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Thesis outline

Chapter One serves as an introduction to this thesis, providing a summary on the topic of
cardiovascular diseases in the young, with an emphasis on the underlying genetics thereof. This
chapter follows the format of an article which was published in the South African Medical
Journal. It highlights research findings of inherited cardiac arrhythmogenic disorders as a major
cause of sudden unexpected deaths in the young, and emphasizes the importance of the early
clinical diagnosis, treatment and ultimate prevention thereof. The chapter concludes with the

relevance, aim and objectives of this study.

Chapter Two reviews the published literature on sudden unexpected deaths in the young,
focussing on the cardiac causes which comprises the majority of them. Not all SCDs in the
young have an obvious cause of death that can be determined at autopsy, and only through
postmortem genetic testing has it been shown that inherited cardiac arrhythmogenic disorders
are the cause of a large number of these unexplained cases. The international implementation
of a targeted molecular screening in all suspected sudden cardiac deaths in the young, and the
clinical benefits thereof, are discussed. Finally, the lack of similar research into the genetic

causes of sudden unexpected deaths in the young South African population, is addressed.

Chapter Three provides a more focused literature review on LQTS, its association with
sudden unexplained infant deaths, and the postmortem genetic analysis thereof. This chapter
followed the format of an article that was published in the International Journal of Clinical
Pathology. Generally, sudden unexplained infant deaths (SUID) are discussed as a separate
entity from those occurring in the young (between the ages of one and 45 years old), with
research showing a different genetic profile between these two categories. This chapter
specifically discusses the most prevalent cardiac arrhythmogenic disorder linked to SUID, with
an overview of the underlying genetics thereof. The results of various genetic studies conducted
on SUID cases, including that of our pilot study, are compared, and applicable

recommendations are provided.

Chapter Four discusses the proof-of-concept post mortem genetic study that was conducted
on a two-month-old SUDI cases, which were admitted to the Pretoria Medico-Legal Laboratory
for a medico-legal autopsy. This chapter follows the format of an article which was published
in the Cardiovascular Journal of Africa. The circumstances of death, relevant medical history

and autopsy results are described in detail, followed by the experimental procedure that was



followed for post mortem genetic testing of the SCN5A gene. The chapter ends with a full
discussion on the genetic results, the implications thereof and further recommendations for a

broader study to be conducted.

Chapter Five discusses the importance of molecular diagnostics in the forensic medical
practice, particularly in the medico-legal investigation of sudden unexplained deaths in the
young. A brief overview on the current international guidelines and implementation thereof, is
discussed, with the lack of similar studies and / or implementation in SA providing the rationale
behind our study. Next generation sequencing of 49 arrhythmogenic-related genes was
performed in a South African cohort of unexplained sudden deaths in the young, and the
methods, results, and interpretation thereof, discussed in this chapter.

Chapter Six provides final concluding remarks on the lack of molecular diagnostics in the
investigation of South African unexplained sudden deaths and highlights the implications of
the results obtained from this study. The increase in South African cardiovascular deaths is
emphasised, and the critical need for genetic research is highlighted. The potential public health
benefits of genetic testing in these deaths are discussed, and practical recommendations on the

implementation thereof, are provided.
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Chapter 1
Introduction

This chapter was published as an editorial article, entitled “Cardiovascular deaths: What do
the genes say?”in the South African Medical Journal (S. Afr. Med. J.) December
2022;112(12):x.https://doi.org/10.7196/SAMJ.2022.v112i12.16801. A pdf copy of this
publication is available as Appendix L.

This chapter followed the editorial style of the S. Afr. Med. J.

1.1 Introduction

Cardiovascular diseases (CVDs) are ever-increasing, and as such are considered to be one of
the most concerning public health burdens worldwide. They remain the leading cause of death
across the world (~17.7 million deaths were reported in 2015), accounting for 31% of all global
deaths. !

More than 75% of these cardiovascular deaths occur in low- and middle-income countries,
and although CVD is an acknowledged health concern in Africa, this priority area should

receive much more attention than it currently does.!

Up to 50% of all cardiovascular deaths are a result of a sudden cardiac death (SCD), defined
as ‘a natural death due to cardiac causes, heralded by abrupt loss of consciousness within 1
hour after the onset of symptoms. The consequences of these deaths, particularly in the young,
have a greater impact and health burden in terms of life years lost than all individual cancers
and other leading causes of death. The fact that nearly 90% of SCDs are caused by an inherited
disorder justifies the international focus on, and prioritisation of, the underlying genetic causes

of these cardiac disorders. !

Disorders linked to SCDs vary greatly between different age groups, with ischaemic heart
disease being the most common cause of death in the older population. In comparison, the
majority of SCDs in the younger population (<45 years) are due to inherited cardiomyopathies
and arrhythmogenic disorders. Unfortunately, there is a lack of clinical symptoms or warning

signs, with research showing that in 75% of SCD cases, death is the first ‘symptom’.[*]



Inherited cardiomyopathy- and arrhythmogenic-related SCDs result from lethal
arrhythmias. These are caused by alterations (genetic variations) in genes that all play a role in
cardiomyocyte excitability and contractility. Cardiomyopathy-related genetic variations affect
the structure and function of the heart muscle, whereas cardiac arrhythmogenic genetic
disorders are generally associated with isolated electrical dysfunction. The four most common
inherited arrhythmogenic disorders include long QT syndrome, Brugada syndrome,
catecholaminergic polymorphic ventricular tachycardia and short QT syndrome. Although
each of these has a characteristic electrocardiogram (ECG) profile when experiencing an
arrhythmic episode, their spontaneous and sporadic nature results in a difficult clinical

diagnosis.>*l

The same gene can be altered in different ways (different genetic variations), which can lead
to vastly different clinical manifestations of a disorder. These differences are important when
considering available and effective treatment for patients, as each treatment is designed to
target a certain defect and/or function. Fortunately, there are various types of treatment
available, which can range from antiarrhythmic medications to implantable cardioverter

defibrillators and pacemakers.*7]

Therefore, even for general practitioners (GPs), there is clinical importance in determining
the underlying genetics of an inherited cardiac disorder, to allow for effective and
individualised treatment of a patient and/or affected family members. Since diagnosis can be
challenging, be it due to an absence of ECG abnormalities, overlap of clinical phenotypes or
lack of symptoms, genetic testing in all individuals at risk for an inherited cardiomyopathy or
arrhythmogenic disorder is crucial. This is reiterated by the marked reduction in mortality

associated with the administration of proper treatment.[”]

The general medical practitioner, in particular, is in a central position in SCD prevention,
and plays an essential role in the multidisciplinary team tending to affected family members.
GPs have a greater personal connection to the community, and often care for different
generations of the same family, which allows for earlier recognition of subtle warning signs
suggestive of an inherited cardiomyopathy or arrhythmogenic disorder. Clinical practitioners
should especially be cognisant of any family history of syncope, epilepsy, sudden death,
deafness, heart failure or pacemaker implantation at a young age (<50 years). Primarily, the

GP will be the first to recognise a possible inherited cardiac disease in an individual or family,



and through appropriate genetic testing may provide the only opportunity for an early diagnosis

and proper clinical management.

1.2 Relevance of this study

One of the major current international focus areas involves the use of molecular diagnostics in
the field of forensic medicine. In accordance with the prescribed minimum guidelines, the
application of post mortem genetic testing as routine investigation in all unexplained sudden
death (SD) cases has been internationally adopted in the practice of forensic pathology. Due to
rapid developments in technology and its decrease in cost, many international forensic
pathology centres now use a multigenic cardiac next generation sequence (NGS) panel in all
SCD cases suspected to be of a genetic nature, to evaluate numerous genes associated with
cardiomyopathies and channelopathies as a possible cause of death. Despite all international
studies done in this field, there is a lack of similar studies conducted on the South African
population. To our knowledge, no post mortem genetic study has ever been conducted on South
African SCD cases in the young (between the ages of zero and 40 years old).

According to the South African Department of Health (DoH), South Africa (SA) has a health
burden attributed to different aspects, one of which is evidence of a rapidly increasing
prevalence of non-communicable diseases. One of the greatest challenges currently
experienced in the South African health system is not accredited to communicable diseases,
but rather to the increased impact of chronic diseases, which include cardiovascular diseases.
There is no evidence pointing to a decline in the number of SCD’s in the young, thus raising
great concern. Currently, a top priority in the field of SCD investigation is the development
and enhancement of any possible risk stratification techniques, which will lead to more

accurate diagnosis and treatment for affected patients in the general South African population.

Establishing the correlation between post mortem genetic results and an accurate understanding
of the pathogenic basis associated with SCD’s, enables the possibility of developing more
meaningful and relevant risk stratification techniques. This study played a vital role in
determining the associated gene and its clinical significance associated with inherited cardiac
arrhythmogenic disorders underlying SCD’s in a young South African population. Hopefully,
the results of this study will contribute to a more specific screening and subsequent effective

treatment for all individuals at high risk.



This study seeked to provide a realistic and applicable interpretation of genetic variants linked
to SCD cases in the young, specific to the South African population. The goal / outcome of this

study was to aid in the prevention of future such deaths.

1.3 Aim

The aim of this study was to determine the prevalence of identified variants in 49 major genes
linked to inherited cardiac arrhythmogenic disorders in sudden unexpected death cases in the
young (which for the purpose of this study was considered all cases below the age of 45), that
were admitted and subjected to a medico-legal autopsy at the Pretoria Medico-Legal
Laboratory.

1.4 Objectives

The objectives of this study were:

e To analyse and compare the 49 multigene cardiac panel next generation sequence results of
all sudden unexpected death (SUD) / sudden unexpected death in infant (SUDI) cases to
those of controls and database reference sequences, to identify variants linked to inherited

cardiac arrhythmogenic disorders.

e To determine the specific targeted regions in each of the 49 genes associated with SUD /

SUDI cases unique to the South African population.

e To retrospectively compare the targeted regions associated with these 49 genes in the South
African SUD / SUDI population (obtained from the results of this study), to that of

international populations.

e To evaluate the feasibility of a routine post mortem genetic test for all SUD / SUDI cases in
SA,

e To suggest a multidisciplinary approach to be followed in all SUD / SUDI cases, in order to
successfully serve the South African public at risk and to suggest effective testing that will

in the long run lead to prevention of such deaths.



References

. Zeppenfeld K, Tfelt-Hansen J, de Riva M, et al. 2022 ESC guidelines for the management
of patients with ventricular arrhythmias and the prevention of sudden cardiac death. Eur
Heart J 2022;43(40):1-130. https://doi.org/10.1093/eurheartj/ehac262

. Ntusi N. Cardiovascular disease and global health: A perspective from the global South. SA
Heart 2020;17(2):134-139. https://doi.org/10.24170/17-2-41543.

. Isbister J, Semsarian C. Cardiovascular genomics and sudden cardiac death in the young.
Aust J Gen Pract 2019;48(3):90-95. https://doi.org/10.31128/AJGP-09-18-4715

. Landstrom AP, Kim JJ, Gelb BD, et al. Genetic testing for heritable cardiovascular diseases
in pediatric patients: A scientific statement from the American Heart Association. Circ
Genom Precis Med 2021;14(5):e000086. https://doi.org/10.1161/HCG.0000000000000086

. Rivaud MR, Delmar M, Remme CA. Heritable arrhythmia syndromes associated with
abnormal cardiac sodium channel function: lonic and non-ionic mechanisms. Cardiovasc
Res 2020;116(9):1557-1570. https://doi.org/ 10.1093/cvr/cvaa082

. Pappone C, Micaglio E, Locati ET, et al. The omics of channelopathies and
cardiomyopathies: What we know and how they are useful. Eur Heart J Suppl
2020;22(Suppl L):105-109. https://doi.org/10.1093/eurheartj/suaal46

. Wilde AAM, Semsarian C, Marquez MF, et al. European Heart Rhythm Association
(EHRA)/ Heart Rhythm Society (HRS)/Asia Pacific Heart Rhythm Society (APHRS)/Latin
American Heart Rhythm Society (LAHRS) Expert Consensus Statement on the state of
genetic testing for cardiac diseases. Europace 2022;24(8):1-61.
https://doi.org/10.1093/europace/euac030



https://doi.org/10.1093/europace/euac030

Chapter 2
Introduction

A commonly shared goal between countries worldwide, is to attain the highest standard of well-
being and to increase the population’s life expectancy, for which the monitoring of health
trends and the identification of priority areas are vital.! Statistics on mortality is one of the most
effective sources of information on a population’s health status. The importance of determining
the cause of death, is best described by Ye et al.> who stated that one of the best ways to help
the living, is by counting the dead, establishing the characteristics of those who died, and the

underlying causes based on data from civil registration systems.

2.1 Death in South Africa

South Africa (SA), which is still considered a low-and middle-income country, currently faces
a global health burden due to its high rate of premature mortality. The worldwide shift from
communicable to non-communicable diseases, which is also evident in SA, now causes a
double burden of infectious and non-infectious diseases.® Furthermore, SA has one of the
highest crime rates in the world, leading to a high burden of non-natural deaths as well. In order
to relieve such an increased health burden, the importance and critical need for a well-
established death investigation system, the thorough reporting thereof, and the effective
implementation of policy making in SA, is imperative.>*

In SA, the Department of Home Affairs (DHA) is the custodian of the civil registration system
responsible for information on the cause of death, such as diseases, injuries, or complications,
provided on a death notification form (DNF). According to the latest release (May 2020) on
mortality statistics by Statistics South Africa (Stats SA), a key stakeholder who collects their
information from the DHA, the estimated population of SA in 2017 was 56,52 million. The
total number of deaths recorded by Stats SA for the same year was 446 554. Of these deaths,
41.1% occurred in individuals below the age of 50 years old.*

A total number of 395 380 deaths (88.5%) were recorded as natural deaths in 2017, whereas
52 164 (11.5%) of the deaths were recorded to be from unnatural causes. A total of 3 986
DNEF’s had no cause of death indicated on them. Of these 3 986 forms, 2 079 (52.2%) had a
doctor indicating a natural death without a specific cause given, with the remaining 1 907
(47.8%) cases indicating that the death was still under investigation or that the doctor was not

in a position to specify a cause of death. Research has shown that a reasonable number of these



cases, where no cause of death could be indicated on the DNF, is a result of a sudden

unexpected death (SUD), which forms the focus of this research study.*

2.2 Sudden unexpected death

The terms “sudden death” and “sudden unexpected death” are often used interchangeably in
articles reporting on the incidence of these types of deaths. Both terms will be used throughout
this study. Byard ° proposed that the term “unexpected” should rather be avoided and the focus
should be on all deaths which occurred suddenly. He divides cases of sudden death into three

categories:

«  Apparently well individuals who died suddenly or were found dead in the bed [which can

include congenital cardiac abnormalities and sudden infant death syndrome (SIDS)];

»  Mildly unwell individuals who present similarly than the abovementioned. These can
include viral infections and in certain SIDS cases could be an infant with the history of a

low grade fever;

» People with a known serious condition, but who were stable on treatment and then

suddenly died (such as sudden deaths in epilepsy).

The definition of a sudden death varies between available published literature, with different
authors setting different time intervals of zero, one, six and 24 hours between the onset of
symptoms and the time of death.> ® For the purpose of this study, the sudden unexpected death
of a person is defined as “a natural, unexpected fatal event occurring within one hour of the
beginning of the symptoms, in an apparently healthy subject, or one whose disease was not
severe enough as to predict such an abrupt outcome”. Sudden death is a leading cause of
mortality in the young and considered a public health problem worldwide.”* It is considered
one of the most significant challenges faced by healthcare professionals, due to its prevalence

and significant impact on society.'® 1

The true global incidence of SUD’s remains vague due to a lack of standardized published
literature on this matter.!2 Many sudden deaths are not witnessed which contribute to the
underestimation on the true incidence.'® * Most recent reports indicate the global incidence of
SD in the young to range between 1.3 and 8.5 per 100 000 person years.® Italy, (Australia and
New-Zealand) and (England and Wales) reported similar SD incidences of 1, 1.3 and 1.8 per

100 000 person years, respectively.'® *® The Portuguese population recorded a SD incidence of



2.4 per 100 000, whereas Denmark recorded an incidence of 2.8 per 100 000 person years.*’
Statistics regarding the African incidence of SD remain scarce. Senegal reported an incidence
of 4.1 per 100 000, whereas a few other studies only reported on selective study cohorts
inclusive of SD cases.’® A study conducted in Nigeria (2012), over a seven-year period,
reported that 30.3% of their total deaths comprised of SD’s.*® Two South African studies, one
conducted in Pretoria, and one conducted in Cape Town (Stellenbosch), recorded that a
respective 14% and 20.4% of SUD’s contributed to their total case load.?% 2!

2.2.1 Sudden unexpected death in infants

The incidence of sudden unexpected death in infants [SUDI (between zero and one year old)]
is not included in the statistics provided in section 1.2 above, as these deaths are classified as
a separate entity. Sudden unexpected death in children is defined as “the death of a child which
was not anticipated as a significant possibility, 24 hours before the death, or where there was a
similarly unexpected collapse leading to, or preceding the events which led to the death”.??
This includes sudden unexpected deaths in infancy and unexpected death in older children.
Sudden deaths in infants are still considered one of the leading causes of infant mortality
worldwide and have also been reported to be an extraordinarily high burden in sub-Saharan
Africa (SSA).% ?* According to Duncan et al.?® for most countries, the rate of sudden
unexplained infant deaths (SUIDs) [or the previously termed sudden infant death syndrome
(SIDS) cases] is reported at approximately 0.2-0.5 per 1 000 live births. The most recent
published incidence rate for South African SUID cases was 1.06 per 1 000 live births for the
white population and 3.41 for infants from the mixed-ancestry population group, respectively.?®

The investigation into SUDIs and child mortality remains a high-priority research area in SA.

2.3 South African legislation pertaining to sudden expected deaths

According to South African legislation, a sudden unexpected death of a person is classified as
an unnatural death. Unnatural deaths are defined in the Regulations Regarding the Rendering
of Forensic Pathology Service R636, drafted in terms of Chapter 11 of the National Health Act
61 of 2003 %/, as:

* “Any death due to physical or chemical influence, direct or indirect, or related

complications.



« Any death, including those deaths which would normally be considered to be a death due
to natural causes, which in the opinion of a medical practitioner, has been the result of an

act of commission or omission which may be criminal in nature; or

*  Where the death is sudden and unexpected, or unexplained or where the cause of death is

not apparent”.

In addition, the so-called procedure related deaths, which are defined by the Health Professions
Act 56 of 1974 (section 56 as amended by the Health Professions Amendment Act 29 of 2007)
as “the death of a person undergoing, or as a result of, a procedure of a therapeutic, diagnostic
or palliative nature, or of which any aspect of such a procedure has been a contributory cause,
shall not be deemed to be a death from natural causes as contemplated in the Inquests Act, 1959

(Act No. 58 of 1959), or the Births and Deaths Registration Act, 1992 (Act No. 51 of 1992).2%
30

These unnatural deaths must be investigated in the medico-legal environment, according to
statutory provisions. It is the duty and responsibility of the forensic pathologist to conduct a
thorough autopsy of these cases in order to determine a cause and mechanism of death. The
Inquests Act 58 of 1959 “provides for the holding of inquests in cases of deaths or alleged
deaths apparently occurring from other than natural causes and for matters incidental thereto.”
According to Section 3, subsection (ss.) of the Inquests Act “if the body of a person who has
allegedly died from other than natural causes is available, it shall be examined by the district
surgeon or any other medical practitioner, who may, if he deems it necessary for the purpose
of ascertaining with greater certainty the cause of death, make or cause to be made an
examination of any internal organ or any part or any of the contents of the body, or of any other
substance or thing”. Additional legislative documents are also available which further aid the
Inquests Act in providing the importance and legal requirements to be met, for the conduction
of a medico-legal autopsy. This includes the National Code of Guidelines for Forensic
Pathology Practice in SA as well as the National Health Act 61 of 2003 and the Regulations
Regarding the Rendering of Forensic Pathology Service R636.%

2.4 Causes of sudden unexpected death

Underlying causes of SUD can be classified according to the anatomical system involved, and
generally divided into cardiovascular causes and non-cardiovascular causes. From a clinical

point of view, this subdivision is a result of the fact that a significant proportion of



cardiovascular causes is of a hereditary nature, whereas non-cardiovascular causes tend to be
less hereditary.'® 31 Non-cardiovascular abnormalities mainly include disease processes of the
central nervous system (CNS), respiratory system, gastrointestinal system as well as the genito-

urinary system.!®

The majority (up to 90%) of SD’s are cardiac-related [termed sudden cardiac death (SCD)],
which can be further divided into cases where structural abnormalities are identifiable at
autopsy, and cases, especially in the young, where the heart is grossly (no anatomical/structural
abnormalities noted at autopsy) and histologically normal.® 32 Coronary artery disease (CAD),
cardiomyopathies and myocarditis are recorded as the cause of death in the majority of the
cases in which identifiable changes are predominant.® In a significant number of cases where
no structural changes are found, a channelopathy, described as an inherited disease of the
cardiac ion channels, is suspected to be the cause of death.® 34 Additionally, some cases
without any evidence of structural cardiac abnormalities might carry cardiomyopathy-related
variants, which are then called ‘concealed cardiomyopathy’. A schematic presentation on a
brief summary of the underlying classification of causes of sudden unexpected death is shown
below in Figure 2.1.

Cardiovascular disease is a leading cause of death and currently deemed a major public health
concern, worldwide. Globally, approximately 17 million cardiovascular deaths are recorded
each year, and given the fact that up to 50% of these are due to SCD’s, the importance and
relevance of this topic cannot be overstated.*® % The consequences of SCD are now considered
to have a greater impact and health burden in terms of life years lost, than all individual cancers

and other leading causes of death combined.*’
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Figure 2.1 Summarised schematic representation on the classification of causes of sudden unexpected

death
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2.5 Sudden cardiac death

Sudden cardiac death is defined by the American Heart Association (AHA) as “the sudden
abrupt loss of heart function in a person who may or may not have diagnosed heart disease
whereby the time and mode of death are unexpected and the death occurs either instantly or

after symptoms appear”.%®

Globally, an approximated 5 million SCD’s are recorded each year, with an estimated 450 000
in the United States of America (USA) alone.® Europe records around 300 000 SCD’s per
annum.*? Various studies report varying incidences of SCD, whether it be attributed to different
age ranges, sizes of study cohorts or different study designs being implemented.
Internationally, the incidence of SCD varies between 15 and 59 per 100 000 persons, which
constitutes up to 20% of all deaths.° It is important to note that these SCD incidences, as well
as the associated causes thereof, also vary between different age groups. It is generally known
that with an increase in age, the incidence of SCD also increases. Sessa et al. reported a SCD
incidence rate of 1 per 1 000 subjects in the 35 to 40 year-age group, and an increased incidence
rate of 2 per 1 000 by the age of 60 years old. For the elderly age group, the reported incidence
rose to 200 per 1000 subjects per year.® Although the vast majority of these deaths include the
elderly, 20% of all deaths in the young (generally between zero and 40 years of age) are still
attributed to SCD.*® The incidence of SCD among children, adolescents and young adults occur
rather infrequently, with a global estimated rate between 1 and 8.5 per 100 000 person years.’
Italy reported an annual incidence rate of 1 per 100 000, Australia a rate of 1.3 per 100 000,
England a rate of 1.8 per 100 00 and Denmark reported a rate of 2.8 per 100 000 person years.”
1541 Japan recorded an estimated 1 500 SCD’s for each year.*? Unfortunately, there are not
enough published reliable data pertaining to SCD in SA. A study conducted by Roman et al.?°
2021, reported on a total of 707 SUD cases, admitted over a one-year period to the Western
Cape Forensic Pathology Service (FPS) Tygerberg, of which the majority were cardiac-related.

Approximately 2,000 young and healthy South Africans die each year as a result of SCD.*3

2.5.1 Causes of sudden cardiac death

The causes of SCD are greatly dependent on the age of the deceased. Although the incidence
of cardiac-related death increases with age, the proportion of SD’s due to an inherited disease
is much higher in the young population.® In individuals over the age of 40 years, ischaemic
heart disease is the most common cause of SCD, whereas in individuals younger than 40,

cardiomyopathies and primary arrhythmogenic disorders (channelopathies) are ranked above
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ischaemic heart and valvular disease, with 75% as a result of the former.3* 4! Thiene® reported
that in 93% of their cardiac-related cases, the mechanism of SCD was arrhythmic, with the
majority ascribed to cardiomyopathies and channelopathies. Furthermore, research have shown
that up to 90% of SCD’s are potentially caused by inherited cardiac diseases, of which

cardiomyopathies and channelopathies are the most prevalent.®: 3¢

Although a large proportion of SCD’s are found to have a clearly stated pathological cause of
death, it is important to note that not all SCD in children, adolescents and young adults have
an obvious cause of death that can be determined at autopsy.** Research has indicated that an
estimated 3% to as high as 53% of these SCD cases have no identifiable abnormal
morphological findings at autopsy and remain unexplained.®* #* Post mortem molecular
screening has diagnosed the above-mentioned channelopathies as a cause of approximately
40% -50% of unexplained SD’s, due to its characteristic absence of structural abnormalities to
the heart.*® Although cardiomyopathies are generally categorised by a structurally abnormal
heart, more and more evidence to the contrary has been reported. Numerous cases of
unexplained SD’s, especially those in infants, which presented with structurally normal hearts
at autopsy, have been shown to carry likely pathogenic variants in cardiomyopathy-related
genes.*¢#8 Although different cardiomyopathies and channelopathies may all result in the same
type of SCD, it is important to remember that each of them represents distinct clinical features,

genetic aetiologies and management strategies.*!

2.6 Cardiomyopathies

Cardiomyopathies are generally described as disorders which affect the myocardium, thereby
leading to both functional and structural abnormalities of the heart.*® Depending on the type of
cardiomyopathy, the myocardium may become hypertrophied, dilated, or more rigid / stiff,
which ultimately leads to heart failure and even SCD. Cardiomyopathy is defined by the
American Heart Association as “a heterogeneous group of diseases of the myocardium, usually

with inappropriate ventricular hypertrophy or dilatation”.*°

Cardiomyopathies can be classified as either primary (genetic, mixed, or acquired causes), or
secondary, where an infiltrative, toxic or inflammatory cause is implicated. They are divided
into five main structural subtypes; hypertrophic cardiomyopathy (HCM), dilated
cardiomyopathy (DCM), arrhythmogenic cardiomyopathy (ACM), and the less common
restrictive cardiomyopathy (RCM) and left ventricular non-compaction cardiomyopathy

(LVNC).* %! The majority of non-ischaemic cardiomyopathies have a genetic aetiology with
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a dominant inheritance, which currently involves more than 100 genes. These genes however
are characteristic of heterogenicity, incomplete penetrance as well as variable expressivity, and

commonly overlap between the different types of cardiomyopathies (Figure 2.2).%2

MYBPC3

MYH7
TNNT2

Figure 2.2. Overlap of genes associated with cardiomyopathies. Each of the three circles demonstrate
the most prevalent genes associated with its respective cardiomyopathies. The blue circle illustrates
the 10 most prevalent genes associated with hypertrophic cardiomyopathy, overlapping with 14 genes
mostly representing dilated cardiomyopathy (shown in pink). The green circle shows 11 prevalent
genes associated with arrhythmogenic cardiomyopathy, overlapping with genes in the blue and pink
circle.®
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2.6.1 Hypertrophic cardiomyopathy

Hypertrophic cardiomyopathy is considered the most prevalent inherited cardiac disease,
commonly associated with hypertrophy of the ventricular walls and / or septum of the heart.>!
An estimated prevalence of 1 in every 500 individuals has been reported.’' Although HCM-
diagnosed patients generally receive a good prognosis, a significant number of cases however
experience life-threatening complications, such as SCD and end-stage heart failure.* Although
the exact mechanism of HCM-related SCD’s remain poorly understood, abnormalities in the
myocardial structural design are said to play a role in both left ventricular (LV) modelling and
arrhythmogenesis. Morphological expression of the disease does vary, with some affected
individuals experiencing symptoms from an early age, whereas others may live

asymptomatically for decades.>

Hypertrophic cardiomyopathy can be defined as “a genetic disorder of cardiac myocytes that
is characterized by cardiac hypertrophy, unexplained by the loading conditions; a nondilated
left ventricle; and a normal or increased ejection fraction”.>® At a cellular level, three different
groups of distinct features can be observed, namely the disarray of cardiomyocytes and
myofibrils, intramural microvasculature abnormalities, and interstitial fibrosis.>! The disarray
of cardiomyocytes, which is patchy and not localised to a specific area, present with
hypertrophied myocytes of unusual shapes, with abnormal connections and alignment. The
disarray of myocytes has particularly been observed in patients who died at a relatively young
age.>* Where abnormalities of the microvasculature are concerned, a reduction in arteriolar
density and small vessel dysplasia will be evident, with a reduced luminal cross-section area.>*
Myocardial fibrosis may vary in its degree of scarring and interstitial fibrosis and differs from
the fibrosis observed in DCM.>* These abnormalities can result in diastolic dysfunction,
impaired coronary reserve, atrial fibrillation, ventricular arrythmia, heart failure and SCD.
Symptoms of the disease may include syncope, exercise intolerance, chest pain, shortness of
breath and dizziness.*” Figure 2.3 and 2.4 shows images of hypertrophic cardiomyopathy

detected at autopsy and the histological examination thereof.
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Figure 2.3. Hypertrophic cardiomyopathy of the heart at autopsy. At autopsy, the examination of an
HCM-diagnosed deceased individual’s heart reveals a left ventricle with marked hypertrophy.
Asymmetric bulging of a large interventricular septum into the left ventricle chamber can also be

observed.”’

D
Figure 2.4. Histopathology of an HCM-diagnosed heart. Slide A shows hyperchromatic nuclei of

cardiomyocytes. B shows interstitial diffuse fibrosis where bundles of collagen surround the
cardiomyocyte individually. Slide C reveals perivascular fibrosis spreading radially around capillaries
and small arteries. D shows replacement fibrosis characterised by areas of fibrosis not considered to

be an infarct.>®
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2.6.1.1 Genetic profile of hypertrophic cardiomyopathy

Hypertrophic cardiomyopathy is an autosomal dominant inherited cardiac disease,
characterised by genetic heterogeneity.” Studies have shown a link between HCM and genetic
variants in genes encoding for sarcomere and sarcomere-associated proteins.> % Up to 60% of
HCM-patients demonstrate a clear recognisable familial disease.’®- % Numerous genes have
been associated with HCM, however only nine of them are consistently implicated in research
studies.’* 3¢ Approximately 50% of HCM-linked variants are identified in the p-myosin heavy
chain (MYH?7 gene) and myosin-binding protein C (MYBPC3 gene).’® ¢! Approximately 10%
of HCM-variants can be found in TNNT2, TNNI3 and TPM1, whereas ACTCI, MYL2, MYL3
and CSRP3 occasionally reveal variants.’® ¢! Table 2.1 shows a list of the nine most common
genes identified with HCM-related variants. The majority of pathogenic HCM-variants are
missense, followed by insertions and deletions (INDELS).* ¢! The effects of such variants
may include direct effects on protein structure, impairment of signalling pathways as well as

inactivation or activation of signalling pathways.®

Table 2.1. List of the nine most prevalent genes identified with variants associated linked to
hypertrophic cardiomyopathy. %

Gene Protein name
MYH7 B-myosin heavy chain
MYBPC3 Myosin-binding protein C

TNNT2 Troponin T type 2
TNNI3 Troponin I type 3
TPM1 Tropomyosin a-1 chain
ACTCI Actin o cardiac muscle 1
MYL2 Myosin light chain 2
MYL3 Myosin light chain 3
CSRP3 Muscle LIM protein
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2.6.1.2 Clinical diagnosis and treatment of hypertrophic cardiomyopathy

The diagnosis of HCM mainly involves minimally invasive techniques. Two-dimensional
doppler echocardiography and magnetic resonance imaging (MRI) are useful imaging
techniques to measure the left ventricular (LV) wall thickness, where a measurement of > 15
mm are indicative of HCM.>®> Assessments on ventricular dimensions, systolic and diastolic
function and mitral valve function also prove to be valuable.’® Genetic screening may diagnose
at-risk family members unaware of having the disease. The main goal of treatment is to relieve
symptoms and prevent SCD.®* Medication may include B-blockers, calcium channel blockers,
heart rhythm drugs (Amiodarone) and blood thinners such as Warfarin.®> An implantable

cardiac defibrillator (ICD) may be recommended in patients with severe HCM.>> 63

2.6.2 Dilated cardiomyopathy

Dilated cardiomyopathy is a disorder of the heart muscle, whereby the ventricles of the heart
become thin and stretched, leading to enlarged and weakened ventricles and thus a reduced
ability to pump blood.”? It is the leading cause of both heart failure and need for
transplantations, with an estimated prevalence of 1 in every 250 individuals.®*
Approximately 10 000 deaths, as a result of DCM, and 46 000 hospitalisations are recorded
annually in the USA.%* Although DCM can present with a clinical syndrome of systolic heart
failure, other manifestations have increasingly been reported, including cardiac arrhythmias

and SCD. The absence of any clinical symptoms is also not uncommon in DCM-patients.5

Dilated cardiomyopathy can be defined by “the presence of LV or biventricular dilatation and
systolic dysfunction in the absence of abnormal loading conditions (hypertension, valve
disease) or coronary artery disease sufficient to cause global systolic impairment”.®> Concerns
regarding this definition have been raised, due to the increase in evidence of patients having
long preclinical phases, with no clinical symptoms and only minor cardiac alterations. A new
definition, by updating the diagnostic criteria for family members of HCM-patients, has been
proposed by the European Society of Cardiology (ESC) working group on myocardial and
pericardial diseases. This new definition creates a category for hypokinetic non-dilated
cardiomyopathy (HNDC), which reads as follows: “Left ventricular or biventricular global
systolic dysfunction without dilatation (defined as LVEF <45%), not explained by abnormal
loading conditions or coronary artery disease”.%> Although it almost always present late in its
clinical course, DCM results in a reduced systolic function due to myocardial remodelling,

which furthermore results in an increase in end-systolic and end-diastolic volumes. In case of
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progressive dilation, insufficiency of both the tricuspid and mitral valve can occur, which will

increase the stress on the ventricular walls, thereby lowering the ejection fraction even more.5

Gross pathology of the heart of a DCM-diagnosed patient may appear globular-shaped with
ventricular or four-chamber dilation. Generally, the heart weight will be increased, with normal
or reduced LV wall-thickness.’® Histological features of the myocardium may reveal
hypertrophy of the myocytes with enlarged and irregular hyperchromatic nuclei.’® Mild
interstitial fibrosis and perivascular fibrosis may also be observed. The presence of focal
interstitial lymphocytes and macrophages, without myocyte damage, has also been observed.*
Figure 2.5 illustrates the gross pathology, at autopsy, of the heart of a SCD victim who’s cause
of death was DCM. Figure 2.6 shows three common histopathological features observed in the

myocardium of a DCM-patient.

Figure 2.5. Gross pathology of the heart observed at autopsy of a sudden cardiac death due to dilated
cardiomyopathy. Cardiomegaly and dilation of the heart chambers were noted, with fibrosis noted in
the papillary muscle.®’
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Figure 2.6. Histological examination of the myocardium of a DCM-diagnosed heart. A) Hypertrophic
myocytes with enlarged irregular, hyperchromatic nuclei can be observed. B) Focal interstitial fibroses.
C) Lymphocyte infiltration.*®

Causes of DCM can be classified as either primary or secondary, of which all affect the
ventricular function by some degree. Numerous causes of secondary DCM have been
identified, including ischaemic disease, infectious myocarditis, hypertension, medication-
induced and alcohol-induced.’® % Peripartum DCM is also considered to be secondary to
complications experienced during the last months of pregnancy.®® Contrary to secondary DCM,
primary DCM is generally associated with an unknown cause, which is then termed idiopathic
DCM. The majority of DCM cases are deemed idiopathic, accounting for at least 50% in the
adult population, with an even higher incidence observed in children.> However, research has
shown that most idiopathic DCM cases are in fact caused by genetic variants in genes linked
to DCM.® The genetic aetiology behind DCM is commonly underestimated, although familial

studies have proven that up to 50% of idiopathic cases are inherited.>% 8
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2.6.2.1 Genetic profile of dilated cardiomyopathy

Dilated cardiomyopathy demonstrates an autosomal dominant inheritance pattern, with genetic
overlap between other cardiomyopathies, especially that of HCM.®® Variants linked to DCM
have been identified in more than 80 genes, encoding a wide range of proteins involving the
sarcomere, cytoskeleton, nuclear lamina, desmosomal complexes, ion channels as well as
transcription factors.’!%° Variants in these genes result in numerous negative effects, including
on the mechanism of muscle contraction, the functioning and sensitivity of ion channels to
cellular homeostasis and the generation transmission of the mechanistic force in the
myocardium.’® Although such a large range of genes are implicated in familial DCM, studies
have shown an accumulation of LP variants, linked to DCM, in 12 different genes.> %® Table
2.2 provides a list of these 12 genes. The TTN gene, encoding a sarcomeric protein, is the most
prevalent gene associated with DCM, with approximately 25% of patients identified with such
a variant.”®> Both LMNA and SCNS5A-variants are linked to an increase in life-threatening

ventricular arrhythmias and SD.%* 68

Table 2.2. List of the 12 most prevalent genes implicated in dilated cardiomyopathy.®

Gene Protein name
TTN Titin
BAG3 BCL-associated athanogene 3
LMNA Lamin A/C
TNNT?2 Troponin T2
PLN Phospholamban
SCN5A4 Sodium voltage-gated channel a-subunit 5
RBM20 RNA-binding motif protein 20
MYH7 B-myosin heavy chain
FLNC Filamin C
TNNCI1 Troponin C1
DES Desmin
DSP Desmoplakin
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2.6.2.2 Clinical diagnosis and treatment of dilated cardiomyopathy

Individuals suffering from DCM may experience symptoms such as paroxysmal nocturnal
dyspnoea, orthopnoea, chest pain, leg swelling, shortness of breath and palpitations.®® The
diagnosis of DCM is based on both a physical examination and the obtainment of a personal
and family medical history. Physical tests can include echocardiography, blood tests, chest x-
ray, electrocardiogram and an MRI. Genetic testing may also be requested.®> ®® Treatment is
available, which highly depends on the cause of DCM. The goal of treatment is to relieve
symptoms and prevent further heart damage. Medications such as B-blockers, diuretics,
Digoxin, and anticoagulants can be described.”! Some cases may necessitate ICD or pacemaker

implantation, and in the event of severe heart failure, a cardiac transplant may be required.’": ”2

2.6.3 Arrhythmogenic cardiomyopathy

Arrhythmogenic cardiomyopathy (ACM), also known as arrhythmogenic right ventricular
cardiomyopathy (ARVC), is an inherited cardiac disease categorized by progressive fibrofatty
replacement of the myocardium in either the right, left, or both ventricles.”> ™ With a
prevalence ranging between 1 in 2 500 to 1 in 5 000 in the general population, it has been
shown to affect more men than women, especially young competitive athletes.” Although the
disease was first characterised by structural changes of the RV, with or without LV involvement,
left dominant arrhythmogenic cardiomyopathy has increasingly been identified, which led to
the preferred use of the term ‘ACM’.>!: 7 Fibrofatty replacement in the myocardium results in
the impaired transmission of electrical signals through the heart, ultimately causing heart
rhythm disorders in ACM patients.”” A decrease in heart function may also occur, which can
lead to an increased risk of heart failure. Disease expression is variable, with a lack of
symptoms and an increased prevalence of SCD, often documented.’”®”® During early stages of
the disease, structural changes to the myocardium may be absent, or subtle, which will be more
confined to a localised area of the RV.”* Called the “triangle of dysplasia”, this localised area
generally involves the inflow and outflow tract, as well as the apex of the heart.”” Histological
examination of the triangle of dysplasia typically shows fatty infiltration, fibrosis and myocyte

loss (Figure 2.7).
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Heart weight: 498 g
LV thickness: 10 mm
RV thickness: 2 mm

Figure 2.7. Macroscopic and microscopic examination of an ACM-diagnosed heart. A) Macroscopic
examination at autopsy shows a cross section of the heart near the apex and the immediate above segment.
Marked epicardial adipose infiltration with a thick epicardial band at the left ventricle is observed. B and C
shows microscopic images of the posterior and lateral wall of the left ventricle, respectively, illustrating
subepicardial fibrofatty infiltration with different amounts of fibrosis. D illustrates the right ventricle with mild
lipomatosis in the external third myocardium without degeneration or replacement fibrosis. E shows myocyte
degeneration.”®

2.6.3.1 Genetic profile of arrhythmogenic cardiomyopathy

Inherited arrhythmogenic cardiomyopathy is caused by variants in genes encoding structural
components of cardiac desmosomes and adherens junctions, which provide both functional
and structural integrity of cardiomyocytes.’® Although desmosomes play an intergral role in
cell to cell binding, evidence have shown its role in regulating electrical channels and cell
signalling as well.” Desmosomes, together with adherens junctions and gap junctions, form
important intercalated discs (Figure 2.8) which connect adjacent cardiomyocytes, and is
critical in maintaining mechanical and electrical connections for proper cardiac contraction.?®
81 Variants in genes encoding these proteins have all been linked to cardiac arrhythmias,

syncope and SCD.”®
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Figure 2.8. Graphical illustration of an intercalated disc between adjacent cardiomyocytes. The three protein
components (desmosome, adherens junction and gap junction) form an intercalated disc which is responsible
for the connection between two adjacent cardiomyocytes.®

Research studies have associated ACM with variants most commonly identified in 13 different
genes (Table 2.3), of which the majority (up to 80%) occur in desmosomal genes.?* # The
desmosome comprises of five major desmosomal proteins, including plakophilin-2,
desmoplakin, desmocolin-2, desmoglein-2 and plakoglobin, encoded by PKP2, DSP, DSC2,
DSG2 and JUP, respectively.”” 8! Both desmocolin-2 (DSC?2) and desmoglein-2 (DSG2) are
transmembrane molecules and members of the cadherin family, responsible for cellular
adhesion at desmosomal junctions.”® Armadillo proteins, encoded by JUP and PKP2, are

linkers in the desmosome-intermediate filament complex, which are also involved in signalling
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pathways and modulation of cell behaviour.”® Finally, desmoplakin (DSP; a member of the
plakophilin-linker family), serve as a linker between plakoglobin and the intermediate filament
complex.”® Non-desmosomal genes include DES, TMEM43, CTNNA3, LMNA, TTN, PLN,
TGFB3 and SCN5A.7® The DES gene codes for the main intermediate filament (desmin) in
cardiomyocytes. Transforming growth factor -3, a cytokine encoded by TGFB3, plays an
important role in both cell adhesion and expression of desmosomal genes.”® Transmembrane
protein 43 (TMEM43) may play a role in the adipogenic pathway and be responsible for
myocardial fibrofatty replacement. The CTNNA3 gene codes for a molecule critical in

maintaining tissue dynamics.”®

Table 2.3. List of the 13 most prevalent genes implicated in arrhythmogenic
cardiomyopathy.®?

