al., 2010).  

 

Despite the relatively low diagnostic yield in genetic testing of other FDCM-associated 

genes, LMNA gene variants are an important exception as they are highly predictable 

for DCM, with progressive and severe HF, as well as violent arrhythmias resulting in 
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SCD (Burke et al., 2016). After reviewing all available literature to date, no single gene 

studies focused exclusively on the LMNA gene variants as a cause of FDCM, HF, or 

SCD in the South African population. By analysing this candidate gene, we could 

potentially ‘rule in’ or ‘rule out’ LMNA pathogenic variants as the cause of the scourge 

of DCM and HF in SA.  

 

Considering the strong tendency of LMNA pathogenic variants resulting in an SCD, a 

genetic analysis of the LMNA gene in South African SCD cases, provides an optimal 

opportunity. High-resolution melt (HRM), real-time polymerase chain reaction (PCR) 

provides a simple, semi-automated, and cost-effective technique for variation 

detection in DNA samples (Millat et al., 2009). Coupled with Sanger sequencing, an 

affordable, simple-to-use sequencing tool, which can be easily be reproduced in the 

detection of novel and existing pathogenic variants. This study aimed to determine the 

prevalence of FDCM-associated, pathogenic variants in the LMNA gene in SCD cases 

within the South African population.  

 

1.7 Aim 

 
This study aims to identify genetic variants of the LMNA gene, in individuals of the South 

African population, who died suddenly (SUD) due to suspected SCD. 

 

1.8 Objectives 

 
• To design primers for the 12 exons of the LMNA gene using primer design software. 

• To optimize amplification conditions for the 12 exons of the LMNA gene using 

specifically designed primers and HRM real-time PCR.  

• To detect LMNA variants in cases and controls by HRM real-time PCR and sequencing. 

• To identify LMNA gene sequence variants by comparing case, control samples and a 

reference LMNA sequence downloaded from NCBI. 

• To determine the type of variations (benign, unknown significance or pathogenic) found 

in the LMNA gene in a SUD cohort of the South African population, by searching 

biological databases, published data and using predictive software. 
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Chapter 2: Material and Methods 
 

2.1  Study design 

 

The study design was an observational, retrospective, case-control study. Genomic 

DNA was extracted from both case and control samples. The extracted DNA was used 

to amplify all exons of the LMNA gene. During sequencing analysis, case samples 

were compared to the control samples, in an attempt to identify any potential genetic 

variants. Variants, that were detected during sequencing analysis, were compared to 

previously known variants, which were listed on appropriate scientific databases 

(National Centre for Biotechnology Information (NCBI) or stated in previous literature. 

 

2.1.1 Study setting 

 

This study was conducted within the Department of Chemical Pathology, Faculty of 

Health Sciences at the University of Pretoria. This study was done in collaboration with 

the Department of Forensic Medicine, Faculty of Health Sciences at the University of 

Pretoria. 

 

The case samples were collected during autopsy at the Pretoria Medico-Legal 

Laboratory (MLL). These samples were stored at -80 ºC within the Department of 

Chemical Pathology. Control sample collection was conducted at the Faculty of Health 

Sciences at the University of Pretoria. The control samples were, too, stored at the 

Department of Chemical Pathology. 

 

2.1.2 Ethical considerations 

 

Ethical approval, for this study, was granted by the Faculty of Health Science’s 

Research Ethics Committee of the University of Pretoria, on the 26th of August 2021. 

The ethics reference number assigned to this study was 373/2021 and renewed on 

the 12th of August 2022 (Appendix A). 
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2.1.3 Access to case file information and storage  

 

Permission from the manager of the Pretoria MLL was obtained, prior to 

commencement of this study, as part of the umbrella study. This permission granted 

access to case file information of the case samples that were used in this study, which 

were stored in the archival vaults at the Pretoria MLL. 

 

All data sheets generated in this study as well as collected blood samples were stored 

at the Department of Forensic Medicine and at the Department of Chemical Pathology 

at the University of Pretoria.  

 

2.1.4 Confidentiality  

 

To ensure confidentiality of study participants, a study reference number was allocated 

to each case file. These reference numbers also ensured that the same case sample 

was not used more than once, during analysis, and to account and record the data 

obtained during this study. No personal information of participants was used on any 

data sheets, nor will they be used in this publication or any future publications that may 

be generated by the results obtained from this study.  

 

2.1.5 South African regulation regarding retention and use of tissue samples obtained 

during a medico-legal post-mortem investigation 

  

Existing regulations guide the retention and use of tissue and blood samples obtained 

at medico-legal post-mortem investigations conducted in SA (Toit-Prinsloo & 

Saayman, 2012). Section 3, subsection 2 of the Inquests Act 58 of 1959, authorises 

the retention of any internal organ or any part or any of the contents of the body, or 

any substance, by the district surgeon or any other medical practitioner, if he/she 

deems it necessary for the purpose of ascertaining with greater certainty the 
cause of death. Section 3, subsection 3 of the Inquests Act 58 of 1959, stipulates that 

“for the purpose of any examination mentioned in subsection 2, any part or internal 

organ or any of the contents of a body may be removed therefrom to any place”.  
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Similar regulations in accordance with the above-mentioned legislation are further 

substantiated by legislation stipulated in the National Health Act 61 of 2003. The 

retention and use of post-mortem blood samples in this study (only obtained from 

cases that firmly meets the set-out inclusion criteria) was lawfully and ethically justified 

as this study was conducted with the aim, as prescribed by the Inquests Act, to more 

accurately determine the cause of death- specifically attempting to identify a genetic 

variant as a possible cause of death. 

 

2.2  Control samples 

 

Control samples were collected from volunteers who provided written consent to 

partake in this study. 

 

2.3  Population and sampling  

 

The sample population was selected, according to the following criteria. 

 

2.3.1 Inclusion criteria 

 

The cases included in this study were of individuals who were referred to the Pretoria 

MLL as a possible SUD. The selected cases were of those whose cause of death 

remained unknown after a full and comprehensive medico-legal, post-mortem 

investigation. The autopsy investigation of these cases included toxicology, virology, 

and histopathological testing, all of which yielded no explanation for the sudden and 

unexpected death. The manner of death of these individuals was deemed natural 

deaths as there were no signs of trauma or accidental death. Included cases were 

those where the cause of death was suspected to be due to cardiac pathologies or 

SCD. 

 

These individuals had no previous medical history, that could have led to their demise, 

nor any, potentially lethal, co-morbidities. These individuals included young children, 

aged between birth and one year (sudden unexpected death in infancy (SUDI) cohort) 

and young individuals aged between one and 45 years old (SUDY cohort). Case 
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samples were collected over a period of three years and the total n-number of case 

samples collected was 66 samples.  

 

2.3.2 Exclusion criteria  

 

Cases excluded from this study included cases where a cause of death could be 

determined after a post-mortem investigation. Individuals whose deaths were 

considered SCD due to ischemic heart diseases, such as CAD, hypertension, or 

congenital heart disease, were also excluded. Other excluding factors included the 

age of the individual (older than 45 years old). 

 

2.3.3 Case samples 

 

Whole-blood samples were collected, during autopsy, of individuals who had died 

suddenly and unexpectedly. These deaths were suspected to be due to SCD. In total, 

66 case samples were collected over a period of three years (November 2017- April 

2020).  

 

2.3.4 Control samples  

 

Venous blood samples were collected from consenting volunteers. The volunteers 

consisted of individuals who were in apparent good health and who had no medical 

history of CVD. 

 

A consent form was presented to each selected volunteer. The consent form provided 

background regarding this study and explained the contribution of the volunteer. Within 

the consent form, it was made known to each volunteer that there was a possibility of 

detecting a potentially lethal variant, as SCD is usually the first and only symptom of 

an underlying genetic cardiac disease. Volunteers were asked whether they would 

have liked to be notified if such a variant was detected so that they could seek 

professional advice via our recommended genetic counsellor, Dr Engela Honey. 

Volunteers were required to provide written consent to participate in this study.  
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One ethylenediaminetetraacetic acid (EDTA) tube (approximately 5 mL) of whole-

blood was collected from each consenting volunteer. A total of nine control blood 

samples were collected and used in this study. 

 

2.4  Research procedure 

 

The focus of this study was to investigate potentially pathogenic variants of the human 

LMNA gene. To analyse this gene, various molecular methods were used, including 

PCR, primer design and synthesis, extraction of genomic DNA from whole-blood 

samples, optimisation of PCR conditions, HRM real-time PCR analysis, sequencing of 

selected PCR products, via automated Sanger sequencing, sequencing analysis and 

genetic variant analysis.  

 

Twelve PCR primer pairs were designed to cover the 12 exons, including intron-exon 

boundaries, of the LMNA gene. The primer pair sequences were sourced from 

literature in which previous analysis of the LMNA gene was conducted (Millat et al., 

2009). Finalised primer pair sequences were sent to Inqaba Biotech (Pretoria, SA) for 

synthesis. Once the synthesized primer pairs were received, they were subjected to 

primer optimisation to obtain the optimal PCR conditions for HRM real-time PCR 

analysis. 

 

Genomic DNA was extracted from 66 case samples and nine control samples. The 12 

exons of the LMNA gene were amplified using HRM real-time PCR. After HRM results 

were obtained, samples were grouped according to their melting profiles. These 

representative samples were selected and sent for sequencing to Inqaba Biotech 

(Pretoria, SA). 

 

Once the sequencing results were obtained, the results were visualised on the Ugene 

Bioinformatics Software from Unipro (Novosibirsk, Russia). Case and control 

sequencing results were compared in an attempt to examine sequences for the 

presence of genetic variants. All identified genetic variants were examined by 

comparing them to already established variants listed on well-known scientific 
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databases (NCBI) or stated in the literature. The research procedure followed in this 

study is shown in figure 7 below. 

