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“It is paradoxical, yet true, to say, that the more we know, the more
ignorant we become in the absolute sense, for it is only through
enlightenment that we become conscious of our limitations. Precisely
one of the most gratifying results of intellectual evolution is the

continuous opening up of new and greater prospects.”
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SUMMARY

Mitochondrial diseases (MD) are a clinically heterogenous group of genetic disorders that affect
the neuromuscular system, the central nervous system (collectively known as
encephalomyopathies), and other high-energy demanding organs, often with multi-system
involvement. This involvement, whether single- or multi-system, can have extensive phenotypical
features which could make the diagnosis of MD a daunting task. Over recent years, substantial
progress has been made towards a better understanding of the most common mitochondrial
encephalomyopathies including their clinical manifestation and underlying genetic cause. This
progress has been made in mainly non-African patient populations. For these well-studied
populations, routine clinical, biochemical, and genetic diagnostic approaches have consequently
been established, improving diagnosis of MD in paediatric and adult patients alike. The limited
diagnostic capacity in developing countries such as South Africa with its ethnically diverse
populations, has hindered the advancement of diagnostic procedures for MDs in these countries.
As a result, there is limited information available on clinical manifestations and genetic causation
for the most common MDs in these understudied patient populations. However, over the last
decade the following progress has been made towards an understanding of the underlying genetic
cause of MD in South African patients: Firstly, since 1998 paediatric clinical referrals and
assessments have been performed on paediatric patients with mitochondrial-disease-like signs
and symptoms at the Steve Biko Academic Hospital, Pretoria (forming the cohort for this
investigation). Secondly, biochemical analyses also commenced shortly afterwards and were
performed for every patient who has been clinically diagnosed with an MD, which at the time of
this investigation was 212. Thirdly, genetic investigations followed, starting with a small number
of patients (n = 71) for whom whole mitochondrial genome next-generation sequencing was
performed. This number has been expanded throughout recent years, and to date there are whole
mitochondrial DNA sequencing data for 123 patients. Results from this initial mtDNA sequencing
approach revealed relatively few pathogenic mutations. For the majority of these cases, a clear
MD aetiology could not be established. It was collaboratively decided to perform targeted gene
panel sequencing on nuclear-encoded genes associated with MD. Three panels were designed
and used in this study, each consisting of genes directly involved with the mitochondrion. An in-

house bioinformatics pipeline was developed during this study to analyse the sequence data.

The results for the nuclear gene investigations revealed that a clear genotype-phenotype

correlation could be established in only two of the 85 selected cases. One of these patients was

Vii



extensively investigated and later published as a case-report. Due to the disappointingly low
diagnostic yield of panel sequencing, whole exome sequencing was performed on a small number
of African patients to probe the outcome of this approach. These initial results were promising as
six of the eight sequenced cases presented with a pathogenic or likely pathogenic variant.
Additional screening for two putative African-population-specific gene mutations was also
performed on all of the African cases. Combined, from the results, the aetiology could be
determined in ten cases; eight cases using next-generation sequencing, and two cases using
selected gene mutation screening. In conclusion, this study was the first in size and scope to
investigate the molecular genetics of MD in an understudied ethnically diverse population,
providing new knowledge on these patients and insight into future strategies. Diagnosis of MD
remains a daunting task in South Africa and will only improve once diagnostic capacity has been

significantly enhanced.

Key words: African paediatric cohort; mitochondrial disease; bioinformatics; panel sequencing;
whole exome sequencing; mitochondrial DNA; nuclear DNA
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CHAPTER 1:
INTRODUCTION

11 BACKGROUND AND MOTIVATION

Mitochondrial diseases (MDs) are the most common clinically heterogeneous group of inherited
metabolic disease (IMD), presenting in children with an overall prevalence of approximately
3-6.2 per 100 000 live births (Applegarth & Toone, 2000; Darin et al., 2001; Gorman et al., 2016;
Skladal et al., 2003). MDs can be caused by mutations in both mitochondrial and nuclear DNA
(mtDNA and nDNA, respectively) as a result of the dual genetic control of oxidative
phosphorylation (OXPHOS) (Alston et al., 2017; Yaffe, 1999). Although some MDs affect only a
single organ, many involve multiple organ systems with a predominance of neurological and
myopathic features, collectively known as mitochondrial encephalomyopathies (DiMauro &
Moraes, 1993). MDs have been extensively investigated in Caucasian populations, with well-
established routine clinical, biochemical, and genetic approaches. In developed countries, genetic
investigations have recently begun to be considered as a first-tier option for identifying pathogenic
MD variations (Wortmann et al., 2017). Diagnosis of MDs, however, still remains a daunting task
due to the variation involved, including the wide range of clinical phenotypes and genetic

heterogeneity of either the mitochondrial or nuclear genome (Alston et al., 2017).