Gene Protein name
PKP2 Plakophilin-2
DSP Desmoplakin
DSC2 Desmocolin-2
DSG2 Desmoglein-2
JUP Plakoglobin
TMEM43 Transmembrane protein 43
TGFB3 Transforming growth factor -3
CTNNA3 Catenin a-3
DES Desmin
LMNA Lamin A/C
TTN Titin
PLN Phospholamban
SCN5A4 Voltage-gated type 5 a-subunit
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2.6.3.2 Clinical diagnosis and treatment of arrhythmogenic cardiomyopathy

Symptoms of ACM may include occasional or rapid palpitations, dizziness, arrhythmia,
shortness of breath, chest pain and syncope.”>7* The diagnosis of ACM uses a set of major and
minor criteria, based on structural, histological, ECG, arrhythmia, and familial/genetic features
of the disease, which were proposed and updated in 2010 by an International Task Force.”’
Physical examination may include an ECG, chest X-ray and two-dimensional
echocardiography. A full family medical history, complimented with genetic testing of at-risk
family members, is also recommended.”* "’ The main goal of treatment is to alleviate symptoms
and prevent further progression of the disease. Treatment can include the use of various
medications, including angiotensin-converting enzyme (ACE) inhibitors, antiarrhythmic
medication, B-blockers, anticoagulants, and blood thinners. Some cases may require catheter

ablation or implantation of an ICD.”* #2

2.7 Primary arrhythmogenic disorders (channelopathies)

Channelopathies, characterised by a lack of structural changes to the heart, are generally
described as inherited arrhythmogenic disorders, associated with isolated electric
dysfunction.*!-34 This dysfunction is caused by variants in genes encoding cardiac ion channels
and regulatory protein receptors, which are involved in the ionic control of the cardiac action
potential.*> 85 The cardiac action potential, which is generated by the activation and
deactivation of ion channels, is responsible for the coordination between heart expansion and
contraction and is therefore essential for proper heart function.®® Ion channels are multimeric
transmembrane proteins, consisting of pore-forming a-units and regulatory B-subunits, present
in every cell type.!” The continuous flux of ions across the plasma membrane, and the
membranes of intracellular organelles, are carefully regulated through the ion channels.®”-38 All
the basic cellular and tissue processes like transepithelial transport, hormone secretion as well
as muscle cell contraction depend on ion channel function, which in turn is largely affected by
membrane potential and trans-axonal ionic concentration.® Ionic fluxes result in electrical
currents across the membranes and determine the transmembrane electric potential differences,

which is responsible for the initiation of cardiac action potentials.5% %

Although ion channels are expressed in all tissue and organ cells throughout the body, the most
recognized channelopathies are found to exist in neuro-muscular and cardiovascular disorders.
This can be explained by the primordial roles the excitable cells, containing the voltage-gated

ion channels, play in these two systems.®® In the heart, the voltage-gated ion channels,
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conducting Na*, K* and Ca?'- ions, play a major role in generating the action potential which
coordinates the contraction of the upper and lower chambers of the heart, therefore maintaining
a normal heart rhythm.®® Disturbances in this regulated electrical-contraction pattern lead to
unregulated electrical impulse propagation, with subsequent uncoordinated muscle contraction,
ultimately resulting in a loss of pumping action.®® A link between many human diseases and
the dysfunction of ion channels (channelopathies) has been established, either as a result of
genetic variants or acquired malfunctions of ion channels.”® Figure 2.9 illustrates the role of
cardiac ion channels in generating an action potential, as well as the negative effect a
channelopathy has on the coordination of an action potential, and subsequently - the rhythm of

a heartbeat.

Genetic variants linked to channelopathies are commonly identified in genes which code for
the pore forming alpha subunit and regulatory proteins, such as enzymes or beta subunits,
which in turn regulate the alpha subunit.?*°! Variants in hundreds of genes have been linked to
channelopathies, and proved to predispose a person to the development of life-threatening
arrthythmias and sudden death.’” In fact, studies have shown that genetic alterations in
channelopathy-related variants may account for up to 50% of unexplained SUD, especially in

the young.’> *3

The three most prevalent and epidemiologically relevant cardiac
channelopathies, of which the majority of these variants are linked to, include long QT
syndrome (LQTS), catecholaminergic polymorphic ventricular tachycardia (CPVT) and

Brugada syndrome (BrS).%" 894
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Figure 2.9. Summarised output of different types of ion channels leading to a cardiac action potential

A) lllustrates the different states of the Na*, K*and Ca%*-channels during each of the four phases of a cardiac action potential.
B) Normal cardiac action potential. Phase 4 shows all gated Na* and Ca?* channels are closed, while the K* channel remains
open, creating a resting state with a membrane potential of -90 mV; phase 0 illustrates the depolarizing phase as a result
of Na*-influx due to the opening of these channels, causing the membrane potential to become rapidly positive at 40 mV;
phase 1 shows the inactivation of the Na*-channels and the opening of the K*-channels during the repolarizing phase,
resulting in the membrane potential to return negative due to the efflux of K*-ions; phase 3 illustrates the hyperpolarizing
phase created by the influx of Ca?* whilst the K*channels remain open and the Na*-channels remain inactivated, resulting in
the membrane potential to become slightly more negative before returning to the resting membrane potential. C) Illlustrates
an abnormal (prolonged) cardiac action potential as a result of variants in a gene encoding a LQTS-relates channel, ultimately
affecting the normal heart rhythm (in this case LQTS).»

2.7.1 Long QT syndrome

Long QT syndrome is an inherited primary arrhythmogenic disorder, characterised by
prolonged cardiac repolarisation, which causes syncope, seizures and sudden death.”® It mostly
occurs in young and apparently healthy individuals, and is considered the most prevalent
channelopathy and leading cause of sudden death in the young.’”> *® The most common
characteristic of LQTS is represented by a delayed repolarization of the ventricular cells.”® This
is attributed to either a result of the reduction in repolarizing (outward) currents, or an increase
in depolarizing (inward) currents, and is associated with ECG manifestations of prolonged QT

intervals, and T wave abnormalities.”®
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There are three main gene-specific triggers of LQTS manifestations, which include emotional
stress, physical stress and rest/sleep without arousal.’’> °® It is a genetically heterogenous
condition, with the majority of LQTS cases inherited in an autosomal dominant manner.®” %’
The less common recessive forms of LQTS are associated with severe cardiac phenotypes and
congenital deafness.”” The prevalence of inherited LQTS is estimated to be 1 per every 2,000
individuals.®® However, reports have indicated that this might be an underestimation, given the
heterogeneity of the disease leading to a miss-diagnosis in approximately two thirds of LQTS
patients.®® °® In addition, an estimated 10-35% of patients present with a normal QT interval
when measured on a resting 12-lead ECG.?® This further contributes to the underestimated
prevalence of inherited LQTS in the general population.’® % The onset of symptoms usually
occurs at a mean age of 12 years. Earlier onset of symptoms is typically associated with more

severe outcomes.’® 101

2.7.1.1 Genetic profile of long QT syndrome

To date, a significant number of genetic variations, which varies between published literature,
have been associated with LQTS.?” Approximately 60-75% of clinically diagnosed patients test
positive for variants in either one or more of the 17 different genes associated with LQTS.!%

192 A list of these 17 genes is provided in Table 2.4 below.

Table 2.4. List of the 17 different genes associated with long QT syndrome.!"?

Gene Protein name
AKAPY9 A-kinase anchoring protein 9
ANK?2 Ankyrin 2
CACNAIC Calcium voltage-gated channel, subunit a1C
CALM1 Calmodulin 1
CALM?2 Calmodulin 2
CALM3 Calmodulin 3
CAV3 Caveolin 3
KCNEI Potassium voltage-gated channel, subfamily E, regulatory
subunit 1
KCNE?2 Potassium voltage-gated channel, subfamily E, regulatory
subunit 2
KCNH?2 Potassium voltage-gated channel, subfamily H, member 2
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Gene Protein name
KCNJ2 Potassium voltage-gated channel, subfamily J, member 2
KCNJ5 Potassium voltage-gated channel, subfamily J, member 2
KCNQI Potassium voltage-gated channel, subfamily Q, member 1
SCN4B Sodium voltage-gated channel B-subunit type 4
SCN5A4 Sodium voltage-gated channel a-subunit type 5
SNTAI Syntrophin a-1

TRDN Triadin

Studies have shown that three major genes are responsible for 75-90% of these variants: the
potassium voltage-gated channel subfamily Q member 1 (KCNQI), the potassium voltage-
gated channel subfamily H member 2 (KCNH2) and the sodium voltage-gated channel o-
subunit type 5 (SCN54) gene.’®°7 Loss-of-function variants in KCNQI, encoding for the ion
channel which mediates the Ixs potassium current, cause long QT type 1 (LQT1) syndrome.”®
192 The majority of arrhythmias experienced in LQT]1 patients are triggered by exercise related
stress.”® %8192 [oss-of-function variants in KCNH2, encoding for the ion channel generating the
Ix: potassium current during repolarization, cause long QT type 2 (LQT2) syndrome.!** In
LQT?2 patients the majority of events are triggered by emotional stress.’® %2 Gain-of-function
variants in SCN54, encoding the sodium channel which generates the depolarizing Ina sodium
current, cause long QT type 3 (LQT3) syndrome.’” '? The cardiac events in LQT3 patients,
which is considered the most lethal among LQTS, occur during a period of sleep/rest and are
also associated with cases of SIDS.%- 192 The higher lethality rate can be best shown by the 20%
increased risk of sudden death presenting as the first clinical manifestation in LQT3 patients,

vs. the 4% risk among LQT1 and LQT2 patients.?* 192

All three genes code for ion channel subunits which are involved in the generation of the cardiac
action potential of the ventricular myocytes.”” ¥ Gene-suggestive ECG patterns for the three
major types of LQTS have been described, although it does not serve as a pre-genetic test
prediction.®’ Figure 2.10 illustrates the association between broad-based T waves and LQT1,
notched or biphasic T waves and LQT?2 and a long isoelectric segment followed by a narrow-

based T wave associated with LQT3, recorded on an ECG.!*
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Figure 2.10. Comparison of ECG patterns between a normal QT interval and the three most common
types of long QT syndromes. A) Shows an ECG pattern of a LQT1 patient, characterised by prolonged
QT intervals associated with a broad-based T-wave. b) Shows an ECG pattern of a LQT2 patient,
characterised by low amplitude and notched T-waves. C) Shows an ECG pattern of a LQT3 patient,
characterised by long ST-segments with a late-appearing T-wave.®

2.7.1.2 Diagnosis and treatment of long QT syndrome

Long QT syndrome patients may experience symptoms such as palpitations, syncope, seizures
and SCD.”® A clinical diagnosis of LQTS is based on a personal and family medical history as
well as 12-lead ECG of the patient. The duration of the heart-rate corrected QT (QTc) interval
in unaffected individuals measures between 350 ms and 440 ms.”® °7 Patients diagnosed with
LQTS generally present with a prolonged QT interval above 470 ms, in combination with the
above-mentioned symptoms, and the absence of other QT prolongation causes.’”>** Numerous
LQTS-patients have a shorter QT interval, which reiterates the importance of a family medical
history.”” Patients diagnosed with LQTS should avoid QT-prolonging medications.’® Treatment

is available to alleviate symptoms and to prevent SCD, and may include B-blockers, which
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have been shown to efficiently suppress cardiac events. Lifestyle changes, such as avoidance
of high-intensity exercises and extremely loud noises, are recommended. The implantation of

ICD’s is also not uncommon in patients diagnosed with LQTS.%% %%

2.7.2 Brugada syndrome

Brugada syndrome (BrS) is a widely recognised inherited arrhythmogenic disorder, associated
with a high risk of life-threatening cardiac arrhythmias and SCD.!** 1% This syndrome is
associated with one of three specific abnormal ECG patterns (see Figure 2.11), characterized
by ST-segment elevations recorded in the anterior precordial leads.!® 1% A global estimated
prevalence of three to five per 1 000 people has been reported, with a higher incidence in South
Asian populations.'% 17 Brugada syndrome mostly affects young males, with the risk of lethal
arrythmias highest in the third and fourth decades of life. Approximately 20% of SCD’s, in

which no structural cardiac abnormalities will be noted, can be attributed to BrS.!07-1%?

A) Normal ECG
R

Brugada

\
C) / b

%,/],' g, AASE

Type 1 W Type 2 } Type 3

B)

N

Figure 2.11. The three types of Brugada ECG patterns compared to a normal ECG pattern. A) Normal
ECG pattern. B) Type 1 ECG pattern with pronounced elevation of the J point (indicated by arrow), a
coved-type ST segment with an inverted T wave. C) Type 2 ECG pattern indicating a saddle-back ST
segment elevated by >1mm. D) Type 3 ECG pattern in which the terminal ST segment is elevated
<1mm.°
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Lethal arrhythmias associated with BrS have been shown to originate in the right ventricular
outflow tract (RVOT), starting with a short coupled extra systole, followed by a rapid
polymorphic ventricular tachycardia.!% 1% 1% A5 shown in Figure 2.11 above, type 1 ECG,
which is the only pattern considered to be of diagnostic value, presents with a non-ischaemic
coved-type ST segment elevation (>2 mm) as a result of delayed sodium exit during
repolarization. This ST-segment elevation is also followed by a recorded negative T-wave in
the anterior precordial leads Vi-V3.!19% 1 A type 2 ECG pattern, characterised by a saddle-back
ST-segment elevation (>2 mm) followed by a positive T-wave, as well as a type 3 ECG pattern
with either a coved or saddle-back type ST-segment elevation (<1 mm), are not considered to
be of diagnostic value for BrS.!% 1% The most common clinical manifestations associated with
BrS are syncope, seizures and sudden deaths as a result of ventricular arrhythmias, usually

occurring during a period of rest/sleep.!%% 10

2.7.2.1 Genetic profile of Brugada syndrome

Brugada syndrome is inherited in an autosomal dominant pattern, with incomplete penetrance
and variable expression, currently identified in only 30% to 35% of BrS-diagnosed patients.!!!:
112 Dye to its genetic heterogeneity, up to 24 genes encoding calcium, sodium and potassium
channels, have been linked to BrS. Table 2.5 provides a list of these 24 genes.!?® !l Although
more than 450 different BrS-variations have been identified up to date, the majority (75%) is
found in the SCN5A4 gene and are associated with a loss of function of the sodium channel.!%*
197 Furthermore, DCM-patients carrying SCN5A4 variants, in comparison to other genetic
variants, have been linked with a higher susceptibility to cardiac arrhythmias and an earlier,
more severe onset of symptoms.'® 12 Currently, due to the lack of genotype-phenotype
associations with BrS, the inclusion of genes other than SCN54 in the diagnostic panel is not

recommended.'%% 12
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Table 2.5. List of 24 genes associated with Brugada syndrome.!%®

Gene Protein name
ABCC9 ATP Binding Cassette Subfamily C Member 9
CACNAIC Calcium Voltage-Gated Channel Subunit Alphal C
CACNA2DI Calcium Voltage-Gated Channel Auxiliary Subunit Alpha2
Delta 1
CACNB2 Calcium Voltage-Gated Channel Auxiliary Subunit Beta 2
FGFI12 Fibroblast growth factor 12
GPDIL Glycerol-3-Phosphate Dehydrogenase 1 Like
HCN?2 Hyperpolarization Activated Cyclic Nucleotide Gated
HCN4 Hyperpolarization Activated Cyclic Nucleotide Gated
KCND3 Potassium Voltage-Gated Channel Subfamily D Member 3
KCNE3 Potassium Voltage-Gated Channel Subfamily E Regulatory
Subunit 3
KCNES5 Potassium Voltage-Gated Channel Subfamily E Regulatory
Subunit 5
KCNH?2 Potassium Voltage-Gated Channel Subfamily H Member 2
KCNJS Potassium Inwardly Rectifying Channel Subfamily ] Member
8
PKP2 Plakophilin 2
RANGRF RAN Guanine Nucleotide Release Factor
SCN5A Sodium Voltage-Gated Channel Alpha Subunit 5
SCNI10A4 Sodium Voltage-Gated Channel Alpha Subunit 10
SCNIB Sodium Voltage-Gated Channel Beta Subunit 1
SCN2B Sodium Voltage-Gated Channel Beta Subunit 2
SCN3B Sodium Voltage-Gated Channel Beta Subunit 3
SCN4B Sodium Voltage-Gated Channel Beta Subunit 4
SEMA3A Semaphorin 3A
SLMAP Sarcolemma Associated Protein
TRPM4

Transient Receptor Potential Cation Channel Subfamily M
Member 4
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2.7.2.2 Diagnosis and treatment of Brugada syndrome

Although many patients diagnosed with BrS may remain asymptomatic, typical symptoms
include palpitations, syncope, seizures or SCD, usually occurring under vagal triggers such as
a period of rest and / or sleep.'®> 1% The diagnosis is based on a physical examination along
with a thorough medical history, including that of family members.!'° Diagnostic tests typically
include an ECG (sometimes accompanied with the administration of flecainide),
echocardiography and / or electrophysiological testing and mapping.''® ! The implantation of

an ICD is most effective in alleviating symptoms and preventing SD.!!!

2.7.3 Catecholaminergic polymorphic ventricular tachycardia

Characterised by adrenergic-induced bidirectional and polymorphic ventricular tachycardia, in
the absence of any structural heart disease, catecholaminergic polymorphic ventricular
tachycardia (CPVT) is considered one of the most lethal primary arrhythmogenic disorders,
mostly affecting the young.!!> ' Its prevalence has been estimated at one in every 10 000
individuals, with the first symptoms usually presenting between the ages of four and 12 years
old.!'> "6 However, the onset and presentation of symptoms have been observed in older
patients (40 years of age), as well.!'> Given its rarity in comparison to LQTS, the fact that the
proportion of SCD’s due to CPVT nearly equal those caused by LQTS, the severity and lethality
of this disease cannot be overstated.!!” Research has shown that, without proper treatment, the
mortality rate can rise up to 50% by the age of 35 years.!'> 116 It typically causes exertional
syncope, seizures and sudden death.!!® Tt is heritable in an autosomal dominant manner similar
to LQTS, but different in the fact that CPVT presents with a normal ECG at rest.!!> 16
Ventricular arrhythmias only arise when the heart frequency exceeds 120 to 130 beats per
minute, caused by exercise or catecholamine stress.!!'> ''7 Catecholaminergic polymorphic
ventricular tachycardia-related arrhythmias typically results from delayed after-repolarisations
due to excessive calcium leak from the sarcoplasmic reticulum (SR)."7 8 Figure 2.12 below
illustrates the typical bidirectional ventricular tachycardia of an ECG recording for a CPVT

patient during an exercise stress test.
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A) CPVT

B) Normal

VS.

Figure 2.12. Comparison of electrocardiogram recordings between a normal individual and a patient
diagnosed with CPVT. A) Shows an ECG recording illustrating typical bidirectional ventricular tachycardias in

a CPVT patient during an exercise stress test. B shows a normal ECG recording in a patient without any heart

disease.'®

2.7.3.1 Genetic profile of catecholaminergic polymorphic ventricular tachycardia

Molecular studies revealed that the most common variants linked to CPVT are found in the
ryanodine receptor 2 (RyR2)-encoded cardiac ryanodine receptor/calcium release channel.''
Inherited in an autosomal dominant pattern, this is annotated as type 1 CPVT (CPVT1).!1> 117
The ryanodine receptor is a component of calcium channels found in the membrane of the
smooth sarcoplasmic reticulum, which is in charge of calcium release for electromechanical
coupling.!'* !> The majority of RyR2 variants result in an increase in RyR2 channel function,
causing a greater release of Ca®" ions into the cytoplasm, and an ultimate delay in after-
depolarisation during the action potential.!'> '8 Type 2 CPVT (CPVT2) is considered a rare
form that arises in an autosomal recessive manner, with genetic variants in calsequestrin,
encoded by the calsequestrin2 (CASQ2) gene.!'> Calsequestrin is a calcium storage protein
responsible for the regulation of storage and release of Ca®" ions into the SR. Variations in the
CASQ?2 gene negatively affects the storage of Ca?’, ultimately affecting its release into the
cytoplasm.!!> 18 Approximately 65% of CPVT-diagnosed patients carry one or more variants
in these two genes.!!'® Some studies, although less than 1%, have recorded CPVT-associated

variants in the CALM1 and TRDN genes (Table 2.6).'16- 117
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Table 2.6. List of the four genes associated with inherited catecholaminergic polymorphic
ventricular tachycardia.!'¢

Gene Protein name
CALM1 Calmodulin 1
CASQ2 Calsequestrin

RyR2 Ryanodine receptor 2

TRDN Triadin

2.7.3.2 Diagnosis and treatment of catecholaminergic polymorphic ventricular
tachycardia

Although CPVT patients usually remain asymptomatic, with the first onset of symptom being
a SCD, symptoms such as dizziness, palpitations and syncope may occur.!!” Following the
exclusion of a structural heart disease, along with a normal resting 12-lead ECG, an exercise
stress test may reveal bidirectional or polymorphic ventricular tachycardias on an ECG
recording.!!> !'® Genetic testing may also be recommended.!!® In order to prevent SD, treatment
is critical for all diagnosed patients. Therapeutic medications include B-adrenergic receptor
inhibitors and antiarrhythmics, such as flecainide.!!> In patients with a history of syncope or

cardiac arrest following therapeutic treatment, the implantation of an ICD is recommended.''>:
117

2.8 Importance of molecular screening in sudden unexpected deaths

Forensic molecular biology, also known as forensic molecular pathology, uses a molecular
approach in not only studying, but also diagnosing, the underlying genetic basis of

human disease and death processes.'!?12!

International reports show that no other
scientific discipline has embraced the application of molecular biology techniques for
diagnostic purposes more than the field of forensic science and pathology, particularly
in the medicolegal investigation of SD’s in the young.!'®- 12> Research has established that the
majority (85%) of SD in the young are due to SCD, of which most (75%) are completely
asymptomatic prior to death.” ' Furthermore, approximately 90% of these SCD’s can be

attributed to inherited cardiac arrhythmogenic disorders, such as the previously discussed
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cardiomyopathies and channelopathies.” ' 123 Unfortunately, up to 53% of aforementioned
cardiac disorders cannot be identified at autopsy, and post mortem molecular screening has

proven to be invaluable in determining the cause of death.”> 124

The importance and benefit of such testing has far reaching consequences, beyond establishing
the cause of death.?* 12> Over 95% of inherited cardiac arrhythmogenic disorders are inherited
in an autosomal dominant manner, implicating a 50% chance for first-degree relatives to inherit
the same disease-causing variant.'>> Literature shows an approximate 40% to 50% of family
members of SCD cases test positive for an inherited cardiac disorder.!?® *” Considering the
fact that these family members are often unaware of carrying disease-causing variants, along
with the absence of any symptoms prior to a sudden death, the importance of post mortem
genetic testing in SCD’s cannot be overemphasised.”” 12> The confirmed marked reduction in
mortality associated with the administration of proper treatment, leaves no ethically arguable
justification for allowing potential patients/family members at risk to remain undiagnosed and

untreated.!?> 128

International guidelines have been established with the aim to prevent criticism of case analysis
in the medico-legal setting and protect surviving family members with possible genetic
disorders.'% %3 According to the 2020 published Asia Pacific Heart Rhythm Society / Heart
Rhythm Society (APHR/AHR) expert consensus statement'’, genetic testing should be
implemented in all unexplained SUD’s and all SCD’s suggestive of an inherited
cardiomyopathy. The minimum requirements involve only targeted genetic testing of the
major genes. However, the use of commercial panels consisting of a combination of up to 100
cardiomyopathy and channelopathy genes is becoming more common.'® 23 129 The
improvement in technology and decrease in cost allows for the use of next generation
sequencing (NGS), a high throughput sequencing technology capable of a more rapid and
broader analyses of hundreds of genes.!% 13! As a result, the yield of causative variants in SCD
has increased, however the amount of generated data, and the expertise needed for the analysis

thereof, has become more complex.!*°

2.9 Post mortem molecular screening in South Africa

Cardiovascular disease is one of the leading causes of death worldwide, with a reported
~85% occurring in low- and middle-income countries.>” 37 Cardiovascular disease is not
only the second biggest killer in Africa, but also the mean age of these deaths has been recorded

to be the youngest in the world.?” 132 Considering the heritable nature of these deaths, one of
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the greater health priorities in Africa should be a focus on preventing and treating cardiac
diseases. There are key gaps in the knowledge base, especially on research priorities that focus

on genetic causes of cardiac diseases specific to the African population.®”- 132 133

Approximately 2 000 young South Africans succumb to a SCD each year, with the majority of
these deaths remaining unexplained after a full medico-legal autopsy had been conducted.'3?
No forensic mortuary in SA has implemented post mortem genetic testing yet, with no data
available pertaining to the prevalence and genetic aetiology of SCD’s in the young. As
discussed in this chapter, this has potentially dangerous implications, not only towards family
members at risk, but also forensic pathologists who are mandated to establish the cause and

mechanism of these SD’s.
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Chapter 3
Long QT syndrome and sudden unexpected infant death

This chapter was published as a review article in the Journal of Clinical Pathology (J Clin
Pathol) 2017;70:808-813. doi:10.1136/jclinpath-2016-204199. A pdf copy of this publication

is available as Appendix M.

This chapter followed the editorial style of the J Clin Path.

Abstract

Long QT syndrome (LQTS) is an inheritable primary electric disease of the heart characterised
by abnormally long QT intervals and a propensity to develop atrial and ventricular
tachyarrhythmias. It is caused by an inherited channelopathy responsible for sudden cardiac
death in individuals with structurally normal hearts. Long QT syndrome can present early in
life, and some studies suggest that it may be associated with up to 20% of sudden unexplained
infant death (SUID), particularly when associated with external stressors such as asphyxia,
which is commonly seen in many infant death scenes. With an understanding of the genetic
defects, it has now been possible to retrospectively analyse samples from infants who have
presented to forensic pathology services with a history of unexplained sudden death, which
may, in turn, enable the implementation of preventative treatment for siblings previously not
known to have pathogenic genetic variations. In this viewpoint article, we will discuss SUID,

LQTS and postmortem genetic analysis.
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3.1 Sudden unexpected infant death

In most countries, sudden and unexpected death cases will be referred for routine medicolegal
autopsy. Unfortunately, 70% to 80% of sudden unexpected deaths in infants (SUDIs) will
remain unexplained, even after thorough investigation, which include a detailed postmortem
examination including macroscopic examination with evisceration of all organs and all
ancillary investigations such as histology, microbiology, virology and toxicology.l® The
Centre for Disease Control and Prevention (CDC) estimated in 2016 that 3500 infants die
suddenly and unexpectedly each year in the USA.* A review study conducted in Wales reported
the approximate prevalence of SUDI was 14% of all infant deaths recorded over a 2-year period
(2010- 2012).°> These unexplained deaths were previously defined as sudden infant death
syndrome (SIDS).5*°

In 2013, Byard indicated a possible diagnostic shift in SIDS cases. During the 1990s, the
continued monitoring of diagnostic practices and trends in infant deaths revealed the extent to
which pathologists contributed to this diagnostic shift.!%* An increased awareness of the
infant’s position in relation with many of these sudden deaths enabled the pathologists to
identify more cases of accidental asphyxia in relation to unsafe sleeping environments.
Furthermore, Byard also documented an opposing component of the diagnostic shift, which
involved the subjective reassignment of causes of death.'? A specific trend was detected where
many pathologists refrained from attributing the cause of death to SIDS and rather used terms
such as undetermined cause of death or asphyxia-related death.? Reasons for this shift include
the absence of pathognomonic diagnostic features for SIDS and the insufficient findings that
may be present in cases of accidental or intentional smothering.'?*> Pathologists have rather
taken to determining these deaths as sudden unexplained infant deaths (SUIDs), which are
defined as ‘the death of an infant less than one year of age in which investigation, autopsy,
medical history review and appropriate laboratory testing fail to identify a specific cause of
death. SUID includes cases that meet the definition of sudden infant death syndrome.®

3.1.1 Aetiology of SUID

Studies show SUID occurred more frequently in infants between the age of 2 and 4 months and
rarely after the age of 8 months.3120 Death apparently occurs during periods of sleep,
suddenly and without warning.t” A uniformly accepted triple-risk model was first introduced
in 1994 by Filliano and Kinney, and highlighted the interaction of multiple risk factors that

increase the probability of SUID.#' These risk factors are divided into three groups: a
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vulnerable infant, a critical developmental stage and exogenous stressors.?* Current theories
still suggest that SUID is a complex event and infants may die when risk factors in each of
these groups occur at the same time: a vulnerable infant (which can include an underlying
genetic mutation/predisposition) in a critical developmental stage (peaks at 3 months) with an
exogenous stressor such as asphyxia challenges from unsafe sleeping practices, soft bedding,

the exposure to second-hand smoke as well as bacterial and viral infections.37-22

In the 1990s, there was a decrease in the number of SUID cases, which could probably be
attributed to the introduction of the ‘back-to-sleep’ campaign. However, since then, the SUID
rate has remained stable and is the number one cause of death in postneonatal infants in most
developed countries.>!#1° The large number of published studies strongly suggests that SUID
may be multifactorial and may include metabolic and genetic disorders, as well as deficits in
serotonin receptors in the brainstem,?®?* which motivates for the continuous research into
possibly preventable causes.!>1"® Fortunately, with the rapid development in technology and
continued studies on genetic risk factors, postmortem molecular analysis proved to be an
invaluable tool in determining a possible cause of death in many SUID cases.?

A postmortem genetic study conducted by Wang et al. showed that in their cohort of infants,
African-Americans had the highest risk of dying suddenly, followed by Hispanics and
Caucasians, with the Asian population at smallest risk.?> Arnestad et al suggested an intriguing
hypothesis with regard to possible modulating factors involving specific genetic variants and
the associated ethnicity of the individual.!® Comparing the ethnic/racial differences as
described above with the occurrence of SUIDs indicates that the rate of SUIDs among lower
income/socioeconomic deprived racial and ethnic groups showed an increase compared with
groups within a higher income bracket.!* American Indians, African-Americans, Maoris from
New Zealand as well as Aboriginals in Australia all have a higher incidence of SUID.%'’ No
definitive explanation for this increased occurrence could be found; however, a complex
interaction between genetic and environmental risk factors may be the underlying basis—in

keeping with the triple-risk model.

3.2 SUIDs and channelopathies

Numerous studies have been done on the association of serotonin receptor deficits in
SUIDs.2%827 In addition to serotonin receptor deficits, other studies, which have also received
increased attention over the past few years, have shown that one of the possible preventable

causes of SUIDs is that of inherited, life-threatening cardiac arrhythmic disorders, commonly
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referred to as cardiac channelopathies.?®?8%° These channelopathies, which include long QT
syndrome (LQTS), Brugada syndrome (BrS) and catecholaminergic polymorphic ventricular
tachycardia (CPVT), are a result of pathogenic variants in genes that code for cardiac ion
channels.?>%6.2830 These genes play a role in the cardiac electrical conduction physiology, thus

affecting the normal heart rhythm 831-33

The first evidence pertaining to cardiac conduction disorder in SUIDs is that of Keeton et
al.®* who in 1977 reported on the diagnosis of severe conduction disorders in six cases of acute
life-threatening events (ALTE) in infants. These infants received proper treatment before any
fatalities occurred.3* Data obtained from six separate studies indicate that the overall prevalence
of pathogenic variants in cardiac ion-channel-related genes in SUID victims may be 20%.
These variants seem to have a fatal outcome when coinciding with certain stressors/triggers
such as fever and asphyxia,*®35-3 which is especially relevant when considering that asphyxia
is commonly encountered in SUID especially in a so-called unsafe sleeping environment. The
American National Society of Genetic Counselors,*® Ackerman,®® Michaud et al., 3 Arnestad
et al.!8 and Davis et al.?® all reported that an average of 15% of SUID cases occurred due to
inherited cardiac arrhythmic disorders. It was suggested that the putative cause of death in one
of every five SUIDs may be the result of pathogenic variants in a cardiac ion-channel-related

gene 13,36

The ‘peak’ age of SUIDs is commonly accepted as 3 months.}*17-2% However, in infants
identified with a channelopathy, the age range at time of death varies greatly between each
study cohort, with no peak age of death noted among all the studies. Some recorded a range
between 4 days and 12 months while others recorded median ages at death varying from 2
months up to 6 months.'®2%25 The exact mechanism to which this relatively broad span of age
range can be attributed to is still unknown. It should be kept in mind that the broader definition

of SUID includes all infants up to the age of 1 year.

Some variants in genes linked to the different channelopathies seem to be more prevalent in
certain population groups while rare in others.!% A number of studies indicate a higher
prevalence of certain genetic variants among the Maori population,*1”2° whereas other specific
variants, especially the SCN5A H558R amino acid replacement, are associated with a higher
prevalence in the Caucasian population group.*! In contrast, certain common variants found in

the Hispanic and Asian populations are identified as disease-causing variants in the Caucasian
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population.’® The SCN5A-A572D variant, which has previously been described as disease-

causing, is a common variant found in the Norwegian population.8

3.2.1 Long QT syndrome

The channelopathy that has the strongest link to SUIDs is LQTS.2% LQTS is an inherited
arrhythmogenic disorder associated with the ionic control of the cardiac action potential.
Clinical outcomes include syncope, seizures and sudden death, especially in young and
apparently healthy individuals.> 26 Of note, all LQTS features, including a postmortem

examination that remains unexplained, are similar to SUID.?2¢

LQTS is a genetically heterogeneous condition, with the majority of cases inherited in an
autosomal dominant manner.?® 42 The less common recessive forms of LQTS are associated
with severe cardiac phenotypes and congenital deafness.34>%% The characteristics of LQTS are
represented by a delayed repolarisation of the ventricular cells. This is attributed to the
reduction in repolarising (outward) currents, or an increase in depolarising (inward) currents,
and is associated with ECG manifestations of prolonged QT intervals and T wave
abnormalities.*** The prevalence of inherited LQTS is estimated to be 1 in 2500 live
births.182628 However, reports have indicated that this number might be an underestimation
since the likelihood for a misdiagnosis exists in approximately two-thirds of patients with
LQTS due to the heterogeneity of the disease.!>?>2628 |n addition, an estimated 10%-35% of
patients present with a normal QT interval when measured on a resting 12-lead ECG.** %6 This
further contributes to the underestimated prevalence of inherited LQTS in the general
population.?842-4446 The onset of symptoms usually occurs at a mean age of 12 years, with an

earlier onset of symptoms typically associated with more severe outcomes.*2-4447

To date, a significant number of genetic variations have been associated with LQTS.31848
According to the Human Gene Mutation Database, more than 600 long QT variations have
been identified in several ion-channel-related genes.*® Three major genes are responsible for
75%-90% of these variants: the potassium voltage-gated channel subfamily Q member 1
(KCNQL), the potassium voltage-gated channel subfamily H member 2 (KCNH2) and the
sodium voltage-gated channel type V alpha (SCN5A) gene.**44%0 |oss-of-function variants in
KCNQ1, encoding for the ion channel that mediates the slow delayed rectifying potassium
current (IKs), cause long QT type 1 (LQT1) syndrome. Most arrhythmias experienced in LQT1
patients are triggered by exercise-related stress.31334351 | oss of-function variants in KCNH2,

encoding for the ion channel generating the rapid delayed rectifying potassium current (IKr)
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during repolarisation, cause long QT type 2 (LQT2) syndrome.* 4" In LQT2 patients, the
majority of events are triggered by emotional stress.*>*44” Gain-of-function variants in SCN5A,
encoding for the sodium channel that generates the depolarising INa sodium current, cause
long QT type 3 (LQT3) syndrome.*?43°2% The cardiac events in LQT3 patients, which are
considered the most lethal among LQTS, occur during a period of sleep/rest and have been
reported in SUID cases.?264453 The higher lethality rate can be best explained by the 20%
increased risk of sudden death presenting as the first clinical manifestation in LQT3 patients
versus the 4% risk among LQT1 and LQT2 patients,204344

3.2.2 Long QT syndrome and SUID

Of all the channelopathies, LQTS is the most prevalent disorder associated with
SUIDs32026:55%6 g5 well as sudden death in the young.?8335758 postmortem genetic testing in
SUID cases demonstrated that 13.9% of cases with identified variants in the LQTS genes have

pathogenic clinical significance.'?

A large population-based study conducted on the clinical association between a prolonged
QT interval in ECGs and an increased risk of SUID analysed 33 034 ECGs of healthy Italian
babies, which were taken on the third or fourth day of life.3! In each case, the QT interval was
measured and the infants were followed for 1 year. In total, 34 infants died, of which 24 deaths
were attributed to SUID (incidence of 0.7 per 1000 live births).3* A prolonged QT interval was
recorded in 12 of the SUID cases (50%), whereas none of the survivors, or infants who died of
other causes, demonstrated a prolonged QT interval.®! As a result, Schwartz et al** calculated
the OR for SUID in infants with a prolonged QT interval as 41, an OR significantly higher than
that of prone posture and maternal smoking.*3

A more recent follow-up study on the association of LQTS with an increased risk for SUID
involved a comprehensive 19-year prospective review of ECGs, which were recorded between
15 and 28 days of life in more than 44 000 infants.*® Molecular screening was performed in 28
infants who presented with a marked QT interval prolongation, which showed that 14 of these
infants (50%) were carriers of potentially pathogenic LQTS-related variants.>® All neonates
who presented with a prolonged QT interval received successful treatment with a -blocker

(propranolol).®

An association between LQTS variations and SUID victims has been recognised by two
well-known case studies:>®%° one on a SUID case and the other on an infant with documented

ventricular fibrillation who survived an ALTE. These two studies ultimately paved the way for
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other cohort studies on SUIDs.>®%° One study showed a 5.2% prevalence of LQTS causing
variations in a study cohort of 68 SUID cases.*® Another study, composed of 201 SUID cases
and 187 controls, found that 9.5% (95% CI 5.8 to 14.4) of SUID cases carried functional LQTS
pathogenic variations, whereas none of the controls did.'® A third study, conducted by Wang
et al, 25 identified variants of probable pathogenic significance in 19 of 141 SUID cases
(13.5%).