 

 
 

 

 

 

 

 

 

 

  
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7 A flow diagram showing the research procedure used in this study 

Finalised 12 primer pairs sequences sent for 

synthesis 

Review of case files and selection of 66 suitable 

case samples 
Recruitment of consenting volunteers to obtain 

control blood samples  

Extraction of genomic DNA from whole-blood 

samples  

Optimisation of PCR conditions  

HRM real-time PCR analysis 

Selected samples sent for sequencing 

Sequencing analysis 

Genetic variant identification and classification 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 21 

 

2.5  Materials 

 

The equipment, kits, reagents, and services used, in this study, are listed as follows: 

• Centrifugation processes- LABNET PrismTM R Refrigerated Microcentrifuge 

from Labnet (Edison, New Jersey (N.J.), USA)  

• Determination of DNA concentration and quality- NanodropTM 2000/2000c 

spectrophotometer from ThermoFisher Scientific (Waltham, Massachusetts 

(Mass.), USA) 

• PCR amplification- RotorGene®® Q multiplex HRM platform from Qiagen 

(Hilden, Germany)  

• DNA extractions- QIAamp DNA Blood Mini Kit (50) from Qiagen (Hilden, 

Germany)  

• HRM analysis -SENSIFAST®  HRM kit from Bioline (London, United Kingdom 

(UK))  

• Primer synthesis was done by Inqaba Biotec (Pretoria, SA) 

• DNA sequencing was done in collaboration with Inqaba Biotec (Pretoria, SA) 

• DNA sequencing analysis - Unipro Ugene Bioinformatics Software (Novosibirsk, 

Russia)  

 

2.6  Primer synthesis  

 

Primer pair sequences, which covered the 12 exons of the LMNA gene, were sourced 

from literature (Brown et al., 2001; Millat et al., 2009; Nishiuchi et al., 2017). In total, 

12 primer pairs were selected to amplify the LMNA gene. These primer pair 

sequences, and their corresponding fragment lengths are shown in table 1, below. The 

primer pair sequences were aligned to the RefSeq gene on the Unipro Ugene 

Bioinformatics Software (Novosibirsk, Russia) to ensure that binding occurred in the 

correct positions i.e., that the correct fragments were amplified. The specificity of each 

primer pair was determined using the basic local alignment search tool (BLAST) on 
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the NCBI website. Once the primer pair sequences were confirmed, they were sent to 

Inqaba Biotech (Pretoria, SA) for synthesis.  

 
Table 1  The 12 primer pair sequences used to amplify the 12 exons of the LMNA gene 

 

Exon Primer 
name 

Forward Sequence (5’ to 3’) Reverse Sequence (5’ to 3’) Fragment 
Length 
(in bp) 

Primer 
pair 
obtained 
from: 

1 1A TCTCTGTCCTTCGACCCGAG CCTCTCCACTCCCCGCCA 477 (Brown et 

al., 2001) 

2 2A ACAGACTCCTTCTCTTAAATCTAC  GTAGAAGAGTGAGTGTACATGTG 264 (Brown et 

al., 2001) 

3 3A TGTTCTGTGACCCCTTTTCC AGCCCAAGTCTGTCATCACC 228 (Millat et 

al., 2009) 

4 4A GGCCTCCCAGGAACTAATTCTG CTCCCTGCCACCATCTGC 334 (Millat et 

al., 2009) 

5 5A GCAGTGATGCCCAACTCAGG ATCTCAGACCCGGCCTACGT 257 (Nishiuchi 

et al., 

2017) 

6 6A GCCAAGACTATGTTTAGAGCTTG GTTGACCGGAACTGATCTGG 466 (Nishiuchi 

et al., 

2017) 

7 7A AGTGTCCTCTGGCCGGCAAC GTCTCCCACCTGGTCCCACT 400 (Nishiuchi 
et al., 

2017) 

8 8A GAGGCCTCAATTGCAGGCAGGC ACCCAAGGCCTCCCCAGAG  252 (Millat et 

al., 2009) 

9 9A GGAGCGCTGGGGTAAGTGTC CTCGTCCAGCAAGCAGCCAG 192 (Millat et 

al., 2009) 

10 10A CTGACCCTTGGACCTGGTT AGGGAGGAGAGAGAAGAAAGG 281 (Millat et 

al., 2009) 

11 11A GTTGGGCCTGAGTGGTCAG CACCTCGTCCTACCCCTCG 404 (Brown et 

al., 2001) 

12 12A CTTGTCTGAGCCCCAGACTGGAG TAAAGAGGAGGGAAGGAAAAGGGA 436 (Nishiuchi 

et al., 

2017) 
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Once synthesized, the primers were received in a lyophilized form and were prepared 

according to the instructions provided by Inqaba biotech (Pretoria, SA). This 

preparation process involved rehydrating the lyophilized primers into a solubilized 

solution. The primer solution was divided into four aliquots of a concentration of 100 

pmol/µL each. The aliquots were used as stock solutions. Working solutions were 

prepared from the stock solutions. A volume of 10 µL of primer stock solution was 

diluted with 90 µL of distilled water to produce a working solution with a final 

concentration of 10 pmol/µL. The stock and working solutions were stored at -20 ºC, 

in separate containers to avoid contamination. 

 

2.7  DNA extraction from whole-blood samples 

Genomic DNA was extracted from whole-blood samples, collected from both cases 

and controls. The QIAamp DNA mini blood kit (50) from (Qiagen, Germany) was used 

for DNA extraction.  

2.7.1 DNA extraction procedure 

The protocol followed to extract genomic DNA was according to the instructions 

provided by the manufacturer- (Qiagen, Germany). The DNA extraction process is 

explained, in detail, in appendix B. The purified DNA solutions, were collected in 1.5 

mL microcentrifuge tubes and were stored at -20 ºC, to be used at a later stage in the 

research procedure.

 

2.8  Determination of DNA concentration and purity 

 

To ensure that the DNA extracted from the whole-blood samples, was suitable for PCR 

amplification and HRM analysis, the DNA concentration and the purity of the DNA 

were determined. The Nanodrop™ 2000/2000c spectrophotometer (ThermoFisher 

Scientific) was used to determine the concentration and purity of the extracted DNA 

solution. At commencement, the spectrophotometer was blanked when 2 µL of buffer 

AE was pipetted onto the pedestal of the spectrophotometer and the machine was set 
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to ‘blank’. Thereafter, the buffer AE was cleaned off with laboratory-grade tissue paper 

and two µL of the extracted DNA solution was, then, pipetted onto the pedestal. The 

resulting DNA concentration and purity were observed on the light-emitting diode 

(LED) screen on the instrument. These results were noted and recorded in appendix 

D. 

  

 

2.9  PCR optimisation  

 

PCR optimisation was conducted to determine the optimal PCR conditions for each 

primer set of the 12 LMNA gene exons (set A). This was necessary to ensure 

successful amplification of the DNA target.  

 

The PCR optimisation began with the preparation of a ‘mastermix’ solution. The 

composition of the mastermix solution included autoclaved PCR-grade H2O, 

SENSIFAST® HRM kit (Bioline,UK) and control template DNA. The SENSIFAST® 

HRM kit (Bioline,UK) consisted of 3rd generation fluorescent dye EVAGREEN®, DNA 

polymerase and buffer solution. Each PCR optimisation reaction contained the same 

template DNA, obtained from a control blood sample. The composition of the 

‘mastermix’ solution is shown in table 2. Each reaction tube contained different primer 

pair working solutions (10 µM), specifically selected to investigate their optimal PCR 

conditions. The exact composition of each reaction tube is shown in table 3 below. 

The PCR optimisation process involved dividing the prepared mastermix solution into 

0.5 mL tubes and then adding 2 µL of both the forward and reverse primer solution, 

chosen for optimisation. 

 
Table 2 Composition of the ‘mastermix’ solution used in the PCR optimisation process 

Reagents Volume (µL) 

SENSIFAST®  HRM kit  10 

PCR-grade H2O 10 

DNA control template (18.251 µM) 2 

Total Volume 22 
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Table 3 Composition of each reaction tube used in the PCR optimisation process 

Reagents Volume (µL) 

SENSIFAST®  HRM kit  10 

PCR-grade H2O 10 

Selected forward primer solution (10 µM) 2  

Selected reverse primer solution (10 µM) 2  

DNA control template (18.251 µM) 2 

Total Volume 26 

The tubes were then loaded into the rotor of the RotorGene® Q multiplex HRM 

platform (Qiagen, Germany). 

 

 

 

 

 

 

 

 

 

 

 

 

Once the run was completed, the PCR melt curve was analysed to confirm the 

accurate amplification of the DNA target. If any non-specific binding took place or if no 

amplification was detected then the annealing temperature was increased by 1 ºC to 

2 ºC. Other conditions that were manipulated included the annealing time and the 

extension time. Once the optimal PCR amplification conditions were obtained, the 

primers were then ready to be used in HRM analysis. 

 

The initial PCR conditions were set as follows: 

 

Hot Start Denaturation:  95 ºC for 10 minutes 

 

Denaturation: 95 ºC for 10 seconds 

Initial Primer annealing: determined by subtracting 5 ºC from the unique 

melting temperature (Tm) of each primer pair  

Extension: 72 ºC for 10 seconds 

 

HRM cycle: 75 ºC to 95 ºC rising 0.1 ºC every two seconds 

40 cycles 
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2.10  Agarose gel electrophoresis  

 

Agarose gel electrophoresis was used to visualise the target PCR product and confirm 

successful PCR amplification following every real-time PCR optimisation run. Although 

real-time PCR analysis is considered a sensitive tool for detecting DNA amplification, 

the intercalating agent present in the SENSIFAST® premix does not target a specific 

amplicon and rather binds to the amplified DNA. Hence, agarose gel electrophoresis 

was used to validate the successful amplification of the desired PCR product based 

on the correct band size (bp). 