Long QT type 3 syndrome seems particularly important in SUID cases as studies
demonstrated a link between SUID and a predominance of SCN5A gene variants, 181953546162
In three different studies, molecular screening identified pathogenic variants linked to LQTS
in a number of SUID cases, where variations in the SCN5A gene comprised respectively 50%,
68.4% and 50% of all identified variants.?®52%2 This could be ascribed to the known genotype—
phenotype correlations that suggest patients with LQT3 (SCN5A) variants may experience a
higher lethality rate, mostly occurring during sleep, compared with patients who have variants

in other genes involved in LQTS,18:2064

The SCN5A gene is a member of the voltage-gated sodium channel family, with at least nine
sodium channel a-subunits in this family identified from various human tissues.?®3261 The
genomic location of SCN5A is on the short arm of chromosome 3 at position 21 (3p21).5 It
consists of 28 exons with an approximate span of 80 000 base pairs (80 kb).3324161 The SCN5A
gene encodes for a protein (sodium (Navl1.5) ion channel poreforming a-subunit) of 2016
amino acids with a calculated molecular weight of 227 kDa.®> % The voltage-gated Na+
channel a-subunit contains six transmembrane-spanning segments (S1-S6) found within each
of four homologous domains (DI- DIV).28325283 |t js restrictively expressed in the myocardium
and plays a critical role in heart excitability and conduction.?®32%¢ The integral membrane
protein produces the fast inward Na+ current that is responsible for the depolarising phase of
the cardiac action potential.*>?846 Variations of this gene cause a persistent Na+ current with a
subsequent prolongation of the ventricular action potential, essentially resulting in an inherited
predisposition to ventricular arrhythmias and sudden death, seen in several cardiac diseases,
including LQT3.29546567

3.3 Postmortem genetic testing and SUID

Postmortem genetic testing is increasingly being recommended as a routine procedure in the
investigation of any sudden unexpected death.?>2568.5% Sydden death is often the sentinel event

of 10%-40% of LQTS, as most genetic variant carriers are unaware that the disease is
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present.?®%°-"! The importance of postmortem genetic testing lies not only in determining the
cause of death at autopsy but also serves as a diagnostic tool in identifying relatives (of the
deceased) at risk for the same inherited genetic disorder.?52%% Qver 95% of cardiac genetic
disorders (in the general population) are inherited as an autosomal-dominant trait.%
Furthermore, the risk for subsequent siblings dying from SUID is reported to be between 3.7-

fold and 10-fold (although this is regarded as controversial by some).?

Various treatment modalities for channelopathies are available, with the three most
common/effective being that of B-adrenergic blockers, antiarrhythmic agents and the use of
implanted device therapy.'*?53 Although B-adrenergic blockers are still considered the first
line of therapy in LQTS, a lower efficacy in treatment for SCN5A variant-associated LQTS has
been reported.’®>?® Evidence obtained from both clinical and in vitro settings suggests a
successful counteraction of mexiletine against the aberrant persistent Na+ current, which
ultimately shortens the QT interval in SCN5A pathogenic variation carriers.?253 In addition,
flecainide also proves to shorten QT intervals in many SCN5A pathogenic variation carriers;
however, concerns regarding the safety of this specific therapy have been raised.'®2863
Quinidine and sotalol, both class Ill-type antiarrhythmic agents, proved to be beneficial to
patients diagnosed with BrS.*328 Patients with LQTS and BrS seem to benefit significantly
from implantable defibrillators, whereas patients suffering from conduction disorders were

managed successfully with pacemaker implantation as treatment option, 3285263

The profound value of existing treatment for these arrhythmic diseases may be best
portrayed by Wilders’ comparison of two similar case studies and their associated clinical
outcomes.*3 Both cases involved neonates with documented arrhythmias and a prolonged QT
interval, though only one of the cases received treatment on presentation of clinical
symptoms.*372 The first case was reported by Southall et al’2 on a neonate who presented with
arrhythmias in utero and bradycardia for the first 9 days of life; however, on day 10, a normal
heart rate was recorded and the baby was discharged from hospital. Unfortunately, the baby
suffered a sudden and unexpected death 3 days later, which, after an autopsy investigation,
remained unexplained. On retrospective analysis of the available ECG recordings, a substantial
QT interval prolongation was observed.**" In contrast, a second neonate who also presented
with arrhythmias in utero and a 24-hour ECG illustrating a prolonged QT interval with frequent
premature ventricular beats received a B-blocker (propranolol), which proved to be successful
in treatment.372 Since the disease is potentially treatable, the ability of molecular testing to

identify these channelopathies as a cause of death in SUID cases will allow for testing and
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initiation of preventive therapies not exclusively to just family members at risk but even in
future pregnancies.?6%%° Unfortunately, as a consequence of the almost silent nature of the
disorder (sudden death being the first ‘symptom”),26%%"! genetic testing would be difficult to
implement as a preventative measure before any SUID occurrence or without strong suspicion
due to known family history. The role of postmortem genetic testing in this age group will be

to establish the prevalence of these variations in the general population.

3.4 The role of molecular testing

Considering all the data, the question arises as to whether a routine postmortem genetic analysis
should be implemented in all sudden infant deaths that remain unexplained after a thorough

autopsy investigation.

First, as described by Skinner,* the identification of pathogenic variations in SUID victims
does not necessarily prove causality even if their clinical significance has been proven to be
disease causing in other families or by in vitro testing. This leads to the old dictum where the
forensic pathologists need to decide if the person died with the disease or as a result thereof.
However, evidence exists (referenced throughout this paper) that SUID may be due, in a
minority, to cardiac channelopathies such as long QT syndrome.

Second, the question arises as to what extent forensic pathologists are legally and ethically
bound to conduct these tests. It can be argued that the forensic pathologists need to determine
the cause, and in some cases the manner, of death. The next-of-kin in these cases might benefit
tremendously from testing, which in some instances could include ECG screening followed by
genetic testing.*>4¢"* This would necessitate close working relationships between forensic
pathologists and a team of other experts including molecular biologists, cardiologists and
genetic counsellors. The importance of findings by forensic pathologists over the years has
drastically led to the reduction of certain mortalities—for example, the implementation of

restraint devices in road traffic accidents—and cannot thus be negated.

Third, in many instances, finances are not available to routinely conduct these tests. On
average, screening only for variations in the SCN5A gene, which is reported to be found in
5.2% of SUID victims,**285263 would cost approximately US $570 per case in South Africa
(the cost of similar genetic testing may differ between countries). However, these costs will be
dramatically reduced in the event of implementation of routine genetic testing in all
unexplained SUID cases, as targeted genetic testing of known hotspot regions will be used
instead of whole exome sequencing. Research should also focus on screening the general
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population to determine which variations occur naturally in any given population. A recent
molecular study conducted on South African SUIDs (unpublished data) revealed eight specific
exons of the SCN5A gene as definite hotspot regions particular to this population. In effect, the
costs of postmortem genetic testing, refined to those eight hotspot regions, in a single SUID
case, would amount to approximately US $143. Considering the reduced costs, which should
continue to decline due to advances in technology, one might argue that ethical issues far
outweigh financial concerns with regard to targeted postmortem genetic testing in applicable
SUID cases.

The question will always remain as to which genes should be tested for in each case.
According to the Heart Rhythm Society/ European Heart Rhythm Association guidelines,
targeted postmortem mutational analysis in all sudden unexpected deaths between 0 and 40
years of age is recommended.®*"3 In countries such as Australia and New Zealand, all sudden
and unexpected deaths are mandated to undergo targeted postmortem genetic testing.>>®° In
2015, the Swiss Society of Legal Medicine recommended that all sudden unexpected deaths
under the age of 40 should be subjected to postmortem genetic testing.” In a recent study
conducted by Sanchez et al, ”® next-generation sequencing (NGS) postmortem genetic analyses
showed that in 13.4% of sudden unexplained death cases (between 0 and 10 years of age), a
disease-causing variation linked to an inherited cardiac arrhythmic disorder (LQTS, BrS and
CPVT) was identified and diagnosed as the cause of death.” In the remaining 31.9% cases, in
which variants considered possibly pathogenic could not be fully defined as the cause of death,
a necessity for family members to consider further genetic evaluation was established.” As a
result of their findings, they recommend that NGS genetic analyses should be performed on all

unexplained sudden deaths below the age of 40.7

In our opinion, interdisciplinary centres should conduct large studies in order to attempt
identifying the true incidence of these cases. Prospective and retrospective studies could be
undertaken. At most large medicolegal death investigation centres (which are often linked to
tertiary academic institutions), forensic pathologists have established archives of formalin-
fixed, paraffin-embedded (FFPE) tissue samples, which can serve as a (sometimes only) source
of material that contains critical genetic information valuable to molecular testing.” " Several
studies have reported the successful, though not necessarily ideal, use of FFPE tissue samples
in retrospective postmortem mutational analysis of previously admitted SUID cases.>*>" 747
This raises an important issue pertaining to a possible difference in cost between the usage of

FFPE tissue samples versus more traditional samples such as DNA extracted from blood. From
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experience working with FFPE tissue samples as a source of DNA for postmortem genetic
testing, costs increase dramatically compared with using blood samples as the source of DNA.
However, the rise in cost almost completely depended on factors associated with the incorrect
conditions/circumstances surrounding the retention, fixation and storage of FFPE tissue
samples. When prescribed guidelines were followed for the retention and fixation of FFPE
tissue samples (fixed in formalin for a maximum of 24 hours, cleared in xylene and embedded
in a paraffin block), DNA extraction and subsequent molecular applications were equal in
quality, be it at lower concentrations, when compared with DNA extracted from blood. Thus,
the difference in cost between using these two sources of genetic material for genetic testing
may, in fact, be insignificant and therefore highlights the crucial importance of appropriate

sampling/storage of all retained autopsy samples.

Combining resources and including all infants (regardless of the manner/cause of death) in
testing for specific genetic variations could provide data on the most commonly encountered
variations for each subset. Although this would most definitely be a very costly undertaking,
identifying the specific genetic variations and their associated hotspot regions could prove cost-
effective in the long term as more focused testing (which will be more affordable) could be

undertaken.

Knowledge gained from the results of these tests could be imperative for adequate genetic
counselling of parents of subsequent cases and provide closure to families who were previously
informed that no cause of death was identified. This will assist in providing closure and
planning options (such as genetic testing) for all siblings, adding significant value in the

possible prevention of future similar cases to all individuals involved.*3"

Thus, ethical and reasonable justifications compel us to seek a molecular diagnosis of LQTS
in an infant whose sudden death remains unexplained despite a thorough autopsy and ancillary

investigations, and should therefore be considered in all medicolegal settings.>?
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Chapter 4

Case report — The added value of molecular-based diagnostics in the
African forensic medical setting

This chapter was published as a case report in the Cardiovascular Journal of Africa. (CVJA).
December 2022;112(12):1-5. DOI: 10.5830/CVJA-2022-050A pdf copy of this publication is
available as Appendix N.

This chapter followed the editorial style of the CVJA.

Abstract

Sudden unexpected infant death (SUDI) is reported to be an extraordinarily high burden in sub-
Saharan Africa, with the incidence rate in South Africa among the highest in the world.
Advances in molecular-based diagnostics allow researchers to identify numerous underlying
inherited cardiac arrhythmogenic disorders in many SUDI cases, with a predominance of
variants identified in the SCN5A4 gene. Such cardiac arrhythmogenic-related sudden deaths
generally present with no structural alterations of the heart that are macroscopically identifiable
at autopsy, therefore highlighting the importance of post mortem genetic testing. We report on
a significant genetic finding that was made on a SUDI case in which the cause was ascribed to
an acute bacterial pneumonia but it was still subjected to post mortem genetic testing of the
SCN5A4 gene. The literature shows that many SUDI cases diagnosed with inherited cardiac
arrhythmogenic disorders have demonstrated a viral prodrome within days of their death. It is
therefore not uncommon for these cardiac disorders in infants to be mistaken for flu, viral upper
respiratory tract infection or pneumonia, and without the incorporation of post mortem genetic
testing, any other contributory causes of these deaths are often disregarded. This study
highlights the need for research reporting on the genetics of inherited cardiac disorders in

Africa.

Keywords: channelopathies, dilated cardiomyopathy (DCM), inherited cardiac disorders, post
mortem genetic testing, SCN54, sudden unexpected death in an infant (SUDI)
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Sudden deaths in infants are still considered one of the leading causes of infant mortality
worldwide and have also been reported to be an extraordinarily high burden in sub-Saharan
Africa (SSA).!? According to Duncan et al.,* for most countries, the rate of sudden unexplained
infant deaths (SUIDs) [or the previously termed sudden infant death syndrome (SIDS) cases]
is reported at approximately 0.2—0.5 per 1 000 live births. The most recent published incidence
rate for South African SUID cases was 1.06 per 1 000 live births for the white population and
3.41 for infants from the mixed-ancestry population group, respectively.?

The investigation into SUDIs and child mortality remains a high-priority research area in
South Africa.? It has universally been accepted that a SUID case can very rarely be explained
by a convenient and simplistic ‘single-cause’ mechanism, but instead is attributed to a complex
event with an increase in incidence when risk factors such as vulnerability, a critical period in
development and exogenous stressors all intersect at the same time (triple-risk model proposed
by Filiano and Kinney).**’

One of these risk factors, and a possible preventable cause of SUIDs, which has received
increased attention over the past few years is inheritable cardiac arrhythmogenic disorders.!**
Although these inherited cardiac disorders in SUID cases have primarily been associated with
electrical conditions (channelopathies), recent studies have identified variants in genes
encoding structural proteins, thereby suggesting a cardiomyopathy as a possible cause of death
as well.15-10

Previous studies demonstrated a link between SUIDs and a predominance of SCN54 gene
variants. This could be explained by the known genotype—phenotype correlations that suggest
patients with SCN54 variants may experience a higher mortality rate, mostly occurring during
sleep, compared to patients suffering from variants in other genes involved in inherited cardiac
diseases.'®

Advances in molecular-based diagnostics allow researchers to identify numerous underlying
inherited cardiac arrhythmogenic disorders that have been misdiagnosed in many SUID
cases.”!! In many developing countries, including Africa, there is still a significant lack as far
as forensic molecular diagnostics is concerned, mainly due to financial and resource
constraints.!? As a result, the case in this study was subjected to retrospective post mortem
molecular analysis of only the most prevalent gene (SCN5A4) associated with SUID, in order to
identify any possible pathogenic variations associated with an inherited cardiac disease, which

may have predisposed this infant to a sudden death.
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4.1 Case report

We report on a case of a two-month-old male infant of African ancestry whose mother found
him unresponsive in his crib during a scheduled nap. Upon emergency medical services (EMS)
arrival, the infant was declared dead at the scene without any medical care being administered.
No written clinical history/records were available, however his mother reported him having a
recent cold for which she administered cough medication. The mother also reported an increase
in crying and that the infant struggled to feed.

Due to the sudden and unexpected nature surrounding the death, the body was admitted to
the Pretoria Medico-Legal Laboratory for further medico-legal investigation, in accordance
with the Inquests Act 58 of 1959. A complete macroscopic autopsy examination was conducted,
which externally revealed the deceased to be of average physique and nutritional state. No
injuries were noted on the body.

Upon internal examination, the intracranial examination showed no gross pathological
changes. Examination of the heart revealed no abnormalities involving the epicardium. The
myocardium and heart valves appeared normal. The lungs appeared congested and oedematous.
On cut surfaces, the lungs showed sharply defined edges, had a friable texture and contained
muco-purulent fluid. Examination of the stomach revealed contents of a milk-like residue and
it was noted that the gastric mucosa appeared normal. As a result, no macroscopic cause of
death could be identified at autopsy.

Toxicology results revealed only trace amounts of theophylline, a bronchodilator, which is
in keeping with the history of cough medication administered to the infant. No sedatives could
be detected in the blood specimen.

Histological examination of the thymus, brain and heart showed no obvious pathological
changes. Sections of the heart showed no evidence of myocyte hypertrophy, nucleomegally or
interstitial fibrosis. Sections of the lungs showed a mild mononuclear interstitial infiltrate with
thickening, congestion and focal haemorrhage (Fig. 4.1). Focal intra-alveolar neutrophilic
exudate was also noted in the lungs, as seen in Fig. 4.2. The features noted in the lungs were
found to be in keeping with an acute bacterial pneumonia. Henceforth, the primary medical

cause of death was acute bacterial pneumonia.
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Figure 4.1 Haematoxylin and eosin stain of the lungs shows a mononuclear
interstitial infiltrate with thickening, congestion and fresh focal haemorrhage

Figure 4.2 Haematoxylin and eosin-stained slide of the lungs showing a mixed
intra-alveolar infiltrate chiefly composed of macrophages, neutrophils, fresh
haemorrhage and oedema
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4.2 Results

Genetic analysis revealed two different variations in exon 28 of the SCN54 gene.'® The first
was a novel heterozygous variation (¢.5566G>A) in the coding DNA sequence. This missense
variation leads to a G>A nucleotide change in codon 1856, with an amino acid change of
alanine (Ala) to threonine (Thr) (p.A1856T) (Fig. 4.3). Due to the functional difference
between these two amino acids, the possibility of this variation affecting the protein structure
is high. The PolyPhen-2 online algorithm predicted this variant to be probably damaging with
a score of 1.000.

The second heterozygous single-nucleotide variation, ¢.5668G>A, is registered on the Atlas
of Genetic Cardiac Variation database, with an uncertain clinical significance, likely associated
with dilated cardiomyopathy (DCM). The G>A nucleotide change in codon 1890 leads to an
amino acid change of glutamic acid (Glu) to lysine (Lys) (p.E1890K) (Fig. 4.4). This variant is
considered by 87.5% of algorithms to be likely damaging, predicting an adverse effect on the
protein structure.

The E1890K variant is a non-conservative amino acid substitution, which would likely
impact on the secondary protein structure as these residues differ in polarity, charge, size and/or
other properties. This substitution occurs at a position that is conserved across species, and in
silico analysis, predicts this variant to be probably damaging to the protein structure/ function.
More recently, p.E1890K has been registered on the NCBI database under rs766875593, with
an uncertain clinical significance associated with various channelopathies rather than a
cardiomyopathy.

Recent studies reported on the identification of this variant in SUID cases associated with
the long-QT syndrome (LQTS) as well as Brugada syndrome (BrS). The Genome Aggregation
Database (gnomAD) and the Exome Aggregation Consortium (ExAC) reported on an allele
frequency of 0.00001 and 0.00002, respectively. However, it is important to note that these
allele frequencies are not representative of the African population since no studies have been
done to provide statistics on this occurrence.

Wang et al.'* reported on the identification of this variant in a two-month-old infant, whose
cause of death could not be determined after a thorough autopsy, scene investigation as well as
all ancillary investigations had been conducted. A review of the case history indicated a prone

sleeping position at the time of death, with a history of a recent cold, similar to our case study.
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Figure 4.3 Heterozygous single-nucleotide variation p.A1856T
(c.5566G>A) identified in exon 28 of the SCN5A gene

o/ A A

Figure 4.4 Heterozygous single-nucleotide variation p.E1890K (c.5668G>A)
identified in exon 28 of the SCN5A gene

4.3 Discussion

Two heterozygous missense variations in the SCN54 gene were identified in this SUID.
Bearing in mind that a cause of death (bacterial pneumonia) had been established for this case
prior to genetic testing, the results were deemed significant, although unexpected, in explaining
the full circumstances surrounding the death.

The SCN5A gene encodes a protein, sodium (Nav1.5) ion channel pore-forming a-subunit,
that is expressed only in the myocardium and performs a critical role in heart excitability and
conduction.'>!” The integral membrane protein produces the fast-inward Na+ current that is
responsible for the depolarising phase of the cardiac action potential. Variations in this gene
cause an increased persistent Na* current, with a subsequent prolongation of the ventricular
action potential, essentially resulting in an inherited predisposition to ventricular arrhythmias
and sudden death, seen in several cardiac diseases.*'® Previous studies demonstrated a link
between SUID and a predominance of SCN5A4 variants, more commonly associated with
channelopathies.

Channelopathies are generally described as inherited cardiac arrhythmogenic disorders
associated with isolated electric dysfunction caused by variants in genes encoding for cardiac

ion channels and regulatory protein receptors, which are involved in the ionic control of the
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cardiac action potential.""'* A link between many human diseases and the dysfunction of ion
channels (channelopathies) has been established, either as a result of genetic variants or
acquired malfunctions of ion channels.'>!”

The three most common and epidemiologically relevant genetic heart channelopathies
include LQTS, BrS and catecholaminergic polymorphic ventricular tachycardia (CPVT).!!314
Although the involvement of numerous susceptibility genes has been identified, most of the
variants (especially in SUID cases) have been located in the SCN54 gene, predominantly linked
to LQTS and BrS.!3"!> Post mortem genetic studies have implicated channelopathy associated
variants in 10 to 15% of SUID/SUDI cases.!%!4

The most common clinical manifestations associated with LQTS and BrS are syncope,
seizures and sudden death as a result of ventricular arrhythmias, usually occurring during a
period of rest/sleep. Of particular note is that these channelopathy related sudden deaths
generally present with no macroscopically identifiable structural alterations of the heart at
autopsy.*®!>16 Our case study was found to carry two variations, of which one has been
documented with an uncertain clinical significance, although associated with LQTS, BrS and
DCM.

Numerous studies have reported on the diversity of the phenotypic and genotypic expression
of the SCN54 gene with variations linked to other arrhythmogenic disorders, including DCM,
progressive familial heart block type 1 and sick sinus syndrome.®!®!° Reports of SUID cases
where genetic variations associated with cardiomyopathies are increasingly identified in
structurally normal hearts should prevent the tendency of eliminating associations between
SCNS5A variations and DCM.!:8:20-22

Cardiomyopathies can be described as a group of heart diseases that affect the structure and
function of the myocardium, which can all lead to heart failure, arrhythmia and even sudden
death.”!>** The most common types of cardiomyopathies include hypertrophic
cardiomyopathy, DCM, restrictive cardiomyopathy and arrhythmogenic
cardiomyopathy.'>?!>>  Although it is generally associated with cardiac alterations
macroscopically identifiable at autopsy, it is not uncommon for a cardiomyopathy to be
inadvertently missed in SUID cases, which usually present with a macroscopically normal
heart 1:8:22.23

Studies have been reported that genetic variations in cardiomyopathy-related genes, which
may cause arrhythmia and sudden death, have been identified in SUID cases presenting without

any cardiac changes. Research suggest that this might be explained by the progressive nature
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of cardiomyopathy, whereby in the first stages of the disease the myocardial changes may be
so incipient that it may not be visible at autopsy. %2024

The genetic basis of DCM in infants commonly demonstrates phenotypic overlap. Reported
cases of DCM due to SCN54 variations identified in long-QT syndrome type 3 (LQT3), shows
that not only can it result from structural changes in the myocytes, but also from altered calcium
ion handling.!®!>1619-21 These inherited genetic susceptibilities in infant cases have been
proven to play an important role in how the cardiac muscle responds to environmental and
infectious factors.!!-?%24

Researchers believe that variations in the SCN54 gene, with its associated higher risk of
lethal arrhythmias, are linked to an increase in an infant’s critical vulnerability to certain
infections. Consequently, acute viral infections are regarded as one of the provocative factors
associated with sudden death in infant channelopathy and/or DCM cases.!!?%?3>*In fact, many
of these SUID cases (diagnosed with inherited cardiac arrhythmogenic disorders) demonstrated
a viral prodrome within days of their death. Such infants often present with respiratory signs,
extreme sleepiness, difficulty in feeding and increased fussiness prior to death.!!?3-24

It is not uncommon for inherited channelopathies and/ or cardiomyopathies in infants to be
mistaken for flu, viral upper respiratory tract infection or pneumonia, and without the
incorporation of post mortem genetic testing, any other contributory causes of these deaths are
often disregarded.!®!!** Consequently, it is even of greater importance for countries with a
high burden of infectious diseases to be especially aware of these findings, as there might be a
reasonable tendency to overcall minor findings of viral infection in these SUID cases.!*!1:2

Genetic testing is considered an ideal risk-assessment tool, not only for channelopathies,
but for cardiomyopathies as well, due to its ability to identify patients at risk prior to overt
disease development.!-1%?22* The use of post mortem genetic testing in SUID cases can benefit
family members, especially those from poor communities, by providing the first indication of
a familial cardiac arrhythmogenic disorder. Ultimately this will allow for the opportunity of

preventative intervention, which can be used to avoid the progressive onset of the disease.®!%!>

22,23

For decades now, the undeniable benefit of post mortem genetic testing in SUID cases,
especially those that remain unexplained, has been widely recognised worldwide.!*® The
continued advancement in molecular diagnostics and its associated decrease in costs has
allowed for expanded molecular testing using cardiac gene panels and next-generation
sequencing.'*%* Although this is not a novel concept to most first-world countries, it still

eludes the radar of many medical professionals practicing in an economically and resource
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strained country. These countries, including South Africa, have not yet been conducting post
mortem genetic testing in unexplained SUID cases, at least not routinely.>*”!? The greatest
benefit of such testing is not to define the cause of death, but rather the highly disease-specific
diagnostic, therapeutic and prognostic benefit derived from subsequent genetic screening of
family members of the deceased.!*!516

In addition, disease-causing variants in the SCN54 gene have been reported as a possible
predisposing factor of SUID, providing an apparent aetiology of arrhythmias due to secondary
challenges/risk factors such as complicating lower respiratory infections, which are generally
tolerated in infants not carrying such genetic variations. Considering South Africa’s burden of
infectious diseases coupled with a high infant survival rate in most of these cases, a more
scrutinised and in-depth investigation into those SUID cases that typically present with no more

than minimal findings such as the presence of a mild infection, should be considered.*!?

4.4 Conclusion

There is a lack of research reporting on the genetics of channelopathies and cardiomyopathies
in Africa. The fact that cardiomyopathies are deemed an endemic form of non-communicable
diseases, of high importance in the largely low-income communities in SSA, proves the need
for local research on this topic. The results from this case study demonstrate the possible impact
molecular diagnostics can have on identifying potential inherited cardiac disorders.
Additionally, it highlights the occurrence of misdiagnosis of SUID cases in our population, or
the possibility of an incomplete understanding pertaining to the circumstances surrounding
these deaths. Further molecular testing may provide better knowledge as to why certain infants
do not survive these viral and/or bacterial infections.

This case study aimed to create awareness on this subject among medical professionals,
especially those practicing in resource-strained countries. Hopefully, this will motivate for
more collaborative research and investigation to gain a better understanding of the unique

genetic diversity and its associated inherited diseases in SSA.

The authors thank the Genomic Research Institute from the University of Pretoria, South Africa, for
funding the research. Ethics approval for this study was obtained from the Faculty of Health Sciences

Research Ethics Committee, University of Pretoria (UP).
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Chapter 5

Inherited cardiac arrhythmogenic disorders in a South African cohort of

sudden unexplained deaths in the young

This chapter was written as a research article for submission to the journal of Forensic

Science, Medicine and Pathology (Forensis Sci Med Pathol).

This chapter followed the editorial style of Forensic Sci Med Pathol.

Abstract

Sudden cardiac death is deemed a major global public health concern. In sub-Saharan Africa,
including South Africa, there is a lack of reliable statistics on the incidence of SCD, even
though a fourfold increase in noncommunicable diseases, largely due to cardiovascular
diseases, has been reported. Considering that sudden cardiac deaths contribute to an estimated
50% of all cardiovascular deaths, it highlights South Africa’s need for research into better
detection, treatment and prevention of sudden cardiac deaths. The aim of this study was to
identify an inherited cardiac arrhythmogenic disorder, caused by variants in cardiomyopathy
and arrhythmia-related genes, as a possible contributing factor to the cause of sudden cardiac
deaths.

Next generation sequencing identified a total of 178 different missense variants among the
entire study population (n = 66);164 were known, documented variants whereas the remaining
14 were novel. A total of 127 variants were of like benign significance, 33 were variants of
unknown significance, whereas the remaining six variants were of likely pathogenic

significance.

Post mortem genetic testing provided evidence of a genetic arrhythmic/cardiac conduction
disorder as the probable pathogenic basis for 9% of sudden unexpected death / sudden
unexplained infant death cases. Targeted next generation sequencing of 16 prevalent genes are
recommended for routine testing in all unexplained sudden unexpected death / sudden

unexpected infant death cases in South Africa.
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5.1 Introduction

In today’s world of molecular genetics, numerous forensic medical institutions understand the
concept - and perhaps more importantly - appreciate the value of post mortem genetic testing
(or the so-called molecular autopsy).’® Unfortunately, this mainly applies to first world
countries and not economically - and resource - strained countries. The term ‘molecular
autopsy’ can be described as the use of post mortem genetic testing to identify genetic variants
associated with, or causative of, a disease, in order to help determine or better understand the
cause of death (usually that of a sudden unexpected death).* > A sudden unexpected death
(SUD) is defined as “a natural, unexpected fatal event that occurs within one hour of the
beginning of symptoms, or 24 hours in cases where the death was unwitnessed, in an apparently
healthy subject or in one whose disease was not so severe that such an abrupt outcome could

have been predicted”.%’

The majority of SUD’s (60 — 90%) are cardiac-related, which is then termed a sudden cardiac
death (SCD).% ® Worldwide, SCD is deemed a major public health concern and receives great
attention pertaining to the development of better detection, treatment, and ultimate prevention
thereof.®1% The estimated global incidence of SCD ranges between 15 - 159 cases per 100, 000
inhabitants per year, with approximately four to five million global deaths per annum and

constitutes 20% of all deaths in Western societies.0-1?

The causes of SCD’s are greatly dependent on the age of the deceased, with ischaemic heart
disease (IHD) the most common cause of such a death in the older population.*® * In the
younger population, (< 45 years), up to 90% of cases are caused by inherited cardiac diseases
of which the majority comprises of cardiomyopathies and arrhythmogenic disorders.* 1> 16
Unfortunately, microstructural cardiomyopathy changes can be overlooked at autopsy, whereas
arrhythmogenic disorders cannot be macro - or - microscopically diagnosed after an autopsy
investigation.!” 18 Research has shown that the cause of up to 50% of these SCD’s remains
unexplained after an autopsy investigation, as these cases can only be diagnosed through the
use of post mortem genetic testing. 1% 2% Thus, many first world countries have implemented
post mortem genetic testing as routine procedure when investigating SCD’s in their young

population.® 1°

In sub-Saharan Africa (SSA), including South Africa, there is a lack of reliable statistics on the
incidence of SCD, even though it has been reported that SSA has seen a fourfold increase in

noncommunicable diseases (NCD), largely due to cardiovascular diseases (CVD).® 2122 Apart
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from being the second biggest killer in SSA, the mean age of CVD’s has also been recorded as
the youngest in the world.?! 2 Considering that SCD’s contribute to an estimated 50% of all
CVD’s, it highlights the importance of acknowledging SCD as a SSA (and South African)
public health concern.?* In fact, the incidence of sudden unexplained infant deaths (SUID) in
SA, especially in Cape Town, has been reported amongst the highest in the world.?® Also, an
approximate 2,000 young South Africans die suddenly each year, in which most cases the cause

of death remains unexplained.?

According to South African legislation all SUD’s must be subjected to a full medico-legal death
investigation in order to determine the cause and manner of death.?® Unfortunately, post
mortem genetic testing has not yet been incorporated into South African mortuaries, partly due
to a lack of similar research conducted in SA. Recent international publications corroborate the
underrepresentation of African cohorts in health research, especially pertaining to genetic
aetiologies underlying SCD’s.?” % Apart from a study conducted on a small cohort of SUID’s,
no other study has yet been conducted in SA on the possibility of an inherited cardiac
arrhythmogenic disorder as the cause of unexplained SCD’s in the young.? This is the first
local study to address the need for gaining a better understanding of the genetic aetiologies of
SCD’s in the South African young. Therefore, the aim of this study was to determine the
prevalence of genetic variants in the major genes linked to inherited cardiac arrhythmogenic
disorders in unexplained SUD cases in the young that were admitted and subjected to a medico-
legal autopsy at the Pretoria Medico-Legal Laboratory (Pretoria MLL).

5.2 Methods

Ethics approval (Appendix A) for this study was obtained from the Faculty of Health Sciences
Research Ethics Committee, University of Pretoria (495/2017).

5.2.1 Study cohort

A prospective genetic study was conducted on 66 SUD and SUID cases which were admitted
to the Pretoria MLL for a full medico-legal death investigation. All SUD cases (age range
between one and 45 years) and SUID cases (under one year of age) met the inclusion criteria
for this study in which the cause of death could not be determined after a full medico-legal
death investigation had been performed. These investigations comprised of a full autopsy,
death scene investigation, review of available medical history as well as all appropriate
ancillary investigations (e.g., virology, toxicology, histology, microbiology etc.) This study

excluded all SUD and SUID cases where a cause of death was ascertained after the completion
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of a full medico-legal death investigation. For each case, peripheral blood samples were
prospectively collected at autopsy into two 5 mL EDTA tubes and immediately stored at -80°C
until DNA extraction could be performed.

5.2.2 Genetic testing

DNA was extracted from post mortem blood samples using the QlAamp DNA Blood Mini Kit
from Qiagen (Hilden, Germany). Following extraction, an initial concentration and purity ratio
of each DNA sample was determined spectrophotometrically by using a NanoDrop
spectrophotometer (Thermo Scientific, Waltham, Massachusetts) and stored at -20°C until
further use. Once all 66 case samples were collected, DNA samples were fluorometrically
quantified and diluted to the required concentration of 10 ng per primer pool, using the Qubit
dsDNA HS Assay kit on the Qubit 3.0 Fluorometer (ThermoFisher). For NGS, the AmpliSeq
On-Demand DNA Panel, designed by DesignStudio™ software (lllumina, San Diego,
California), was used for the specific targeting of 49 genes linked to inherited cardiac
arrhythmogenic disorders (see Appendix C). Libraries were prepared using the AmpliSeq
Library Plus kit by following the prescribed instructions for the AmpliSeq™ for Illumina,
multiplex PCR-based, workflow. In order to confirm quality control and to ensure optimum
cluster densities on the flow cell, the quality of the pooled libraries was analysed by using the
Agilent 2100 Bioanalyzer with the Agilent DNA 1000 kit (Agilent Technologies, Santa Clara,
California), followed by the quantification thereof using the Qubit 3.0 Fluorometer with the
Qubit DNA HS Assay kit. Pooled libraries were diluted to a final loading concentration of 1.5
pM, followed by sequencing using the v2.5 (300 cycles, 2 x 150 bp paired end reads) high

output Kit on the lllumina NextSeq 550 platform. For laboratory procedures, see Appendix B.
5.2.3 Bioinformatic analysis

Sequencing analysis was performed on the open-source Galaxy bioinformatics platform. The
Galaxy web platform (public server at usegalaxy.com) was used to download all FASTQ
sequencing files into dedicated data libraries, which only the researcher had access to. The
quality of the raw sequencing data was assessed using the FastQC tool. To ensure that only
sequences of good quality was subjected to further bioinformatics analysis, the Trimmomatic
tool was used for trimming and filtering of sequences. A sliding window trimming was
performed to cut sequences where the average quality within a four bp window fell below 20.
Only reads with an average quality threshold of 30 (Q >= 30) and a minimum length of 80 bp
were kept for further analysis. Following quality control, all post-trimming reads were aligned
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to the reference human genome (CRCh37, hg19) using the Burrows-Wheeler Alignment —
Maximal Exact Match (BWA-MEM) tool, which generated a binary alignment/map (BAM)
file. In order to ensure that the identity of reads was maintained during the alignment process,
all individual reads were labelled using the read group tag in the “sequence alignment map /
binary alignment map (SAM / BAM) specification.” A clean-up / grooming of BAM files was
performed using the CleanSam tool from Picard. Duplicate reads were removed using the
MarkDuplicates tool from Picard. Using SAMtools, reads were further filtered to only keep the
reads with a mapping quality (MAPQ) >= 30 and mapped in a proper pair. Finally, all files
were merged into one BAM file using Picard, and visualized using the JBrowse genome
browser, as well as the University of California Santa Cruz (UCSC) genome browser. Variant
calling was performed by using FreeBayes (a Bayesian genetic variant detector) to generate a
variant call format (VCF) file. Variant representation was simplified by using the
VCFAllelicPrimitives tool, followed by variant annotation using the SnpEff prediction tool.
Variants were filtered by using the SnpSiftFilter tool, and all reads were kept which met the
following criteria: mapping quality (MQ) >= 60, read depth (DP) >= 20, quality by depth (QD)
> 2, genotype quality (GQ) >= 20 and for heterozygous variants an allele balance (AB) between
0.25 and 0.75. Finally, only missense, nonsense, insertion / deletion (INDEL), frameshift and
/ or splice site variants were retained, and again were visualized using the JBrowse genome

browser.

The resulting VCF files (filtered variants) were uploaded to two different databases (Jpopgen
— dbNSFP and Ensemble variant effect predictor) for further functional prediction and
annotation. The Human Genome Variant Society (HGVS) guidelines were followed for variant
nomenclature. Several different population databases were compared in relation to the allele
frequency (AF) of identified variants, which can be seen in Table 5.1 below. A combination of
eight different in-silico tools, based on different methodologies, were used for functional effect
prediction (Table 5.1). UniProt was used for the location of the protein domain / region, and
Blocks Substitution Matrix (BLOSUM) for the amino acid substitution conservation score.
Sequence conservation was measured using the Genomic Evolutionary Rate Profiling (GERP)
score as well as the PhyloP100way score. APPRIS was used to annotate alternative spliced

transcripts, with splice site predictions scores generated by SpliceAl.
5.2.4 Variant classification

Variants were interpreted and classified, according to the American College of Medical

Genetics (ACMG) and the Association for Molecular Pathology (AMP) guidelines, into one of
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five groups: (1) pathogenic, (2) likely pathogenic (LP), (3) variant of unknown significance
(VUS), (4) likely benign (LB) or (5) benign. All novel variants as well as VUS’s were further

divided into one of three subcategories: (i) LP (all prediction tools in agreement of
pathogenicity), (ii) LB (< 50% of algorithms predict a benign prediction tools), or (iii) remains

VUS (> 50% algorithms predict a possible functional effect on the protein.). All variants were

also subjected to a manual search across several variant databases as well as published

literature.

Table 5.1. List of in-silico algorithms and population databases used in variant annotation and

functional effect prediction

In-silico algorithm

Population database

FATHMM (http://fathmm.biocompute.org.uk)

MutationAssessor (http://mutationassessor.org)

MutationTaster (http://www.mutationtaster.org)

PolyPhen-2 HDIV
(http://genetics.bwh.harvard.edu/pph2)

PolyPhen-2 HVAR
(http://genetics.bwh.harvard.edu/pph2)

PROVEAN (http://provean.jcvi.org/index.php)

LRT
(http://genome.cshlp.org/content/19/9/1553

SIFT (http://sift.jvci.org)

Exome Aggregation Consortium (ExXAC)
http://exac.broadinstitute.org/

Exome Variant Server (EVS)
http://evs.gs.washington.edu/EVS

1000 Genomes
http://browser.1000genomes.org

Genome Aggregation Database (gnomAD)
http://gnomad.broadinstitute.org

dbSNP

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

dbVar

http://www.ncbi.nlm.nih.gov/dbvar
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5.3 Results
5.3.1 Demographics and history

The demographic details of all cases can be seen in Appendix D. The study cohort consisted of
66 unexplained sudden deaths with an average age of 21.5 years (ranging between one week
and 45 years old). Most of the cases were between 19 and 45 years of age (n = 48; 73%),
followed by 15 (23%) SUDI cases and eight cases (12%) between one and 18 years old. The
majority of the cases were male (n = 46; 70%) vs. 20 (30%) females. Regarding their ethnicity,
48 (73%) of the cases were Black South Africans, 15 (23%) White South Africans, two (3%)
Asian and one (1%) Mixed ancestry. Only three cases reported a personal medical history of
seizures and palpitations. None of the cases had any documented family history of syncope or
sudden death. In 12 of the cases (18.2%) the activity at time of death indicated exertion, of
which three of them were recorded to occur on the sports field. Another 12 (18.2%) of the cases
indicated a period of rest at time of death. The majority of cases (n = 26, 39.4%) were sleeping
prior to being found dead/unresponsive. In the remaining 16 (24.2%) cases, the activity at time

of death was unknown.

5.3.2 Genetic results

Next generation sequencing identified a total of 178 different missense variants among the
entire study population (n = 66); 164 were known, documented variants whereas the remaining
14 were novel. Of the known variants, 49 were documented to be of benign significance, 78 of
LB significance, 33 of unknown significance (VUS) and four to be of LP significance. Of the
novel variants, 12 were predicted to be likely benign whereas the remaining two were predicted
to be LP. Figure 5.1 shows an overview of the classification between documented and novel
variants. In 20 of the 33 documented VUS’s, in-silico algorithms predicted the functional effect
to be likely benign, whereas 13 remained in the VUS category. All of the 66 cases were found
to carry multiple missense variants, of which the majority were likely benign. In 48 (72.7%) of
the cases, one or more VUS’s were identified. A variant of LP significance was identified in
six cases (9.1%). A more detailed description of the 178 missense variants is provided in

Appendix E.
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Figure 5.1 Classification off all documented and novel variants identified in this study. The majority of
the 164 documented variants were of benign significance, followed by VUS’s. The variants of LP
significance were found to be the minority (shown on the left-hand side of the image). On the right-
hand side of the image, it can be seen that the majority of novel variants were also of benign
significance, followed by LP variants.

5.3.2.1 Gene profile

A total of 49 genes were subjected to NGS, of which 11 revealed to carry no missense variant
at all (CALM1, CALM2, CALM3, KCND3, KCNE2, KCNE5, KCNJ2, PLN, SCN2B, SCN3B
and SCN4B). The aforementioned 178 missense variants were identified in the remaining 38
genes, with a median of three variants, ranging between one and 18, per gene. In nine of the 38
genes, a novel variant was identified, of which only two had one LP variant each (see Figure
5.2) Figure 5.3 shows the distribution and classification of identified variants (documented and

novel) among the 38 genes.

NUMBER OF VARIANTS

AKAPS ANK2 CAsSQ2 TRDN DPP6

Figure 5.2 Classification of novel variants identified in nine different genes. Novel LP variants (shown
in dark red) were identified in only two genes (CASQ2 and RYR2); one variant each. The remaining blue,
benign variants were identified in eight different genes.
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Figure 5.3 Classification of 178 identified variants among 38 genes. Variants of benign (B) significance are indicated in blue, whereas variants
reported as risk factors are indicated in green. All VUS’s are shown in pink and LP variants in dark red. 94




Only 16 genes were found to harbour 23 different VUS, ‘risk factor’ and / or LP variants
(Appendix F). Figure 5.4 shows the proportion of these 23 variants identified in each of the 16

genes. The remaining 22 genes carried only variants of benign significance.

RYR2
PRKAG2 (1)
(1)

GJAS
(1)
cAsqz
()
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(2)
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——_
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Figure 5.4 Distribution of 23 VUS, risk factor and / or likely pathogenic variants identified among 16
different genes. In 12 of the 16 genes, only one variant of either VUS, risk factor or LP significance were
identified. Three of the genes (SCN10A, CACNAB2 and CAV3) were identified with two VUS, risk factor
and / or LP variants each. A total of five different VUS, risk factor and / or LP variants were identified in
the SCN5A gene.

5.3.2.2 Demographics of cases identified with a VUS, risk factor and / or likely pathogenic
variant

A total of 48 (73%) of the 66 cases carried at least one VVUS, risk factor and / or LP variant. Only
variants of benign significance were identified in the remaining 18 cases (27%). Of the 48 cases,
eight (17%) were between the ages of zero and one year old (SUDI), five between one and 18
years old, with the remaining 35 cases (73%) between 19 and 45 years of age. Taking into

consideration the total number of cases, included in this study, for each of the different age

groups, 53% of SUDI cases ( 8/15 ), 63% of the one — 18 year olds ( °/g) and 81% of the 19 — 45
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year olds ( 3/,43 ) carried at least one VUS, risk factor and / or LP variant. Figure 5.5 below
illustrates the proportion of cases, and their associated demographics, for each age group
identified with VUS, risk factor and / or LP variants.

SUDI (n = 15)

7 Males; 1 Female
6 Black, 1 White
Activity at TOD:

- 7 Sleep

- 1 Unknown LB

VUS, risk
factor, LP

19 - 45 years (n = 43)

1-18 years (n = 8)

1 Male; 4 26 Males; 8

Females

2 Black, 3
White

Activity at
TOD:

- 4 Sleep

- 1 Exertion

Females

27 Black, 5 White,
2 Asian, 1
Colored

Activity at TOD:
-7 Sleep - 10 Rest
- 6 Exertion, - 12
Unknown

VUS, risk
factor, LP

Figure 5.5 Percentage of cases for each of the three different age groups identified with VUS, Risk
factor and / or LP variants. A) The percentage of SUDI cases identified with VUS, risk factor and / or
LP variants were slightly higher (53%) in comparison to the remaining 47%, who only carried benign
variants. Of the VUS- cases, most were Black males with a recorded period of sleeping prior to death.
B) In comparison to the SUDI age group, the one — 18-year age group shows a slight increase in the
percentage of cases who carried VUS, risk factor and / or LP variants. However, the majority of cases
were White females, also indicating a period of sleep at time of death (TOD). C) The 19 — 45-year age
group demonstrated the highest percentage of cases with VUS, risk factor and / or LP variants. Similar
to the SUDI age group, the majority of cases were Black males, however with a period of rest and
exertion surpassing that of sleep at TOD.
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5.3.2.3 Profile of VUS, risk factor and / or likely pathogenic-harbouring genes between
different age groups

The 16 different genes identified with a VUS, risk factor and / or LP variant were not equally
represented / affected among the three different age groups. For each age group, the following
genes were identified carrying such a variant (see Figure 5.6):

SUDI age group — among the cases between zero and one year of age, a total of six different
variants were identified in four different genes. Both the CAV3 and SCN5A genes carried two
variants with an unknown, risk factor and / or LP significance. The ASPH and GJA5 gene were

identified with one such variant each.

One - 18-year age group — A total of eight different variants among six different genes were
identified in cases between one and 18 years old. The SCN5A gene carried three different
variants, whereas the remaining five genes (CACNA1C, CAV3, GPD1L, PKP2 and ASPH)

carried one variant each.

19 — 45-year age group — This age group had the highest number of genes carrying a VUS,
risk factor and / LP variant, with 18 different variants identified among 13 different genes. The
SCN5A gene had three different variants, followed by two variants each in CAV3, CACNB2
and SCN10A. Each of the remaining nine genes (CACNA1C, KCNA5, CDH2, SNTA1, PKP2,
KCNE1, CASQ2, PRKAG2 and RYR2) carried one variant.

Of the 16 genes identified with VUS, risk factor and / or LP variants, only two (SCN5A and
CAV3) were represented in all three different age groups. A variant in the GJA5S gene was solely
found in the SUDI age group, whereas a GPD1L-variant was exclusively identified in the one
- 18-year age group. Variants identified in the KCNA5, CACNB2, CDH2, SNTA1, KCNE1,
SCN10A, CASQ2, PRKAG2 and RYR2 genes exclusively represented the 19 — 45-year age
group. For each of the 16 genes, Figure 5.7 shows a comparison between the percentage

distribution of identified variants among the three different age groups.
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Figure 5.6 Profile of genes identified with VUS, risk factor and / likely pathogenic variants for each different age group. Cases in the SUDI age group showed
only four genes identified with a variant of above-mentioned significance. In the one — 18-year and 19 — 45-year age groups, such variants were identified in
six and thirteen different genes, respectively.
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Figure 5.7 Comparison between variant distribution (in percentage) of three different age groups for each of the 16 genes.




5.3.2.4 Variants of likely pathogenic significance

A total of six LP variants were identified; each in a different case. Each of the six variants were
identified in a different gene. Four of these variants were known, documented variants (GJA5,
SNTA1, KCNE1 and SCN10A gene), whereas the remaining two were novel (CASQ2 and RYR2
gene). A detailed description of each LP variant, along with its associated case demographics,

can be seen in Table 5.2.

5.3.2.5 Demographics of cases identified with likely pathogenic variants

A total of six (9.1%) of the 66 cases carried a LP variant. All of the six cases were male, of
which the majority were older than 19 years of age. One of the cases was between the ages of
zero and one years old (SUDI), none of the cases between one and 18 years old, whereas the
remaining five cases were between 19 and 45 years of age. Taking into consideration the total
number of cases included for each of the three different age groups in this study, 6.7% of SUDI
cases ( /15 ), 0% of the 1 — 18 year olds ( %s ) and 11.7% of the 19 — 45 year olds (°/43) carried
a variant of LP significance. Regarding their ethnicity, five of the cases were Black South

Africans and one case was a White South African.

5.3.2.6 Profile of LP variant-harbouring genes between different age groups

Similar to the VUS-related genes, the six different genes identified with a LP variant were not
equally represented / affected among the three different age groups. The one variant exclusively
identified in the SUDI age group was in the GJAS5 gene. As mentioned before, none of the cases
between one and 18 years of age carried a LP variant. The remaining five variants, exclusively
identified in cases between 19 and 45 years old, included the SNTAL, CASQ2, KCNE1, RYR2
and SCN10A gene, respectively (Figure 5.8). Figure 5.9 illustrates the relationship between

variants in each of the six genes and their recorded activity at time of death.
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Table 5.2 Summary of six likely pathogenic variants identified among entire study cohort

Case

Activity at

Age Sex Race Variant Gene Exon Reference  Associated
number TOD number disease
) €.8004G>C
Case 10 35y M B Exertion RYR2 53 Novel CPVT
(p.Cys2668Trp)
c.500T>C
Case 15 24y M W Unknown SNTA1L 3 rs932909554 LQTS
(p.Lys167Arg)
) €.954C>A
Case 24 38y M B Exertion CASQ2 10 Novel CPVT
(p.Trp318Cys)
€.226C>T LQTS, BrS,
Case 40 23y M B Rest KCNE1 3 rs74315445
(p-Asp76Asn) ARVC
Atrial
c.299A>C fibrillation,
Case 55 4m M B Sleep GJA5 2 rs138375318 )
(p.Val100Gly) Atrial
standstill
c.40G>A
Case 65 28y M B Rest SCN10A 1 rs750771811 BrS
(p.Argl4Cys)

Abbreviations: y = years; M = male; B = Black South African; W = White South African; CPVT = catecholaminergic polymorphic ventricular tachycardia;

LQTS = long QT syndrome; ARVC = arrhythmogenic right ventricular dysplasia; BrS = Brugada syndrome
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CASQ2, KCNE],
RYR2, SCN104,
SNTA1

1- 18 years 19 - 45 years

Figure 5.8 Likely pathogenic-harbouring genes for each of the three different age groups. Only one
gene (GJA5) was identified with a LP variant in the SUDI age group (shown in the orange circle). The
green circle indicates that none of the cases in the 1 — 18-year age group carried a LP variant. In the
19 — 45-year age group (shown in blue), LP variants were identified in five different genes.

Figure 5.9 Association between genes and activity at time of death. Variants in the GJA5 and KCNE1
genes were associated with a period of sleep and / or rest at time of death, whereas the CASQ2 and
RyR2 genes indicated some type of exertional activity at time of death. For the remaining case carrying
a SNTA1 variant, the activity at time of death was unknown.



5.3.3 Detailed analysis of cases identified with a likely pathogenic variant

For each of the six LP variants, eight different in-silico tools were all in agreement on
predicting a deleterious functional effect on the protein. In five of the six cases carrying a LP
variant, at least one VUS (where four or more (> 50%) of the functional prediction tools

predicted a ‘possible deleterious’ effect), was also identified.

Case 10 was that of a 35-year-old Black South African male who suddenly collapsed while
walking down the street. Upon arrival of the emergency medical services (EMS), he was
declared dead on the scene. Apart from three small superficial abrasions on the left anterolateral
aspect of the forehead and temporal region of the face, the autopsy revealed no other injuries
or signs of pre-existing disease. All ancillary investigations were normal, and with a lack of
any clinical history, the ultimate cause of death remained undetermined. Following NGS, a
heterozygous likely pathogenic variant, ¢.8004C > G (p.Cys2668Trp), was identified in exon
53 of the RyR2 gene. This variant was not found in any database or published literature and
considered to be novel. Conservation scores determined it to be a non-conservative amino acid
change in a conserved region of the protein. An additional 19 variants, all of which were
predicted to be benign, were also identified in case 10 (Appendix F). These variants were

identified in 11 different genes, of which RyR2 was one.

Case 15 was a White South African male, 24 years of age, who similarly to case 10,
suddenly collapsed while walking in a shopping mall. He was declared dead on the scene before
any emergency care could have been administered. At autopsy, the external examination
revealed no injuries to the body, with the internal examination revealing no more than non-
specific congestion of the lungs and visceral organs. The results from ancillary investigations
all returned normal, except for the toxicological report, which up to date, is still outstanding.
However, with only a history of recreational marijuana use, the cause of death was not
considered to be drug related. No family history of sudden death or cardiac-related disorders
were known to any of the family members, and as a result, the cause of death remained

undetermined.

Post mortem genetic testing revealed a likely pathogenic variant in exon three of the SNTA1
gene (heterozygous ¢.500T > C; p.Lys167Arg; rs932909554). All eight in-silico tools predicted
a deleterious functional effect, in addition to conservation scores indicating a non-conservative
amino acid change in a conserved domain of the protein. This variant is located in the N-

terminal PDZ domain of the protein, which interacts with other cardiac ion channels and
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receptor proteins and reported to be associated with LQTS. An additional 25 missense variants
were also identified in this case (Appendix G), of which one of them, ¢.116G > A; p.G56S;
rs72546667 in the CAV3 gene, was determined to be a VUS.

Case 24; a 38-year-old Black South African male, suddenly collapsed in a park while out
with friends. Shortly after EMS arrival and numerous failed attempts at medical intervention,
he was declared dead on the scene. At autopsy, no external injuries to the body were noted. An
internal examination only revealed non-specific congestion of the brain, with the rest of the
organs showing no signs of injury or underlying disease process. Toxicological analysis
revealed the presence of cannabis; however, this was not considered to be the cause of death.
All additional ancillary tests were normal, with no personal and / or family medical history of
the deceased available. Following a thorough autopsy investigation, the cause of death

remained unexplained.

Genetic analysis identified a novel, likely pathogenic variant (heterozygous c.954C > G;
p.Trp318Cys) in exon 10 of the CASQ2 gene. This non-conservative change from Trp, the
largest aromatic amino acid, to the much smaller non-aromatic Cys, is located in the helix of
the conserved domain II of the protein. This case also carried an additional 22 missense
variants, identified in 12 different genes (Appendix H), of which the majority were LB. Only
one of these variants (¢.250G > A; p.Arg84Trp; rs61746358), identified in the PRKAG2 gene,
was deemed to be a VUS, where seven of the eight in-silico tools (88%) predicted a deleterious

effect on the protein. This specific VUS was not identified in any of the other 65 cases.

Case 40 was that of a 23-year-old Black South African male who was found unresponsive
in his home at approximately 21:15. Shortly after EMS arrival, he was declared dead on the
scene. At autopsy, no injuries were noted upon external examination of the body. Blood-stained
fluid was noted emanating out of the nostrils and mouth. An internal investigation revealed
both lungs to be markedly oedematous and deeply congested with intra-pulmonary
haemorrhage. Examination of the heart (weighing 400 g) showed an impression of dilated
cardiomyopathy. Bilateral, biventricular dilatations and left ventricular hypertrophy were
observed; however, no signs of ischaemic heart disease were present. Overall non-specific

findings were noted at autopsy with no definitive cause of death ascertained.

Next generation sequencing revealed a LP variant (¢.226C > T; p.Asp76Asn; rs74315445) in
exon three of the KCNE1 gene, most commonly associated with LQTS, BrS and ARVC. Not

only did all eight in-silico tools agree on this variant having a deleterious functional effect, but

104



conservations scores also determined it to be a non-conservative amino acid change in a highly
conserved domain [Carboxyl (C) - terminus] of the protein. A further 23 additional missense
variants, in 12 different genes, were also identified in this case (see Appendix I). One of these
variants (c.233C > T; p.Thr78Meth; rs72546668), identified in the CAV3 gene, was deemed to
be a VUS, where 6/8 (75%) of the in-silico tools predicted a deleterious functional effect. This

specific VUS was only identified in three other cases.

Case 55, a four-month-old Black South African male, was found unresponsive during a
scheduled period of sleep. Upon arrival at the hospital, the infant was declared deceased and
subsequently subjected to a medico-legal death investigation. At autopsy, no external injuries
were noted. Apart from non-specific organ congestion, the internal investigation revealed no
signs of injury nor an underlying disease process. All the ancillary investigations yielded
normal results. No known history of SCD or syncope have been recorded for any of the family

members. The lack of any conclusive findings led this case to be classified a SUID.

Post mortem genetic findings in this case included 29 missense variants identified in 16
different genes, of which the majority were benign (Appendix J). One variant (c.299A > C; p.
Val100Gly; rs138375318) in the GJAS gene, located in the conserved cytoplasmic loop of the

protein, were found to be a non-conservative amino acid change and of LP significance.

Case 65 was a 28-year-old Black South African male who, as a passenger in his friend’s
car, suddenly started complaining of not feeling well, whereafter he rapidly lost consciousness.
His friends rushed him to hospital, where he was declared dead upon arrival. Personal medical
history indicated a visit to a general medical practitioner one week prior to his death, with
complaints of flu-like symptoms. After receiving general medication for the relief of flu-like
symptoms, family members reported him being well with no further complaints for the
remainder of the week. No history or signs of drug use were reported. At autopsy, an external
examination of the body revealed no injuries, with only signs of medical intervention recorded.
Macroscopic and microscopic autopsy findings only included non-specific generalized organ
congestion, with no injuries or comorbid illnesses noted. A full medico-legal death
investigation failed to reveal a cause of death.

Following NGS, a LP variant (c.40G > A; p.Argl4Cys; rs750771811) was identified in exon
one of the SCN10A gene. This variant, predicted by all eight in-silico tools to have a deleterious
effect on the protein, was also found to be a non-conservative amino acid change in a conserved

domain (N-terminus) of the protein. Of the 27 additional variants also identified in this case
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(see Appendix K), one was determined to be a VUS. This variant (c.6007C > T; p.Asp2003Asn;
rs376697724) in the SCN5A gene was predicted to have a deleterious effect by five of the eight

(60%) in-silico tools.
5.4 Discussion

Next generation sequencing of 49 genes was performed in a South African cohort of SUID and
SUD cases in the young, admitted to the Pretoria MLL for a full medico-legal death
investigation. The aim of this study was to identify an inherited cardiac arrhythmogenic
disorder, caused by variants in cardiomyopathy and arrhythmia-related genes, as a possible
contributing factor to the cause of these sudden deaths. Owing to the continues development
of molecular techniques and its associated decrease in cost (i.e., NGS technology), research
has shown that in many as 40% of such cases, an inherited cardiac arrhythmogenic disorder
could have been the cause of death.™ 2 Due to a lack of studies conducted in SA, it cannot be
assumed that sudden deaths in the South African population would reveal the same underlying
genetic aetiology than cases from international populations. This is the first molecular
screening study of 49 inherited cardiac arrhythmogenic-related genes in a South African cohort

of SUD’s in the young (0 — 45 years of age) to our knowledge.

A total of 66 cases, in which the cause of death remained unexplained following a full medico-
legal death investigation, were included in this study. Although considered an integral part of
the SUD investigation, the use of clinical records of the decedent and / or associated family
members as an indication of a possible pre-existing arrhythmogenic disorder, proved to be
challenging. Due to South Africa being an economically and resource-strained country, the
majority of the population can’t afford medical care, thus rarely visit any medical practitioner,
let alone receive specialist care (e.g., ECG). In 60 of the 66 cases (91%), no medical history /
clinical records were available, which is in keeping with similar findings in a Cape Town
(South Africa) study.®

The ages of the study cohort ranged between one week and 45 years old, with an average age
of 21.5 years; this seems to be in concordance with similar international studies.* ® Of these 66
cases, 46 (70%) were male and 20 (30%) were female, which is consistent with the usual male
to female ratio admitted to the Pretoria MLL, and also comparable to results from similar
studies elsewhere.* ® The majority of the study cohort were Black South Africans (73%),
followed by 23% White South Africans, which accurately represents the South African
population as well as the general admissions profile of the Pretoria MLL. Research has shown
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that, depending on the specific gene and its functional role in a disease, certain variant-related
arrhythmias are triggered by different activities / circumstances at, or just prior to, the time of
death.® 7 In this study, the available history indicated that 26 of the 66 cases (39.4%) were
asleep at time of death. For two different activities at time of death (exertion and rest), 12 cases
(18.2%) were recorded each. In 16 cases (24.2%), no history was available and thus the activity

at time of death remained unknown.

5.4.1 Subdivision of age groups

The ages of the cases were further divided into three categories in order to be consistent with

the literature.
SUDI age group

Of the 66 cases, 15 (22.7%) were between the ages of zero and one years old. In comparison
to the number of cases in the other two, very broad, age ranges, the number of SUDI cases is
high. This, however, is in keeping with literature indicating that more infants die suddenly and
unexpectedly than the older age groups.®° Anderson et al.'° and Williams et al.** reported 31%

and 25.6% SUDI cohorts, respectively.

In this study, the average age of SUDI deaths were 2.1 months, of which the majority were
male (n = 11; 64%), which is in accordance with published literature.*>** The majority of Black
South African SUDI cases, (73.3%), also conformed to the admissions profile of the Pretoria
MLL. Similar to what is reported on SUDI deaths, the majority of these cases (n = 13; 86.7%)
were sleeping at the time of death.

One to 18-year age group

A total of eight cases (12.1% of this study cohort) were between the ages of one and 18 years
old. Williams et al.!! reported a similar case percentage in their American one - 18-year-olds.
However, a study mostly representing the European population, reported different results, with
30% of their cases in the one - 18-year-age range.’

The ethnic distribution of these cases followed the general admission profile of the Pretoria
MLL, with 63% and 37% recorded to be Black and White South Africans, respectively.
Interestingly, the male to female ratio in this particular age group did not conform to either the
admission profile of the Pretoria MLL nor to similar studies conducted on different population
cohorts.** > The majority of these cases were female (n = 5; 63%), of which four (80%) were

White South Africans. Regarding the activity at time of death, 50% of the cases were asleep,
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12.5% of the cases recorded some type of exertional activity, another 12.5 % were at a period
of rest, whereas the activity at time of death in the remaining 22.5% of the cases, remained

unknown.
19 to 45-year age group

The majority of cases, 43 (65.2%), were between 19 and 45 years old, with an average age of
31 years, which correlates with international studies.'* '® Once again, the ethnic and sex profile
of these cases, [Black South African males (72%)] followed the same profile of the South

African population as well as that of the Pretoria MLL admissions.

For this specific age group, Shanks et al.* reported an unknown activity at time of death in 40%
of their cases, similar to the 33% reported in this study. An exertional activity was recorded in
a slightly higher number of cases in this study (21%), in comparison to the 12% reported by
Shank et al.* and the 11% reported by Lahrouci et al.*® The remaining 46% of the cases in this
study, with a recorded period of sleep and / or rest at the time of death, agreed with other

studies. 0 1117

5.4.2 Next generation sequence results

Although the size of gene panels in similar international studies vary greatly, more recent
studies have increasingly reported on the use of larger gene panels or even whole exome
sequencing (WES) analysis.!® 8 Due to resource-and-budget constraints, a DNA panel
targeting a maximum of 49 cardiac arrhythmogenic-related genes, (which have all been
included in studies using larger gene panels), were used for NGS in this study.

Following NGS and bioinformatic analyses, a total of 178 different missense variants were
identified among the entire study cohort. A similar study conducted on the Australian and New
Zealand populations yielded a higher number of variants (n = 288), however in a larger case
cohort (n = 302), using a larger gene panel (n = 77).*¢ Heathfield et al.® reported a lower number
of 123 variants among a smaller 43 gene panel in a smaller cohort, which only included 19
infant death cases.?

Heathfield et al.®, Hertz et al.2® and Ackerman et al.'® each reported a respective average of 40,
69 and 67 variants identified per case, which seems high in comparison to our study’s average
of 17 variants per case. This, however, can be explained by this study’s exclusion of reporting
on synonymous variants. In fact, Nuebauher et al.® showed similar results with an average of

14.6 missense variants identified in their study.
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No INDELS or frameshift variants were identified, which agreed with other studies that
similarly reported a majority of missense, single-based variants.'® & Although the majority of
this study’s variants were known and documented (n = 164; 92%), a higher number of novel
variants were identified in comparison to other studies.!> ¥ Hertz et al.!® reported only one
novel missense variant among a total of 77 (1.3%), which is low in comparison to the 8% of
novel variants identified in this study. This, however, should be foreseen, since South Africa
is regarded to be one of the countries with the highest and most unique genetic diversity.?
Regarding ethnicity, our study mostly comprised of Black South Africans, whereas similar
studies were mostly conducted on White populations, and where other study cohorts included
Black / African cases, it was from an entire genetically different African population.® 1t A
similar study has not been conducted on the South African population yet, which furthermore
substantiates the number of novel variants identified in this study.

5.4.2.1 Significance of missense variants

The significance of variants identified in this study yielded comparative results, with the
majority of variants being of benign significance (n = 127; 71.3%), followed by 33 (18.5%)
VUS’s and 6 (3.4%) LP variants. Additional filtering of all VUS’s resulted in only 13 of them
being ultrarare, and therefore remained to be classified as a VUS with a possible adverse
functional effect on the protein. A total of 44 cases in this study (70%) carried such a VUS,
agreeing with Shanks et al.#, Lahrouci et al.*® and Christiansen et al.!” Also in agreement was
that none of the demographical factors (age, sex and ethnicity) were associated with the

presence of a VUS.

5.4.2.2 Variants of likely pathogenic significance

A total of six LP variants, each located in a different gene, were identified in six of the 66 cases
(9%), which is low in comparison to the 28%, 27%, 50%, 34% and 20% yields reported by
Shanks et al.#, Bagnall et al.}*, Neubauher et al.*®, Christiansen et al.'” and Hertz et al.?®,
respectively. The differences in overall yield can be attributed to numerous factors, including
the composition of study cohorts, the size of gene panels used for NGS or different criteria
used for filtering and classification of variants. The aforementioned studies all included a
significant larger study cohort as well as a larger gene panel used for NGS. It is also possible
that the stringent criteria for variant filtering and classification utilised in this study, could have
resulted in a lower percentage in overall yield, since different laboratories may use different

software programs and different sets of filtering criteria. In fact, both Lahrouci et al.'® and
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Williams et al.* also reported on the application of stringent filtering criteria and its subsequent
lower yield of LP variants in less than 13% of their study cohorts. The lack of personal and /
or family medical history in the majority of our study cohort could also have contributed to the
lower percentage in overall yield, since research has reported a higher yield of LP variants in

cases with a positive personal and / or family history of syncope, SCA and / or SD.1% 1%

Certain variants can have a modifying or potentiating effect in the co-occurrence of another
rare variant. Research has shown that the identification of multiple VUS and / or LP variants,
whether it be in a single gene or multiple genes, may result in a compound effect, with an
increased risk of a fatal arrhythmia.* 22 In four of the six cases (67%), an additional rare VUS

were also identified, which could have led to a more severe clinical phenotype / outcome.

5.4.3 Profile of cases identified with a likely pathogenic variant

A mean age at death of 24.7 years, ranging between four months and 38 years, was recorded
for the six cases carrying a LP variant. All of these cases were male, of which the majority
(83.3%) were Black South Africans, and the remaining one case (16.7%), a White South
African. Due to our study’s limited sample size and the general higher male population, no
statistical significance could be ascertained between the sex of our cases and the identification
of a LP variant. This however, should not be of great concern, since other studies, conducted
on different populations (and larger study cohorts), could also not confirm a definite link
between the sex of the deceased and an increase or decrease in the identification of LP
variants.' ™ In comparison to similar studies conducted elsewhere, a markedly different ethnic
profile (Black South African vs. White Europeans) was observed for cases carrying a LP
variant in this study.!® ¥ 19 This finding, however, was anticipated because of the unique,
genetically diverse population of South Africa, which yet again, reiterates the need for local

research into the underlying genetic aetiology of inherited disorders.

When taking into consideration the three different age groups representing the study cohort,
the results pertaining to the identification of LP variants differ from what was found in other
studies.'® ¢ In this study, one of the six LP variants (16.7%) was identified in the zero to one-
year age category, whereas the remaining five (83.3%) were in the 19-45-year age group. Out
of all SUDI cases included in this study, 7% were found to carry LP variants. None of the cases
between the ages of one and 18 years old carried a LP variant, whereas all the cases in the 19-
45-year-age group, a total of 12%, carried a LP variant. These findings are in contrast with

what Ackerman et al.'°, Williams et al.** and Lahrouci et al.*® all reported on; a lower number
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of SUDI cases, and a much larger number of children and young adult cases, carrying a LP
variant. Lahrouci et al.*®, who conducted a similar study on the New Zealand, Australian,
United Kingdom (UK) and Netherland populations, found 20% of their cases in the one — 18-
year-age group carrying a LP variant, whereas only 9% of their 19-35-year-olds were identified
with a LP variant. None of their SUDI cases demonstrated any LP variant. Very similarly,
Williams et al.™ recorded that none of their (American) SUDI cases carried a LP variant,
whereas 21% of their children and young adult cases were found to carry a LP variant.
Furthermore, Ackerman et al.*® found the overall yield of LP variants to be higher in their cases
below the ages of 10 years old, whereas our study indicated a clearly higher yield in the 19 —
45 -year age group. This study’s different profile of the overall LP-variant yield per age
category furthermore supports the argument for more similar research to be conducted on the
African genetic population.

5.4.4 Significance of likely pathogenic variants identified in six cases

All eight in-silico prediction tools that were used in this study supported the likely pathogenic
significance of the six different variants identified. Furthermore, these variants were only
identified in one different case each, with no publications on being found in a control cohort of

any other study.

The location of an identified variant in a specific gene is one of the most well-known
determining factors regarding the effect and clinical significance thereof.?® 2* The novel
p.Cys2668Trp variant (case 10), in exon 53 of the RyR2 gene, falls just outside one of the
four previously-defined RyR2-hotspots (exons 44 — 50), however still located in the bridging
solenoid (BSol), one of the so-called “major structural domains”, of the protein.?> % A link
between RyR2-variant location and disease phenotype has been reported, with variants in the
BSol and N-terminal domains (forming the RyR2 interprotomer contact domain) affecting the
opening of the channel pore.?” 28 Of importance is the stabilization of the RyR2 by the binding
of FK506 binding protein (FKBP12.6) to the BSol domain.? Variants in this domain can affect
the affinity of FKBP12.6 for RYR2, disrupting the interaction between the cytoplasmic region
and the pore of the channel.?® % These variants, typically in combination with some form of
exercise and / or stressful situations, result in an increase in SR Ca?* release, with an increased
risk of delayed onset depolarization (DOD) and the triggering of fatal ventricular arrythmias.?
30 Numerous gain of function (GoF) variants, linked to CPVT, have been located in the BSol

domain, similar to our novel variant.?% 3! The fact that BSol has been determined to be one of
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the five structural domains within the RyR2 gene with a higher LP-variant frequency (11.9%;
Figure 5.10), supports the finding of this LP variant in one of our cases.*? Records of this case
show a period of light exercise just prior to the time of death, which furthermore supports the
finding of a LP variant in a gene notorious for its exercise-induced ventricular tachycardias.!
Figure 5.10 illustrates the organisation of all the structural domains of the RyR2 gene, and its
associated variant frequency.?® Following the central solenoid [(CSol) 12.5%] and the
transmembrane domain [(TMD) 13.7%], the BSol domain has the third highest frequency of
variants associated with disease (11.9%). Considering the location and the LP significance of
the novel variant identified in our case, it once again highlights the importance and need for

genetic research in the South African population.
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Novel p.Cys2668Trp identified in case 10

Figure 5.10 Schematic illustration of structural domain organisation of the RyR2 gene. In the middle
of the image, the six transmembrane segments (S) of the RyR2 are indicated by six horizontal lines
(from amino acid zero to amino acid 4967). Furthermore, structural domains of the RyR2 are
represented by a different colour box each, with its frequency of variants associated with disease
indicated in each corroborating box at the top of the image. Indicated in the red circles are the BSol
domain, where the novel variant p.Cys2668Trp was identified, as well as the variant frequency of
11.9% for this specific domain.?®

An additional 19 variants were also identified in this case, of which all of them were classified
as LB. These variants were identified in 11 different genes, including RyR2, CASQ2, KCNJ5,
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CACNALC, SCN1B, KCNE1, SCN10A, ANK2, TRDN, AKAP9 and NPPA, all of which play an
important role in the cardiac conduction pathway.®® Although the additional p.Ser1400Gly
variant in the RyR2 gene was determined to be LB, the possibility of a compounding effect in
the co-occurrence of the novel, LP RYR2 variant, cannot be excluded. Furthermore, the CASQ2
gene, in which an additional variant was also identified, plays an integral role in the regulation
of the RyR2 gene.3* The CASQ2 gene encodes a binding protein within the SR lumen, where it
buffers the free Ca* ion concentration. By binding to the integral triadin and junction proteins,
CASQ?2 also interacts with the S1S2 luminal loop of the RyR2, which results in an inhibitory
effect on Ca?* release.®* ® Any variants in CASQ2 may impair RyR2 regulation, which should

be considered in this specific case of ours.®* %

The p.Lys167Arg variant; rs932909554 in exon three of the SNTAL1 gene, and of LP
significance, was identified in case 15 of this study. The SNTAL gene encodes the syntrophin
isoform expressed in the heart.3® Syntrophins are cytoplasmic submembranous scaffold
proteins and form part of the dystrophin-associated glycoprotein complex (DGC), that plays an
important role in the binding and organisation of the subcellular localisation of numerous
proteins.3” %8 Described as a channel-interacting protein, SNTAL regulates the gating kinetics
of ion channels, especially that of the SCN5A channel, through its linkage to various
intracellular pathways.®® 3" Syntrophin consists of two pleckstrin homology (PH) domains at
the N-terminus of the protein, the internal PDZ domain and the SU domain at the C-terminus.
The PDZ domain, also where our p.Lys167Arg variant was located, plays a critical role in the
regulation of the cardiac sodium (SCN5A) channel, due to its interaction and binding to the C-
terminus of the SCN5A.%% 3" As a result, reports have shown SNTAL to play an integral role in
the genetic pathway regulating the membrane repolarisation of the ventricular cardiac muscle

cells (see Figure 5.11), with variants in this gene linked to atrial fibrillation and LQTS.%¢-%8

This same individual (case 15) carried an additional 23 missense variants, of which the majority
were benign. Interestingly, of the 12 major genes included in the above-mentioned pathway
(see Figure 5.11), three others also presented with missense variant/s. Three different missense

variants were identified in the RyR2 gene, one in the SCN5A gene and one in the CAV3 gene.
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Figure 5.11 lllustration of the genetic pathway involved in the ventricular cardiac myocyte cell membrane. This

specific genetic pathway consists of 13 major genes, all linked in terms of their function, in regulating signalling

proteins as well as ion channel gating kinetics in the cardiomyocyte. The four genes encircled in red all carried
missense variant/s: 1 LP variant in SNTA1, 1 LB variant in SCN5A, 3 LB variants in RyR2 and 1 VUS in CAV3.%7

Of note, the CAV3 gene is also a component of the DGC complex, which contributes to its
structural and signal transduction properties in the cardiac myocyte.*® The CAV3 acts as
docking sites for signalling proteins, and disruptions in this complex may affect the gating
kinetics of ion channels. Variants in CAV3 have been associated with LQTS and SIDS.3% 4
The CAV3 variant identified in this case, and published as a VUS, was predicted to have a
deleterious effect on the protein by six of the eight in-silico tools used in this study. The
possibility of all these combined variants leading to an increased risk of atrial fibrillation,
LQTS and SD, especially in an apparently healthy 24-year-old with no established cause of
death, should be considered.

The second novel, LP variant was found in case 24, a young 38-year-old Black South
African male who collapsed in a park while playing sports with friends. The p.Trp318Cys
variant was identified in exon 10 of the exertional-triggered CASQ2 gene. As mentioned
previously, CASQ2 is an important Ca?* binding protein, located in the SR, with a main
function of protein buffering and regulation of Ca?* release channels in cardiac muscle cells.*
35 CASQ2 is comprised of three thioredoxin-like domains, enclosing a highly negatively
charged hydrophilic structure, with an N-terminal and C-terminal (tail) domain as well (Figure
5.12).** The p.Trp318Cys variant is located in the highly conserved, helical part of domain I1I,
closer to the C-tail. Domain LI plays an important role in junctional SR targeting and CASQ2
polymerization, with variants in this location reportedly associated with CPVT.3> 4! Lahat et
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al.® reported the p.Asp307His missense variant in an Israeli family diagnosed with CPVT,
with the variant location also in Domain III of the QASQ2 gene. The location of p.Asp307His
in relation to this study’s p.Trp318Cys are indicated in Figure 5.12 below.

The variant identified in our case resulted in a structural amino acid change, from Trp, the
largest amino acid with two aromatic rings, to the much smaller Cys, which contains no
aromatic ring. This structural change in the amino acid sequence in Domain I1I of the gene
could have resulted in an impaired Ca?* release process, ultimately increasing the individual’s

susceptibility to exercise-induced ventricular tachycardias and SD.