  

 A 3% agarose gel was prepared by dissolving three 0.5 grams (g) Bioline agarose 

tablets (DNase/RNase free) in 150 mL 1 x Tris-acetate-EDTA (TAE) buffer (see 

Appendix C for composition). The TAE buffer with the agarose tablets were combined 

in a laboratory grade flask. The agarose tablets were dissolved within the TAE buffer 

completely before the flask was heated in the laboratory microwave for two to three 

minutes.  

 

The flask, containing the dissolved gel solution, was cooled by holding the sealed flask 

under a cool stream of water. The flask was continuously stirred to ensure that the gel 

did not set within the flask. Once cooled to the touch, 6 µL of 10 mg/mL Ethidium 

Bromide (EtBr) stock solution from Sigma-Aldrich (St. Louis, Missouri (Mo.), USA) was 

added to the gel solution. The solution was mixed thoroughly until the EtBr was 

incorporated. 

  

The gel solution was slowly poured into a gel-casting tray with a gel comb in place. 

The gel was left to set, until firm, for 30 minutes. After this, the gel comb was carefully 

removed from the set gel revealing the wells. The gel was then submerged into the 

electrode chamber, which had been filled with the same TAE buffer used to prepare 

the agarose gel. Thereafter, 5 µL of the 50 bp DNA Hyperladder (Bioline, UK) (figure 

8), was pipetted into the first and last wells of the submerged gel. Following this, 3 µL 

of each PCR sample (from each of the 12 exons of the LMNA gene) were mixed, 

individually, with 2 µL of 5x sample loading buffer/dye on laboratory-grade parafilm 
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paper. Each sample-loading buffer mixture were then pipetted into their corresponding 

wells in the gel. An electric current of 100 volts (V) was run through the electrode 

chamber for one hour and 20 minutes. This ensured sufficient separation of the PCR 

products.  

 

Once the time period had lapsed, the gel was removed from the electrode chamber 

and placed under a UV light. The gel was visualised using the Transilluminator 

UVITECH Firereader (Cambridge, UK). Optimised PCR conditions for each exon was 

confirmed by a single, clear band corresponding to the correct size band on the DNA 

hyperladder. If multiple bands were visable, it indicated that the PCR conditions for the 

particular exon required adjustments to improve the primer performance.  

 

 

 

 

 

 

 

 

 

 

 
 

Figure 8 Bioline 50 bp (base pair) DNA hyperladder used in the agarose gel electrophosis 

processes described above. The ladder is read from first faint band (from the bottom), 

indicating a 50 bp band size. The first indicator band is shown by a bright band at 300 bp and 

the second indicator band is the bright band seen at 1000 bp. The final band in the DNA 

hyperladder is indicated by the uppermost, bright band at 2000 bp. 

 

 

2.11  HRM real-time PCR analysis  
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Case samples and control samples were subjected to HRM real-time PCR analysis. 

The 12 exons of the LMNA gene were examined through the use of their respective 

primer pairs. The samples, along with the selected primers (corresponding to the exon 

being analysed) were run under the optimised conditions, obtained during the PCR 

optimisation process.  

 

A mastermix solution was prepared in a 1.5 µL tube. The composition of the mastermix 

solution was, as shown in table 4, except the DNA sample was not included in the 

mastermix as different DNA samples were analysed during the same PCR run. The 

volume of the mastermix solution was altered depending on the number of reactions. 

Each reaction consisted of a duplicate pair of 0.1 µL PCR tubes, containing equal 

volumes of the mastermix solution (12 µL). 

 
Table 4 The mastermix solution used in the HRM real-time PCR analysis process. 

 

 

Thereafter, 2µL of a specific DNA sample was added to each corresponding duplicate 

tube to complete the reaction solution. The final volume in each 0.1 mL PCR tube was 

14 µL.  

 

High resolution melt analysis of case and control samples were performed in order to 

group samples according to their specific HRM melting curve patterns. After PCR 

amplification and HRM analysis, samples were grouped according to the melting 

profile obtained, for example, if sample 1 and sample 2 showed the same melting 

profile, they would be grouped together. A representative sample, from each group, 

Reagent Volume (µL) 

SENSIFAST® HRM kit 10 

PCR-grade H2O 10 

Forward Primer Solution (10 µM) 2  

Reverse Primer Solution (10 µM) 2  

Total reaction volume 24 (divided between two 0.1 mL tubes) 
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was then selected and stored at -20 ºC. This process continued until all 66 case 

samples and nine control samples had been analysed and grouped accordingly. 

 

The final step of this process involved subjecting the representative samples to HRM 

analysis once more. The representative samples were grouped, again, according to 

their melting profiles. This additional step was done to reduce the sample pool and to 

obtain the most accurate representative samples for sequencing analysis. This step 

also aided in reducing the waste of PCR reagents and reduction of sequencing costs. 

Once the representative samples were finalised, they were sent for sequencing. 

 

 

2.12  Sanger sequencing  

 

Samples were sent to Inqaba Biotech (Pretoria, SA) for sequencing via automated 

Sanger sequencing. Both the forward and reverse direction for each sample were 

sequenced to ensure the validity of any identified variants. Sequencing results were 

received in the form of chromatograph files and visualised using the Unipro Ugene 

Bioinformatics Software (Novosibirsk, Russia). 

 

2.13  Sequence variant analysis  

 

Sanger sequencing results, in the form of chromatographs, were received from Inqaba 

Biotech (Pretoria,SA) via e-mail. Each chromatograph was analysed using the Unipro 

Ugene Bioinformatics Software (Novosibirsk, Russia). Chromatographs of each 

representative case and control samples were analysed individually. 

 

The initial step was to align each forward and reverse sequence (obtained from the 

chromatograph files) to the LMNA reference sequence (NG_008692.2), obtained from 

the NCBI database. This was done in order to identify any variations in the 

chromatograph sequence. Each ambiguous character was examined to determine if 

they were possible sequence variants or if they were simply miscalled bases. Each 

possible variant was noted by recording its sequence reference position. 
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Following this, all chromatographs with identified possible variants, were aligned to the 

coding DNA (cDNA) sequence of the LMNA gene (NM_170707.4). The reference 

position of the variant on the cDNA sequence was noted. This aided in the 

determination of the position of the variant in the LMNA amino acid sequence. 

 

Thereafter, the chromatograph sequences were exported and translated into amino 

acid sequences via the Unipro Ugene Bioinformatics Software (Novosibirsk, Russia). 

These sequences were then aligned to the LMNA amino acid sequence (NP_733821). 

Any and all changes in the amino acid sequences were recorded as identified 

sequence variants. The next step was to analyse the identified variants. Each variant 

was searched for via various international variation databases such as ClinVar, NCBI, 

dbVAR, dbSNV and ClinVar Miner, as well as all previously published articles on 

LMNA gene variants. This was done in order to ‘sort’ the identified variants into ‘known’ 

variants or ‘unknown’/ ‘novel’ variants.
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Chapter 3: Results 
 

3.1  DNA extraction and quality  

 

Genomic DNA was extracted from the 66 case samples and nine control samples that 

were selected for this study. Initially, the ReliaPrep Blood gDNA Miniprep System 

extraction kit (Promega, Wisconsin) was used to perform the DNA extractions. 

However, it was noted that the resulting DNA concentrations were insufficient for use 

in downstream PCR applications. Instead of wasting limited whole blood samples by 

continuously attempting to re-extract DNA, in hopes of yielding a better concentration, 

the decision was made to use the QIAamp DNA Blood Mini kit (50) (Qiagen, 

Germany)- as stated in the material and methods.  

 

The concentrations of the DNA extracted from the 66 case samples and nine control 

samples, ranged from 11,473 μg/mL to 112,81 μg/mL. The purity ratio of absorbance 

(260 nm/ 280 nm) for all case and control samples, ranged from 1.717 to 2.903. The 

volumes of eluted DNA obtained from each DNA extraction were between 100 - 200 

μL (according to the manufacturer's instructions). This volume of eluted DNA provided 

enough template DNA for the initial PCR amplification of the 66 case samples and 

nine control samples. However, as the study progressed, there was a need to obtain 

more template DNA for analysis so certain samples were subjected to a second DNA 

extraction to obtain the sufficient DNA template needed to complete PCR amplification 

and HRM analysis. Further information detailing the results obtained during the 

subsequent DNA extraction process (individual concentrations and purity ratios for all 

case and control samples) can be seen in Appendix D.  

 

3.2  Primer design  

 

The initial 12 primer sets (set A) were documented in Chapter 2: Material and methods 

of this study (see section 2.6 Primer synthesis). Following the PCR optimisation 

process, primers 1, 5, 6, 7, 10, 11, and 12 were redesigned using the Primer3web V 
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4.1.0 software. The redesigned primers and corresponding fragment lengths can be 

seen in table 5 (set B), below.  

 
Table 5 Redesigned primer pairs used to amplify exons 1, 5, 6, 7, 10, 11 and 12 of the LMNA 

gene. 

 

The PCR process was repeated on the new primer sets (set B), shown above. Primer 

set 12 was redesigned, using the Primer3web V 4.1.0 software. The redesigned primer 

and the corresponding fragment length can be seen in table 6 and labeled set C. 

 

Exon Primer 
pair 

Forward Sequence (5’ to 3’) Reverse Sequence (5’ to 3’) Fragment 
Length 
(bp) 

1 1B CGAGTCTGAAGAGGTGGTCA 

 

GCTCCTTAAACTCCTCACGC 

 

155 

5 5B GGCAGTCTGCTGAGAGGAAC 

 

GCTTCTGGAGCTGGCTGAG 111 

6 6B CTGCTGGCGGAAAAGGAG CTCGCCCTCCAAGAGCTT 

 

141 

7 7B TCACTCATCCCAGACACAGG 

 

TCATTGGACTTGTTGCGCAG 

 

168 

10 10B AGTGACTGTGGTTGAGGACG 

 

TTTTGGCACGGGGAGGCT 

 

152 

11 11B ACCCCGCTGAGTACAACC 

 

GAGGTAGGAGCGGGTGAC 

 

218 

12 12B TTCCACTACACCTGGCTGAG 

 

CTTCCACCTCCCACCTCATT 

 

157 
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Table 6 Redesigned primer pair 12 used to amplify exon 12 of the LMNA gene.