Human cardiac muscle
CASQ2

() Cysteine residues

Domain | ‘é
é\ \ \

A

N-terminus

[ p-Asp307His J

' unstructured C-tail

p-Trp318Cys
Identified in case 24

Figure 5.12 Location of two identified variants in the CASQ2 protein structure. The structure consists
of six different domains: the N-terminus domain, domain I, domain II, domain III and the unstructured
C-tail. Both variants are located in the same functional domain III, the pAsp307His variant that was
found in an Israeli family (indicated in maroon) and the p.Trp318Cys variant that was identified in our
case 24.4
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Another 22 missense variants were also identified in this case, of which 21 were LB and one
remained a VUS. All 22 variants were identified in 12 different genes, including CASQ2, RyR2,
KCNJ5, PRKAG2, CACNALC, SCN1B, KCNE1, SCN10A, ANK2, TRDN, AKAP9 and DPP6.
All 12 genes are interlinked in forming part of the cardiac conduction and ion channel transport
pathways.3® Of note, two of the additional missense variants were also identified in the CASQ2
gene, although each one in isolation, were deemed to be of LB significance. One of these two
variants was in Domain I of the protein, whereas the other was located in the conserved,
functionally relevant Domain III of the protein. Research has shown that multiple missense
variants in one gene may have a compounding effect on each other, possibly leading to an
earlier onset of symptoms.? 42 43 In this case, the finding of three missense variants in one
gene, of which one was deemed LP, and two located in a critical domain of the protein, might
have contributed to a possible increase in the severity of the phenotype / outcome. Furthermore,
of relevance is the fact that another one of the additional missense variants was identified in
the RyR2 gene, which as mentioned before, forms an important complex by the binding of
triadin, junction and CASQ2 to RyR2.% Any variants in one of these genes may negatively
affect this binding complex and lead to an impairment in the regulation and transport of Ca?"*
through appropriate channels, leading to ventricular tachycardia, arrhythmia, and SD. Another
factor to consider in this case, is the co-occurrence of VUS’s and LP variants, which has also
been reported to result in a possible compound effect and increase in disease severity, whether
it be in the same gene or multiple genes.*? *® This case also carried a VUS identified in the
PRKAG2 gene. This variant, p.Arg84Trp; rs61746358, has been documented in public
databases to have an unknown clinical significance, however seven of the eight in-silico tools
used in this study, predicted a deleterious effect on the protein.** The variant is located in exon
three of 16, which according to literature, is one of the hotspot regions for missense variants
and VUS’s.*> % The PRKAG2 gene encodes the adenosine monophosphate—activated protein
kinase gamma 2 regulatory subunit, which in the heart plays an important role in the cellular
energetic homeostasis control. Variants in this gene can modify the enzyme activity in the
cardiomyocytes, which in turns affects the cell’s glucidic uptake and metabolism, resulting in
the deposition of glycogen.*”*® Previous variants identified in this gene, especially in the
younger population, have been associated with high rates of atrial fibrillation, conduction
disease and life-threatening arrhythmias, leading to an increased risk of premature SCD.* 46
49 The finding of this specific VUS in case 24, in the co-occurrence of the LP variant, might

have increased the individual’s susceptibility to life-threatening arrhythmias and SD.
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The fourth LP variant, p.Asp76Asn in the KCNE1 gene, was identified in a 23-year-old
Black South African male. The KCNE1 gene encodes for a small transmembrane modulatory
subunit, which binds to the KCNQZ1 protein to form a voltage-gated ion channel complex and
expressed in the cardiac ventricular myocytes.>® ®* This complex forms a slowly activating
and slowly deactivating cardiac delayed rectifier current (lks) that is critical in regulating the
cardiac action potential.>> % The KCNE1 protein consists of an extracellular N-terminus, a
single helical transmembrane domain, and a highly conserved intracellular C-terminus. It is
the C-terminus of the KCNEL, specifically the region between amino acid 70 and acid 81, that
binds to the C-terminus of the KCNQ1 protein to form the potassium channel complex.>3
The p.Asp76Asn variant identified in this study was located in this critical region of the
KCNE1 C-terminus (see Figure 5.13). When bound to the KCNQL1 protein, KCNE1 modulates
the physical properties of the channel, resulting in an increase in the outward current amplitude
and thereby slowing its ultimate activation.>! 53 % Variants located in the C-terminus of the
KCNEZ1 gene, especially the LP p.Asp76Asn, have been linked to LQTS-diagnosed patients
and SCD’s.%

KCNE1
(B-subunit)

\ 4

p-Asp67Asn

/

Figure 5.13 Schematic illustration of the potassium channel complex formed by a KCNQ1 a-subunit bound to a KCNE1
B-subunit. The small grey box on the left-hand side of the image illustrates the intracellular binding site between the C-
terminus of the KCNQ1 a-subunit and the C-terminus of the KCNE1 B-subunit. The grey box on the right-hand side of the
image is an enlargement of the binding site between the C-termini of the two subunits (KCNQ1 and (KCNE1), specifically

indicating the important role of residue D76 in KCNE1. Indicated in the red circle is the p.Asp76Asn variant identified in
this case.>
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Studies have shown that variants in the critical region of the KCNE1 C-terminus, shift the
KCNQI’s voltage dependence of activation to more depolarising (positive) voltages, causing
a reduction in potassium channel conductance. The p.Asp76Asn variant has specifically been
shown to reduce the outward lks current density, causing a delay in repolarisation and
ultimately prolonging the cardiac action potential, leading to an increase in susceptibility to

cardiac arrhythmias and SCD.>" %24

An additional 23 missense variants were also identified in this case; most of which were of
LB significance. These variants were identified in 13 different genes (CASQ2, TNNT2,
KCNJ5, CACNA1C, SCN1B, TRPM4, KCNE1, CAV3, SCN10A, ANK2, TRDN, AKAP9 and
DPP6), which all play a role in the cardiac conduction pathway.*® One of these variants
(p.Ser38Gly) was identified in the KCNE1 gene, the same gene in which this case’s LP variant
was found. Although databases reported this KCNE1 variant as LB, Wu et al.>? reported it to
be a risk factor for atrial fibrillation in a Chinese cohort. Furthermore, one VUS was also
identified in this case. The CAV3 gene carried the missense p.Thr78Met (rs72546668) variant,
which was reported in public databases and literature to be a VUS.?® % Of the eight in-silico
tools used in this study, six predicted this variant to have a deleterious effect on the protein.
Keeping in mind the role CAV3 plays in the gating kinetics of ion channels (as discussed
previously), as well as its link to LQTS, the possible compounding effect of this variant with
the LQTS-associated p.Asp76Asn (LP) variant could have led to an increased risk factor for

cardiac arrhythmias and SD.

The LP p.Vall00Gly (rs138375318) variant in the GJAS gene, was identified in a case
of a four-month-old infant boy, who very typical of a SUID case, was found deceased during
a scheduled period of sleep. The GJA5 gene encodes for the gap junction a-5 protein, also
known as connexin 40 (Cx40), which is expressed in both the atria and ventricles of the
heart.%® 5" Connexin 40 forms part of the myocardial gap junctions; transmembrane channels
that allows for the passive diffusion of ions between cells.>” ® Transmembrane channels
consists of two connexons, one provided by each cell, which each comprises of six
transmembrane connexin isoforms (Figure 5.14).5° 8% In cardiomyocytes, these connexins are
mainly isoforms 40, 43 and 45, in which the ion exchange between these channels is crucial
in maintaining the electrical synchronisation of the atrium as well as the rapid conduction of
impulses.>*®! Variants in the GJA5 gene (Cx40) have been associated with atrial fibrillations
and atrial standstills caused by abnormal electrical coupling.®” 6263
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Figure 5.14 Schematic illustration of the structural components of the cardiomyocyte gap junction. A) Protein
structure of the Cx40 protein encoded by the GJA5 gene. B) A cluster of six connexin isoforms (hexamer) forming one
connexon. The red arrow indicates the position of the p.Val100Gly variant identified in this study. C) Two connexons
(one per cell) forming a transmembrane channel, called a gap junction, which allows for the passive diffusion of ions
between two cells.®*

The GJADS protein, or Cx40, consists of four transmembrane domains, two extracellular loops,
one cytoplasmic loop (CL), a cytoplasmic N-terminus and a cytoplasmic C-terminus.%® As
shown in Figure 5.14 above, the p.VVal100Gly variant identified in this study was located in the
CL region, closer to the second transmembrane domain, which in-silico tools predicted to be a
conserved domain in the protein. Public databases assign this variant with conflicting levels of
pathogenicity, whereas all eight in-silico tools used in this study predicted a deleterious effect
on the protein. No published case reports specific to the p.VVal100Gly variant could be found,
with the variant most similar to its protein location, reported by Shi et al.%® They identified the
p.Lys107Arg variant, also located in the CL region of GJAS5, in a family diagnosed with lone
atrial fibrillation, and was associated with impaired intercellular electrical coupling and

enhanced susceptibility to cardiac arrhythmias.®®

An additional 28 missense variants, in 14 different genes, were also identified in this case.
These genes included RyR2, KCNQ1, KCNJ5, KCNA5, SCN5A, SCN10A, SCN1B, PKP2,
CACNAILC, TNNT2, ANK2, TRDN, AKAP9 and DPP6, of which the majority play a critical
role in the genetic pathway of controlling the cardiac action potential.®®* Although of LB
significance, studies have reported on numerous of these variants having an enhanced
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pathogenic effect in individuals carrying multiple variants in genes linked to the same genetic

pathway.*? 43

The sixth, and last, LP variant in this study, p.Argl4Cys (rs750771811) in the SCN10A
gene, was identified in a 28-year-old Black South African male, who’s cause of death remained
unexplained following a thorough medico-legal autopsy investigation. The gene in which this
variant was found encodes for the tetrodotoxin-resistant voltage-gated sodium channel a-
subunit 10, which is expressed in the atrial end ventricular myocytes and is located next to the
SCNS5A gene on chromosome three, sharing very similar amino acid sequences (70.4%).%% 67
The SCN10A channel plays an important role in the electrical function of the heart. Dependent
on the voltage difference across the cardiomyocyte’s membrane, the SCN10A channel
mediates its sodium ion permeability, and is responsible for the initiation and propagation of
the cardiac action potential %8 % The SCN10A channel comprises of a cytoplasmic N-terminus,
four homologous domains (each consisting of six a-helical transmembrane segments) and a
cytoplasmic C-terminus.®® % Figure 5.15 illustrates the linear structure of the SCN10A channel,
with its most prevalent variants mostly located in the transmembrane spanning regions and the
cytoplasmic loops. Very few variants are found in the N-terminus and C-terminus of the
channel .87 Numerous variants in the SCN10A gene have been associated with BrS,
characterised by a reduction in the late sodium current and a slowing in the action potential
firing, resulting in cardiac arrhythmias and SCD.®" % "1 In this study, the p.Arg14Cys variant
was identified in exon one and located in the cytoplasmic N-terminus of the protein. Regarding
the Arg amino acid at position 14 (p.Argl4) of the SCN10A gene, three different variants, all
linked to BrS and / or SCD, have been reported. ¢7:%8 Zhang et al.®” identified the p.Arg14His
variant in a case of SUD in the Chinese population, which they considered to be LP and the
genetic cause of death. Hu et al.®® identified the p.Argl4Leu variant in an American family
whose diagnosis of BrS was made during a bout of fever. Functional expression studies showed
that this variant causes a significant reduction in sodium channel availability, leading to a
positive shift of half-activation voltage, ultimately reducing the cardiomyocyte’s excitability,
and initiating cardiac arrhythmias.®® The third variant, p.Arg14Cys (also identified in our case),
was reported by Heathfield et al.® in a Black South African, two-month old male SUID case.
No cause of death could be established, with only a history of flu-like symptoms reported. As
a result, they considered the p.Arg14Cys variant to be pathogenic and the probable cause of
the SUID. Considering that our case shared the same ethnicity, together with similar reports of
flu-like symptoms in the absence of any significant autopsy findings, this variant identified in
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our study was determined to be of likely pathogenic significance and the probable cause of
SUD. Furthermore, three additional missense variants (p.Vall073Ala; rs , p.Valll41Met; rs
and p.Met1713Val), also in the SCN10A gene, were identified in our case, of which all three
are linked to BrS and an increase in the susceptibility to atrial fibrillation.”* Both p.Val1073Ala
(homozygotic) and p.Vall141Met (heterozygotic) were located in the ‘hotspot’ cytoplasmic
loop, linking transmembrane domain II with transmembrane domain III. The homozygotic
p.Met1713Val variant was located in the transmembrane spanning S6 region of domain IV of

the protein (see figure 5.15).
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Figure 5.15 lllustration of the linear structure of the voltage-gated sodium channel a-subunit 10, encoded
by the SCN10A gene. The location, within the protein structure, of the most prevalent BrS-associated variants
in the SCN10A gene are indicated by green dots. The four red dots show the four missense variants, and their
locations, that were identified in case 65 of this study.%®

The SCN10A channel has also been associated with the functioning of the SCN5A channel
during the depolarisation phase of the cardiac action potential. Due to its shared enhancer
binding site with the SCN5A gene, certain SCN10A-variants may result in a decrease in SCN5A
gene expression.®”% In our case, two additional missense variants (of which one was a VUS)
have been identified in the SCN5A gene. In agreement with published literature, five of the
eight in-silico tools used in this study predicted the p.Asp2003Asn variant to have a deleterious
effect on the protein. Another missense variant in this case, and of relevance to the SCN10A
gene, was identified in the SCN1B gene. Although this variant, in its single entity, was

determined to be LB, the possibility of an increased risk to cardiac arrythmias, in the co-
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occurrence with the four SCN10A- variants, should be considered.®” The SCN1B gene encodes
for the regulating B-subunit of the sodium (SCN10A) channel, which plays an important role
in the regulation of SCN10A-surface expression and the trafficking thereof.®” This case carried
a further 24 LB missense variants in 11 different genes (CASQ2, TNNT2, KCNJ5, CACNALC,
CACNA2D1, TRPM4, KCNE1, CACNALD, TRDN and AKAP9), of which most play an integral

role in the cardiac action potential genetic pathway.*?

5.4.5 Study implications towards South Africa

The clinical effect of variants associated with SCD should always be interpreted with caution,
especially when no clinical symptoms are available in the setting of post mortem genetic
testing.”> ® Fortunately, due to the rapidly developing technology, the prediction of a variant’s
clinical significance, based on its location in the protein, whether it is a non-conservative amino
acid change in a conserved region of the protein, its predicted functional effect on the protein
as well as its frequency of detection in different populations, can nowadays be achieved with
much greater certainty.” " In this study, post mortem genetic testing provided evidence of a
genetic arrhythmic/cardiac conduction disorder as the probable pathogenic basis for 9% of
SUD / SUID cases. Since no cause of death could be established for these cases, even after
conducting a thorough autopsy and extensive ancillary investigations, an inherited cardiac

arrhythmogenic disorder was implicated in the cause of death for these cases.

Considering the high prevalence of a genetic background in cardiac disorders, the genetic
analyses in SUD / SUID cases provides significant clinical implications regarding the possible
diagnosis and treatment of family members at risk for the same disease.?? Bearing in mind the
reported high incidence of a SUD being the sentinel event without any clinical symptoms or
warning signs, coupled with the evidence of a marked reduction in mortality associated with
proper treatment, the critical importance of genetic testing cannot be overstated.” 2% 7
Furthermore, the advancements in technology and the associated decrease in cost, have led the
forensic medical profession to increasingly become aware of the dangerous implications that
an unidentified aetiology of a possible inherited disorder can have on family members at risk.
As a result, most first-world countries have adopted molecular testing as part of their routine
standard investigation into all unexplained SD’s suspected of having an underlying inherited
cardiac arrhythmogenic disorder.”” ® The results obtained in our study provides evidence that
South Africa cannot afford to not implement the same routine into their forensic medical
practice.
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Unfortunately, by no means is South Africa currently able to implement routine genetic tests
on the same comprehensive scale than that of developed countries. Not only has there never
been a genetic research study conducted on South African SUD’s (between one and 45 years
old) but also the use of technology and reagents are still limited due to a lack of adequate
resources and funding. The findings of this study present the first basic concept and
understanding of the genetics underlying South African SUD’s in the young, and aim to provide

the framework for an initial, more cost-effective implementation thereof.

Current internationally published guidelines recommend targeted genetic testing of the major
cardiomyopathy and arrhythmic-related genes as the minimum standard that is required in the
routine autopsy practice for adequate investigation of a SCD.”” ”® The use of commercial panels
consisting of a combination of up to 100 cardiomyopathy and channelopathy genes is also
becoming more common.* 1 Although the findings of this study currently do not support the
implementation of such a broad genetic panel, we are of the opinion that the targeted testing of
only major cardiomyopathy and arrhythmic genes, linked to other population groups, would be
insufficient. Given the uniqueness of South Africa’s genetic diversity, which was supported by
the identification of novel variants in this study, coupled with the lack of genetic research
specific to the South African population, we would like to make the following

recommendations.

Of the 49 different genes included for NGS, only 16 were identified with VUS, risk factor and
/ or LP variants. All VUS’s were filtered to only include those with a high suspicion of
pathogenicity and an estimated predictive value (EPV) above 90%. We recommend the
inclusion of these 16 genes in the initial routine testing for possible cardiomyopathies and / or
arrhythmogenic disorders in all SD’s (between zero and 45 years of age) which remained
unexplained after a full medico-legal death investigation. Furthermore, the inclusion of two
additional genes (KCNH2 and KCNQZ1) are also recommended, due to its reported high clinical
significance in similar international studies. It is of the opinion that this study’s cohort is too
small to exclude these two relevant genes. The few cardiomyopathy-related genes represented
in the results of this study highlights the importance for their inclusion in routine testing, even
in a cohort of cases which showed no and / or minimal CM findings at autopsy. Table 5.3 lists

the 18 genes, along with their associated number of exons, recommend for inclusion in testing.
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Table 5.3 List of 16 different genes recommended for inclusion in routine post mortem
genetic testing

Gene Total number of exons
ASPH 20
CACNA1C 47
CACNB2 20
CDH2 17
CASQ2 11
CAV3 3
GPD1L 8
GJA5 2
KCNA5 1
KCNE1 7
KCNH2 15
KCNQ1 19
PRKAG2 16
PKP2 14
RYR2 105
SCN5A 28
SCN10A 27
SNTA1L 8

In terms of the genetic sequencing method to use in this routine testing, an argument can be
made for both Sanger sequencing and NGS. Sanger sequencing is generally more targeted
towards “hotspot” regions / exons of a gene, which is more cost-effective, without the burden
of producing massive data sets, however it is very time consuming and labour-intensive.* Next
generation sequencing techniques are typically faster and more comprehensive in terms of the
number and range of genes being targeted for testing, however, is associated with producing
massive datasets to be analysed and remains expensive for technological and financial
constrained departments.* *> Due to our limited sample size (n = 66) and the lack of comparable

results for the South African population, it is our recommendation to not utilise the Sanger
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sequencing method for routine testing of these 16 genes. At this point in time, we are unable to
accurately determine the specific “hotspot” exons for each of these genes, thus Sanger
sequencing of the entire 18 genes will be too labour-intensive and time consuming. As of now,
it is our recommendation to implement NGS of all 18 implicated genes for routine testing in
unexplained SD cases. The inclusion of only these genes identified with VUS, risk factor and
/ or LP variants, and not all 49, will be much more cost-effective and realistic considering the
resources in SA. However, the ultimate aim is to develop and implement, via Sanger
sequencing, a more accurate exon-targeted genetic test of all major genes associated with South

African unexplained SD’s.

In the event of genetic testing revealing results that affect the stated cause of death, therefore
affecting the autopsy report and / or death certificate, an important question arises as to the
required ethical / legal steps that need to follow.” Since the establishment of the cause of death
forms part of a formal legal investigation, in association with several other judicial authorities,
it should only be logical that an amendment on the cause of death, and the notification of family
members thereof, is the most ethical and legal step to take. However, although the
improvements in technology have led to a faster, more accurate variant identification process,
this has inadvertently led to the identification of variants with an uncertain clinical significance.
Due to its far-reaching implications to at-risk family members, one should always practice great
caution in classifying a VUS’s predicted pathogenicity. Only P, LP and VUS’s with a high
suspicion of pathogenicity should be reported to at-risk family members, and only in

consultation with genetic experts and counsellors.”

5.5 Limitations of this study

The size of this study cohort might have limited the true nature and scope of the genetic basis
underlying inherited cardiac arrhythmogenic disorders in the South African population. More
genetic research on South African SD cases, is recommended. Another aspect of this study
which deserves greater attention, is the lack of a standerdised protocol for the investigation of
SUID and SUD cases, which might have led to some cases not being included in this study.
Another limitation was the lack of available personal and / or family medical history. A cohort
selection more targeted towards an existing phenotype or positive family history of syncope
and SD, may increase the overall yield of LP variants. Although the forensic pathologist
observed no obvious signs at autopsy to suspect a fatal overdose, the outstanding toxicology
results for most of our cases is problematic. Studies have shown the presence of certain drugs

may cause an increased susceptibility to cardiac arrhythmias, and the status thereof in our cases

125



could have led to a better understanding of the genetic results. Unfortunately, the toxicological
services in South Africa have reached a dire state, with the urgent need for intervention
currently being realised. In terms of variant classification and interpretation of its clinical
significance, this study could have benefitted with co-segregation studies in family members,
as well as functional expression studies. The majority of the South African population are still
wary of the concept of genetic testing, with their availability and co-operation in these
investigations still limited. More community awareness, education and guidance on this topic
is much needed. Finally, more resources need to be allocated towards the Forensic Pathology

Service in South Africa, in order to ensure maximum public health benefits to the community.
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Chapter 6

Conclusion

This chapter was published as a continuing medical education (CME) article, entitled “Post
mortem genetic testing in young individuals: What clinical medical practitioners need to know
in the South African Medical Journal (SAMJ), December 2022;112(12):886-
889.htpps://doi.org/10.7196/SAMJ.2022.v112i12.16800. A PDF copy of the published article
is available as Appendix O.

The editorial style of the SAMJ was followed in this chapter.

Abstract

The death of a young person is most often a tragic occurrence, more so when this death was
unexpected. Forensic pathologists are mandated to investigate such deaths, and there has been
a strong move internationally towards genetic testing as an additional investigative tool. The
aim of our article is to bring the advantage of implementing the so-called molecular autopsy in
a local setting to the attention of medical practitioners. When a multidisciplinary approach is
taken in cases of sudden unexpected death, the benefits to family members, and society as a
whole, are irrefutable.
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6.1 Concluding remarks

A general misconception regarding the field of forensic medicine seems to be that the purpose
thereof is only to conduct medico-legal autopsies on cases that are criminal in nature, and to
deal with the subsequent judicial matters resulting from such cases. However, forensic medical
practitioners are in fact in a most fortunate and unique position, as they observe the exact
pathology of various diseases (whether or not these are attributed as the cause of death) in
thousands of autopsies performed each year. In most cases these medicolegal autopsies reveal
an underlying, natural disease as the cause of death. All information pertaining to the cause and
mechanism of these deaths are relayed to several entities, including the Department of Home
Affairs and Statistics South Africa. This, perhaps, can be considered to be one of the most
valuable contributions from the field of forensic medicine to society. Such data, relayed to the
various stakeholders in the public health sector (including clinical medical practitioners),
contribute to determining population health status as well as identifying and dealing with
priority areas. Currently, one of the most important public health concerns in Africa and
considered to be among the priority areas that should receive greater attention is that of the
continuous increase in cardiovascular diseases (CVD). A particular subset of CVD in South
Africa (SA) that is of great concern is sudden unexpected deaths (SUDs) in the young

population.

It is a common occurrence to read poignant media headlines in SA of young, seemingly
healthy, individuals who suddenly and unexpectedly die, often with family members in the
dark as to the cause of the death. Fortunately, research on these SUDs has shown that
postmortem genetic testing can detect if an inherited cardiac arrhythmogenic disease is the
cause of death in many (up to 40%) of these cases.[1] Such cardiac diseases often present with
no clinical symptoms or warning signs prior to a sudden death (SD), showing the added benefit
of conveying autopsy findings to clinicians. The societal benefits from clinicians receiving
such evidence-based findings associated with the cause of a patient’s SD are currently
underutilised in SA. Such practical recommendations are an added benefit for clinicians when
evaluating patients presenting with a sudden cardiac arrest. It could even be said that of greater
importance is the benefit to patients with a family history of SUD. This matter urgently requires
the attention it deserves.
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6.1.1 The role of genetic testing in SUDs

Rapid and continuing development in molecular techniques allows the field of forensic
molecular biology, also known as forensic molecular pathology, to use a molecular approach
in not only studying but also diagnosing the underlying genetic basis of human disease and
death processes.[2-4] International reports show that no other scientific discipline has
embraced the application of molecular biology techniques for diagnostic purposes more than
the field of forensic science and pathology, particularly in the medicolegal investigation of SDs
in the young.[2,5]

Approximately 70 - 85% of SDs in young populations are cardiac related (termed sudden
cardiac death (SCD)), and up to 90% of these SCD cases are potentially caused by inherited
cardiac diseases, making this an important global topic in molecular research.[6-8]Molecular
screening in cases of SCD has provided an explanation to the aetiology underlying the inherited
cardiac disease, ultimately leading to an increased understanding of critical conditions and the
clinical management thereof.[2,9,10] Most international medical associations deem SCD a
global public health issue, and are currently advocating for prioritising and aligning their
research plans and healthcare delivery objectives to utilise the diagnostic benefits that

molecular analysis can provide.[8,11,12]

The growing global burden of non-communicable diseases, of which CVD is the
predominant cause, is one of the United Nations’ health priorities.[13] A published editorial in
SA Heart addresses the topic of global health and, more specifically, the CVD burden in
Africa.[14] Not only is CVD one of the leading causes of death worldwide, but it has also been
reported that ~85% of these deaths occur in low- and middle-income countries.[6,13,14] Apart
from CVD being the second biggest killer in Africa, the mean age of these deaths has also been

recorded as the youngest in the world.[13,15]

One of the greater health priorities in sub-Saharan Africa should be a focus on preventing
and treating cardiac diseases. There are key gaps in knowledge, and especially on research

priorities on genetic causes of cardiac diseases specific to the African population.[13,16,17]

6.1.2 The SD conundrum

SD is a leading cause of mortality in the young, and considered a public health problem
worldwide owing to its prevalence and significant impact on society.[18-20] The global
incidence of SD in the young ranges between 1.3 and 8.5 per 100 000 person years.[6]
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In SA, a SUD of a person is classified as an unnatural death, and therefore mandated in
terms of the Inquests Act No. 58 of 1959 to be investigated in the medicolegal environment,
where the forensic medical practitioner will conduct a thorough autopsy of the case in order to
determine a cause and mechanism of death. However, in many instances, a clinician has
previously known a patient who presented with features of a heart disease, and consequently
classifies these cases as natural, attributing the sudden death to ischaemic heart disease (acute
myocardial infarction). In decedents who have documented clinically investigated coronary
artery disease, this would be the reasonable cause of death. However, in a subset of individuals,
ischaemic heart disease might not have been the most accurate cause of death to explain the
SCD.[12,21]

It has long been assumed that ischaemic heart disease is responsible for most SDs. However,
data from the young population obtained in the last decade have refuted this assumption.[22,23]
Fortunately, with the rapid development of technology and our increase in genetic knowledge,
postmortem genetic testing (the so-called molecular autopsy) has been an invaluable tool in
identifying inherited cardiomyopathies and arrhythmogenic disorders as the cause of death in
many SDs, including infant cases.[23-26] The American Heart Association, European Heart
Rhythm Association and the Royal College of Pathologists of Australasia have published
recommended guidelines that they consider the minimum standard required in the routine
autopsy practice for adequate investigation of a SCD.[7,8,11,12]

6.1.3SCD

Approximately 5 000 000 lives per year are lost to SCD globally, with an annual incidence rate
that ranges between 50 and 100 per 100 000 in the general population.[27,28] It has been
reported that SCD accounts for 15 - 20% of all international deaths. Although the true incidence
remains unknown, the Heart and Stroke Foundation estimated that approximately 2 000 young
and healthy South Africans die suddenly each year as a result of SCD.[29] An increase in the
incidence of SCD has been observed worldwide, regardless of socioeconomic status and
ethnicity, and this creates a public health burden. In fact, the impact of SCD in the young has
created a premature death burden exceeding any other cause of death, except those attributed

to all types of cancers combined.[8,13]

The causes of SCD are greatly dependent on the age of the deceased. Although the incidence
of cardiac-related death increases with age, the proportion of SDs is much higher in the young

population.[6,23,30] Ischaemic heart disease is the most common cause of SCD in individuals
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>40 years old, but inherited cardiomyopathies and arrhythmogenic disorders rank higher than
ischaemic heart and valvular disease in individuals <40 years of age, with up to 75% of SCD
in the young a result of the former.[6,24,25,28,31]

6.1.4 Using the molecular autopsy to identify causes of SUD

Although the molecular autopsy is not a novel concept to most First-World countries, it still
eludes the radar of many clinicians practising in an economically and resource-strained
country. The term ‘molecular autopsy’ can be described as the use of postmortem genetic
testing to identify genetic variants associated with, or causative of, a lethal disease, in order to
help determine or better understand the cause of death (usually that of a SD).[28,32] Although
its causes may vary, it has been determined that ~85% of all SDs are of cardiac origin.[6-8]

6.1.5 Inherited cardiomyopathies

The most prevalent cardiomyopathies implicated in SCD can, in most cases, be
macroscopically identified at autopsy.[33] Every so often, these cardiomyopathies will be
described as idiopathic, postpartum or a consequence of chronic alcohol abuse, only to be
recognised, after examining the relatives, to be familial.[34,35] A further challenge often
experienced by forensic pathologists is the fact that these cardiomyopathies may at times
present with very subtle or even absent cardiac alterations at autopsy, especially in infant
cases.[33,36]This, in combination with sometimes minor, potentially misleading findings,
substantiates the need for postmortem genetic testing.[33,36,37]

6.1.7 Channelopathies

Alarmingly, not all SCDs in children, adolescents and young adults have an obvious cause of
death that can be determined at autopsy. Research has estimated that between 3% and 53% of
SCD cases have no identifiable abnormal morphological findings at autopsy and remain
unexplained, whereas the number of unexplained sudden deaths in infants (SUDI) may rise to
80%.[24,38,39] Only through postmortem genetic testing has it been shown that inherited
cardiac arrhythmogenic disorders, commonly referred to as channelopathies, are the cause of a
large number of these unexplained cases.[28,36,38]

6.1.8 The benefit of molecular autopsy

It could be argued that the greatest benefit of such testing is not to define the cause of death,
but rather the highly disease-specific diagnostic, therapeutic and prognostic benefit derived

from subsequent genetic screening of family members of the deceased.[40-42] Considering the
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high heritability of cardiac disorders and the fact that they are often treatable, genetic analysis
of SUD/SUDI victims provides significant clinical benefit with regard to the diagnosis and
treatment of family members at risk for the same disease. Over 95% of these genetic cardiac
disorders are inherited in an autosomal dominant manner, leading to a 50% chance for first-
degree relatives to inherit the same genetic variant.[41] Several authors have reported on
studies that evaluated family members of SUD cases, and found that up to 53% of family
members tested positive for an inherited cardiac disease.[30,42,43] In the majority of those
affected family members, considerable lifesaving interventions such as p-blockers and
implantable cardioverter-defibrillators proved to be highly beneficial.[40,41] Family members
of SUD/SUDI cases are usually unaware of carrying a disease-causing variant associated with
an arrhythmogenic disorder. With few, if any, clinical symptoms or warning signs (family
history of syncope, SD, epilepsy, deafness or early pacemaker implantation) before a SUD, the
critical importance of postmortem genetic testing cannot be overstated.[22,38,41] The
confirmed marked reduction in mortality associated with the administration of proper treatment
in such cases leaves no ethically arguable justification for allowing family members at potential
risk to remain undiagnosed and untreated.[41,44]

Postmortem genetic testing is recommended (in published guidelines) in all SUDs in the
young (0 - 40 years of age) and in all cases suggestive of cardiomyopathy.[7,8,11,12] The
minimum requirements involve only targeted genetic testing of the major genes. However, the
use of commercial panels consisting of a combination of up to 100 cardiomyopathy and
channelopathy genes is becoming more common.[8, 23] These minimum guidelines aim to
prevent criticism of case analysis in the medico-legal setting and protect surviving family
members with possible genetic disorders.[7,8,23]

With advancements in technology and the associated decrease in cost, the forensic medical
profession is increasingly becoming aware of the dangerous implications that an unidentified
aetiology of a possible inherited disorder can have on family members at risk.[45,46] The
ethical duty and legal liability pertaining to the ‘failure to diagnose’ and ‘duty to warn’ in
forensic pathology is currently debated on an international level. According to the Code of
Medical Ethics of the American Medical Association, the implications of genetic information
for the biological relatives of a patient must be included in the pre- and post-genetic counselling
process.[47] Consequently, it is argued that the legal precedent laid down by two primary
American court cases (Pate v Threlkel and Safer v Estate of Park) should be, and most probably

will be, applied to the forensic pathology profession. The court held that the physician has a
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duty to warn biological relatives of an inheritable genetic condition, if the standard of care
available will be to their benefit, and if the physician is aware of the existence of these
biological relatives.[47] Forensic pathologists in the USA already recognise their duty to warn,
and are currently in the process of drafting a standard national set of guidelines for the
notification of family members of all cases where a possible genetically heritable aetiology is

found.

6.1.9 The way forward

Internationally, the application of postmortem genetic testing as routine investigation in all
unexplained SUD/SUDI cases has been adopted.[7,8] The results produced by these molecular
autopsies have successfully contributed to the public health sector in improving the
population’s health status by diagnosing and treating at-risk family members. Inevitably, it
raises the question as to the current stance on the implementation of the molecular autopsy in

African forensic medical institutions.

In SA, there is no medicolegal mortuary that offers targeted genetic testing in SUDs in the
young, even though the departments of forensic medicine at the University of Pretoria and
University of Cape Town both conduct valuable research on this topic.[48,49] Our pilot study,
conducted on one gene linked to unexplained SUDI, yielded interesting results, with 22.5% of
cases having possibly pathogenic SCN5A variants considered to be associated with the cause
of death.[49]

SA needs to realise that SCDs, especially in the young, should be deemed a clinical health
priority, and urgently treated as such. It can be inferred that a high proportion of these SD
victims were actively occupying the workforce, and thus contributing to the national economy,
emphasising the impact on society. Tackling this health concern can only be successful through
a multidisciplinary approach, where all relevant stakeholders, including forensic medical
practitioners, clinicians, governmental agencies and funding bodies, to name a few, accept their
responsibilities and play their part. With adequate funding and resources, and stricter referral,
according to legislation, of SUDs for medicolegal death investigation, a significant increase in
molecular research can be conducted into these deaths. A direct result of this will be to enable
researchers to detect with greater certainty the most prevalent genes associated with inherited
cardiac diseases specifically targeted towards the SA population. The ultimate aim, through

adequate research, is to reach that point of targeted genetic testing that can be used as affordable
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point-of-care testing, which will be of immense value to clinicians, forensic medical

practitioners and society as a whole.

African medical professionals have often been at the forefront when it comes to innovative
and ground-breaking medical procedures. Therefore, there is no excuse not to excel at the

implementation of the molecular autopsy and reap the clinical benefits it has to offer.
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Appendix B - Laboratory procedure

DNA guantification and dilution

» Following DNA extraction, the initial concentration and purity ratio of all DNA samples
were determined spectrophotometrically, by using the NanoDrop spectrophotometer

(Thermo Scientific, Waltham, Massachusetts), and stored at -20°C until further use.

» Once all 66 case samples were collected, each DNA sample was fluorometrically quantified
and diluted, (by using Low TE), to the required concentration of 4 ng/ul in a total diluted
DNA volume of 5 pl (10 ng per primer pool), using the Qubit dsSDNA HS Assay kit on the
Qubit® 3.0 Fluorometer (ThermoFisher).

Amplification of DNA targets

The following reagents were used for PCR amplification of two primer pools:

20X AmpliSeq Sample ID Panel for Illumina

2X AmpliSeq DNA Panel Pool 1

2X AmpliSeq DNA Panel Pool 2

5X AmpliSeq HiFi Mix

DNA

Nuclease-free water

» To account for all 66 samples, a mastermix 1, containing 33 ul 20X AmpliSeq Sample ID
Panel for Illumina and 330 pl of 2X AmpliSeq DNA Panel Pool 1 was prepared and mixed

in a 1.5 ml tube. (Extra volume was prepared to account for small pipetting errors).

» An additional mastermix 2, containing 330 pl 5X AmpliSeq HiFi Mix and 165 ul nuclease-

free water was prepared and mixed in a second 1.5 ml microcentrifuge tube.

» For each sample, a volume of 2.5 pl mastermix 2 was transferred to two wells of a new 96-
well PCR plate. Next, 5.5 pl of mastermix 1 was added to the one well and 5 pul of 2X
AmpliSeq DNA Panel Pool 2 was added to the second well. This procedure was followed
for all case samples. Lastly, 2.5 ul (4 ng/ul) of DNA was added to each sample’s two
prepared wells and pipetted to mix. The plate was sealed and briefly centrifuged.
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» The plate was transferred to the Bio-Rad C1000 Touch PCR Thermal Cycler (Bio-Rad,

Hercules, California) and ran on an AMP_DNA program according to the following settings:

Preheated lid, set to 105°C with a reaction volume of 10 ul for two pools

Denaturation at 99°C for two minutes

Sixteen cycles of:
- 99°C for 15 seconds
60°C for four minutes

Hold at 10°C for 24 hours

Partial digestion of amplicons

Following PCR amplification, primer dimers and amplicons were partially digested by using

FuPa reagent.

» The PCR plate (used in the previous step) was briefly centrifuged and unsealed.

» For each sample, the 10 ul of target amplification reactions in the two wells (prepared and

amplified in the previous steps) were combined into the one well containing Pool 1.

» A total of 2 ul FuPa reagent was added to each 20 pul target amplification reaction for each

sample.

» The plate was sealed, vortexed and briefly centrifuged before placing it in the thermal cycler,
with the following conditions set:
e Preheated lid, set to 105°C and a set reaction volume of 22 pl
e 50°C for 10 minutes
e 55°C for 10 minutes
e 62°C for 20 minutes

e Hold at 10°C for one hour
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Index ligation

The following reagents were used for ligating Index 1 (i7) and Index 2 (i5) adapters to each

sample:

AmpliSeq CD Indexes for [llumina

DNA Ligase

Switch solution

» The library (PCR plate) was briefly centrifuged and unsealed, whereafter 4 ul of Switch

Solution was added to each well containing digested amplicons.

» A volume of 2 pul AmpliSeq CD Indexes were added to each well, followed by the addition

of 2 ul of DNA Ligase, also to each well.

» The library plate was sealed, vortexed and briefly centrifuged, whereafter it was placed on

the thermocycler with the following preprogramed settings:

Preheated and set at 105°C
22°C for 30 minutes
68°C for five minutes

72°C for five minutes

Hold at 10°C for 24 hours

Library clean-up

Agencourt AMPure XP beads and freshly prepared 70% ethanol were used to clean up the

library.

» Following brief centrifugation, the library plate was unsealed and 30 ul of AMPure XP beads

was added to each well.

» The plate was briefly vortexed and centrifuged and incubated at room temperature for five

minutes.
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» The library plate was placed onto a magnetic stand until the mixture was clear, whereafter

the plate was unsealed, and the entire supernatant removed and discarded from each well.

» The beads were washed by adding 150 pul of 70% ethanol to each well, incubated at room
temperature until the solution was clear, followed by removing and discarding the

supernatant from each well. This step was repeated once.

» After the washing step, the plate was sealed, vortexed and again placed on the magnetic

stand and unsealed.

» All residual ethanol was removed from each well and air-dried on the magnetic stand for at

least 10 minutes.

Second library amplification

For amplification, the following reagents were used to prepare an amplification mastermix:

Reagent Volume (pul)
1X Lib Amp Mix 45
10X Library Amp Primers 5
Total volume per reaction 50

» The mastermix was briefly vortexed and centrifuged, whereafter the plate was removed
from the magnetic stand and 50 pl of amplification mastermix was added to each library

well.

» The plate was sealed, vortexed and briefly centrifuged, and then place onto the
preprogramed C1000 Touch PCR Thermal Cycler (Bio-Rad) according to the following
settings:

e Preheated and set at 105°C
e 98°C for two minutes
e Seven cycles of:

- 98°C for 15 seconds

- 64°C for one minute

e Hold at 10°C for 24 hours
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Second library clean-up

AMPure XP beads were also used for the second clean-up of the library:

» Following brief centrifugation, the library plate was unsealed and 25 pl of AMPure XP beads

was added to each library-containing well.

» The library was once again quickly vortexed and centrifuged, followed by incubation at

room temperature for five minutes.

» The plate was placed on a magnetic stand for at least five minutes, or until the liquid was

clear.

» Next, the entire supernatant, containing the amplicon library, was transferred to a new plate.

» A volume of 60 ul of AMPure XP beads was added to each well containing the supernatant.

The plate was sealed, vortexed briefly, followed by centrifugation.

» Following incubation at room temperature for five minutes, the plate was placed on the

magnetic stand, again for five minutes, or until the liquid was clear.

» The plate was unsealed and the supernatant from each well was removed and discarded.

» The beads were washed by adding 150 ul of 70% ethanol to each well, incubated at room
temperature until the solution is clear, followed by the removal of the supernatant from each

well. This step was repeated once.

» All residual 70% ethanol was removed from each well and discarded, whereafter the plate

was airdried on the magneticsstand for at least five minutes.

» The plate was removed from the magnetic stand, and 30 ul of Low TE was added to each

well.

» The plate was vortexed and centrifuged, and then placed on a magnetic stand for at least

five minutes.
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» A total of 27 pl amplicon library-containing supernatant was transferred to a new LoBind

PCR plate.

Assess library quality

To assess the quality of the library, the Agilent 2100 Bioanalyzer with the Agilent DNA 1000

Kit was used. This allowed for 12 samples to be processed, simultaneously, per DNA chip.

The following reagents were used for this procedure:

DNA ladder (yellow)
DNA markers (green)
DNA dye concentrate (blue)

DNA gel matrix (red)

Amplified library

» A volume of 25 pul DNA dye concentrate was added to a DNA gel matrix vial, vortexed and
briefly centrifuged to spin it down.

» The solution was transferred to a spin filter, whereafter it was centrifuged at 2240 g for 15

minutes.

» A new DNA chip was placed in the chip priming station, and 9 pul of the prepared gel-dye

mix was pipetted into the allocated, marked well.

» Next, the plunger, positioned at 1 ml, was pressed for 60 seconds before the clip was released

and pulled back to its original position.

» Another 9 pl of gel-dye mixed was added to the other two allocated, marked wells.

» Next, 5 ul of DNA marker was added to all 12 sample well, as well as the ladder well.

» A total of 1 pul DNA ladder was added to its allocated, marked well, whereafter 1 pl of

sample was added to its 12 allocated wells.
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» The chip was horizontally placed in the adapter and vortexed for one minute at a speed of

650 x g, and finally run on the Bioanalyzer for measurements.

Library quantification

The following reagents were used for the quantification of the library:

Qubit® dsDNA HS reagent
Qubit® dsDNA HS buffer
Qubit® ds DNA HS Standard #1
Qubit® ds DNA HS Standard #2

» A Qubit working solution was prepared by diluting the Qubit® dsDNA HS Reagent 1:200
in Qubit® dsDNA HS Buffer. Enough working solution was prepared to reach the required
198 ul and190 pl for each sample and standard tube.