 

3.3  Optimisation of PCR conditions for the 12 primer pairs of the LMNA gene  
 
The standard, optimised reaction mixture used during the primer optimisation process 

is shown in table 7. Each primer pair reaction was prepared according to the reaction 

mixture below, however, certain primers were optimised at different concentrations.  

 
Table 7 Optimised reaction mixture used for HRM with pre-amplification of the 12-primer pairs. 

Reagents Volume (µL) 

SENSIFAST® HRM kit  10 

PCR-grade H2O 10 

Forward Primer Solution (Variable 

concentration*) 

2 

Reverse Primer Solution (Variable 

concentration*) 

2 

DNA (concentration:11,473 μg/mL to 

112,81 μg/mL) from case/control 

sample  

4 

Total Volume 28 

*The specific concentration for each primer pair is shown in table 8. 
 
Table 8 Optimised primer concentrations used for HRM with pre-amplification of the 12-primer 

pairs. 

Primer pair Primer concentration (µM) 

Exon 1 10 

Exon Primer 
pair 

Forward Sequence (5’ to 3’) Reverse Sequence (5’ to 3’) Fragment 
Length 
(bp) 

12 12C AATGAGGTGGGAGGTGGAAG 

 

CTCCCCTTTCCAGTGACCTC 

 

151 
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Primer pair Primer concentration (µM) 

Exon 2 10 

Exon 3 5 

Exon 4 10 

Exon 5 10 

Exon 6 10 

Exon 7 10 

Exon 8 10 

Exon 9 10 

Exon 10 10 

Exon 11 5 

Exon 12 10 
 

The PCR reaction settings were similar for all primer pairs (table 9) with the primer 

annealing temperatures and times being the only conditions that differ among the 12 

primer pairs.  

Table 9 PCR reaction settings used for PCR optimisation of the 12 primer pairs. 

*The primer annealing settings, specific to each primer pair, are shown in table 10 

below. 

 Temp Time # of Cycles 
Hot Start 

Denaturation:   

 

95 ºC 10 minutes 1 

Denaturation:    

 
95 ºC 10 seconds 

40 
Primer annealing:  

 
Variable temp* Variable times* 

Extension: 

 
72 ºC 10 seconds 

HRM cycle 

75 ºC to 95 ºC  
rising 0.1 ºC every 

two seconds 
1 
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Table 10 Optimised primer annealing settings used for PCR optimisation of the 12 primer 

pairs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Primer Pair Annealing temp (⁰C) Annealing time (seconds) 
Exon 1 67 10 

Exon 2 60 10 

Exon 3 66 8 

Exon 4 60 10 

Exon 5 68 10 

Exon 6 67 8 

Exon 7 66 10 

Exon 8 67 10 

Exon 9 67 10 

Exon 10 69 10 

Exon 11 68 10 

Exon12 68 10 
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3.3.1 Primer pair 1 

 

By using these optimised PCR conditions, amplification of the target DNA template 

was achieved as shown in figure 9 below. 

Figure 9: Graphs obtained following HRM with pre-amplification of exon 1. 

A) The graphical output of the real-time PCR analysis shows amplification on the HRM channel. 

Fluorescence was detected at approximately 24 cycles as indicated by an increase in the slope of 
the red line. The slope reaches a plateau at approximately 40 cycles. The no template control (NTC) 

line is not seen on the graph as no fluorescence was detected. 

B) The derivate of fluorescence over temperature versus temperature (dF/dT vs Temp) curve or the 

fluorescence melt curve shows a single, tall peak (red line) at approximately 89,5 ºC. A small, 

obscure peak is detected at approximately 80,2 ºC. No peak is detected in the NTC (purple line) 

which eliminates the possible occurrence of reagent contamination.  

C) The 2% agarose gel shows a single, bright band at the correct product size of 155 bp (lane 2) when 
compared to the 50 bp molecular weight marker seen in lane 1. 
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3.3.2 Primer pair 2 

 

By using the optimised PCR conditions, amplification of the target DNA template was 

achieved for exon 2, as shown in figure 10 below. 

Figure 10 Graphs obtained following HRM with pre-amplification of exon 2. 

A) The graphical output of the real-time PCR analysis shows amplification on the HRM channel. 

Fluorescence was detected at approximately 29 cycles as indicated by an increase in the slope of 

the red line. The slope reaches a plateau at approximately 40 cycles. The NTC is indicated by the 

pink line on the graph. The NTC shows a slight increase in fluorescence, which was detected at 

approximately 34 cycles.  
B) The dF/dT vs Temp. curve or the fluorescence melt curve shows a single, tall peak (red line) at 89,5 

ºC. This peak indicates the desired PCR product. Random amplification is seen to the left of the 

main peak. No peak is detected in the NTC (pink line) which eliminates the possible occurrence of 

reagent contamination.  

C) The 2% agarose gel shows a single, bright band at the correct product size of 264 bp (lane 2). 

Below the main band, there is a very faint second band seen at approximately 50 bp when 

compared to the 50 bp molecular weight marker seen in lane 1.  
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3.3.3 Primer pair 3 

 

By using the optimised PCR conditions, amplification of the target DNA template was 

achieved for exon 3, as shown in figure 11 below. 

Figure 11 Graphs obtained following HRM with pre-amplification of exon 3. 

A) The graphical output of the real-time PCR analysis shows amplification on the HRM channel. 

Fluorescence was detected at approximately 24 cycles, indicated by an increase in the slope of the 

red line. The slope reaches a plateau at around 40 cycles. The NTC is indicated by the blue line on 

the graph. The NTC shows a slight increase in fluorescence, which was detected at approximately 

35 cycles.  

B) The dF/dT vs Temp. curve or the fluorescence melt curve shows a single, tall peak (red line) at 86,5 

ºC. This peak indicates the desired PCR product. There is a very small peak seen to the left of the 

main peak at approximately 76,5 ºC. No significant peak is detected in the NTC (blue line) which 
eliminates the possible occurrence of reagent contamination. 

C) The 2% agarose gel shows a single bright band at the correct product size of 228 bp (lane 2). Below 

the main band, a very faint second band is seen between 50 bp and 100 bp when compared to the 

molecular weight marker seen in lane 1.  
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3.3.4 Primer pair 4 

 

By using the optimized PCR conditions, amplification of the target DNA template was 

achieved for exon 4, as shown in figure 12 below. 

Figure 12 Graphs obtained following HRM with pre-amplification of exon 4. 

A) The graphical output of the real-time PCR analysis shows amplification on the HRM channel. 

Fluorescence was detected at approximately 19 cycles, indicated by an increase in the slope of the 

pink line. The slope reaches a plateau at approximately 40 cycles. The NTC is indicated by the 

yellow line on the graph. The NTC shows a slight increase in fluorescence, detected at 34 cycles.  

B) The dF/dT vs Temp. curve or the fluorescence melt curve shows a single, tall peak (pink line) at 
approximately 87,5 ºC. This peak indicates the desired PCR product. There is a very small peak 

seen to the left of the main peak at approximately 75,3 ºC and random amplification is seen 

preceding the main peak. No significant peak is detected in the NTC (yellow line), which eliminates 

the possible occurrence of reagent contamination. 

C) The 2% agarose gel shows a single, bright band at the correct product size of 334 bp (lane 2). 

Above the main band, a faint smear can be seen. 
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3.3.5 Primer pair 5 

 

By using the optimized PCR conditions, amplification of the target DNA template was 

achieved for exon 5, as shown in figure 13 below. 

Figure 13 Graphs obtained following HRM with pre-amplification of exon 5. 

A) The graphical output of the real-time PCR analysis shows amplification on the HRM channel. 

Fluorescence was detected at approximately 22 cycles, indicated by an increase in the slope of the 

blue line. The slope reaches a plateau at around 40 cycles. The NTC is indicated by the flat, violet 
line shown on the graph.  

B) The dF/dT vs Temp. curve or the fluorescence melt curve shows a single, tall peak (blue line) at 

approximately 87,5 ºC. This peak indicates the desired PCR product. There is random amplification 

seen preceding the main peak. No significant peak is detected in the NTC (violet line) which 

eliminates the possible occurrence of reagent contamination. 

C) The 2% agarose gel shows a single bright band at the correct product size of 111 bp (lane 2) when 

compared to the molecular weight marker seen in lane 1.  
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3.3.6 Primer pair 6 

 

By using the optimized PCR conditions, amplification of the target DNA template was 

achieved for exon 6, as shown in figure 14 below. 

Figure 14 Graphs obtained following HRM with pre-amplification of exon 6  

A) The graphical output of the real-time PCR analysis shows amplification on the HRM channel. 

Fluorescence was detected at approximately 22 cycles, indicated by an increase in the slope of the 

red line. The slope reaches a plateau at approximately 40 cycles. The NTC is indicated by the flat, 

yellow line on the graph.  
B) The dF/dT vs Temp. curve or the fluorescence melt curve shows a single, tall peak (red line) at 

approximately 86,5 ºC. This peak indicates the desired PCR product. There is a very small, obscure 

peak seen to the left of the main peak at approximately 79,8 ºC and a small, ‘shoulder’ peak is seen 

on the right-hand side of the main peak. No significant peak is detected in the NTC (yellow line) 

which eliminates the possible occurrence of reagent contamination. 