» Next, 190 ul of Qubit working solution was added to two tubes, followed by the addition of
10 pul of each DNA standard #1 and #2 to its corresponding tube.

» For library-containing samples, 198 pl of the Qubit working solution was added to each

tube, followed by 2 ul of library-containing sample to each corresponding tube.

» With a total volume of 200 pl, each tube was quickly vortexed and incubated at room

temperature for two minutes.

> Following incubation, sample concentration was measured using the Qubit® 3.0
Fluorometer. DNA standard #1 and #2 were used for calibration, whereafter the DNA

concentration of all library-containing samples was measured.
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Library dilution to starting concentration

The following formula was used to determine the molarity value of the pooled libraries:

ng / ul x 10°

Molarity (nM) =

660 £/ mo1 X average library size (bp)

» Using Low TE, each library pool was diluted (in a new LoBind PCR plate), to a starting

concentration of 2 nM.

Library denaturation and dilution to final loading concentration

The following reagents were used to denature and dilute the libraries:

Fresh prepared 0.2 N NaOH dilution
HT1 buffer

Low TE bufter

200 mM Tris-HCI (pH 7.0)

» Equal volumes of each library were transferred to a 1.5 ml LoBind tube, whereafter it was

vortexed and briefly centrifuged.

» A total of 10 pl of each library pool was added to a new tube, followed by 10 ul of 0.2 N
NaOH. The samples were briefly vortexed and centrifuged, and incubated at room

temperature for five minutes.

» Next, 10 pl of 200 mM Tris HC1 was added to the tube containing pooled libraries, and

vortexed, followed by brief centrifugation.

» A volume of 970 pl prechilled HT1 bufter was added, which resulted in a 20 pM denatured
library.
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» After vortex and brief centrifugation, prechilled HT1 buffer was used to further dilute the
pooled libraries to a final loading concentration of 1.5 pM, up to a final volume of 1.3 ml.

The tube was inverted to mix, briefly vortexed and then centrifuged.

Next generation sequencing

Pooled libraries were sequenced using the [llumina NextSeq Reagent kit (v2.5 300 cycles) on

the [llumina NextSeq 550 platform. The Reagent kit contained the following:

Reagent cartridge

Buffer cartridge

Flow cell

HT1 buffer

» The reagent cartridge was thawed in a room temperature water bath for at least one hour, or

until completely thawed.

» The flow cell package was unwrapped and set aside at room temperature for 30 minutes.

» Once removed from the plastic package, the surface of the flow cell was cleaned with a lint-

free alcohol wipe, whereafter the glass was dried with lint-free lab tissue.

» A volume of 1.3 ml of prepared libraries (1.5 pM) was loaded into reservoir #10 on the

Reagent cartridge.

> Finally, the Reagent cartridge, clean flow cell and buffer cartridge were loaded into the
NextSeq system (each into their allocated compartments), whereafter cluster and sequencing

was performed.
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Appendix C - List of 49 genes included in the Ampliseq On-Demand DNA panel

Gene Protein name Chromosome | Accession number
ABCC9 ATP Binding Cassette Subfamily C Member 9 12 NM_020297.3
AKAP9 A-Kinase Anchoring Protein 9 7 NM_00575.4

ANK?2 Ankyrin 2 4 NM_020977.3

ASPH Aspartate Beta-Hydroxylase 8 NM_001164751.1

CACNALC Calcium Voltage-Gated Channel Subunit Alphal C 12 NM_199460.2

CACNA1D Calcium Voltage-Gated Channel Subunit Alphal D 3 NM_000720.3

CACNA2D1 | Calcium Voltage-Gated Channel Auxiliary Subunit Alpha2delta 1 7 NM_000722.2
CACNB2 Calcium Voltage-Gated Channel Auxiliary Subunit Beta 2 10 NM_201596.2
CALM1 Calmodulin 1 14 NM_006888
CALM2 Calmodulin 2 2 NM_001743
CALM3 Calmodulin 3 19 NM_005184.2
CASQ2 Calsequestrin 2 1 NM_001232.3

CAV3 Caveolin 3 3 NM_001234.4
CDH2 Cadherin 2 18 NM_001792.5

DPP6 Dipeptidyl Peptidase Like 6 7 NM_130797

EMILIN3 Elastin Microfibril Interfacer 3 20 NM_052846.2

GJA5 Gap Junction Protein Alpha 5 1 NM_181703.4
GPD1L Glycerol-3-Phosphate Dehydrogenase 1 Like 3 NM_015141.3

HCN4 Hyperpolarization Acti_vated Cyclic Nucleotide Gated 15 NM 005477.2

Potassium Channel 4 -
KCNA5 Potassium Voltage-Gated Channel Subfamily A Member 5 12 NM_002234.4
KCND3 Potassium Voltage-Gated Channel Subfamily D Member 3 1 NM_004980.4
G Potassium Voltage-Gated Channel Subfamily E Regulatory . T
Subunit 1 B
N Potassium Voltage-Gated Channel Subfamily E Regulatory . N
Subunit 2 B
. Potassium Voltage-Gated Channel Subfamily E Regulatory 1 NV pan——_
Subunit 3 a
S Potassium Voltage-Gated Channel Subfamily E Regulatory X NIV TR
Subunit 5 a
KCNH2 Potassium Voltage-Gated Channel Subfamily H Member 2 7 NM_000238.3
KCNJ2 Potassium Inwardly Rectifying Channel Subfamily J Member 2 17 NM_000891.2
KCNJ5 Potassium Inwardly Rectifying Channel Subfamily J Member 5 11 NM_000890.3
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Gene Protein name Chromosome | Accession number
KCNJ8 Potassium Inwardly Rectifying Channel Subfamily J Member 8 12 NM_004982.3
KCNQ1 Potassium Voltage-Gated Channel Subfamily Q Member 1 11 NM_000218.2
LMNA Lamin A/C 1 NM_170707.2

NPPA Natriuretic Peptide A 1 NM_012612.2

PKP2 Plakophilin 2 12 NM_004572.3

PLN Phospholamban 6 NM_002667.3

PRKAG2 Protein Kinase AMP-Activated Non-Catalytic Subunit Gamma 2 7 NM_016203
RANGRF RAN Guanine Nucleotide Release Factor 17 NM_016492.5
RYR2 Ryanodine Receptor 2 1 NM_001035.2
SAMD11 Sterile Alpha Motif Domain Containing 11 1 NM_152486.4
SCN10A Sodium Voltage-Gated Channel Alpha Subunit 10 3 NM_006514.2
SCN1B Sodium Voltage-Gated Channel Beta Subunit 1 19 NM_001321605
SCN2B Sodium Voltage-Gated Channel Beta Subunit 2 11 NM_004588.5
SCN3B Sodium Voltage-Gated Channel Beta Subunit 3 11 NM_018400.3
SCN4B Sodium Voltage-Gated Channel Beta Subunit 4 11 NM_174934.3
SCN5A Sodium Voltage-Gated Channel Alpha Subunit 5 3 NM_198056.2
SLMAP Sarcolemma Associated Protein 3 NM_007159.2
SNTA1 Syntrophin Alpha 1 20 NM_003098.2
TNNT2 Troponin T2, Cardiac Type 1 NM_000364.4

TRDN Triadin 6 NM_006073.3

TRPMA Transient Receptor Potential Cation Channel Subfamily M o NM_017636.3

Member 4
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Appendix D — Case sample data sheet

Case number Age Ethnicity Sex Cause of death Activity at time of death
1 35y White Male U/l Exertion
2 19y Black Male u/l Unknown
3 5m Black Male U/l Sleep
4 1w White Male U/l Rest
5 35y Black Female U/l Unknown
6 Im Black Female u/l Sleep
7 20y Asian Female U/l Sleep
8 41y Black Male u/l Unknown
9 5m Black Male Unascertained at autopsy alone Unknown
10 35y Black Male u/l Exertion
11 29y Black Male ul/i Sleep
12 31y Black Male u/l Under severe stress
13 4m Black Male U/l Sleep
14 27y White Male u/l Exertion
15 24y White Male U/l Unknown
16 25y Black Female u/l Rest
17 30y Black Male U/l Rest
18 2m White Male u/l Sleep
19 32y White Male U/l Sleep

20 16y Black Male u/l Exertion
21 35y Black Male U/l Sleep
22 18y White Female U/l Sleep
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Case number Age Ethnicity Sex Cause of death Activity at time of death
23 4y Black Male U/l Unknown
24 38y Black Male u/l Exertion
25 7m White Male U/l Sleep
26 9m Black Female u/l Sleep
27 36y Asian Male U/l Rest
28 27y White Male u/l Unknown
29 26y Black Male U/l Exertion
30 4y White Female u/l Sleep
31 23y White Female u/i Sleep
32 23y Black Male u/l Exertion
33 27y Black Male u/i Rest
34 40y White Male U/l (Possible HCM) Rest
35 17y Black Female u/i Rest
36 30y Black Male u/l Unknown
37 33y Black Male U/l Unknown
38 41y Black Male it I:ﬁi'}&’tlﬁnﬁglw 4 Sleep
39 21 Black Female U/l Unknown
40 23 Black Male U/l Rest
41 Tw White Female U/l Sleep
42 5m Black Male u/l Sleep
43 28y Black Male Unascertained at autopsy alone Unknown
44 2m Black Male u/l Sleep
45 30y Black Male U/l Rest
46 2m Black Male u/l Sleep
47 29 Black Female SCD (Possible DCM) Rest
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Case number Age Ethnicity Sex Cause of death Activity at time of death
48 35y Black Female u/l Rest
49 17y Black Male U/l Exertion
50 4w Black Female u/l Sleep
51 21y Black Female ul/i Sleep
52 3%y Black Female u/l Sleep
53 32y Colored Male U/l Exertion
54 38y Black Female u/l Exertion
55 4m Black Male U/l Sleep
56 35y Black Male u/l Unknown
57 14y Black Female U/l Sleep
58 35y Black Male u/l Rest
59 32y Black Female U/l Sleep
60 45y Black Male u/l Unknown
61 13y White Female U/l Sleep
62 44y White Male u/l Unknown
63 29y Black Male U/l Exertion
64 29y Black Male u/l Unknown
65 28y Black Male U/l Unknown
66 1w Black Male u/l Sleep
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Appendix E — List of 178 missense variants identified among the total study cohort

Gene Chromosome Variation g. Variation c. Variation p. rs number Predicted effect
SAMD11 chrl 865694 €.232C>T p.H78Y rs9988179 LB
KCNQ1 chril 2610079 €.1388G>C p.S463T rs184636161 LB
CACNALC chrl2 2742849 €.3883A>G p.11295V rs114851656 LB
CACNA1C chri2 2788878 €.5360C>T p.T1787M rs192749597 LB-Risk factor
CACNALC chrl2 2788901 €.5383G>A p.G1795R rs111298509 B
CACNA1C chri2 2791130 €.5459C>T p.P1820L rs10848683 B
CACNALC chrl2 2791132 €.5461A>G p.M1821V rs10774053 B
CACNALC chrl2 2791205 €.5534A>G p.K1854R rs10774054 B
CACNA1C chri2 2794937 €.5666C>T p.T1889M rs201777030 B
KCNQ1 chrll 2869129 €.1546G>A p.G516S rs1800172 LB
KCNQ1 chril 2869144 €.1561G>A p.V521l rs34150427 B
KCNA5 chrl2 5153947 €.634C>T p.R212C rs77281462 VUS (75%)
KCNA5 chri2 5154173 €.860C>A p.A287E rs144246051 LB
KCNA5 chr12 5154431 c.1118G>C p.G373A rs1219418345 VUS (LB)
KCNA5 chrl2 5154463 €.1150G>A p.G384R rs76709779 LB
KCNA5 chr12 5154925 c.1612G>C p.E538Q rs528221767 LB
KCNA5 chrl2 5155046 €.1733G>A p.R578K rs12720445 B
KCNE3 chril 6525592 c.68C>T p.R23Q rs35771371 LB
RANGRF chrl7 8192742 €.361C>G p.R121G rs773051695 LB
CAV3 chr3 8787263 €.166G>A p.G56S rs72546667 VUS (80%)
CAV3 chr3 8787330 €.233C>T p.T78M rs72546668 VUS (75%)
NPPA chrl 11907648 c.94C>T p.V32M rs5063 B
CACNB2 chr10 18803444 c.510G>T p.K170N rs199539261 VUS (LB)
CACNB2 chrl0 18803951 c.713G>A p.G238D rs142899184 LB
CACNB2 chr10 18827163 €.1357C>T p.L453F rs145638628 VUS (88%)
CACNB2 chr10 18828223 c.1553A>C p.ES18A rs138060429 LB
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Gene Chromosome Variation g. Variation c. Variation p. rs number Predicted effect
CACNB2 chrl0 18828606 €.1936C>T p.R646W rs546669133 VUS (75%)
CACNB2 chrl0 18828635 €.1803T>G p.D601E rs58225473 B

KCNJ8 chri2 21918931 c.1347A>G p.V334A rs34811413 B
ABCC9 chrl2 21995312 €.3409C>T p.V11371 rs147895473 B
ABCC9 chri2 22017410 €.2200C>T p.V734l rs61688134 VUS (LB)
ABCC9 chrl2 22040762 €.1909C>T p.ve37i rs113542001 VUS (LB)
CACNA2D1 chr7 24890157 c.16C>T p.L6F rs1974332 LB

CDH2 chri8 25532304 €.2441T>C p.N814S rs2289664 LB

CDH2 chrl8 25593655 €.298A>G p.S100P rs183606230 VUS (LB)

CDH2 chri8 25593694 c.352C>T p.A118T rs17445840 B

CDH2 chrl8 25727748 c.61C>T p.A21T rs25727748 LB Splice

SNTA1 chr20 32005726 ¢.500T>C p.K167R rs932909554 LP
SNTA1 chr20 32026826 c.317C>T p.R106Q rs75025585 LB
GPD1L chr3 32207381 c.1035G>T p.Q345H rs780760018 VUS (85%)

PKP2 chri2 32949140 €.2392T>C p.T798A rs112592855 LB

PKP2 chrl2 32977026 c.1759C>T p.-V5871 rs146102241 VUS (LB)

PKP2 chri2 32996206 €.1420C>T p.A474T rs138538072 LB

PKP2 chrl2 33003888 c.1190A>T p.1397N rs772334698 VUS (88%)

PKP2 chri2 33021934 c.1097A>G p.L336P rs1046116 B

PKP2 chri2 33049457 €.324C>A p.S70I rs75909145 LB

SCN1B chrl9 35524607 c.412G>A p.Vv138I rs72558029 LB
SCN1B chr19 35524824 €.629T>C p.L210P rs55742440 B
SCN1B chr19 35524939 C.744C>A p.S248R rs67701503 B
SCN1B chr19 35524944 €.749G>C p.R250T rs67486287 LB
KCNE1 chr21 35821707 €.226C>T p.D76N rs74315445 LP
KCNE1 chr21 35821821 c.1127>C p.S38G rs1805127 B
SCN5A chr3 38591856 €.6007C>T p.D2003N rs376697724 VUS ( 60%)
SCN5A chr3 38603947 €.3922G>A p.L1308F rs41313031 VUS (88%)




Gene Chromosome Variation g. Variation c. Variation p. rs number Predicted effect
SCN5A chr3 38620907 .3308G>T p.S1103Y rs7626962 LB Riskt factor
SCN5A chr3 38620953 €.3262C>T p.A1088T rs369704754 VUS (LB)
SCN5A chr3 38645378 c.1715G>A p.A572L rs36210423 LB
SCN5A chr3 38645379 c.1714C>A p.A572L rs36210423 LB
SCN5A chr3 38645420 €.1673T>C p.H558R rs1805124 LB genetic modulator
SCN5A chr3 38645522 c.1571G>T p.S524Y rs41313691 LB
SCN5A chr3 38651303 €.856C>A p.A286S rs61746118 LB
SCN5A chr3 38651342 c.817T>C p.M273V Novel LB
SCN5A chr3 38662385 €.560G>C p.T187S rs199473558 VUS (75%)
SCN5A chr3 38674699 c.152G>A p.R34C rs6791924 LB
SCN10A chr3 38739054 €.5657G>A p.A1886 rs142653846 LB
SCN10A chr3 38739574 c.5137T>C p.M1713V rs6599241 B
SCN10A chr3 38739622 €.5089C>T p.V16971 rs77804526 B
SCN10A chr3 38743380 c.4607G>C p.T1536R rs778754301 VUS (75%)
SCN10A chr3 38760281 c3544C>A p.V1182L rs1396134485 LB
SCN10A chr3 38763835 €.3427C>T p.V1141M rs112412281 VUS (LB)
SCN10A chr3 38764998 €.3275A>G p.L1092P rs12632942 B
SCN10A chr3 38766675 €.3218A>G p.V1073A rs6795970 B
SCN10A chr3 38768300 €.2884T>C p.1962V rs57326399 B
SCN10A chr3 38770193 €.2480C>G p.W827s rs1273210195 VUS (LB)
SCN10A chr3 38793940 €.1525A>G p.S509P rs7630989 B
SCN10A chr3 38793943 €.1522G>A p.R508W rs112774699 VUS (LB)
SCN10A chr3 38812827 €.542T>G p.E181A rs142203439 VUS (LB)
SCN10A chr3 38835462 c.40G>A p.R14C rs750771811 VUS-LP
EMILIN3 chr20 39990711 €.1498G>A p.R500W rs61739310 LB
TRPM4 chr19 49671207 c.301G>A p.A101T rs113984787 B
TRPM4 chr19 49671228 €.322C>T p.R108C rs115335683 LB
TRPM4 chr19 49685947 c.1376G>A p.R459H rs142312281 LB
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Gene Chromosome Variation g. Variation c. Variation p. rs number Predicted effect
TRPM4 chrl9 49693976 €.2156G>A p.R719Q rs78381230 LB
CACNAL1D chr3 53834369 c.5077G>A p.E1693K rs147973409 LB
CACNA1D chr3 53835422 €.5438G>A p.R1813Q rs143003364 LB
CACNAL1D chr3 53839116 €.5752G>A p.vV1918Q rs142184099 LB
SLMAP chr3 57911641 c.943G>A p.G315S rs757046462 VUS (LB)
ASPH chr8 62475338 c.1402C>T p.G468R rs61731238 LB
ASPH chr8 62489332 €.1061T>C p.Q354R Novel LB
ASPH chr8 62496504 €.974C>A p.R325M rs6995412 VUS (60%)
ASPH chr8 62546280 €.809C>T p.S270N rs111708484 LB
ASPH chr8 62555970 C.645T>A p.E215D rs138586020 LB
ASPH chr8 62577854 C.634A>T p.Y212N rs377016597 LB
ASPH chr8 62577914 c.574A>G p.S192P rs762260016 LB
HCN4 chrl5 73615097 c3337T>C p.M1113V rs142735148 B
HCN4 chrl5 73615603 €.2831G>A p.A994V rs144450232 B
AKAP9 chr7 91603115 c.139C>T p.H47TY rs35669569 LB
AKAP9 chr7 91630532 €.1337G>A p.R446Q rs60031334 LB
AKAP9 chr7 91630603 c.1372G>C p.A458P rs143894795 B
AKAP9 chr7 91630620 €.1389G>T p.M463I rs6964587 B
AKAP9 chr7 91659259 €.4199T>C p.M1400T rs73407505 LB
AKAP9 chr7 91670136 c.4841G>A p.R1614Q rs2230768 B
AKAP9 chr7 91670172 c.4913T>A p.L1638Q Novel LB
AKAP9 chr7 91708472 €.7025A>G p.K2342R Novel LB
AKAP9 chr7 91708898 C.7451A>G p.K2484R rs35759833 LB
AKAP9 chr7 91712698 €.8375A>G p.N2792S rs6960867 B
AKAP9 chr7 91712808 €.8485G>A p.E2829K rs149946443 B
AKAP9 chr7 91714911 €.8935C>T p.P2979S rs1063242 LB
AKAP9 chr7 91726202 €.9929G>A p.R3310Q rs78351282 LB
AKAP9 chr7 91726522 €.10225C>T p.R3409C rs146495719 LB
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Gene Chromosome Variation g. Variation c. Variation p. rs number Predicted effect
AKAP9 chr7 91726604 c.10331A>G p.Q3444R rs34956633 LB
AKAP9 chr7 91729127 c.10840A>G p.M3614V rs34327395 B

ANK?2 chr4 114274492 c.4763 p.R1588K Novel LB

ANK?2 chrd 114276255 c.6481A>C p.K2161E Novel LB

ANK?2 chr4 114276408 €.6679GA p.G2227S rs61734478 B

ANK?2 chrd 114276781 €.7052C>T p.A2351V rs61734477 B

ANK?2 chr4 114276880 €.7151T>C p.V2369A rs28377576 LB

ANK?2 chr4 114277605 c.7831 p.Y2611H rs35338364 B

ANK?2 chrd 114277689 €.7915C>G p.H2639D rs529384341 LB

ANK?2 chr4 114277870 €.8096T>C p.M2699T Novel LB

ANK2 chrd 114278277 €.8503C>T p.P2835S rs3733617 B

ANK?2 chr4 114278835 €.9061G>A p.A3021T rs74348333 LB

ANK?2 chrd 114279228 €.9454A>G p.T3152A rs61741040 LB

ANK2 chrd 114288907 c.11218C>A p.L37401 rs35530544 LB

ANK?2 chr4 114290816 €.11465G>C p.G3822A rs79577190 LB

ANK2 chr4 114294251 €.11616C>G p.D3872E rs768755447 LB
CASQ2 chrl 116243925 924A>T p.D308E rs776130201 VUS (LB)
CASQ2 chrl 116245602 €.954C>G p.W318C Novel LP
CASQ2 chrl 116247854 €.898C>T p.D300N rs376147306 VUS (LB)
CASQ2 chrl 116269619 c.731T>C p.H244R rs28730716 LB
CASQ2 chrl 116310967 €.196T>C p.T66A rs4074536 B
TRDN chr6é 123539749 c.2187C>A p.Q729H rs373439044 VUS (LB)
TRDN chré 123580777 €.1862T>G p.E621A rs1211286909 LB
TRDN chré 123594486 €.1620T>C p.1540M rs7771303 B
TRDN chré 123637602 c.1510C>T p.G504S rs150531306 LB
TRDN chré 123658776 c.1408G>T p.L470M rs6569336 B
TRDN chr6é 123687288 c.1313A>C p.1438S rs2873479 B
TRDN chré 123696766 c.1257G>T p.D419E rs17737379 B




Gene Chromosome Variation g. Variation c. Variation p. rs number Predicted effect
TRDN chré 123699019 c.1211A>C p.V404G rs28494009 B
TRDN chré 123714778 €.1096C>T p.A366T rs35047281 B
TRDN chré 123759243 c.1016C>T p.S339N rs35766971 B
TRDN chré 123786108 c.814G>A p.P272S rs549030753 LB
TRDN chr6é 123824902 c.755T>C p.D252G rs969285752 LB
TRDN chré 123824915 c.742T>C p.K248E Novel LB
TRDN chr6é 123824918 c739G>C p.P247A rs1340220194 LB
TRDN chr6é 123833457 €.601G>C p.L201V rs6902416 B
TRDN chré 123868506 c.403C>T p.E135K rs192289289 B
TRDN chr6é 123869607 €.383G>C p.T128S rs9490809 B
TRDN chré 123869716 c.274C>T p.Vvo2l rs34808221 B
KCNJ5 chril 128781893 c.725G>A p.R242Q rs746240972 VUS (LB)
KCNJ5 chrll 128782012 €.844C>G p.Q282E rs7102584 B
GJA5 chrl 147230352 €.995C>T p.R332H rs116551187 VUS (LB)
GJA5 chrl 147231048 €.299A>C p.V100G rs138375318 LP
KCNH2 chr7 150644005 €.3290A>G p.V1097A rs1484012284 LB
KCNH2 chr7 150644066 €.2209C>T p.A737T rs201382073 VUS (LB)
KCNH2 chr7 150644883 €.2488G>A p.P830S rs899224669 LB
KCNH2 chr7 150652572 c.20T>C p.K7R rs145819084 LB
KCNH2 chr7 150655521 c.542C>T p.R181Q rs41308954 LB
KCNH2 chr7 150671921 c.185C>T p.R62Q rs199473664 LB
PRKAG2 chr7 151478454 c.250G>A p.R84W rs61746358 VUS (75%)
PRKAG2 chr7 151573647 C.59C>A p.S201 rs116605521 LB
DPP6 chr7 154379517 c.785C>T p.S262L rs35392762 B
DPP6 chr7 154598774 c.1426A>G p.S476G Novel LB
DPP6 chr7 154645534 c.1519A>C p.K507Q rs140460765 VUS (LB)
DPP6 chr7 154667632 €.1900A>G p.S634G Novel LB
DPP6 chr7 154667692 c.1768G>A p.G590S rs150218787 LB




Gene Chromosome Variation g. Variation c. Variation p. rs number Predicted effect
DPP6 chr7 154684153 €.2369T>C p.L790P rs3734960 LB
LMNA chrl 156106187 €.1340A>G p.E447G Novel LB
TNNT2 chrl 201330429 c.749T>C p.K250R rs3730238 LB
TNNT2 chrl 201331240 c.604G>A p.A206T rs150008205 LB
RYR2 chrl 237619942 c.1519G>A p.V5071 rs16835270 LB
RYR2 chrl 237711759 €.2935G>T p.A979S rs202015519 VUS (LB)
RYR2 chrl 237755076 €.4198A>G p.S1400G rs56229512 LB
RYR2 chrl 237778084 €.5656G>A p.G1886S rs3766871 LB
RYR2 chrl 237780752 €.5882A>G p.K1961R rs772508255 LB
RYR2 chrl 237813249 €.7585A>G p.T2529A Novel LB
RYR2 chrl 237819159 €.8004G>C p.C2668W Novel LP
RYR2 chrl 237841390 c.8873A>G p.Q2985R rs34967813 LB
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Appendix F — Variations identified in case 10

Variation (g. number) Gene Variation (p. number)
11907648 NPPA p.V32M
237755076 RyR2 p.S1400G
237819159 RyR2 p.C2668W
128782012 KCNJ5 p.Q282E

2788901 CACNA1C p.G1795R
2791130 CACNA1C p.P1820L
2791132 CACNA1C p.M1821V
2791205 CACNA1C p.K1854R
35524824 SCN1B p.L210P
35821821 KCNE1 p.S38G
38645420 SCN5A p.H558R
38739574 SCN10A p.-M1713V
38766675 SCN10A p.V1073A
114276255 ANK?2 p.K2161E
114278277 ANK?2 p.P2835S
123687288 TRDN p.1438S
123833457 TRDN p.L201V
91630620 AKAP9 p.M463I
91714911 AKAP9 p.P2979S
62555970 ASPH p.E215D
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Appendix G — Variations identified in case 15

Variation (g. number) Gene Variation (p. number)
116269619 CASQ2 p.H244R
237711759 RyR2 p.A979S
237778084 RyR2 p.G1886S
237813249 RyR2 p.T2529A
128782012 KCNJ5 p.Q282E

2791130 CACNA1C p.P1820L
2791132 CACNA1C p.M1821V
2791205 CACNA1C p.K1854R
35524824 SCN1B p.L210P
35524939 SCN1B p.S248R
35524944 SCN1B p.R250T
32005726 SNTA1 p.K167R
35821821 KCNE1 p.S38G
8787263 CAV3 p.G56S
38645420 SCN5A p.H558R
38739574 SCN10A p.M1713V
38760281 SCN10A p.-V1182L
38766675 SCN10A p.V1073A
38793940 SCN10A p.S509P
123658776 TRDN p.L470M
123687288 TRDN p.1438S
123696766 TRDN p.D419E
123833457 TRDN p.L201V
123869607 TRDN p.T128S
91630620 AKAP9 p.M463lI
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Appendix H — Variations identified in case 24

Variation (g. number) Gene Variation (p. number)
116245602 CASQ2 p-W318C
116247854 CASQ2 p.D300N
116310967 CASQ2 p.T66A
237778084 RyR2 p.G1886S
128782012 KCNJ5 p.Q282E

2791132 CACNA1C p.M1821V

2791205 CACNA1C p.K1854R
35524824 SCN1B p.L210P
35821821 KCNE1 p.S38G
38739574 SCN10A p.M1713V
38766675 SCN10A p.V1073A
38793940 SCN10A p.S509P
114276255 ANK2 p.K2161E
114276408 ANK?2 p.G2227S
114276880 ANK2 p.V2369A
114288907 ANK?2 p.L3740I
123687288 TRDN p.1438S
123833457 TRDN p.L201V
123869607 TRDN p.T128S
91708472 AKAP9 p.K2342R
91714911 AKAP9 p.P2979S
151478454 PRKAG2 p.R84W
154684153 DPP6 p.L790P
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Appendix | — Variations identified in case 40

Variation (g. number) Gene Variation (p. number)
116310967 CASQ2 p.T66A
201331240 TNNT2 p.A206T
128782012 KCNJ5 p.Q282E

2791130 CACNA1C p.P1820L
2791132 CACNA1C p.M1821V
2791205 CACNA1C p.K1854R
35524824 SCN1B p.L210P
49671228 TRPM4 p.R108C
35821707 KCNE1 p.D76N
35821821 KCNE1 p.S38G
8787330 CAV3 p.T78M
38739574 SCN10A p.M1713V
38766675 SCN10A p.V1073A
38793940 SCN10A p.S509P
114277870 ANK?2 p.M2699T
114278277 ANK2 p.P2835S
123687288 TRDN p.1438S
123833457 TRDN p.L201V
123869607 TRDN p.T128S
91630620 AKAP9 p.-M463I
91712698 AKAP9 p.N2792S
91714911 AKAP9 p.P2979S
154684153 DPP6 p.L790P
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Appendix J — Variations identified in case 55

Variation (g. number) Gene Variation (p. number)
147231048 GJA5 p.V100G
201331240 TNNT2 p.A206T
237778084 RyR2 p.G1886S

2869144 KCNQ1 p.V521l
128782012 KCNJ5 p.Q282E
2791130 CACNA1C p.P1820L
2791132 CACNA1C p.M1821V
2791205 CACNA1C p.K1854R
5154431 KCNA5 p.G373A
33021934 PKP2 p.L336P
35524824 SCN1B p.L210P
35821821 KCNE1 p.S38G
38651303 SCN5A p.A286S
38739574 SCN10A p.M1713V
38766675 SCN10A p.V1073A
38793940 SCN10A p.S509P
114276255 ANK?2 p.K2161E
114276880 ANK?2 p.V2369A
114278277 ANK?2 p.P2835S
114279228 ANK?2 p.T3152A
123658776 TRDN p.L470M
123687288 TRDN p.1438S
123696766 TRDN p.D419E
123833457 TRDN p.L201V
91630532 AKAP9 p.R446Q
91659259 AKAP9 p.M1400T
91708472 AKAP9 p.K2342R
91714911 AKAP9 p.P2979S
154684153 DPP6 p.L790P
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Appendix K — Variations identified in case 65

Variation (g. number) Gene Variation (p. number)
116310967 CASQ2 p.T66A
201331240 TNNT2 p.A206T
128782012 KCNJ5 p.Q282E

2791130 CACNALC p.P1820L
2791132 CACNA1C p-M1821V
2791205 CACNA1C p.K1854R
24890157 CACNA2D1 p.L6F
35524824 SCN1B p.L210P
49671228 TRPM4 p.R108C
35821821 KCNE1 p.S38G
38591856 SCN5A p.D2003N
38645420 SCN5A p.H558R
38739574 SCN10A p-M1713V
38763835 SCN10A p.V1141M
38766675 SCN10A p.V1073A
38835462 SCN10A p.R14C
53835422 CACNA1D p.R1813Q
123658776 TRDN p.L470M
123687288 TRDN p.1438S
123696766 TRDN p.D419E
123699019 TRDN p.\VV404G
123833457 TRDN p.L201V
123869607 TRDN p.T128S
91630620 AKAP9 p.M463lI
91714911 AKAP9 p.P2979S
150671921 KCNH2 p.R62Q
62546280 ASPH p.S270N
62577854 ASPH p.Y212N
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Appendix L

a This open-access article is distributed under
Creative Commons licence CC-BY-NC 4.0.

Cardiovascular deaths: What do the genes say?

Cardiovascular diseases (CVDs) are ever-increasing, and as such are
considered to be one of the most concerning public health burdens
worldwide. They remain the leading cause of death across the world
(~17.7 million deaths were reported in 2015), accounting for 31% of
all global deaths.™

More than 75% of these cardiovascular deaths occur in low- and
middle-income countries, and although CVD is an acknowledged
health concern in Africa, this priority area should receive much more
attention than it currently does.™

Up to 50% of all cardiovascular deaths are a result of a sudden
cardiac death (SCD), defined as “a natural death due to cardiac causes,
heralded by abrupt loss of consciousness within 1 hour after the onset
of symptoms’. The consequences of these deaths, particularly in the
young, have a greater impact and health burden in terms oflife years
lost than all individual cancers and other leading causes ofdeath. The
fact that nearly 90% of SCDs are caused by an inherited disorder
justifies the international focus on, and prioritisation of, the
underlying genetic causes of these cardiac disorders.!

Disorders linked to SCDs vary greatly between different age
groups, with ischaemic heart disease being the most common cause
of death in the older population. In comparison, the majority of SCDs
in the younger population (<45 years) are due to inherited
cardiomyopathies and arrhythmogenic disorders. Unfortunately,
there is a lack of clinical symptoms or warning signs, with research
showing that in 75% of SCD cases, death is the first ‘symptom’.[

Inherited cardiomyopathy- and arrhythmogenic-related SCDs
result from lethal arrhythmias. These are caused by alterations (genetic
variations) in genes that all play a role in cardiomyocyte excitability
and contractility. Cardiomyopathy-related genetic variations affect
the structure and function of the heart muscle, whereas cardiac
arrhythmogenic genetic disorders are generally associated with
isolated electrical dysfunction. The four most common inherited
arrhythmogenic disorders include long QT syndrome, Brugada
syndrome, catecholaminergic polymorphic ventricular tachycardia
and short QT syndrome. Although each of these has a characteristic
electrocardiogram (ECG) profile when experiencing an arrhythmic
episode, their spontaneous and sporadic nature results in a difficult
clinical diagnosis.¢

The same gene can be altered in different ways (different genetic
variations), which can lead to vastly different clinical manifestations
of a disorder. These differences are important when considering
available and effective treatment for patients, as each treatment is
designed to target a certain defect and/or function. Fortunately, there
are various types of treatment available, which can range from anti-
arrhythmic medications to implantable cardioverter defibrillators and
pacemakers.!"]

Therefore, even for general practitioners (GPs), there is clinical
importance in determining the underlying genetics of an inherited
cardiac disorder, to allow for effective and individualised treatment
of a patient and/or affected family members. Since diagnosis can be

challenging, be it due to an absence of ECG abnormalities, overlap of
clinical phenotypes or lack of symptoms, genetic testing in all
individuals at risk for an inherited cardiomyopathy or arrhythmogenic
disorder is crucial. This is reiterated by the marked reduction in
mortality associated with the administration of proper treatment.”

The general medical practitioner, in particular, is in a central
position in SCD prevention, and plays an essential role in the
multidisciplinary team tending to affected family members. GPshave
a greater personal connection to the community, and oftencare
for different generations of the same family, which allowsfor
earlier recognition of subtle warning signs suggestive of aninherited
cardiomyopathy or arrhythmogenic disorder. Clinical practitioners
should especially be cognisant of any family history of syncope,
epilepsy, sudden death, deafness, heart failure or pacemaker
implantation at a young age (<50 years). Primarily, the GP will be the
first to recognise a possible inherited cardiac disease in an individual
or family, and through appropriate genetic testing may provide the
only opportunity for an early diagnosis and proper clinical
management.
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Appendix M

Long QT syndrome and sudden unexpected
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ABSTRACT

Long OT syndrome {LOTS) 1s an inhentable primary
elactric disease of the heart characterisad by abnomally
long QT Intervals and a propansity to develop atrial and
ventricular tachwarrhythmizs. It 1s caused by an Inbarited
channelopathy responsible for sudden cardiac daath

In Individuals with structurzlly normal hearts. Long QT
syndrome can present aary In Iife, and some studies
suggest that it may be assoclated with up to 20% of
sudden unexplained Infant death (SUILY, particularky
when assoclated with extemal stressors such as
asphyda, which & commonly seen In mary Infant death
scenes With an understanding of the genetic defects,

It has novw been possible 1o retrspactively anzlyse
samples from Infants who have presented to fonansic
pathology services with a history of unexplained suddan
death, which may, In turn, enabde the Implemantation of
praventztive treatment for siblings praviously not known
to have pathogenic genatic varlations. In this viewpoint
article, we will disouss SUID, LGTS and postmoriem
genetic analysls.

SUDDEMN UNEXPECTED INFANT DEATH
In most coantries, sudden and unexpected death
cases will be referred for routine medicolsgal
antopsy. Unfortanately, 7096 to 30% of sudden
nmexpected deaths in infants [SUDIs) will remain
umexplained, even after thorough iwrestipation,
which inclade 3 detailed postmortem sxamination
including macroscopic examination with eviscar-
ation of all organs and all ancillary investigations
such as histology, microbiolosy, virclogy and toomi-
cologr!” The Centre for Dlissaze Cootrol and
Prevention estimated in 2018 thar 3500 infants di=
suddenly and unexpectedly sach vear in the Usat
A review smdy condocted in Wales reported the
approsmimate prevalence of SUDL was 14%% of all
infant deaths recorded over a 2-year pericd (2010-
2012)." These unexplained deaths wers previoasly
defined as sudden infant death syndrome [SU}S}.‘
In 2013, Byard indicated a possible diagnostic
chift im 5105 cases. During the 1920, the continned
monitoring of dizgnostic practices and trends in
infant deaths revealed the extent to which pathol-
omists contribured o this diagnoctic shife 5! An
increased awareness of the infant’s position in rela-
tion with many of these sudden deaths anablad the
pathologists to identify more cases of accidensal
asphymia in relation to nmafe cleeping environ-
ments. Forthermore, Byard also docomented an
oppuosing component of the dizgnostic shift, which
involved the sobjective reassisnment of camses of
death ** A cpecific rend war detected whers many

pathologists refrained from attriboting the camse
of death to 5I05 and rather wsed terms such as
nndetermined canse of death or asphyia-relared
death.'” Reasons for this shift incude the absence
of pathopnomonic diagnostic feamres for 3105 and
the insufficient findings that may be presant in cases
of accidentl or intentional smothering > Parhal-
opists have rather taken to determining thece deaths
zs sudden unexplained infant deaths (SUTDs), wrhich
are defined az “the death of an infane less than one
year of age in which iovestizgation, aurcpsy, medical
history review and appropriare laboratory testing
fail to identify a specific canse of death. 5UID
inclondes cases that meet the definition of sudden
infant death syndrome ¢

AETIOLOGY OF SUID

Stodies showr SUID occurred more freguently in
infants betwesn the age of 2 and 4 mooths and
rarely after the age of § monoths =47 Death
apparantly oconrs during periods of slesp, suddenly
and withour warning Y A oniformly accepred
triple—rick model was first inmodoced in 1994 by
Filliano and KEinney, and highlishted the interac-
tion of multiple risk factors that increase the proba-
hility of SUID.™ These risk factors are divided into
thres groups: a volnerable infant, a critical devel-
opmental stage and exoesnons stressors. - Curcent
theories still sugmest that SUID is a complex event
and infants may die when sk factors in each of
these mroups oocur ar the same tioee: 2 vuloerable
infant {which can indode an woderlying menedc
mutation/predisposition) in a critcal develop-
mental stage [peals at 3 months) with an exoge-
mous stressor such as asphyxda challange: from
ansafe slesping practices, soft bedding, the expo-
sure to second-hand smoke 2= well as bacrerial and
viral infectinns.