C) The 2% agarose gel shows a single bright band at the correct product size of 141 bp (lane 2) when 

compared to the molecular weight marker seen in lane 1. Above the main band, a very faint second 

band can be seen. 
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3.3.7 Primer pair 7 

 

By using the optimized PCR conditions, amplification of the target DNA template was 

achieved for exon 7, as shown in figure 15 below. 

Figure 15 Graphs obtained following HRM with pre-amplification of exon 7 

A) The graphical output of the real-time PCR analysis shows amplification on the HRM channel. 

Fluorescence was detected at approximately 21 cycles, indicated by an increase in the slope of the 

red line. The slope reaches a plateau at 40 cycles. The NTC is indicated by the orange line on the 

graph. 

B) The dF/dT vs Temp. curve or the fluorescence melt curve shows a single, tall peak (red line) at 

approximately 88,5 ºC. This peak indicates the desired PCR product. No significant peak is detected 
in the NTC (orange line) which eliminates the possible occurrence of reagent contamination. 

C) The 2% agarose gel shows a single, bright band at the correct product size of 168 bp (lane 2) when 

compared to the molecular weight marker seen in lane 1. 
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3.3.8 Primer pair 8 

 

By using the optimized PCR conditions, amplification of the target DNA template was 

achieved for exon 8, as shown in figure 16 below. 

Figure 16 Graphs obtained following HRM with pre-amplification of exon 8. 

 
A) The graphical output of the real-time PCR analysis shows amplification on the HRM channel. 

Fluorescence was detected at approximately 21 cycles, indicated by an increase in the slope of the 

red line. The slope reaches a plateau at 40 cycles. The NTC is indicated by the grey line on the 

graph. The NTC line is not seen on the graph indicating no detection of fluorescence.  

B) The dF/dT vs Temp. curve or the fluorescence melt curve shows a single, tall peak (red line) at 

approximately 87,1 ºC. This peak indicates the desired PCR product. There is a very small, obscure 

peak seen to the left of the main peak at approximately 84 ºC. No significant peak is detected in the 
NTC (grey line) which eliminates the possible occurrence of reagent contamination. 

C) The 2% agarose gel shows a single bright band at the correct product size of 252 bp (lane 2) when 

compared to the molecular weight marker seen in lane 1. Above the main band, a faint smear can 

be seen.
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3.3.9 Primer pair 9 

 

By using the optimized PCR conditions, amplification of the target DNA template was 

achieved for exon 9, as shown in figure 17 below. 

Figure 17 Graphs obtained following HRM with pre-amplification of exon 9. 

A) The graphical output of the real-time PCR analysis shows amplification on the HRM channel. 
Fluorescence was detected at approximately 21 cycles, indicated by an increase in the slope of the 

red line. The slope reaches a plateau at around 40 cycles. The NTC is indicated by the grey line on 

the graph. The NTC shows a slight increase in fluorescence, which was detected at approximately 

33 cycles.  

B) The dF/dT vs Temp. curve or the fluorescence melt curve shows a single, tall peak (red line) at 

approximately 87,5 ºC. This peak indicates the desired PCR product. A small ‘shoulder’ peak can 

be seen on the left-hand side of the peak. No significant peak is detected in the NTC (grey line) 

which eliminates the possible occurrence of reagent contamination. 
C) The 2% agarose gel shows a single, bright band at the correct product size of 192 bp (lane 2) when 

compared to the molecular weight marker seen in lane 1. Above the main band, a very faint smear 

can be seen.
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3.3.10 Primer pair 10 

 

By using the optimized PCR conditions, amplification of the target DNA template was 

achieved for exon 10, as shown in figure 18 below. 

Figure 18 Graphs obtained following HRM with pre-amplification of exon 10. 

A) The graphical output of the real-time PCR analysis shows amplification on the HRM channel. 

Fluorescence was detected at approximately 21 cycles, indicated by an increase in the slope of the 

red line. The slope reaches a plateau at approximately 40 cycles. The NTC is indicated by the blue 

line on the graph  

B) The dF/dT vs Temp. curve or the fluorescence melt curve shows a single, tall peak (red line) at 
approximately 89,5 ºC. This peak indicates the desired PCR product. A small ‘shoulder’ peak can 

be seen on the left-hand side of the peak and random amplification can be seen preceding the main 

peak. No significant peak is detected in the NTC (blue line) which eliminates the possible 

occurrence of reagent contamination. 

C) The 2% agarose gel shows a single bright band at the correct product size of 152 bp (lane 2) when 

compared to the molecular weight marker seen in lane 1.
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3.3.11 Primer pair 11 

 

By using the optimized PCR conditions, amplification of the target DNA template was 

achieved for exon 11, as shown in figure 19 below. 

Figure 19 Graphs obtained following HRM with pre-amplification of exon 11. 

A) The graphical output of the real-time PCR analysis shows amplification on the HRM channel. 

Fluorescence was detected at approximately 21 cycles, indicated by an increase in the slope of the 

red line. The slope reaches a plateau at 40 cycles. The NTC is indicated by the green line on the 

graph. The NTC shows a slight increase in fluorescence, which was detected at approximately 34 

cycles.  

B) The dF/dT vs Temp. curve or the fluorescence melt curve shows a single, tall peak (red line) at 

approximately 90,5 ºC. This peak indicates the desired PCR product. Random amplification can be 
seen preceding the main peak. No significant peak is detected in the NTC (green line) which 

eliminates the possible occurrence of reagent contamination. 

C) The 2% agarose gel shows a single bright band at the correct product size of 218 bp (lane 2) when 

compared to the molecular weight marker seen in lane 1.
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3.3.12 Primer pair 12 

 

By using the optimized PCR conditions, amplification of the target DNA template was 

achieved for exon 12, as shown in figure 20 below. 

Figure 20 Graphs obtained following HRM with pre-amplification of exon 12. 

A) The graphical output of the real-time PCR analysis shows amplification on the HRM channel. 

Fluorescence was detected at approximately 24 cycles, indicated by an increase in the slope 

of the red line. The slope reaches a plateau at 40 cycles. The NTC is indicated by the yellow 

line on the graph. The NTC shows a slight increase in fluorescence, which was detected at 36 

cycles.  
B) The dF/dT vs Temp. curve or the fluorescence melt curve shows a single, tall peak (red line) at 

approximately 85,5 ºC. This peak indicates the desired PCR product. A small ‘shoulder’ peak 

can be seen on the left-hand side of the peak and random amplification can be seen preceding 

the main peak. No significant peak is detected in the NTC (yellow line) which eliminates the 

possible occurrence of reagent contamination. 

C) The 2% agarose gel shows a single bright band at the correct product size of 151 bp (lane 2) 

when compared to the molecular weight marker seen in lane 1. 
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3.4  HRM real-time PCR analysis 

 

All case samples and control samples were subjected to HRM real-time PCR analysis. 

The software then grouped case and control samples according to their HRM curve 

similarities with a confidence interval between 70% - 90%. The resulting groups were 

displayed in the form of HRM result tables. HRM curve groups, for each exon, and 

their representative samples are shown in table 11 below. 

 
Table 11 HRM curve groups generated for the 12 exons of the LMNA gene and their 

representative case or control blood samples. 

Exon HRM curve group 
Representative 

sample 
Confidence 
interval (%) 

1 1 C2 70 

 2 C58 

2 1 R01 

70 2 R05 

3 C1 

3 1 C63 
70 

2 C2 

4 1 C1 

70 

2 C10 

3 C44 

4 C45 

5 R010 

5 1 C32 
80 

2 R01 

6 1 C1 

70 

2 C21 

3 R01 

4 C24 

5 R08 
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Exon HRM curve group 
Representative 

sample 

Confidence 
interval (%) 

7 1 C2 

80 2 C3 

3 C61 

8 1 C1 

90 

2 C13 

3 C44 

4 C45 

5 R01 

9 1 C1 

70 

2 C3 

3 C45 

4 R01 

5 R06 

10 1 C1 

80 2 C10 

3 R04 

11 1 C22 

75 2 C10 

3 R03 

12 1 C1 
80 

2 R01 

C = Case blood sample 

R= Control blood sample 
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3.5  Sequencing analysis  

 

Following HRM analysis, representative samples from each HRM group were sent to 

Inqaba Biotech for Sanger sequencing. The sequencing results were sent back, via 

email, in the form of chromatograph files which were visualised and analysed using 

the Unipro Ugene Bioinformatics software. The results obtained following sequencing 

analysis were as follows: 

 

3.5.1 Exon 1 and Exon 2 

 

The resultant chromatographs from each representative sample of the HRM groups 

for exon 1 and exon 2 showed clear alignments of the forward and reverse sequence 

in each sample sequenced. The chromatograph showed no background noise and no 

trimming of the sequence was necessary. The software detected no ambiguous 

characters nor any genetic variations in the sequence. No inconsistencies were found 

when comparing case sample sequences and control sample sequences. Figure 21 

below, taken from exon 1- sample 2, is used to demonstrate the sequence alignments 

for all the representative samples in exon 1 and exon 2.  

 

 

Figure 21 Sequence alignment of exon 1- sample 2 used to demonstrate the sequence 

alignments for all the representative samples in exon 1 and exon 2. 
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3.5.2 Exon 3, Exon 6, Exon 8, Exon 9, Exon 10, Exon 11, and Exon 12 

 

The resultant chromatographs from each representative sample of the HRM groups 

for exons 3, 6, 8, 9, 10, 11, and 12 showed clear alignments of the forward and reverse 

sequence in each sample sequenced. The chromatograph showed background noise 

at the starting point and end point of the sequence, therefore, trimming of the sequence 

was necessary in order to better read the sequence. The software detected no 

ambiguous characters nor any genetic variations in the sequence. No inconsistencies 

were found when comparing case sample sequences and control sample sequences. 

Figure 22 below, taken from exon 3- sample 1, is used to demonstrate the sequence 

alignments for all the representative samples in exons 3, 6, 8, 9, 10, 11, 12. 

 

Figure 22 Sequence alignment of exon 3- sample 1 used to demonstrate the sequence 

alignments for all the representative samples in exon 3, exon 8, exon 9, exon 10 and exon 11. 

 

 

3.5.3 Exon 4 

 

The resultant chromatographs from each representative sample of the HRM groups 

for exon 4 showed clear alignments of the forward and reverse sequence in certain 

samples, specifically case sample 10, case sample 44, case sample 45 and control 

sample R010. All the resultant chromatographs showed background noise at the 

starting point and end point of the sequence, therefore, trimming of the sequence was 

necessary in order to better read the sequence. 
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In case sample 1, only the forward strand was suitable for analysis and both case 

sample 10 and case sample 45 showed substantial background noise in the reverse 

stand causing the software to detect miscalled bases and ambiguous characters 

(shown as pink blocks on the chromatograph in figure 23) . However, no genetic 

variations in the sequences were detected. No inconsistencies were found when 

comparing case sample sequences and control sample sequences. Figure 23 below, 

taken from exon 4- sample 44, is used to demonstrate the sequence alignments for 

representative case sample 10, case sample 45 and control sample R010. Figure 24 

shows the forward sequence of case sample 1 

Figure 23 Sequence alignment of exon 4- sample 44, used to demonstrate the sequence 

alignments for representative case sample 10, case sample 45 and control sample R010. 

Figure 24 Forward sequence of exon 4 - sample 1 

 

 

3.5.4 Exon 5 

 

The resultant chromatographs from each representative sample of the HRM groups 

for exon 5 showed clear alignments of the forward and reverse sequence in each 

sample sequenced. The chromatograph showed no background noise and no 

trimming of the sequence was necessary. The software detected a single, 

homozygous variant at position g.57665 of the reference sequence. The 

chromatograph shows a substitution variation, in the reverse sequence, where 
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thymine (T) base was substituted by a cytosine (C) base (T>C). This variant has been 

previously reported (c.861T>C; p.Ala287; rs538089). This variant was found in case 

sample 32. The variant was not detected in the control sample 01 (R01), the only other 

sample sequenced for exon 5. According to the HRM analysis of exon 5, the variant 

was also detected in case samples 1, 3, 6, 9, 10, 17, 20, 21, 23, 25, 27, 28, 29, 30, 

31, 33, 34, 35, 36, 39,40, 41, 42, 43, 44, 45, 46, 47, 49, 51, 52, 54, 55, 56, 57, 59, 60, 

63, 64 and 65 as well as control samples R02, R03, R04, R05, R06, R07, R08, R010. 

Figure 25 below, taken from exon 5- sample 32, shows the substitution variant 

rs538089. 

Figure 25 Substitution variation detected in the reverse sequence of exon 5- sample 32 as 

aligned to the coding DNA; c.861T>C, p.Ala287 (rs5380809). 

 

 

3.5.5 Exon 7 

 

The resultant chromatographs from each representative sample of the HRM groups 

for exon 7 showed clear alignments of the forward and reverse sequence in each 

sample sequenced. The chromatograph showed no background noise and no 

trimming of the sequence was necessary. The software detected a single, 

homozygous variant at position g.58822 of the reference sequence. The 

chromatograph shows a substitution variation, in the forward sequence, where 

thymine (T) base was substituted by a cytosine (C) base (T>C). This variant has been 

previously reported (c.1338T>C; p.Asp446; rs505058). This variant was found in case 

sample 47. According to the HRM analysis of exon 7, the variant was also detected in 

case samples 3, 6, 9, 11, 21, 23, 24, 27, 28, 29, 33, 36, 38, 39, 43, 44, 47, 49, 50, 52, 

53, 54, 56, 57, 60, 65, 66 as well as control sample R010. Figure 26 below, taken from 
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exon 7- sample 3, shows the substitution variant rs505058 as aligned to the coding 

DNA. 

 

Figure 26 Substitution variation detected in the reverse sequence of exon 7- sample 3 as 

aligned to the coding DNA; c.1338T>C, p.Asp446 (rs505058). 
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Chapter 4: Discussion 
 

4.1  The relevance of post-mortem  genetic testing of LMNA gene variants 

 

Dilated cardiomyopathy is a predominant cause of HF and the most frequent indication 

for cardiac transplantation, globally (Hitzeroth et al., 2020). This type of CM is also a 

leading cause of SCD (de Gonzalo-Calvo et al., 2017). It is reported that up to 50% of 

DCM cases can be attributed to an underlying genetic cause(Fu & Eisen, 2018).  

 

Heart failure is a prevailing form of CVD in SSA and SA (Hitzeroth et al., 2020). Patients 

suffering from HF in SSA have the highest rate of morbidity and mortality (Noubiap, 2020). 

The clinical characteristics of HF in SA differ from that in developed countries as (1) it 

particularly affects younger patients and (2) the causes of HF are mainly non-ischemic 

(Hitzeroth et al., 2020). Therefore, HF in SA tends to affect economically active adults 

resulting in a disproportionately negative impact on an already precarious economy 

(Noubiap, 2020). To date, there is a lack of data on the epidemiology of HF in SA, 

however, a recent study mentioned by Hitzeroth et al. (2020), reported that in 119 acute 

HF admissions to the Groote Schuur Hospital in Cape Town, DCM was listed as a major 

cause.  

 

In approximately 40% of DCM patients, a pathogenic variant can be identified as a 

potential cause of disease (Huang et al., 2020). Pathogenic variants of the LMNA gene 

have been implicated in approximately 6% to 15% of FDCM cases and is the second 

most common gene associated with FDCM (de Gonzalo-Calvo et al., 2017; Fu & Eisen, 

2018). Variants in the LMNA gene negatively affect the formation and functioning of 

Lamin A/C proteins and upset the nuclear membrane stability (Fu & Eisen, 2018). 

Mounting awareness among cardiologists and geneticists regarding LMNA FDCM, has 

emerged because of the markedly destructive course of the disease in comparison to 

other inherited CM. This specific cardiac phenotype of LMNA pathogenic variants has 

been associated with a 64% risk of HF development and a 46% risk of SCD (de Gonzalo-

Calvo et al., 2017). 
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This study aimed to identify genetic variants of the LMNA gene, in individuals of the South 

African population, who died suddenly (SUD) due to a suspected SCD. This study forms 

part of the recommended guidelines from both the European (EHRS) and American Heart 

Rhythm Societies (AHRS), which states that post-mortem molecular genetic testing 

should be conducted in cases of SUD, suspected of being due to SCD (Gray et al., 2019).  

 

Post-mortem genetic testing allows researchers to shed light on potentially lethal, 

underlying genetic disorders, which may remain undiagnosed despite a comprehensive 

autopsy investigation (Heathfield et al., 2020). It is estimated that 30% of all SD cases, 

particularly in younger individuals, remain inconclusive even after a complete autopsy 

investigation as well as other complementary examinations. This is due to the fact that 

the main cause of SCDY is attributed to inherited structural heart diseases and primary 

arrhythmogenic disorders (Bagnall et al., 2016), both of which can result in SCD before 

the development of clear structural changes that can be observed during a conventional 

autopsy (Gray et al., 2019).  

 

Molecular genetic testing could identify an underlying cardiac disease in 15% to 40% of 

SD cases and, in combination with clinical screening of family members, may increase 

the diagnostic yield from 33% to 53% (van den Heuvel et al., 2021). Most genetic cardiac 

diseases are inherited in a Mendelian fashion, in theory, first-degree family members are 

at a higher risk of inheriting the same pathogenic variant (Ferrero-Miliani et al., 2010). In 

this case, molecular genetic testing has dual advantages: (1) it can exclude any non-

carriers of causative variants, thereby reducing the number of patients who require follow-

up clinical screenings, save much-needed resources in hospitals and ease the minds of 

family members, and (2) identify carriers of pathogenic variants, whom may have been 

asymptomatic, and provide potentially life-saving interventions and treatments (Walsh & 

Cook, 2017). Rather than grappling with a multitude of potential causes left by an 

inconclusive autopsy, through the use of molecular genetic testing, a precise diagnosis 

in SCD patients can be achieved (Ferrero-Miliani et al., 2010).  
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4.2  Primer design and optimisation process 

 

The initial 12 primer pairs (set A), selected for PCR amplification of the LMNA gene 

were sourced from literature (Millat et al., 2009; Taylor et al., 2004). However, following 

various attempts at PCR optimisation, 7 of the 12 primer pairs were redesigned using 

the Primer3Web (V4.1.0) software (set B). Primer pair 12 was redesigned once more 

(set C), due to failed attempts at optimisation.  

 

Optimisation was performed to determine the optimal PCR reaction coditions for 

correct PCR amplification of the 12 exons of the LMNA gene. As per protocol, the 

primer annealing temperature (Ta) was the first variable altered. Optimised Tas of the 

primer pairs ranged from 60 ºC to 69 ºC with almost all primers having a Ta above 65 

ºC, due to the occurrence of random amplification at lower temperatures. Despite the 

increased Ta, primer pairs for exon 3 and exon 6 still showed signs of non-specific 

amplification. After consulting the ‘PCR Troubleshooting Guide’ from ThermoFisher 

Scientific, it was decided to shorten the annealing time, from 10 seconds to 8 seconds, 

to minimise primer binding to non-specific targets. After failed attempts at optimisation 

using all possible PCR reaction settings, the next variable altered was the primer 

concentrations. If primer concentrations are too high, nonspecific binding can occur. 

Primer pairs for exon 3 and exon 11 were optimised at a lower primer concentration 

of 5 µM.  