In the 19%0s, there was a decrease in the namber
of SUID cases, which could probably be attributed
to the introduction of the *back-to-sleep” campaizn.
Homrever, since then, the 5UL rate has remained
stabls and is the number one canse of death inr-os.t-
neonatal infants in most developed conntriss. AL
The large number of published studi=s soroogly
sugzests that SUID may be muoltifactorial and may
inclnde metabolic and genetic disorders, as well as
deficics in serotonin receprors in the brainsrem =
which motivates for the continnows ressarch into
possibly  preventable canses ™Y Fortunarely,
with the rapid development in rechnology and
coptinned stadies oo genetic risk factors, post-
mortem molecolar analysis proved to be an invalo-
able tool in determining a possible canse of death in

many SUILD cases, &5
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A postmorrem genetic stady condocred by Wang ot ol showred
that in their cobort of infants, African-Amencans had dee highest
rick of dying soddenly, followed by Hispanics and Cancasians,
with the Azizn population ar wmallest riske™ Arnesrad or al
suggested an intrigning hypothesis with regard to poscible modu-
lating factors invalving specific Tﬂ:ﬂic wariants and the associ-
ated ethoicity of the individual."" Comparing the ethoic/racial
differences az described above with the ccoarrence of SUIDs
indicates that the rate of S5UIDs amoog lower income/sociceco-
nomic deprived racial and ethnic groaps showed an increase
compared with gronps within a higher income braclkes.'! Amer-
ican Indians, African-Americans, Maoris from New Zealand a=
well a5 Aboriginals in Awstraliz all have a higher incidence of
SUID. ™" Mo definisive explanation for this increased ccourrence
conld be found; however, 3 complex inreraction bersreen genetc
and environmental risk factors may be the undedying basis=—in
keeping with the triple-risk model.

SUIDS AND CHANNELOPATHIES

MNumerous stadies have been done on the association of serotonin
recepror deficiesin SUIDre. " In addiinn to serotanin rECEptor
deficits, other stndiec, wrhich have alwo received increased atten-
tion owver the past few years, have shown that one of the possible
preventable canses of SUIDS: is that of inherited, life-threatening
cardizc archythmic disorders, commonly referred o as cardiac
channelopathies. ™ These chanaelopathiss, which inclode
long QT syodrome [LOTS), Bragada srodrome (Be5) and cate-
cholaminergic polymorphic ventricolar mohycardia (CPVT), are
a result oE_‘p_:I:_l':-DE;m.i.c variants in geoes that code for cardiac ion
channels Z 5 Thas genes play a3 role in the cardiac elec-
trical conduction physiclogy, thus affecting the normal beast
byt

The first evidence permaining to cardizc condaction disorder
in ULk is that of Keeton o af,“ who in 1977 reported on the
dizgnosiz of severe condoction disorders in six cases of acate
life-threatening events (ALTE) in infants. These infants received
proper rreatment before any fatalines occarred ™ Daa obmined
from cin separate smdies indicate that the overall prevalance of
pathogenic variants in cardiac inn-channel-related genes in 5UIE
victims may be 20%0. These variants seem to have a faral oatcome
when :u.l.nun:_l.i._njg writh certain stressors/riggers such as fever and
:5ph:|.m'.i.:,'ﬁ'h_' which is especizlly rel=vant when considering
that asphyxia is commonly encountered in SUID especially in a
so-called unsafe cdlesping environment. The American Marional
Scciety of Genetic Counselors,” Ackerman,” Mickand et al,”
Arnesead o ol and Diavis et 2l all reporred that an averages of
15% of SUID cases oconrred due to inherited cardiac ardhyrthmic
disorders. It was suggested that the purative canse of death in
one of every five 5UID: may be the resolt of pathogenic variants
in a cardiac ioo-channel-related E'l.-n:.u":

The ipﬂi_k: age of SUID: iz commonly accepted az 3
meonths, 7T However, in infants identified with a chaonelap-
athy, the age range ar time of death varies gready between each
smdy coborr, with no peak age of death noted among all the
smadies. Some recorded a range betwesn 4 days and 12 mondhs
while others recorded median ages at death varying from I
month: ap to 6 meonths. """ The smcr mechagizm to which
thiz relarively broad span of age range can be arribated ro is sl
mnkoown. It shonld be kept in mind thar the broader definition
of SUIL inclades all infants ap to the age of 1 year.

Some variznts in genes linked to the different channelopa-
thiss ceem to be mr:-:lp:n':l:nt in certain popalation groups
wehile rare in others. '™ 4 nomber of studies indicars 2 higher

prevalence of certain genetic variants among the Maod popala-
I:iun,"l % whereas other specific varants, especially the SCMNiA-
H358R amino acid replacement, are associated with a2 higher
prevalence in the Cancazsian popualation g:-:-up." In conorrase,
certain common variants fonnd in the Hispanic and Asian popn-
lations are identified 2 disease-cansing varianes in the Canczsian
];r-l:\_l:“.ﬂ.a.l:i|:t|:|.'E The SCNIA-ASTID variant, which has previously
been described as diseazse-cansing, is a commaon variant found in
the Nocwegian pnpuli.t.i.m.u

LOMNG QT SYNDROME

The channelopathy that has the strongest link to SUIDs
s LOT5 LTS is an inherited archythmeopenic disorder asso-
cizted with the iomic comtrol of dhe cardiac action porential.
Cliniral oatcomes incude syncope, seizures and codden death,
expecially in young and apparently bealthy individuals. Of note,
all LOTS features, including a posteortem sxamination that
remains mnexplained, are similar mo sum. =¢

LOT5 iz a genetically beterogenecos condition, with the
mazjority of cases inherited in an antosomal dominan: manner.
The less common recessive forms of LOTS are associated with
cevere cardizc phenotrpes and congenical d.c:ﬁ:es.rs.:"”"u The
characreristics of LOTS are represented by a delayed repolari-
sation of the ventricular cells. This is astributed to the redocticn
in repolarizsing (ourarard) corrents, or an increase in depolarizing
{inward) currents, and is assodated with ECG manifestations
of prolonged QT intervals and T wrave a.l:h.nurm.a].i.ti:s-.d:_h The
prevalence of inherited LOTS iz esticnased to be 1 in 2500 Lie=
hirths, 3255 Howrever, reports have indicared that this nomber
might be an nndersstimation since the likelihood for 2 misdiag-
mosis exists in approsimately two-thirds of patieats with LOTS
due to the heterogensicy of the disesse ™™ In addition,
an estimated 10%0-35%% of patients present with a nocomal QT
interval when measured on a resting 12-lead ECG. This further
contribates to the nnderessi :redatu'ﬂme of inherired LTS
in the geoeral pnpu].:.ti.o.n.u' * The onset of symptooms
usually occars at 3 mean age of 17 years, with an eadier ooset of
syoptoms typically associated with more severe outcomes.”

To date, a significant number of genetic variations have been
associated with LOTS. " According ro the Human Gene
Moutation Datzbaze, more than 600 long QT variations have
been identifisd in several ion-channel-relared p:ne—s.u Thre=
major genes are responsible for T3%-900 of thee variants:
the porassiom volrage-gared chanpel subfamily O member 1
(RCN1), the potassinm volmage-gated channel subfamily H
member 2 [KCWH2) and the sodinm volrage-gated chanmel
type V alpha (CNFA) gene. ! Loss-of-funcrion variants in
KQQQI, E-nmd.i.ng for the ion channel that mediates the slowr
delayed rectifying potassiom correne (I ), canse long QT typ=
1 (LOT1) syodrome. Most archythmias experienced in LOTL
parients are trigzered by exesrcize-relaced B Ll
of-function variants in KCNH2, encoding for the ion chanoel
generating the rapid delayed rectifying potassiom corrent I:I.u_:l
during repolarization, canse long QT rpe 2 (LOT2) syndrome.
Io LOTI patients, the majority of events are triggered by
emotional EIIE-SS.'IJ:MI Gain-of-fanchion wariants in SCNIA,
encoding for the sodiom chanpel that generates the depo-
larising sodinm corrent, canze long QT pe 3 (LOT3)
syndrome. MALIES The cardiac evests in LT3 padenss,
which are considered the most lethal among LTS, ocour
dLl:j.uF‘.g“ﬁiriod. of sleep/resr and have been repocted in SUID
cases. o The higher lathality rate can be best explained
by the 2086 increased rick of sudden death precenting as the

Van Miekeri C, & & J e Pashed 2017, 70B0E-813. dol: 101136 dInpath- 2016- 304 109

B09

184

"WiuAdoD Ag paloeitld B 0IBId b0 AUSIBNUN 1B ZZ0Z 'S BOQWRos ] U0 A0 g df dil Wou) papeciumog ' LL0Z BUNT 62 UO 65LF0Z-0 LOZ-Weduioles LL 0L SE pausignd 1) jouled umd



first clinical manifestation in I_QTi ﬂ.:.ﬂtnt:- versns the 480 risk
among LTL and LOT2 patients.

LOMNG QT SYNDROME AND 5UID

Of all the channelopathies, LTS is the most prevaleot disorder
associated with SUIDS*"*“¢ 3 well as sudden death in
the yoang "7 Postmortem menetic testing in SUID cases
demonstrated that 13 9% of cases with identified variants in te
LTS genes have pathopenic clinical significance ™"

A large population-based smady condocted on the clinical
associadon between a prolonged QT interval in ECGs and an
increased risk of SUID anabysad 33 034 ECGe of healthy Iralian
babies, which wers taken on the third or fourth day of Life ™ In
each cazse the QT interval wraz measored and the infants were
folloared for 1 pear. In total, 34 infants died, of which 24 deaths
were atrribated to SUID (incidence of 0.7 per 1000 live birdhz).
A prolonged QT interval was recorded in 12 of the SUID cases
{50%0), whereas none of the survivors, or infants who died of
other cances, demonstrated 3 prolonged QT j.nl.'e-n':LM A a
cesals, Schrrartz et al - caleulared the OR for SUID in infants
with 2 prolonged QT interval as 41, an OR mEn.L'l:.u::.n'tl}" higher
than thar of prone posmre and matermal -:.n-mk.i.ug_':'

A more recent follow-up study on the amociation of LOTS
with an increased mck for SUID iovolved a3 comprebensive
19-year prospective review of ECGs, which were recorded
between 15 and 28 days of life in moce than 44000 infants.”
Molecular sereening was performed in 2§ infants wrho presented
with a marked QT interval prolongation, which showred that
14 of these infaprs (509%G) were cardiers of potentally patho-
genic LOT5-related varianms. All neonates who preseoted with
a prolonged QT .Lnt:n':l received soccessfol trestment with a
f-blocker [pmpn.un]nl]

An association betareen LOTS vwamations and SUID wvictioes
has been recognised by two well-known case sendies™ % one
on a SUID case and the other on an infant with docomented
ventricular fibrillation who sorvived an ALTE. These two studies
ultimarely paved the way for other cohort stadies on SUID:. s.e0
One stady showed 2 520 prevalance of LOTS cansing variztions
ina :I.'u.d'_; cohort of 68 5UID c:.:e-:.:j Another 51.1.||:|.].", :n:m:lp-u:ed.
of 201 SUID cases and 187 controls, found thar 8. 500 (950 CI
5.8 to 14.4) of SUID cases carried functional LQTE pathogenic
varistioos, whereas ooae of the controls did ™ A third smdy,
condocted by Wang o2 a'.l' ~ jdenrified varians of probable patho-
genic significance in 19 of 141 SUIL cases (13.5%0).

Long QT type 3 syndrome seems parricolardy important in
SUID cases as studies demonstrated a link berveeen SUID and
a predominance of SCNIA gene variames PN 1 e
different studies, molecolar screening identified pathogsnic vari-
ants linked to LOTS in a number of SUID cases, where variztions
in the SCNSA gene compriced respectively 5000, 88 400 and
5006 of all identified variants. ***** This could be ascribed to the
known genotype—phenctype correlations that suggest patients
with LOT3 (SCMNSA) variaots may experience a higher lethaliny
rate, mostly oocurring during cleep, comparad wll:h Ei:utnrs who
have variants in other geoes involved in LQTS.

The SCM3A gene is 3 member of the voltage-gared sodinm
channel family, with at least pine sodiom chaonel G-subunits
in this family idendfied from varions human tizsnes. ¢ The
geoomic location of SCNSA is on the shoot arm of chromosome
3 ar position 21 (3p21). It consizts of 28 ewons with an approse-
imate span of 80 000 base pairs (80 lb) "S5 The SCNSA
geoe encodes for a protein (sodinm (MWawl 5} ion chanoel porce-
forming O-subonit] of 2016 amino acids with a caloolated

molecalar weight of 227 LTz The volrage-gared MNa* channel
D~zobunit cootain:  six  wansmembrans-spannoing  segments
I:SI—CS_E;I found within each of four homaologou: domains (DI-
DIV i is restrictively expressed in the nipocardinm and
plays a critical role in heart excitability and conduesion S
The interral membrane protein prodoces the fast ioaracd Na~
current thar iz recponsible for the depolaricing phase of the
cardiac action 1:!|:|t-:|:|'|:|.:]._""ﬁ';I Variations of this EEmE CaImss A
persistent Na” current with 2 sobseguent proloogation of the
wentricnlar action potential | essentizlly resolting in an inherred
predisposiion to ventricular acdhythmias and sudden death, seen
in several cardize dissaes, incloding LOT3 5

POSTMORTEM GENETIC TESTING AND SUID
Fostmiortem genetic testing is increasingly being recommendesd
2z z rontine procedure in the iovestiration of any sudden unex-
pecred death B ¢ tdan death is often the sentinel svent of
109—40% of LOT3, a5 most penstic variant carriers are noaware
thiat the diceaze iz p:\escnt.x " The importance of postmotem
genetic testing li=: not coly in determining the canse of death
at antopsy but also serves as a diagnostic tool in idendfying
relatives !n-f the deceased) ar rick for the same inherited genetic
disarder 5% Over 9500 of cardiac genesc disorders [in the
general popolation) are inberited a: an antosomal-dominant
rrais Furthermaore, the risk for sabsequent wiblings dying from
SUIL is reported to be betwresn 3.7-fold and 10-fold (although
this iz regarded as controversial by :l:rme:l.l

Varions treatment modalides for channelopathies are avail-
able, with the dthree most commoon'sffective being that of
fradrenecgic blockers, antizrchythmic agents and the ose of
implanred device therapy =" Although fadrenergic blockers
are ctill considered the firse line of therapy in LOTS, a lower
efficacy in treatment for SCN3A wvadant-associased LOTS
har been reported ™ Evidence obrained from boch clin-
ical and in vitro cettings aEmects 3 successful counteraction of
mexiletine spainst the aberrane persizrent MNa© current, which
uldmately :h-nrt:ns the 0T interval in SCNSA pathogenic vari-
ation carsiers. o In addifion, Hecainide also proves o shorren
QT intervals in DAY SI:NEA pa‘H:uggm: wariation carriers;
hoarewear, concecns F.l:d.l.ng thie cafery of this specific therapy
have been raized. Q d.ln:.andsnt:]nlﬁb-u-thd.assmq'p:
antiarchythmic J.E;mr:., proved to be beneficial ro patdens diag-
naozed with BeS 7 Patienes with LOT5 and Br5 seem to bensfir
sipnificantly from implantable defribrillators, whereas patisnts
suffering from condunction disorders wrere managed successfully
writh pacemaker implantation as treatment option. AL

The profound value of exisdng treamment for these ardhythmic
disezses mar be best portrayed by Wilders' comparison of two
similar caze studies and their sssocisted clinical surcomes.”
Both cases involved neonates with documented ardhythmias and
a prolonged T interval, though only one of the cazer received
treatment on presentation of d.LEJ.-c:.l symptoms. © The first
case was reporred by Soathall et al - on 2 neonars whao presented
writh archythmizs in atero and bradycardia for dee first 9 days
of Life; however, on day 10, a normal beart rate was recorded
and the baby was discharged from hospiral Unformnately, the
baby suffered a sudden and anexpected death 3 days later,
which, after an anropsy investigation, remained nnexplained.
On retrospective anmalyzis of the available ECG :e:-u-.rd.l.ngs
2 sobsmantal QT interval prolongation was ohserved 7 In
contrast, 3 second neonate who aleo presented writh acdhyrthmias
inarero and a 24-hoar ECG illnstrating a prolonged 07T intecral
writh frequent prematare venmicalar beats received a f-blocker
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{propranclol), which proved to be successful in trearment 0

Since the disease is potentially treatable, the ability of molec-
nlar testing to identify these channelopathiss a5 2 canse of d=ath
in SUID cases will allow for resting and inidation of prevendve
therapies not exclusively tu_‘jyu;t family members at rick bur aven
in furore p:\cgnanci.es-.'“f Unfortunately, az a conseguence
of the almese silent nature of the disorder (sudden death being
the firsz ‘ﬂ'mp't:rn-:l'],:"ﬁ' t peoetic resting wonld be difficule to
implement 3z 3 preventative measare before any SUID ocooc-
rence or without strong suspicion due to known family history.
The role of postmomen genetic testing in this age proop wall
be to ectablich the prevalence of these variadons in the general
population.

THE ROLE OF MOLECULAR TESTING

Considering all the data, the guestion arises as to whether a
routine postmorrem genetic anabyzis shonld be implemented in
all sndden infanr deaths thar remain onexplained after a thor-
ough antopsy investigation.

First, as described by Elr.i.nne:,ﬂ the identification of patho-
genic variations in SUID wvictims doss not necessarily prove
cansality even if their dinical significance has been proven to
be disease causing in other familiss or by in vitro testing. This
leads to the old dictum where the forensic pathologists need to
decide if the person died with the disease or as a resolt thereof.
However, evidence exists (referenced throoghouor dhizs paper)
that SUID may be due, in a minority, to cardiac channelopathies
such as long QT syndrome.

Second, the gnestion arizes as to what extent forensic pathaol-
opists are legally and ethically bound to conduoct dhese rests
It can be argoed that the forensic pathologists need to deter-
mine= the canse, and in some cases the manner, of death. The
next-of-kin in these cases might bepefit tremendon:zly from
testing, which in some instances could inclode ECG screening
folloared by genetic r:-:t.i.n;q:"""_l This wonld necessitare close
working relationships between forensic pathologists and a team
of other experss incloding molecular biclogists, cardiclogists
and genetic connsellors. The importance of findings: by forensic
pathologists over the years has drastically led to the redocticn
of cermin mortalitiss—for exampls, the implementation of
restraing devices in road traffic accidents—and cannot thos be
negared.

Third, in orany instances, finances are not available to routinely
conduct these tests. Do average, screening only for variations
in the SCNJ-AEEDEJ wrhich iz reported to be found in 5204 of
SUID victims, AL rould ot approximatsly US3370 per
case in South Africa (the cost of dimilar genetic resting may
differ betwreen conntries). However, these costs will be dramat-
ically reduced in the event of implementation of routine genetic
resting in all nnexplained SUIL cases, as targeted genetic resdng
of known hotsspot regions will be nsed instead of whole =xome
seguencing. Fasearch shouold also focns on screening the geoeral
population to detecmine which variations cconr naturally in
any piven population. A recent molecalar study conducred on
South African SUID: (aopuablished data) revealsd eight specific
exons of the SCNFA gene as dafinite hotspot regions particular
to this population. In effect, the cowss of postmortem genetic
resting, refined to those eight homspot regions, in a single SUID
case, wonld amount to approximately U55143, Copsidering the
reduced costs, which shonld continue to dedline doe to advances
in technology, one might argue that ethical issues far ouoweigh
financial concerns with regard o targeted postmortem genetic
testing in applicable SUTD cases.

The gquestion will always remain as to which genes shooald be
tested for in each case. According to the Heart Rhythoo Socety/
European Heart Bhyrhm Association guidelines, targesed post-
mortem mtationzl analysiz in all sodden unm%eg‘l_ﬁed. dearhs
betareen 0 and 40 years of age is recommendad. I In conn-
ries such as Awstralia and New Zealand all sudden and anesx-
pected deaths are mandated to aodergo targeted posooct=m
Eenetic testing * % In 2015, the Swics Society of Legal Med:-
cime recommendesd that all sudden unl:ll:pech:d deaths nnder the
aze of 40 should be subjectsd to postmortem genetic testing -
Iz a recent study conducred by Sanchez er af,”” ness-generation
seguancing (ING5) postmorten genetic analyses showed that in
13.4% of sodden wnexplained death cases (between 0 and 10
wears of age), a disease-cansing variation linked to an inherired
cardiac acchythmic disordesr (LOTS, Brh and CPVT) was iden-
tified and dizgnosed 2: the canse of death. ™ In the remaining
31.9% cases, in which variants considered possibly pathogenic
could not be fully defined ac the canse of death, 3 necessiny for
family oembers to consider farther genetic evalnation was estab-
lished ™ A< 3 reenlt of their findings, they recommend that NGS
genetic analyses shouald be performed on all anexplained sudden
deaths below the age of 40.7

In our opinion, interdisciplinary centres shonld conduct largs
studies in order to attempt identifying the true incidence of thece
cases. Prospective and retrospective stndies conld be undertaken.
Ar miosr large medicolegal death investization centres {which are
often linked to tertiary academic insticutions), forsosic pachol-
opists have established archives of formalin-fined, paraffin-em-
bedded (FFFPE) tiszae samples, which can serve as a (sometimes
only) sonrce of material that contains critical genetic information
walaahle to molecular tl:-:l:ing.'-q"_j Several stadies have mp-nl:h:d
the soccessfnl though nor necessariby ideal wse of FFPE deae
sample: in retrospective postmortem morational analysic of
previcusly admised SUID cases. "~ ""*7 This raises 20 important
issue permining to a possible difference in cost betareen the nsage
of FFPE tissne samples versos more traditional samples soch as
DA extracted from blood From experience working with
FFFE tiszue samples 2x 2 source of DINA for postmortem menetic
testing, costs increase dramatically compared with nsing blood
samples as the sonrce of DINA. Heowrever, the rize in cost almeost
completely depended on factors associated with the incooect
conditions/circumstances surrounding the retestion, fixation
and storage of FFPE tissues sample:. When prescribed guide-
lines were follered for the retention and fivation of FFPE tissae
samples (fiwed in formalin for a2 maximom of 24 howurs, cleared
in xylene and ambedded in a paraffin block), DMA axtraction
and subsequent molecular applications were egual in guality, be
it at lower concentrarions, when compared with DMNA extracred
from blood. Thos, the difference in cost beroreen neing thecs
w0 sources of genedc marerial for genetic testing may, in facr,
be insignificant and therefore highlights the concial importance
of approprizte samplingstorage of all retained ansopsy samples.

Combining resources and incloding all infants (regardless of
the mannericanse of death) in testing for specific genetic vari-
ations could provide data on the most commonly encountered
warations for each sabset. Although this wwould most definirely
be 2 very costly undertaking, identifying the specific prnetic vari-
ations and their associated hotspot regions could prove cost-ef-
fective in the loog teron as more focused testing (which will be
more affordable) coald be undercaken.

Enowledge mained from the resulis of these tests could be
imperative for adeguate genetic connselling of parents of sobse-
guent cazes and provide closure o familiss who wrere previously
informed that no canse of death was ideotified. This will assist in
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Viewpoint

providing dosure and planning options (such as genetic tesdng)
Enr:ﬂiibliug,:ddi:g:igniﬁ;mtv:lneinﬂupmﬂﬂg?g:mn-
tion of future similar cases to all individaals invalved **

Thus, ethical and reasonable jusdfications compel oz to se=k
2 molecnlar diagnosis of LOTS in an infant whose sndden death
remains noexplained despire 3 thorough anropsy and ancillary
Investigations, and shoonld therefore be considered in all medi-
calegal settings **

Correction notice The papes has been amended singe 1t was published Online
Fiest. Dwing 1o 2 scripting ersor, some of the publsher names in the refesences were
replaced with ‘BAL Publishing Group', This only affected the full et vession, not
the PDF. Wie have since comecied these emors and the mormect publshers feve been
Insirtiedd Inbo the refienences.

Contributors Al thres authors wese imolhved In the monception, writing aind
editing of ths pape:

Competing iInterests None declared.
Prowenance and peer review Coemmissioned; eetemally peer redewed.

€ Aticle authos(s) jor their employens) unless atheratse stated In the texd of the
ariicke) 2017 A fights reserved. Mo commestal use s permitted unless othenwtse
Expressly granted.

REFEREMCES

Moon RY, Home RS, Hauck FA. Sudden infant death syndrome. Lavcet

20737001 57887,

Camoll B, 'Wood IK. Sudden unexpected infant d2ath: 3 mmpassionaie fonernsic

approach to care. T Redfadr Emeng Med! 201213773548,

3 Bwans A, Bagnal RO, Duflon |, & &' POStMONEM review and genetic anaiysls in

sudden Infant death syndrome: an 11-year review. Mom Patval 2071304417306,

4 Cemers for Msease Control and Presention. Sadden unexpecied intant death and

sucken Infart death syndrome. 2016 wwmodc govisldsidata. i (aoessed & Apr

2018

Dawis V., Price L, Heatman B, et &), Sudden Lnexpected Death In infanoy—»~A

Coliaborative Thematic Resew 2010-2012. London, LE: Pusilc Heaith Wales NHS

Trust, 7015.

6 Deltmeyer RE, Kandol B Candlomyopamies—misdagrosed a5 Sudoen infanl Death
Syndrome (SI05). Fovere Sifiet 2010019467 7-224.

7 Tester DU, Accerman ML Postmortem long Q7 sycrome genetic testing 1o sudden
wrexplained degih In the young.fAm Cal Cardid F0749:280-5.

8 Opzal S, Rngrem T, Gane varants predsposing 10 SI06: curent knowlenge.
Foveraic 57 Med Patied 301173636,

5 Kuoous B anowtet | Sodden cardiac death in children and young acufts—
eplteminingy and preventon. Cor W 201 2;54:6723-6726,

10 Pasquale-Styles MA, Tadcl PL, Schmidt CI. Infand death scene Investigadon and the
axpement of potenit ik faciors 1or aspiada: a review of 200 sudden unexpected
Infant deaths. f Ferereic S 2007, 52:024-9.

11 Dempers 1, Coldrey |, Burger EH, e ad. . The Insiiiution of 3 Standanded
Imestigation Protoood for Seaden Infant Death In the Eastem Meropole, Cape Town,
Sourth Al f Fevensic S5 2006610150814,

12 Byzrd B Changing Infant ceath rates: clagnastic sH, success siory, or both?
Foveraic S5 Med Patipd 200135013,

13 Wligers A. Cardiac lon thannelopahies and the sudaden Infant deam yndmme. SRV
Cavcia! 20127012;1-38.

14 Byard BW. SUDE or “undetermined ™: dioes it matier T Forensic 5o el Raifrod
2005531,

15 Byard W Possiole mechanisms resporeibie for the sudden intant death synarome. f
Paedfatr il Mealiy 1001, 37:147-5T.

16 Mpon RY. Task Force on Sudoen Imiznt Death Smdrome. SID5 2nd other sleep-reiated
infant deaths: exparsion of recommendations for a s3fe Infant sieeping environment.
Pecliris 20111 78:1030-9.

17 Klnney HC, Thach BL The sudden Infant death sndmome N Eng J Med
200935 PE5-805.

1B Acmestad M, Croti L, Regnum 10, & 4. Prevalence of kong-OT syndrome gene
warlanis in sudden infant death synanome. Groolaten A00T;115:361-7.

19 Ganda Al, Koschnitziy JE, Ramirez IM. The piysiological detemminants of sudden
Irtant death . Resspoir Pyl Mool 201 3;189:785-300.

0 Glengamy IM, Crawlond |, Moerow PL, et ad. Long GT molecazr autopsy In sudden

Infant dealh syndmme. Ak Dvs Cild 3014;99:635-40.

Flllzng 11, Kinney HC. A perspective on nesropaihologlc indings In viciins

of the sudden Infant death syndrome: the triple-risk model. &' Neowae

190 ES 18T

17 GuRtheroth WG, Splers PS. The tripie risk mypotheses In sudden indznt death
SYNCNOmE. feativacs 2000711 0pG4-6.

Fud

w1

2

FE]

K2l

5

.1

n

18

£l

EE]

34

35

7

Faterson DS, Tracvienberg FL, Thompson EG, e af. Muitiple sercaonerglc bralstem
abnormaifiies in sudden infant death syndrome. JAWA 200E796:7124-33.
Klnney HC, Ridherson GE, Dymedd 5M, = ai. The rainsiem and seroionin n the
sudden Intant death syndeome. A Rev Pasbed! 200904251 7-50

Wiang D, Shah KB, Um 5%, Yon Um 5, ¢ o', Cardiac channelopatoy testing In 274
ethnicily dverse sudden unexpliained deais foveesic 55 e F014,237:90-9.
Stattin EL, Westin I, Cedemuist K, et o', Genetic soeening In sudden cardiac degth
In the young cn 52 fufure Ives e § lega’ Med! 20161305566,

Randall BB, Paterson DS, Haas EA, e af. Potential asphyda and bainsiem
abnormaifies In sudden and wnexpected deam In Rfanis Pecbiatrics 2003, 1372161
E-21625.

Crote L, Celang G, Dagrad |, e & Congenital long QT synarome. Opslarer | Rave s
BO0E 31 B-16.

Dawls &M, Glengamy L, Sknner IR, Sudden Infant deattc T o not QT7 That Is no
longer Fae question. G Arythm Elecirophysind 30160003850,

Tester B, Medelros-Domingo A, Wil ML, et ai. Candlac channel molecular auiopsy.
Inshghis from 173 consecsive czses of autopsy-negaiive sudden wnexplained death
refemed for postmortem genetic testing. Maye G Proc 3012,E7-5M-30.

Scmartz P, Sramba-2adize M, 32gantinl &, et af. Frolongation of the QT
Intenval 2nd the sudden Infant death sndome. N Eng' J Med Qrees Ed

1O 33 TG4

Tmmex T, Surber B SCVMEA channelopathies—an update on mutations and
MECTENEME Prog By Mol oy J008:98:1 7035

Midhaua K, Fellmann F,Aorel H, o af'. Molcular auingsy In sacien @mdiac oeath and
Its Impilcation for familes. disorssion of the practical legal and ethical aspeds of the
muttidisciplinany oolizboration. Swss Med Wil 2000;125:712-8.

Keeton BR, Southall E, Ruther N, &t af'. Cardlac mndedion disorders in sk infants with
"near-miss” sudden infanl deaths. B Med § 1977208001

Arkarman M), Slu BL, Stumer 'WE, =t &, Postmoriem molecular anaiysls of 506G
Geledts In sudden Infant death yndrome. fAMA 200178622649,
Wiedeking H, EBajanowsk T, Friederich F, e al. Sedden Infant death syndrome

and long OT syncrome: an epkiemiokoghal and genetlc shacy, i | Legal Med!

006 13001 2837

Fiant LD, Bowess PN, LU 0, s o A common @rdiac sodum dannel varam
3ssndiated with sudden intant death in Al Amencans, SCASA S1103Y.5 OR
ravest 20061 164305,

3B Ofagin T, KIfma K, Osawa M, et al. Candiaclon channgl gene mutations In sadden

Infant death symdrome. Rediadr Bes 7008, 64:482-1.

30 Mzt , Kugener 0, Chevalles P.e¢ o, Contribation of long-0T sydrome ganetic

a0

11

a2

a3

a4

50

il

52

54

55

56

wariants In sudden infant death syndrome. Fedfaer Caobia' 2009305025,
Mabional Sodety of Genetlc Coumsslors What Is post morbem genetic tesing? 2015
WW.ns gL org/posimorbem (accessed 9 Dec 2016}

Klehine N, Kauferstein 5 Mutations in the 50v54 gene: evidente for a

link between long QT syncrome and sudden death? Foveraic 5o et el
0T 704

Soivaartz P, Ackerman MU, George AL, & & Impact of genetics on e dinkzl
manzgement of cannekopathies S Am GoW Cardiod 201 36318980,
Arkarman M), Marcou CA, Tester DL Personaitred medidne: genetic diagnasis for
Inhesited cadomycpathlesichannelopatiles. Rev Eyp Cardie! 201366 258-307.
Montelorte N, Napoliano C, Priod 5G. Genellss and arfythmias diagnosic and
prognostic applcations. Rev Exp Cardied 301 2,652 TE-5E.

‘enetwod L, Gamatl CL Candlac channelopathies. Medvicive 3014,42:591-4.

Vs ¥, Lamblase PO. The nvestigation of sudden ariythmic death syncrome
(SADS}—the carent approach i family sreening and the fubere mie of genomic
and stem cell fecnoiogy. Fovd Pysicd 20134:1-12.

Mader A, Massuml &, Cheng L et af. inhered anhythmic disonsers: long GT and
BrugIda sydrmes Tex Mear? st § 200734067 T5.

Herz OL, Christiamsan 51, Ferrero-Milani L, = &'. Mext-genaration sequendng of 100
Candigale genes in poung wWtims of sespected seaden Cardlac death with siuchl
abnormaifiies of the heart it J Lapal Med 201E;130091-102.

Human Gene Motation Dalatase. Genes—5CNSA [Intemet]. 2013. Awallable at
Pitp My homi.clac ucfacigene pho?gene=5CNSA (aoessed 2 Fb 2017

I ¥, Hikgk P, Katala R Cardizc channelopatties in pediatric patlents—7-years
single center experience. § Electocadhiol 201 5,08 150-6.

Abrled 1, Zachmaminskaya BY Candlac channelopathies: genethc and molecutar
medenkms dere 0135170111,

Skinngr JA. = there a relation between SI0S and long QT syndrome? A ab Dvs Cild
00504450,

Arkermani ML State of postmortem genetic tesIng ENown 3 T crdar channgd
molecular auinpsy in the Sonensic ewaluation of unexplined sudden cmdiac death B
the young. Pacing Clie Bectrophysicd 2000332 Supgl 2:586-580.

Wang Q. LI L, Shen | et ai. Genomic omganization of the human 5CW54 gene
entoding the @miac sodum dhannel Genomics 199634:9-16.

e 3 Grandmalson GL. Is there progress In ihe autopsy diagnests of sadden
wnepected death In adultsT Forensi S ke 2006;1 55213844,

Scimvartz P, Prio 5C, Dumzine R, = &'. A mokecular [ink between the sadden Intant
gieath syndrome and the long-0T smdrome. N Ergl f Med 7000;343:362-7.

E12

an Mieker C, & a7 % Pashod 20017, T0:808-313. dol 10,1136 dinpath-2016-204 189

187

"wEukdes Ag peloaiosd ELCIBld Jo KAUSIBNUN 18 ZZ0Z 'S SOW80a] U0 Auco g dof iy wel pepeciumed ALOZ BUNT 62 UC BELY0Z-9 LOZ Uleduiahog LL 0L € paussgnd 18 joued o



57

B

&1

Bassn C, Catzbwese ¥, Comado et ai. Posimortem diagnes's in sudden candiac
death VicTims: maCmsCogic, mICmsCopc and molecuiar InANGs Crrdkovase Res
200150790300,

Campuzana 0, Sanchez-Molern 0, Agee C. e af. Post-moriem genetic anatysk In
Jevene cases of sudden cardlac ceat Raverdc &l 2014:M5.30-7.

Schwartz P), Sramba-Baclale M, Seganiil A, e +i_ Prokongation of the 0T Intenl
andd the suxden Infant death synchome. N Gugl /e 199B338:1 70914,
Sctwartz P, Pricel 56, Dloise: B, et af. Moleodiar diagnests 1n a child with sudden
infant death synenme. Lavcer 2001;358:1342-3,

‘Wiase-Mayer DE, Arierman M, Marazita ML, & o Sodden Indant Death Syndmme:

revizw of Implicated genztic 1aciom. Am.J Med Gavet A 2007; 1 43077188,
Wzt B, Sudden death, espartally In infancy—improvement of Sagroses by
binchemistry, Immenohistochemistry and molecuiar pathology. beg iMed 2005011

Suppl 1:36-43.

63 Genige AL Inherited dlsorders of vollage-galed sodum cannels [ Cie bvest

=

205 115:1990-9.

Chugn 55, Relnier K, Teoooiesod et al. Eploemioiogy of sudden candlac death
oinical and reseanh implcations. oy CrVowse e 2008751:213-28.
Dootzn A, Langlois N, Chlu €, e ai. Postmoriem molecular anahysis of KCNGT and
SCNSA genes In sadden unexplained death in young Aestralians i Calicd
200E 1713841,

Mzt G, Chevaller P, Resties-Minon L, et o Specrum of pafogenic metations
and awsodated poiymorphisns In a mhort of 44 wnrelzied matiends with long 0T
synicrome. G freret 20067002 18-27.

BT

1

il

i

i

i

15

CANATAS. GENEs—SCNSA . 2017 W, 0enatas meclcne niv-partss wiche prp
SyMb0k=5CM5A (oessed 71 Now 201 5).

Fiat MW, Blakr FS, Fleming Pl e¢ ai. & cimkzl comparson ol SI0G and

explained sudcen infant deatfe how neaithy and how noma Ak De Gwikd
HO00BI58-106.

Semsarian €, ingles |, Wilde AAR. Susten crdiac death I the young: the
mileadar autopsy and 2 practical approach to surding relziives Fur Meart J
015361 290-6.

Den R, Alberi CM. Epldeminkogy and genetis of sudden Gardiac death. Circobrdfion
MNE1I5620-375.

Scivaartz P, Crot L. Can 2 message from the dead save Ives? fAm Ca Caolid
H0TA5347-4.

Southzll DF, Armmwsmim W, Slebbens ¥, = ai. (T Intenal measeements befone
surden Imtant death synorome. At Dis Gald 198561 :327-33.

Sanchez O, Campuzano 0, Femandez-Faiqueras A, of . Natra and uncetemingd
Suen death; value of post-moriem Qenetic Imvesagation. Plas Gie

H1E 110167358

GllDert MT, Haseliom T, Burce M, &t af. The Eolation of madeic atds from

fixed, parzifin-embedded Hevees—awhich methods are useful when? B of de
20T 2 e53T-11

Carturan E, Tester D, Brost BC, & o . Posimoriem genetic testing for comventional
autnpsy-negative sudden unexplained deatic an evakuation of difterent D
extracion profocois and the feasbiity of mutziional anahysk from achival parafiie-
embedoed heart Hesue.Am J O Patfod F008;139:391-1.

wan Miekerk C, & &7 O Paghad 2017, T0EBOE-213. dol:10.1136/dinpath-2016- 304 199

a13

188

WEAdCD Ag peloalid ELCIald JO AUSIBNU 18 ZZ0Z 'S SBOWaoe ] U oo lug dofy iy W) pepeciuMed " L0Z BUNT B2 U BELFOZ -9 L0ZIBdUIDios LL 0L S8 peussand 1S jouwed o



Appendix N

al

CARDIOVASCULAR JOURNAL OF AFRICA » Advance Online Publication, September 2022 n

Case Report

The added value of molecular-based diagnostics in the
African forensic medical setting
Barbara Stréh van Deventer, Musa Aubrey Makhoba, Lorraine du Toit-Prinsloo, Chantal van Miekerk

Abstract

Sudden wmexpecied infant death (SUD) 8 reported to be an
extraordinarly ligh burden in sub-Saharan Africe, with the
incadence rate in South Africe among the kighest in the world.
Audvanoss in molecular-baged diagnostics allow ressarchers to
ientafy numerous undetdying inberited cardiac arrbythmo-
genic disorders in many SUDI cases, with a predomvinamos
of variants identified in the SCMSA pgene Such cardiac
arrhythmeogenic-related sudden deaths penerally present with
fo Structural alterations of the heart that are macroscopecally
identifizble at autopay, therefore highlighting the importamoe
of post mortem genets testing. We report on a significant
genetic finding that was made on a SUDM case in which the
cauge was aseribed to an acute bacterial prewmoma but
it wag gtill subjected to post moriem genete testing of the
SCMEA gene. The literature shows that many SUDIL cases
dizgnosed with inberited cardiac arrhythmogenic dsorders
have demonstrated a viral prodrome within days of their
death. It i therefore not uncommeon for these cardiac dior-
derd in infants to be mistaken for flu, viral upper resparatory
tract infection or poeumania, and without the incorporation
of post mortem genetic testing, any other contributory causes
of these deaths are often disregarded. This study highlights
the need for research reporting on the genetics of inherited
cardiac disorders in Africa.