Amplification of the correct PCR product was confirmed via agarose gel 

electrophoresis. A bright band, of the correct amplicon size, was visualised for each 

of the 12 PCR target amplicons. Agarose gel results for primer pairs 2, 3, 4, 6, 8, and 

9 showed non-specific binding of primers, in the form of faint secondary bands or 

smears, despite optimised PCR conditions. This may be due to the poor quality of 

these primer pairs. The presence of non-specific primer binding did not affect the 

quality of the melt curve analysis, however, as the correct PCR product was confirmed 

via Sanger sequencing. 

Agarose gel results for primer pairs 1, 5, 10 and 11 showed clear, single bands (of the 

correct amplicon size) without any secondary bands or smears. However, optimisation 

results of these primer pairs showed small, secondary peaks on the corresponding 
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dF/dT vs Temp. curves, indicating random amplification. This may be because of the 

exceptionally high sensitivity of the RotorGene® Q multiplex HRM thermo cycler 

machine. 

 

4.3  HRM melt curve analysis of case and control samples 

High resolution melt curve analysis is a simple, rapid and inexpensive method that 

evaluates differences in melt temperatures of targeted PCR amplicons, to detect and 

identify genetic variants (Chambliss et al., 2017). The RotorGene® Q multiplex HRM 

platform from (Qiagen, Germany), allows for PCR amplification and high-resolution 

melt step to be conducted sequentially, on the same thermal cycle instrument, in the 

same run, which minimizes possible reagent contamination (Chambliss et al., 2017).  

Sixty-six case samples and 9 control samples were subjected to real-time PCR 

amplification followed by HRM curve analysis. The RotorGene® Q multiplex HRM 

platform (Hilden, Germany) software compared melt curve profiles from case and 

control samples and grouped them according to their similarities. This grouping was 

done using a confidence interval threshold range of between 70% and 90%. This lower 

limit of the confidence interval was selected to account for the high sensitivity of the 

instrument. Due to the presence of random amplification detected, in certain primer 

pairs, after PCR optimisation, the RotorGene® Q multiplex HRM platform (Hilden, 

Germany) software misidentified this non-specific binding as a variation in the sample 

sequence, resulting in an abnormally high number of samples being tagged as 

different (or possibly containing variations). Upon sequencing, these samples were 

found to be the same, with no differences in their sequence.  Therefore, the lower limit 

of 70% for the confidence threshold was selected in order to counteract this sensitivity. 

After HRM curve analysis, a total of 40 unique melt curve profiles were detected across 

all 66 case samples and nine control samples. A single representative sample for each 

melt curve profile was selected for sequencing via automated Sanger sequencing
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4.4  Sequence variant analysis  

Two single nucleotide variants (SNVs) of the LMNA gene, were identified following 

Sanger sequencing and sequencing analysis. A missense variant was identified at 

position g.57665 (position c.861) of the reference sequence. This variant, detected in 

exon 5, results from the substitution of the thymine nucleotide by a cytosine nucleotide. 

This variant has been previously reported (c.861T>C; rs538089) and is classified as a 

benign variant because there is no resulting amino acid change (Gupta et al., 2010; 

Xie et al., 2015; Zaragoza et al., 2017). This variation occurs at codon 287 and the 

resulting amino acid remains Alanine (Ala) (p.Ala287, A287A) (figure 4.4.1).  

A second missense variant was identified at position g.58822 (position c.1338) in the 

reference sequence. The variant was detected in exon 7 and is the result of the 

substitution of the thymine nucleotide by a cytosine nucleotide. This variant has, too, 

been previously reported (c.1338T>C, rs505058) and is classified as a benign variant 

(Gupta et al., 2010; Xie et al., 2015; Zaragoza et al., 2017). This variation occurs on 

the third base of codon 446 and the resulting amino acid remains Aspartic acid (Asp) 

(p.Asp446, D446D) (figure 27). 

 

Figure 27 Single nucleotide variants rs535089 (c.861T>C, Ala287Ala) and rs505058 

(c.1338T>C, Asp446Asp) in the mRNA and Lamin A/C protein (Zaragoza et al., 2017) 

Of the 66 case samples and nine control samples, 46 case samples and eight control 
samples harbored either one or both of the identified SNVs. Of these, 21 case samples 

and eight control samples carried only the SNV rs538089, 19 case samples and one 

control sample carried both SNVs, and six case samples carried only the SNV 
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rs505058. As is common among LMNA genetic variants, the majority of carriers of 

these SNVs were males (71.7) and of African descent (37/46). 

Only the C alleles for each variant (homozygous) was detected in our study population. 

This is in contrast to other publications which mostly describe these SNVs as 

heterozygous exonic variants (Zaragoza et al., 2017). It has been reported that these 

SNVs have a high variant frequency (rs5358089=0.6%; rs505058=0.55% ) in all of the 

available publications (Banerjee et al., 2015; Duesing et al., 2008; Gupta et al., 2010; 

Méndez-López et al., 2019; Xie et al., 2015; Zaragoza et al., 2017).   

These SNVs are commonly described together, in the same publication, and can be 

found in both case and control groups. Xie et al. (2015), identified the SNV rs538089 

in nine DCM patients and two control subjects, and the SNV rs505058 in eight DCM 

patients and three controls subjects. Gupta et al. (2010) also reported the detection of 

both SNVs in the DNA of controls subjects used in the screening of the complete 

coding sequence plus the intron-exon boundaries of the LMNA gene. 

 

4.5  Single nucleotide variations of the LMNA gene 

Although classified as benign, these SNVs have been associated with various types 

of laminopathies. In previous reports, both SNVs have been implicated in cases of 

Werner Syndrome and a sub-type of Charcot-Marie-Tooth Disorder in North-West 

Africa, both of which are progeroid syndrome laminopathies (Banerjee et al., 2015). 

Codon 287 (rs5358089) is also associated with a frameshift variation that is reported 

to cause DCM, therefore a simple variation at this codon could justify an association 

with DCM (Banerjee et al., 2015) In a study of 78 children with DCM in Children’s 

Hospitals across Shanghai, it was suspected that these SNVs of the LMNA gene may 

be associated with DCM in children (Xie et al., 2015).The SNV rs505058 has also 

been associated with other diseases such as late-onset Alzheimer’s, typically 

occurring in elderly men, however, more association studies are needed to confirm 

this (Méndez-López et al., 2019) 
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4.6  The local relevance of SNVs of the LMNA gene 

To date, there are no records of these SNVs within the SA population. The NCBI 

website reports a high alternative C allele frequency of 0.5918 (rs505058) and 0.3998 

(rs538089) among the African population. The results generated from this study 

indicate that these SNVs are common within a SA SCD population but there are no 

publications that can confirm the association between these SNVs and SCD. An 

interesting discovery was made in this study, however. In a specific case sample, that 

of a twenty-nine-year-old, black female, whose cause of death was ruled a SCD 

secondary to DCM, both the SNVs rs535089 and rs505058 were identified. The 

relevance of the LMNA gene within the SA population is clear, not only for its 

association with SCD, DCM and HF but with other forms of laminopathy phenotypes 

that may arise as our population evolves and diversifies. 
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Chapter 5: Conclusion 
 

The cardiac phenotype of pathogenic LMNA variants includes DCM with an aggressive 

progression to HF and an increased risk of SCD (Gray et al., 2019). These variants 

tend to affect young, economically active adults and present a unique burden to the 

local health system and to an already overburdened economy (Shaboodien et al., 

2020). Unlike other inherited DCM-associated variants, LMNA variants are highly 

predictable and can be used to confirm diagnosis in carriers. 

 

This study aimed to identify LMNA gene variants within a South African SCD 

population. Two SNVs were identified among both case and control samples used in 

this study. The SNV rs535089 and SNV rs505058 have been previously identified in 

other global populations and, as a result of this study, they have now been identified 

among the South African population. This study was limited by the difficulties of 

sourcing successful primers from previous literature. There was also a lack of available 

information regarding the two SNVs we describe in this study. Only six publications 

made mention of these variants, mainly speculating their association with laminopathy 

phenotypes.  

 

The identification of these LMNA SNVs within the South African population opens a 

new opportunity for further research into the role of these variants in the development 

of DCM and HF, two CVDs that severely affect our young population. To date, no 

single studies on the molecular spectrum have been conducted on the LMNA gene in 

SA. It is clear that there is a need for further research on this gene as our population 

is moving towards a higher rate of non-communicable diseases, specifically CVDs 

such as DCM and HF. The inclusion of this gene in the genetic screening of potential 

at-risk individuals is ideal as pathogenic LMNA variants have predictable phenotypes, 

carriers are likely to experience violent arrhythmias and SCD. These variants are also 

inherited in a Mandelian pattern, therefore direct family members are at a high risk of 

disease. The identification of these variants within our population sheds light on how 

further research is required to fully understand their roles in, not only the development 
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of DCM and HF, but also in the development of other laminopathies such as EDMD, 

LGMD, HGPS, Werner Syndrome and Charcot-Marie-Tooth Disorder.
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Appendix B: DNA extraction process  

Preceding the DNA extraction process, the wash buffers, provided in the new kit, were 

prepared. To the 98 mL buffer AW1 (wash buffer I) concentrate, 130 mL of ethanol 

(100%) was added. Similarly, 160 mL of ethanol (100%) was added to the 66 mL buffer 

AW2 (wash buffer Ⅱ) concentrate. The bottle caps, on each bottle, were tightly 

fastened and the bottles were shaken, thoroughly, by hand, to ensure that the ethanol 

was well incorporated into the wash buffer concentrates. Completion of this step was 

indicated by marking the bottle caps, on each of the wash buffer bottles, with a small 

cross. 

Before initiating the DNA extraction process, the orbital incubator, located within the 

chemical pathology laboratory, was switched on and heated to a temperature of 56 ºC. 

The workbench, where the extraction process took place, as well as all the equipment 

(microcentrifuge tube racks, pipettes, etc.) used were sanitized to prevent any possible 

contamination. All standing reagent bottles were mixed, by hand, to eliminate possible 

precipitates, which may have formed within the solutions. Whole-blood samples, that 

were used in the extraction process, were retrieved from the freezer, and were allowed 

to thaw, completely, before the initial step of the extraction protocol.  

The extraction of genomic DNA from a single, whole-blood sample, began as follows: 

A volume of 20 µL of Qiagen Protease or Protease K was pipetted into a 1.5 mL 

microcentrifuge tube. Protease K was used to initiate degradation of the nucleus, 

releasing the nucleic acids, and aided in protecting the nucleic acids from nuclease 

attack. Thereafter, 200 µL of whole-blood was pipetted into the 1.5 mL microcentrifuge 

tube. Once the protease K and the whole-blood were mingled, 200 µL of buffer AL or 

lysis buffer was pipetted into the microcentrifuge tube. The lysis buffer resulted in the 

lysis of the cellular membranes, within the whole-blood. After this, the 1.5 mL 

microcentrifuge tube was pulse-vortexed for 15 seconds, to ensure that the contents 

of the tube were sufficiently amalgamated.  

The 1.5 mL microcentrifuge tube was then placed into the preheated, orbital incubator. 

The tube was incubated at 56 ºC for ten minutes, thereafter, the tube was removed 

from the incubator, pulse-vortexed, and returned to the incubator for another 10 
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minutes. This incubation process was repeated exactly three times, increasing the 

incubation time to 30 minutes. This additional step was suggested as a troubleshooting 

method, stated in the extraction protocol, to ensure sufficient lysis of cellular structures 

and to allow the complete release of nucleic acids. Once the incubation time had 

ended, the tube was removed from the incubator and centrifuged, briefly, to remove 

droplets that may have settled on the inside of the tube lid or the sides of the 

microcentrifuge tube. Following this, 200 µL of ethanol (100%) was pipetted into the 

tube and the tube was, once again, pulse-vortexed for approximately 15 seconds and, 

subsequently centrifuged for a few seconds, to remove any displaced droplets within 

the tube. The succeeding step involved preparing the QIAamp mini spin column, by 

placing the mini spin column into a 2 mL collection tube. Both the QIAamp mini spin 

column and the 2 mL collection tube were provided in the QIAamp DNA mini blood kit 

(50) (Qiagen, Germany). 

The contents of the 1.5 mL microcentrifuge tube were then transferred into the 

QIAamp mini spin column. The spin column, consisting of the mini spin column within 

the 2 mL collection tube, was centrifuged at 6000 x g for approximately one minute. 

Thereafter, the filtrate collected in the 2 mL collection tube was discarded into a 

biohazard waste bin and the mini spin-column was transferred to a new, clean 2 mL 

collection tube. 

Next, 500 µL of buffer AW1 solution was pipetted into the mini-spin column. The spin-

column was then centrifuged at 6000 x g for one minute and 30 seconds. The addition 

of half a minute, to the centrifugation time suggested by the extraction protocol, was 

yet another troubleshooting method used to ensure proper filtration through the silica 

membrane. Once again, the resulting filtrate, within the collection tube, was discarded 

and the mini spin-column was transferred to a new, clean 2 mL collection tube. 

Following this, 500 mL of buffer AW 2 was pipetted into the mini spin column. The 

spin-column was then centrifuged at full speed (20 000 x g) for three minutes.  

The penultimate step of the extraction process involved transferring the mini spin-

column to a new, clean 1.5 mL microcentrifuge tube. A volume of 200 µL of buffer AE 

(elution buffer) solution was added into the mini spin-column. This volume was 

adjusted, and less elution buffer solution was used to produce a more concentrated 
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DNA solution. The buffer AE solution was pipetted into the center of the membrane, 

located within the mini spin-column. Special care was taken to ensure that the pipette 

tip did not touch the silica membrane. The mini spin-column and the elution buffer 

were allowed to stand, at room temperature (19 ºC- 25 ºC), for approximately two 

minutes. This was done to allow the elusion buffer to completely infiltrate the silica 

membrane. Buffer AE is a low salt solution used to elute DNA bound to the silica 

membrane. The rehydration of the bound DNA and the membrane surface results in 

the unbounding of the DNA from the membrane and allows the DNA to flow out during 

the following centrifugation step. The spin column, consisting of the mini spin column 

within the 1.5 mL microcentrifuge tube, was centrifuged at full speed (20 000 x g) for 

one minute and 30 seconds.  

Finally, the mini spin-column was removed from the 1.5 mL microcentrifuge tube and 
discarded into a biohazard waste bin. Immediately after, the microcentrifuge tube, 
containing the purified DNA solution, was sealed, and labeled according to the 
corresponding sample number. 
 
 

Appendix C: Tris-acetate-EDTA (TAE) buffer  
 

1. Prepare 800 mL of dH2O in a suitable container. 

2. Add 242 g of Tris base to the solution. 

3. Add 18.61 g of Disodium EDTA to the solution. 

4. Add 59.955 g of Acetic Acid to the solution. 

5. The 1x TAE solution is 40mM Tris, 20mM Acetate and 1mM EDTA and typically 

has a pH around 8.6 (do not adjust). 

6. Add dH2O until the volume is 1 L. 
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Appendix D: Individual DNA concentrations and purity ratios for all case 

and control samples 
 

Case Samples 

 

Case sample 
number 

DNA concentration 

(µg/mL) 
Purity 

( l 260/280) 
Absorbance 
(l260/320) 

1 (i) 54,092 1,891 2,237 

(ii) 188,68 1,070 3,306 

2 24,421 1,909 2,343 

3 76,259 1,940 2,376 

4 17,101 2,027 2,324 

5 63,124 1,947 2,163 

6 26,205 1,947 2,127 

7 112,81 2,009 2,189 

8 107,90 2,007 2,181 

9 11,809 1,988 2,399 

10 (i) 21,607 1,901 2,139 

(ii) 158,93 1,932 1,925 

11 11,497 2,036 2,476 

12 15,211 1,994 2,260 

13 69,812 1,951 2,269 

14 12,077 1,953 2,317 

15 12,744 1,820 1,977 

16 (i) 9,178 1,857 1,878 

(ii) 66,375 1,883 1,034 
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17 15,118 2,022 2,191 

18 15,874 1,939 2,277 

19 22,896 1,992 2,279 

20 17,432 1,951 2,335 

21 (i) 19,924 1,865 1,500 

(ii) 95,868 1,897 1,914 

22 35,716 1,907 2,236 

23 13,890 1,892 2,130 

24 (i) 18,871 1,941 1,895 

(ii) 150,73 1,684 1,902 

25 16,984 1,958 2,482 

26 (i) 35,942 1,988 2,161 

(ii) 168,74 1,990 1,942 

27 32,574 1,936 2,344 

28 16,758 1,966 2,684 

29 8,628 1,939 1,699 

30 38,214 1,955 2,272 

31 12,026 1,944 2,101 

32 15,174 1,846 1,476 

33 (i) 75,970 1,872 1,386 

(ii) 47,796 1,805 1,086 

34 (i) 18,032 1,884 2,194 

(ii) 114,97 1,949 1,523 

35 (i) 13,003 1,884 2,194 

(ii) 72,735 1,845 1,796 

36 (i) 25,871 1,915 2,175 

(ii) 140,38 1,950 1,450 
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37 (i) 44,666 1,931 2,255 

(ii) 133,45 1,843 1,826 

38 (i) 11,473 1,848 2,060 

(ii) 78,512 1,760 0,909 

39 (i) 43,093 1,948 2,297 

(ii) 221,66 1,893 1,607 

40 (i) 18,970 1,844 1,991 

(ii) 77,806 1,918 1,068 

41 (i) 92,663 1,934 2,288 

(ii) 147,34 1,918  

42 (i) 54,201 1,955 2,293 

(ii) 253,65 1,830 1,309 

43 (i) 32,262 1,958 2,205 

(ii) 108,19 1,926 1,719 

44 (i) 96,856 1,868 1,072 

(ii) 69,04 1,835 0,882 

45 (i) 33,468 1,930 2,039 

(ii) 177,46 1,849 1,800 

46 (i) 61,138 1,945 2,076 

(ii) 207,77 1,980 1,799 

47 (i) 19,765 1,981 2,291 

(ii) 122,87 1,764 1,559 

48 28,532 1,937 2,132 

49 (i) 13,064 1,948 1,831 

(ii) 68,105 1,954 1,598 

50 (i) 25,821 2,020 2,137 

(ii) 105,53 2,007 2,012 

51 11,995 1,883 1,289 

52 12,800 1,804 1,114 

53 16,036 1,879 1,249 
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54 12,390 1,862 0,971 

55 23,172 1,959 1,709 

56 30,224 1,885 2,257 

57 11,640 1,965 1,362 

58 21,104 1,916 2,008 

59 25,512 1,930 2,074 

60 11,919 1,881 1,105 

61 12,241 1,827 0,978 

62 8,069 1,855 0,913 

63 22,234 1,920 2,108 

64 32,781 1,876 1,880 

65 26,123 1,803 1,311 

66 25,895 1,934 1,333 

(i)- First extraction  

(ii)- Second extraction 

 

 
Control samples  

 

Control sample 
number 

DNA 
concentration 

(µg/mL) 

Purity 
( l 260/280) 

Absorbance 
(l260/320) 

R01 (i) 33,874 2,136 1,539 

(ii) 35,27 1,603 1,072 

R02 14,106 2,034 1,355 
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R03 26,148 1,959 2,325 

R04 15,316 3,070 1,114 

R05 52,329 1,825 0,960 

R06 11,753 2,903 0,663 

R07 13,746 1,947 -1,900 

R08 135,070 1,987 0,865 

R010 33,848 1,907 2,229 

(i)- First extraction  

(ii)- Second extraction 
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