Keywoblds: chanmelopathied, dilated cardiomyopathy (IMCM),
inherited cardiac disorders, post mortem genetic testing, SCNSA,
sudden unexpected desth i an mfant (SUD).
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Sudden deaths in infants are still considered one of the leading
caused of infant mortalty workdwide and have also been reported
to be an extraordimarily lhgh burden in sub-Saharan Africa
(88A L7 According to Duncan ef af.,® for most countries, the rate
of sudden wrexplaimed infant deaths (SULDE) [or the previowsly
termed sudden infant death syndrome (SIDS) cased) is reported
at approximately 0L2-0.5 per 1 000 hve births. The most recent
published incmdence rate for South African SUID cases was 1.06
per 1 00 live births for the white population and 3.41 for infants
frofm the mized-ancestry population group, respectively*

The investigation into SUDIS and child mortality remazing a
high-priority ressarch ares in South Africe* 1t lkas universally
boen accepted that a SUID case can very rarely be explained
by a comvensent and simplistic ‘single-cause’ mechanism, but
ingtead @ attributed to a comple event with an increase in
incidence when risk factors such as valnerability, a eritical period
in development and exogenous stresorn all intersect at the dame
time (triple-rigk mode] proposed by Filiano and Kinmey) s

O of these risk factors, and a possible preventable caws
of SUIDE, which has recsived increassd sttention over the past
few years o inberitable cardisc arrbythmogenic disorders'~*
Although these inherited cardise disorders in SUILD cases
hawve primarily been asgocated with elecirical conditions
(channelopathes), recent stwdies lave adentified varants
in genes encoding structural proteins, theteby suggesting a
cardionyopathy as a posgible cavse of death as well #*

Previcus studies demonstrated a link between SUIDS and a
predominance of SCNA gene varianta This could be explained
by the known penotype-phenotype cormelations thet suggest
patients with SCNIA variants may experience a higher mortality
rate, mostly ocourring during sleep, compared to patients
suffering from wariants in other genes imvolved in inherited
cardia dissane '

Advances in molecular-based dizgnostica allow researchers to
identify numercud underdying inberited cardiac arrhythmogenic
disorders that have bean misdiagnossd in many SULLD cases !
In many developing countress, including Adrice, there i still
a gignificant lack as far ag forensic molecular diagnogtica iz
cofceried, maily dwe to financial and regounss congtrainta ™
Ag a result, the cases in this study were subjected to retrogpective
post mortem molecular analysis of only the most prevalent
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gene (SCN5SA) associated with SUID, in order to identify any
possible pathogenic variations associated with an inherited
cardiac diseuse, which may have predisposed this infant to a
sudden death.

Case report

We report on & case of a two-month-old malke infant of Affican
ancestry whose mother found him unresponsive in his crib
during & scheduled nap. Upon emergency medical services
(EMS) arrival, the infant was declared dead at the scene without
any medical cere being administered. No written clinical history/
records were availsble, however his mother reported him having
a recent cold for which she administered cough medication. The
mother also reported an increase in crying and that the infant
struggled to feed.

Due to the sudden and unexpected nature surrounding the
death, the body was admitted to the Pretoria Medico-Legal
Lahoratory for further medico-legal investigation, in accordance
with the Inquests Act 58 of 1959. A complete macroscopic
autopsy examination was conducted, which externally revesled
the deceased 10 be of average physique and nutritional state. No
injuries were noted on the body.

Upon internal examination, the intracranial examinstion
showed no gross pathological changes. Examination of the
heart revealed no sbnormalities involving the epicardium. The
myocardium and hearnt valves appeared normal. The lungs
appeared congested and ocedematous. On cut surfaces the
lungs showed sharply defined edges had a frisble texture and
contzined muco-purulent fluid. Examination of the stomach
revealed contents of a milk-like residwe and it was noted that the
gastric mucosa sppeared normal. As & result, no macroscopic
cause of death could be identified at autopsy.

Toxicology results revezled only trace amounts of theophylline,
a bronchodilator, which is in keeping with the history of cough
medication administered to the infant. No sedatives could be
detected in the blood specimen.

Histological examination of the thymusg brain and heart
showed no obvious pathological changes Sections of the heart
showed no evidence of myocyte hypertrophy, nucleomegally
or interstitial fibrosia Sections of the lungs showed « muld

Fig. 1. Haematoxylin and eocsin stain of the lungs shows a
mild mononuciear interstitial mfiltrate with theckening,
congestion and fresh focal haemomhage

mononuclear interstitial infiltrate with thickening, congestion
and focal hsemorrhage (Fig. 1). Focal intra-alveolar nevtrophilic
exudate was xlso noted m the lungg as seen in Fig. 2. The
features noted in the lungs were found to be in keeping with an
acute bacterial pneumonia. Henceforth, the primary medicsl
cause of death was acute bacterial pneurnoniz.

Genetic testing

Due 1o the diagnosis of an acute bacterial preumonis as the cause
of death, this infant cse study was included in our larger study.
For this case, an archived, formalin-fixed, paraffin-embedded
(FFPE) myocardial tissue sample, obtained from the original
autopsy 10 years prior to this study, for histology purposes, was
subsequently subjected to retrospective post mortem gepetic
testing of the SCN5A gene. DNA was extracted from the FFPE
myocardial tissue sample using the QlAamp DNA FFPE tissue
kit (Qiagen). After extraction, the concentration and punty
of the DNA sample was determined spectrophotometrically
(NanoDrop spectrophotometer, Thermo Scientific).

Thirty-nine primer pairs were wsed for amplification of 28
exons of the SCN3A gene” High-resolution melt resl-time
polymerase chain reaction (PCR) amplifications were performed
using SensiFast HRM mastermix (Bioline) on the RotorGene
Q (Qiagen). Following optimisstion, DNA concentrations used
per reaction averaged SO to 80 ng. Final primer concentrations
were 10 pmol.

Thermal cycling conditions followed SensiFast guidelines
and anpealing temperatures were dictated by the primers. High-
resolution melting (HRM) analysis was performed, and control
and case study samples were compared. All amplicons that
showed variation on HRM were subjected to sequencing (Ingaba
Biotec). Sequencing results were snalysed using CLC Main
Workbench 5 software (CLC Bio®) and were aligned with the
SCNSA gene sequences from GenBank (SCNSA NG_008934.1;
NM_001160161.1 and NP_001092874.1) [National Center
of Biotechnology and Information (NCBI)L Polymorphism
phenotyping v2 (PolyPhenl) was used to determine the
probability of pathogenicity for novel identified variations.

Fig. 2. Haematoxylin and ecsin-stained siide of the lungs
showing 8 mixed ntra-alveolar infiltrate chielly
composed of macrophages, neutrophis, fresh haem-
orrhage and oedama
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Results

Clemvetic analygis revesled two different variations in exon 28 of
the SCNSA gene The first wad a movel heterozyrows variation
[c55eai=A) in the coding DNA sequence. This missense
varigtion leads to a Ge=A nocleotide change in codon 183586,
with an amine acd change of alanine (Ala) to threonime (Thr)
(p-Al856T) (Fig. 3). Due to the functional difference between
thess two amino acidd, the possibility of this variation affecting
the protein strwcture is high. The PolyPlen-2 online algorithm
predicted ths varant to be probably damaging with a score of
1A,

The sscond heterozygous dingle-nucleotide  variation,
e 5e080=A, i regmleted on the Atlas of Genetic Cardiac
Varmation datsbage with an uncertain chmical significance
likely assocated with dilated cardiomyopathy (DCM). The
CizA necleotide change in codon 1890 leads to an amino acid
change of glutamic acid (Glu) to lpemwe (Lys) (pE1SS0K) (Fig.
4). This variant is consdered by 87_5% of algorithms to b Hkely
damaging, predicting an adverse effect on the proten structure.

The EIBS0K variant i a pon-conservative amino acid
substitution, which would likely impact on the secondary
proden streetwre as these residwes differ in polarity, charge, gize
andfor other properties. Thes substifution occurs at a postion
that i8 conserved acrfoss specied, and i silico analyss, predicts
this variant to be probably damaging to the protein structuns!
function. More recently, pE1S%0K has been negstered on the
MCEI database under re?66875593, with an uncertain clinical
gipmificance asocated with various chanmelopathies rather than
a cardiomyopathy.

Rievent studses reported on the identification of this varant
in SUILY cases asaociated with the long-0T syndrome (LOTS)
ad well a3 Brugada syndrome (Brs). The Genome Aggregation
Dratabase (pnomALY) and the Exome Aggregation Consortium
(ExAl) reporied on an allele frequency of 000000 amd 000002,
respectively. Howewver, it is important to note that these allels
frequencies are not representative of the Afncan population
gince no studies have been done to provide statistice on this
OUCUTTERCE.

Wang er of * reported on the identification of this variant
in a two-month-old infant, whose cause of death could not be
determined after a thorowsh avtopsy, seene investigation as well
as all ancillary investigations had been conducted. A review of
the cage histery indicated a prope geeping pogition at the time of
death, with a history of a recent cold, similar to our case study.

Tawa heterazyrous mrssense variations in the SCNSA pene were
identified in this SUID. Bearing in mind that a cawse of death

Fig. 3. Helermozygous single-muclecfide wariation pA1B5ET
{c.s5665=A) identified in exon 28 of the SCNTA gena.

(bacterial pneumonia) had been astablished for this case prior
to penetic testing, the resulta were deemed gignificant, althowgh
upexpectod, in explaining the full dreumstaness surrounding the
death.

The SCNSA gene encoded a protein, sodium (Navl.5) ion
chanmel pore-forming a-gubunit, that @ expressed only in the
myocardium and performs a critical robe in beart excitability
and conduetion.™™ The integral membrane protein produces
the fast-inward Ma+ current that i@ responsible for the
depolansing phase of the cardiac sction potential. Variatons
in this gene cause an incfeased pergigtent Na+ curnent, with a
subsequent prolongation of the wventricular action podential,
essentially resulting in an inherited predispodition to ventricular
arrhythmiag and sudden desth, seen in several cardiae digeages +*
Previous studses demonsirated a link between SUID and a
predominancs: of SCNSA varianta, maone commonly associated
with channelopathses.

Chanpelopathies are generally deseribed as inherited cardiac
arrhythmogenic digsorders assocated with solated electric
dyafunction caused by variants in genes encoding for cardiac ion
chanmels and regulstory protein receptord, which are involved
in the ionic contrel of the sardiac action potential ' A link
between many buman disesses and the dysfunction of ion
channels (channelopathses) has been established, either as a
redult of genetic variants of acquired malfunctions of ion
chanmelg 4

The three most common and epsdemiologically relevant genetic
beart chanpelopathies inclede LOTS, BrS and catecholaminergic
polymaorphic ventricular tachycardia (CPYTL* Althouwgh the
involvement of numerous guseeptibility gened hag been identified,
mat of the variants (especially in SUTD cesed) have been located
in the SCNFA geme, predomuantly linked to LOTS and Bra*»
Post mortem genetic studies have implicated channelopathy-
asgociated varants in 10 to 15% of SUIDSUD cages. '™

The most commen clinical manifestations sssociated with
LTS and BrS are syneope, semures and sudden death asa result
of wentricular arrhythmiag, vswally occurring during a period
of restisbeep. OF particular note i@ that these channelopathy-
related sudden desths gemerally present with no macfoscopically
wentiftable structural alterations of the heart at autopsyses
Our case study was found to carry two variatons, of which one
has been documented with an wncertain clinscal significance,
although asmociated with LOTS, BrS and DML

Mumerous studies have reported on the diversity of the
phenotypic and genotypic expression of the SCNSA gene with
varations linked to other arrhythmogenic disorders, mcluding
DO, progressive familial beart block type | and sck ginug
sybdrome == Reports of SUID cases where genets: valiationsg
aggociated with cardiwomyopathies are increasingly identsfied
in structurally pormal hearie should prevent the tendemcy

Fig. 4. Heternzygous single-nudeotide wvariation p E1E00K
{c.56680=-A) identified in exon 28 of the SCNTA gene.
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of eliminating associations betwesn SCNSA variations and
uCM_u.u-:

Cardiomyopathies can be described as a group of hean
diseases that affect the strocture and function of the myocandium,
which can all lead to heant failure, arrhythmia and even sudden
death *+* The most common types of cardiomyopathies include
hypertrophic cardiomyopathy, DCM, restrictive cardiomyopathy
and arrbythmogenic cardionmyo pathy. > Although it is generally
associated with cardiac alterations macroscopically identiffable
al aulopdy, it 8 not uncommon for a cardismyopathy to be
inadvertently missed in SUID cases, which usually present with
a mactodcopically normal heart 2=

Studies have been reported thal gemetic variations in
cardiomyopathy-related genes, which may cause arrhythmia and
sudden death, have been identified in SUID cases presenting
without ary candiac changes. Ressarch suggest that this might be
explained by the progressive nature of cardiomyopathy, whereby
in the first stages of the disease the myocardial changes may be
s ineipient that it may not be wisble at autopay -=

The genetic bass of CM in infanis commonly demonstrates
phenotypic overlap. Reporied cases of DOM due to SCNFA
variations dentified in long-QT syndrome type 3 (LOT3I),
shwrws that mot only can it result from strectural changes in the
myocyted, but alsa from aliered calsium ion handling =oees
These inherited genetic susceptibilities in infant cases have been
proven to play an important role in how the candiac muscle
responds to envirormental and infiections factarg =

Beszarchers belwve that variations in the 3OY34 gene, with
its agsocated higher risk of lethal arrhythmiag, ane linked to an
imcrease in an infant’s eritical vulnerability to certain infections
Comnsequently, acute viral mfections are regarded as one of
the provocative factors associated with sudden death m infant
chanmalopathy andfor [OM cages =54 |y fact, many of thess
SUIY cesen (dizgnosed with inherted cardiae arrhythmogenic
disorders) demonsirated a viral prodrome within days of their
death. Such infants often present with respiratory signs, extrems
dloepiness, difficulty in feeding and mereased fussiness prior to
L‘Bﬂ.ﬂ‘l_"""“"‘"

It is pot wncommon for inherited channelopathies and!
or cardiomyopathied in infants to be mistaken for fl, wiral
upper fespiratory tract infection of poeumonia, and without
the incorporation of post mortem gemetic testing, any other
contributory causes of these deaths are often disregarded '*'=
Comsequently, it 18 even of greater mmportanes for countries with
a high burden of infectious diseases to be espoaally aware of
these findings, «s there might be a reasorable tendency to overcall
minor findings of viral infection in these S cases =

Cienetlic testing © congideted an sdeal risk-sssesament Lool,
not only for chanpelopathied, but far cardiomyopathies as well,
due toits ability to sdentify patienis at rsk prior to overt dissase
development." == The wse of post mortem pemetic testing in
SUILY cased can bepefit family members, especially those from
poor communities, by providing the first indication of a familial
cardiac arrhythmogense dsorder. Ultimately this will allow for
the opportunity of preventative intervention, which can be wsed
tio avoid the progressive onsel of the digeage o =5

For decades mow, the undeniable benefit of post mortem
gemetic testing in SUID ceses, especially those that remain
unexplained, has been widely recognised worldwide!'* The
continwed  advancement in  molecular diagnostica  and

its associated decrease in codts hag allowed for expanded
maolecular testing using cardiae gene panels and next-generation
saquencing. -+ Although this 8 not a novel concept to maost
first-workd countries, it still eludes the radar of many medical
profiesgionals practicing in an economically and resource-
strained country. These countried, including South Africa,
hawe not yet been conducting post mortemn fenetic testing in
upexplained SUTD cased, at least not routinely** ™ The greatest
benefit of suwch testing is not to define the cause of death, but
rather the highly dissase-specific diagnostic, therapeutic and
prognostse benefit derived from subsequent genetic screening of
family members of the deceased '

In additson, dissase-cauging varianis in the SCNIA gene
hawe besn reported ag a possible predispoging factar of SULD,
providing an apparent aetiology of arrhythmizs due to sseondary
challengeafrisk factors suwch as complicating lower respiratory
infections, which are generally tolerated in infanis pot carrying
such genetic varistiona Considering South Africas burden of
infisctions diseases coupled with a high infant survival rate in
st of thess cesed, a maone serutinised and in-depth imestigation
into those SULL cases that typecally present with no maorne than
mimimal findings such as the presence of a mild infection, should
b comsichened 1

Conclusion

There i8 a leck of research reporting on the genetics of
chanpelopathies and cerdiomyopathies in Africe. The fact
that cardiomyopathies are deemed an endemsc form of
nop-communicable diseases, of high imporance in the largaly
low-incomecommunities in 884, provesthe need for local ressarch
on this topic. The results from this case study demonsirate the
possible impact molecular disgnostics can have on identifying
potential inherited cardiae disorders. Additionally, it highlights
the oceurrence of misdiagnoss of SUID cases in our population,
or the pasgibility of an meomplete understanding perfaining o
the arcumsiances surrounding these deaths. Further molecular
testing may provide better knowledge as to why certain infants
do mot gurvive these viral andfor bacterial infections

This case study amed to create awareness on this subject
among medscal professionali, especially those practicing in
resource-gtrained countres. Hopefully, ths will motivate for
maore collaborative ressarch and investigation to gain a better
understanding of the ungwe genetic diversity and s associated
inherited diseases in 354
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Postmortem genetic testing in young individuals:
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The death of a young person is most often a tragic occurrence, more o0 when this death was unexpected.  Forensic pathologists are
mandated to investigate sach deaths and internationalby, there has been a strong move towards genetic testing as an additiona] investigative
tocl. The aim of cur article is to bring the advantage of implementing the so-called molecular sutopsy in o local setting, to the attention of
medical practitioners. When a multidisciplinary approach is taken in cases of sadden unexpected death, the benefits to family members,

and society as a whale, is irrefutable.
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A general misconception regarding the field of forensic medicine
seems to be that the parpose thersof is onby to conduct medioolegal
autopsies on cases that are criminal in nabare, and to deal with the
subsequent judicial matiers resalting from such cases. However,
forensic medical practitioners are in fact in o most forbanabe and
unique position, as they chserve the emct pathology of various
dizeases (whether or not these are attributed as the cause of death)
in thousands of autopsies performed sach year In most cass thes:
m-edimltg;llllnopsi.ﬂmulln undeﬂ}ring. naharal dissase as the canss
of death. All information pertaining to the canse and mechanism of
these deaths are reloyed bo several entities, including the Department
of Home Affirs and Swtistics South Africa. This, perhaps, con be
considersd to be one of the most valuable contributions from the
field of forensic medicine to society Such data, relmped to the varios
stakeholders in the public health sector {incliding clinical medical
practitioners), contribute to determining population health status as
well as identifying and dealing with priocity areas, Currenthy, one of
the most important public health concerns in Africa and considersd
to be amorg the priority areas that should receive greater attention is
that of the continuous increase in cardicvascular diseases (CVDL A
particular subset of CVD in South Africa (SA) thatis of great comcem
is madden unenpested deaths (S1Ds) in the young populticon.

It is a common cccurrence to read poignant media headlines
in 84 of young, semingly healthy, individuls who suddenly and
upexpectedly die, often with famiby members in the dark as to the
cause of the death. Fortanately, research on these SUDs has shown
that postmorbem genetic testing can detect if an inherited cordiac
arrhythmogenic diseass is the cause of death in mary {up to 4006)
of thess cases il Such cardiac diseases often present with no clinical
sympboms of warning signs prior to o sadden death (3D, showing
the added benefit of comveying autopsy findings to clinicians. The
societal benefits from clinicians receiving sach evidence-based
findings associated with the cause of a patients S0 are currenthy
upderatilised in 54 Such practical recommendations are an added
benefit for clinicians when evaluating patients presenting with a
sudden cardiac arrest. Itoould even be mid that of greater importance

is the benefit to patients with a family history of SUD This matter
urgeritly requires the attention it deserves.

The role of genetic testing in SUDs
Rapid and contimiing development in molecular techniques allows
the fiedd of forensic molecular biclogy, also lmown as forensic
molecubr pathology, to use a molecular approach in oot ooby
shadying but also disgnosing the underhying genetic basis of human
disease and death processes ™ International reports show that no
aother scientific discipline kas embraced the applimtion of melscular
biclogy techmiques for diagnostic purposes more tan the feld
of forensic science and pathology, particubrly in the medicolegal
iwestigation of 5Ds in the young, ™

Approximatehy 70 - B3% of 5Ds in young populations are cardiac
related (termed midden cardiac death (SCOY), and up to 90% of
these SCD cases are potentially caused by inherited cardiac diseases,
making this an important global topic in molecubr ressanch.%
Maelecular screening in cases of SCD has provided an explanation
to the astiology underlying the inherited cardiac disease, ultimatehy
lading to an increased undersmnding of criticl conditions and
the clinical maragement thereoE ™% Mogt international medical
associations desm SCD a global public health issue, and are currenthy
l.&\m-rlhng for prioTitising and I]I.EH.I.'III.E their research IIIIDI and
healthcare delivery objectives to utilise the disgnostic benefits that
mlecular anabysis can provide ™48

The growing global burden of noncommunicable diseases, of
which CVID is the predominant cause, is one of the United Mations®
health pricrities.™ A published editorial in 54 Heart addressss
the topic of global health and, more specifically, the CVD burden
i Africa. Mot only is CVD one of the lading couses of death
worldwide, but it has also been reported that ~85% of thess deaths
occur in low- and middle-income countries *** Apart from CVD
being the second biggest killer in Africa, the mean age of these deaths
has also been recorded as the youngest in the world 125

Omne of the greater health priorities in sib-Saharan Africa should
be a focus on preventing and treating cardiac diseases. There are key
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gaps in knowledge, and especially on research pricrities on genetic
causes of cardiac diseases specific to the African populaticn. 7

The SD conundrum
SO0 is a lading canse of mortality in the young, and considered
a public health problem worldwide cwing to it prevalence and
sgnificant impact on society B3 The glotal incidence of 5D in the
young ranges between 1.3 and 8.5 per 100 000 person years

In 54, a SUD of a person is classified as an unnatural death, and
therefore mandated in terms of the Inquests Act Mo, 58 of 1955 o
e irovestigated in the medicolegal environment, where the forensic
medical practiioner will conduct a thorough autopsy of the case
in order to determine a cause and mechanism of death. Howesrer,
in many irstances, a clinician has previoushy kncwn a patient whe
presented with features of a heart disease, and consequenthy classifies
thess cases as natural, atributing the sudden death to ischaemic
heart dissase (aoute rmyocardial infarction) In decedents who have
documented clinically investigated corcnary artery disease, this
would be the reascmable cause of death. Howeser, in o sabset of
individuals, ischasmic heart disease might not have been the most
accurate cause of death to exphin the S0

It haslong been asmamed that ischaemic heart dissass is regpansible
for mast S0s. However, data from the young population obtsined in
the last decade have refuted this assumption.™ ™ Portunately, with
the rapid development of technolegy and our increass in genetic
kmowledge, postmortem genetic testing (the so-called malecular
sutopsy) has besn am invaluable tool in identifiring inherited
cardicmryopathies and archythmogenic discrders as the cause of
death in mary 5D, including infnt cases ™% The American Heart
Association, Buropean Heart Rhythm Association and the Royal
College of Pathologists of Australasia have published recommendesd
guidelines that they consider the minimum standard required in the
routine autopsy practice for adequate investigation of a SCOEMH

SCD
Appromimatehy 5 000 000 lives per year are lost to SCD globally, with
an ancual incidence rate that ranges between 50 and 100 per 100 000
in the general population. @ It has been reported that 5C0 accounts
for 15 - 20% of all international deaths. Although the true incidence
remairs unknown, the Heart and Stroke Foundation estimated that
approodmately 2 000 young and healthy South Africans die saddenly
each year as a result of S0 An increase in the incidence of SCT
has been observed worldwide, regardless of scciosconomic stabas and
ethmicity and this creates a public health burden. In fact, the impact
of SC0 in the young has created a prematare death burden excesding
amy other cause of death, except those attributed to all types of
camcers combined. B

The causes of SCI0 are greathy dependent on the age of the
deceased. Although the incidence of cardiac-related death increases
with age, the proportion of 5D iz much higher in the young
popalation. " lschasmic heart disease is the most commen cause
of 2C0 in individuals =40 years old, but inherited cardiommyopathies
and arrhythmegenic disorders ok higher than ischaemic heart and
vabnlar disease in individuals <40 years of age, with up to 75% of
SCD in the younga result of the former <1580

Using the molecular antopsy to
identify causes of SUD

Althcugh the molecular autopsy is not o novel concept to most
first-world countries, it still eludes the mdar of many dinicians
practicing in an economically and resource-strained country. The
term ‘miolecular sutopsy’ can be described as the use of postmortem

gemetic testing to identify genetic variants associated with, or
causative of a lethal disease, in order to help determine or betier
understand the cause of death (usalhy that of a S}, Although
its couses may vary it has been determined that ~85% of all 5Ds are
of cardiac origin, =¥

lnhulhdcudiumyupﬂhhi

The mst prevalent imiplicated in S0 can, in most
cases, be macmscopically identified at autopsy ™ Bvery so aften,
these cardiomyopathies will be described as idicpathic, postparbam
or a consequence of chronic alcohol abuse, only to be recognised,
after examining the relatives, to be familial."* & harther challenge
often experienced by foremsic pathclogists is the fact that these
cardiommyopathies may ot Hmes pressot with very mbtle or even
absent cardiac alterations at autopsy especially in infnt coses ™
This, in combiration with sometimes minos potentialbyr miskading
fimdings, substantiates the need for postmortem genetic testing, ™47

Channelopathies

Alarminghy, not all $CDs in children, adolescents and young adules
have an obvious cause of death that can be determined at autopsy:
Peszarch has estimated that bebsreen 3% and 53% of 3CD cases have
mo identifisble abnormal morphological findings at autcpsy and
remain unexphined, whereas the oumber of unexplained sudden
deaths in infants (SUDT) may rise to B0%. 0% Only through
postmorten genetic testing has it been showm that inherited cardiac
archythmegenic discrders, commonhy referred to as channelopathies,
are the cause of a large number of these unexplained cases 2=

The benefit of molecular autopsy
It could be argued that the greatest bemefit of sxch testing is
mot to define the cause of death, but rather the highly disease-
specific diagnostic, therapeutic and prognestic benefit derived from
subsequent genetic screening of family members of the deceased.
M- Congidering the high heritbility of cardiac discrders and the
fact that they are often treatable, gemetic anabrss of SUDVSUDID
victims provides sigmificant clinical benefit with regard to the
diagresis and treatment of family members at risk for the =me
dissase, Over #5% of thess genetic cardiac disorders are inherited
in an autosomal dominant manner, leading to a 50% chance for
first-degree relatives to inkerit the smme genetic variant® Several
authors have reported on studies that evaluated family members
of SUT cases, and found that up to 53% of family members tested
posiive for an inherited cordisc disease PY59 In the majority of
thase affect=d family members, considerable lifssaving interventions
sach as f-blockers and implantable cardicverter-defibril lubors proved
ta be highly beneficial. ™40 Pamily members of SUD/SUDT cases are
usumally unaware of carrying o disense-cousing variant associated with
an arthythmogenic disorder. With few, if amy, clinical symptoms or
warning signs (family history of syncope, S0 epilepsy, deafness or
earhy pacemaker implantation) before a U the critical importance
of postmortem genetic testing cannct be cverstated P40 The
confirmed marked reduction in mortlity associated with the
administration of proper treatment in such cases leaves no ethically
arguable justification for allowing family members at potential risk to
remain undiagnosed and untreated HAT

Pastmortem genetic testing is recommendsd (in published
guidelines) in all SUDs in the young (0 - 40 years of age) and
in all cases suggestive of cardicmyopathy ™44 The minimuam
requirements imvohee cnly targeted genetic testing of the major genes.
However, the use of commercial panels consigting of a combination
of up to 100 cardioomyrepathy and channelopathy genes is becoming
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meare common. These minimum guidelines aim to prevent criticism
of case analysis in the medicolegal setting and protect surviving
famiby members with possble genetic discrders ™4

With advancements in technclogy and the asscciated decreass
in cost, the forensic medical profession is increasingly becoming
aware of the dangerous implications that an unidentified asticlogy
of & possible inherited disorder can have on family members at sk
BE%] The ethical duty and legal liability pertmining to the Tailure to
diagricss’ and ‘duty to warn' in forensic pathology is currenthy debated
om an international level. dccording to the Code of Medical Ethics
of the American Medical Association, the implications of genetic
information for the bickgical relatives of a patient mmst be inchuded
in the pre and post genetic counselling process ™ Consequenthy, it is
argued that the legal precedent laid down by two primany American
court cases (Pate v Threlkel and Safer v Estate of Park) should be, and
mast probabby will, be applisd o the forensic pathelogy profession.
The court held that the physician has a duty to wam biological
relatives of an inheritable genetic condition, if the standard of care
available will be to their benefit, and if the physician is aware of
the existzmce of these biclogical reltives™ Forensic pathologists
in the US4 already recognise their duty to warn, and are currenthy
in the process of drafing a standard national set of guidelines for
the notification of family members of all cases where a possible
genetically heritable aeticlogy is found.

The way forward
Internatioralby the application of postmortemn genetic testing as
routine irestigation in all unexphined SUTYSUDT cases has been
adopted ™ The results produced by thess molecubr autopsies have
successhalby contributed to the public health sector in improvieg the
pepultion’s health stahas by disgnesing and treating at-risk famiby
rernbers. Inevitabby, it raises the question as to the current stance
cm the implementaticn of the moleculbr autopsy in African forensic

In 5A, there is no medicolega]l mortvary that offers targeted
genetic testing in SUDs in the young, ewen though the departments
of forensic medicine at the University of Pretoria and University of
Cape Town both conduct valmable research om this topic ™ Gur pilot
shady, conducted on ome gene linksd to unexphined SUDL yielded
interesting resalts, with 225% of cases having possibly pathogenic
ECN5A variants considersd to be sssociated with the couse of death,

54 needs to realise that SCDs, especially in the young, should
ke desmed a clinical health priority, and urgently treated as sach.
It can be inferred that a high proportion of these SD victims were
actively ooccupying the workforce, and thus contributing to the
natioral economny, emphasising the impact on society. Tackling this
health concern can anby be saccessful throwugh a multidisciplinany
approach, where all relevant staloeholders, inclding forensic medical
practitioners, clinicians, gowernmental agencies and funding bodies
tomame a fev, accept their responsibilities and play their part. With
adequate funding and rescurces, and siricter referral, acconding to
legislation, of SUTDs for medicolegal death ivest gation, a significant
increase in molecular research can ke conducted into these deaths.
A divect result of this will be 4o enable researchers to detect with
greaber certainky the most prevalent genes asscciated with inherited
cardiac diseases specifically targeted towards the 54 population. The
ultimate aim, through adequate research, is to reach that point of
targeted gemetic testing that can be used as affordable point-of-care
testing, which will ke cf immense value to clinicians, farensic medical
practiioners and society as a whole

African medical professionals have ofien been at the forefront when
it comes to imnovative and ground-breaking medical procedures.

Therefore there is no encuss nob to excel at the implementation of the
miolecubrautopsy and reap the clinical benefits it has to offer

Declaration. None.

Ackpowledgements, Nooe.

Anthor comtributions. BSVD) wrote the first draft CVN and LOTP
provided comstructive changes towards the fical manuscript.

Funding. Matlonal Ressarch Poundation (WEF). Matiomal Health
Laboratory Service (IWHLS)

Canflicts of intersst. None.

1L mumumr_uu:-ﬂn’u
hmmmmnmﬂm
mwmuw:m
1. Twi¥, [bat T, Cirkaxi 5.4l ol Applicrtica af molecaisr paholagy in ke madal
I bhkwen T e} Formic Hadcian acd Haras Cd] Fesmrch - Ere Frpciive md Bodhicr.

Singepons Spriogen; 309 3900, hiip dalong! 10 BDE7E- L1327 451
1. G P Wokh 5, Frae C. The ool scid revnliticn omtinsen - will foamoc biol gy becooe
iarum i ool e bickagy! Frool Ges 3004:5 - 4. i ol oog! D35 Tge e 28 L4DBIH
4. Cussingtam KL The promie o mole sl msopry in bremk pekadcogy praike Ao Fanoaic

Futhd X775 1556 biipatol.ogfl | J302 07047

5. Emapm Peesnch markdi Ty prodact |h Ty tachealagy
ipchmamn chan racicn (FCR) aplley HGE by apy
mﬂﬂmy-ﬂ._uym 0 NI Gobe

F M oecds-Fanoia-

Mhmmam: Milica-by -2 I7-Growing ai o CAGR-of -7 - Emerpen -Rexa k.
Thimd {mrmred 1 Marc 31210

. Wang O Brows A Lm DH. ool - padden cadin: dowhe okl wed rpicea

Hesrt Lucsp Tl 2115528 Led -1 4. Bipa ol org/ 10 bl S0 LTRSS

7. Fliomsrs F, i B CG, Charn B oai ol

LR = Et p s T d’:dtnl:l‘.\hﬂl Eur ] Hion G-tnmmmm:
Lo T 43 - B Ly

0. Sl ME. Wikds A4k dbrama OF, 41 ol 20 AFHPS'HES Expen coaimes isHono 9 ik
imveni gitice af deosdem vk paddon umizpaced dem b el paimn Wik addin airds amil
mdaftheic Snia. ] krhytho 3T D054 bipstdologfll

5. ERar I Cobe L Pamext K410l Featmenoms gt meing Chaicsd demecdl b e esdad by
‘b patimity desh. Ear For Candiol 2015417200 - 508 bopaa™a Lo LD LE | repee 3D 1508, B

Cumem

11, Friar 35 Gesstic futing ta tcddens cardisc damhe und datwre sl
i, Fleark [ 200256 Suppl. Th 29540, Ritpra ol ang/L 2, [0 I 201 1IL3
11. Gullar 5, B, Gusfher WML e ol Tnprrving fomic teventigation ar 1addin

dah b ik yeny Tioh pidace apd mabed) of arioniods doctcs frm ik
naim desth (0 e yRIE CHR RpEiTy Aced Formak Fabol XOLA[IOHT-XE. bipetdol
et LU 2SR T

11 Banc . Aguiora B, Ranr [ ok ol marpry of maden - T4

e

TiJ Arch X741 £71-

""J 1114

11 -unm—ma—uwmxmmn-mmnnnt
ORI ZRI04- 108, ipe ol org! e Vi Lang L0 DTN T7 -2 4124

14, Jandcicre T Mg T, okl M, ot ol. 5.4 CORID- 15 asd
£4, Hizarl 308, THFA280- 26, hiip ol crg/11 34 17 1730080

15, Byex | Berme G Cridmen © Cardioveods digie mminic reknme dooasae Hean
el Hreke Fasdmies Ioah AR MIE op T
s I LTVD - Pl e Croums s -2 1E- FOR- MDA -] o Cccenmed. I.'I Fikrasry

Mz

1E. Lemca MF, Twyvier TE. bk Galdrid T, 2 ol Faibdcgr tared racech i dfrka Qo Lab Bhd
TN LT 0 LT, LDD8S

17, Turss MF, Hres K Bmges AF o d. Condionieods diras in mh-Tes Lincs capaed o

Amcoom in Gickal Hewrt X415 {13110, bops!dal.

cagtll SAH gh

10. Herih. [ Lin 0. Sxdden. cabura] desfta io Distaric, n—h;mm#|m:
1. [ Foremic 5o debnd 3 XS T1d-24

18 L_[lm:ﬂmmidlﬂml_“l.ﬂ -~ wmmm:
L R, LA

. Anderus 10 wechin 5B Trodie LC 41 0l Whals preces sosd INGc ipdans ispuraing of pas.
mansn ardis (e fan reddon ards: dosth viclioy identife) s pae VIFER o
TSNS, 1k ) L. M ZCHL LY L0 unwmm&mmm#

zl. Thmmeza M lagrEH Caps Tren, Faahi
Africs, AL - 30055 e M [ 30 12 KIR 25004

. Schaiper 5. Famar-Lols K, Paoco-Feres & o ol Sades unerpecind desh bt youog - e af
e pandd wqemeing (8 parmaren peaoks sealvae Faroik 3ol e J0003T 1T
htpaNdobany KL 190 GHnctiok 21 LEDS I3

. Gasloani B Adorran HL Fale of Fawri dinew b Endwl sl ordss ares
o s b age pectnon. [of ] Canfal ¥O% Z0{IAEH-T3. kipdidolag KL L25Y.

IEard 2R AL LD
4. Hdhstha ¥ GerrarFoaesl L Fhde |ood Hdedr siopry af neddn seopldeed

doty  reveslt prale predipulies) ke cedisc liMeMl wmany yoong Bemaik
mnuqnmﬁmmummwmw
. pahuccacs BB Faughs LB Hrarea ¥, 40,
Jﬁumﬁuzﬂmﬂdm poriral
. E3Ar] mwlmtl Pt mariem of curdisr dHEM-
1510 canan. ek | Lopal bhad 2031 13511307 101,

T Laal

bt cLany HL LITAAL 1200
7, e L Mok W5 Bwum HE el Saddes antnibm i dah rpadcocis yeusg vaimn A e
e dicical s of thek Srf-dogres resttves g Foag M) 2L5121-28, b
11 575
. Cann F, Corbett M, O Sullvnn D) afal, Phamokypa-riven
Clia Gesed MI7AL L2 B, kipuaidolany B L1 1L g1 D70

iy v padden

3 =AMJ  Month o Vol wag Mo, x

196



Eeu

3. Hesri aed Brolo Frasdwion fash dfin Jaldks ordis dosts inoshlio. HIFSA, 305 www

———

W
3. Adeomem M AsbRr DL MMedmm Koo i fadds oris 4 i fe yoag Crodsion

TN LN D05 1004 MR ATKNARLL ]| S
L. Mmscwerth T Brjsrrwald T Crirnss [ el Sens ruwder et - sy ot ) Lagal Msd 3001, LT3
- AT T

I: ¥ Drel B Mihol M, wo dar Yeden | Mabecoler micpey. Neih Hure | 2018 2100 2 Mgt Mol
CAgFL IDD (ol 2T 001127 5

1% Rira}, Caprmn K Cx Gapsn Mool Updse ca codinonopatie: s noddes. onedise dew b Fammnic
T o 30 B { W32 T L IESNMSSTTEAL I N

M sghoch FM O MCGE T, Bodeon Bd d o The ol of pectic iziicg b e ovbation af dieed
enctirarvppartin. e By Curdel 21K il -A gl

B m;mnwtihwhuw
u madds br ik cnSooyopshie. ok [ Mo 5d 000N, bbpl ag| D

[l ]}

3 Sriomer IR, 'Wisbo &, Shomn T ai ol it el i dion caadier deafte Chinkod and.

17 Mc¥aly M. OCxwasd O Camidc coaribaics o omocs Mo Bkee - s g o LR
Candiol X0 L4FET. L]

M. Sarcxhax T, T A, i ol. Hsioral wed eedeivrmiznd sxddm desih Vil
um.—&wmmmm|mm ‘MipaNehiony KO rarnad
peaell g

W, DaBamrC, dyde BT, Cempa] . i o
cinak oy (ICH) ol Tygariny Medico-l sl Moriary, Cap Thw, Soul

Arica, Flors bl Case Bap a1 250T1 -2 bitpa ol o] B ROk pe K SRHTT
4. Forzal e Falpuara A, Sl - Grageet G. B |, oi o Cardae cuarnalopathie: el st otk
B Bakagy X7ALH L-1L by 3 "

-

4L My, Tl il
mmummnmmwmmanm

L Camprrane O, Fdineea T Fmasds Lo i f
o rex Foremnic 52 Inf Gami X008 ¥71) 54 <50 hetp ' } T LI0T DI

45 Wea A, van der W AT, Tiooe AH o ol Csrdiovueoir csien af seides urerpeciad desih in

- 17 yen. A in ke Muibaiacah, Mo Hiae |

OB KT T - 50T, bt pa Mo ey DT BT TV 340 100 8- Llﬂj

M Guslan B, Lobomen Ml Ginctype- 08 phasaeyps paided ra ssponn of casgee il lang QT
oo, Corr Frod. Curdicd 20 % KT 7- 25, ke’ doLong K0, LSY cpandiol 38

. Michn WM, Popescu [, Cipificd. OO ot sl Mobeoud s raiopry b naddm candiar desth - sibvicd mom
el diwical iplicstion #or sty Bam [ Ley Med. 30610057 163 hitpaiolany’] LT

AnE 1y

41 MoGin AL MHoam . Mspureder Mgl 0l The ehicn of ccadooing molecols mscpia in
cms of nadden davih o e youmy, G B 3 LS5 9]0 R hapet ol oop0.LIED!
524118

A7 Moae L Msumekr M Rubrkod LK @ 6 Bhicd asd ancdsizd
wih pobli ockodsr mecprier | Lee Hed Dhia S0 TN bbpdidel
g KL ILTVRITMLES T,

4. Hothfab L] Mukia L] A
caith cum. | Paclintr Gooosd 300130 L43- 145, wmm‘-m -LEEITE

4. ¥ Ciwoir B, du TekFrinike L vn Sidok O Fesibility of of tha BNE L e in
Pl enbedded wrapk o sedden fwd desh cwn B Prioca Medica ‘Lebormrey
Teadh &fricu Formaic Foi Mad Fahal 3000 005 284, Ritpoicda g FLLDET b LRI04 0 L B2-5

Accepiald Oolobar 2022,

4 SAM] Month o, Vol 20ox, Mo, x

197