Selected glossary
Some terms used in this thesis could have more than one meaning and are used in the following manner:

1. Primary mitochondrial disease is caused by underlying genetic mutations directly affecting the mitochondria, more
specifically the OXPHOS systems. The gene mutations can occur in both the mitochondrial genome and nuclear genes
encoding OXPHOS proteins and other mitochondrial related proteins (Niyazov et al., 2016).

2. Secondary mitochondrial disease is caused by mutations in genes that are not directly involved with OXPHOS
functioning. Some disorders might present with “mitochondrial like phenotypes” in patients where no mitochondrial-
associated gene mutations have been identified. Other non-genetic factors such as environment and toxins may also
contribute to secondary MD (Niyazov et al., 2016).

3. Variant vs. mutation: Variants, is the terminology used throughout this thesis for an alteration or nucleotide change
observed in sequencing data when aligned to a reference genome. A variant can have no impact on cell function, or it
can cause severe harm to the cell, resulting in clinical manifestations. The former is defined as single nucleotide variants
and the latter is defined as mutations, where a clinical phenotype has been associated with the specific variant (Karki
et al., 2015).




In many developing countries, the absence of routine investigations necessary to make a basic
diagnosis, such as histochemistry or biochemical assessment of biopsies, remains a consistent
problem. This is glaringly evident when searching for listed professional diagnostic services for
rare diseases using web resources such as Orphanet (www.orphanet.net). It can therefore be
concluded that the majority of patients born with a MD in these countries remain undiagnosed.

South Africa is one of the few developing countries with the capacity to provide basic clinical and
diagnostic services at selected centres for patients with IMDs, including MDs. With approximately
140 paediatric and adult neurologists in the country (equalling 2.5 per million of the population),
the clinical expertise to recognize neuromuscular diseases is widely available. However, the
major limiting factor — with MDs a good example — is the lack of specialised laboratory diagnostic
services and information on aetiology in the population. Although the National Health Laboratory
Services (NHLS) provide a number of tests, such as muscle histochemistry and screening for
selected mutations (only recently full mtDNA sequencing), adequate routine investigations and
other supporting resources to accurately diagnose MDs in an ethnically diverse population are

not available.

Since 1998, clinical assessments of neuromuscular diseases for referred patients from the
Northern provinces of South Africa have been done at the Steve Biko Academic Hospital at the
University of Pretoria, by the paediatric neurologist Prof. I. Smuts and colleagues. Along with
clinical data, urine and muscle biopsy samples were also collected (where possible) from patients
with suspected MDs. As a research study (Smuts et al., 2010), respiratory chain (RC) enzyme
analysis on these muscle biopsies has been done at the NWU. A combined clinical-biochemical
approach has been followed for over two decades to identify RC deficiencies, and subsequently
a diagnosis of MDs could be made in these paediatric patients. Over time, this provided the first
South African MD cohort with a biochemically-defined muscle RC deficiency that allowed for
further investigations into the aetiology and other characteristics of MD in this population. One
such additional investigation included a non-invasive metabolomics research approach using
urine samples previously collected from this cohort (Reinecke et al., 2012). Using various
analytical techniques, a biosignature (group of biomarkers) for MD was identified in this cohort by

Smuts et al. (2013), which included 13 metabolites frequently associated with this disorder.

Since 2006, a renewed set of data on clinical assessments, as well as RC enzyme analysis and
metabolic screening for specific biomarkers, has been collected for this paediatric cohort.
However, since the limited routine genetic services offered only a small number of well-
documented mutations in mostly Caucasian studies, there remained a major shortage of genetic
confirmation in these and other South African patients with MDs. Considering this, an initial
molecular genetics investigation on this cohort was conducted between 2009 and 2012 by Van

der Walt et al. (2012). The aim of this study was to determine the mtDNA genetic variants in 71



patients with an associated clinical and biochemical MD profile by identifying reported pathogenic
as well as novel disease-causing variants. Van der Walt et al. (2012) observed that the clinical
and biochemical profiles for patients of African descent did not correlate with those of their non-
African (Caucasian) counterparts, and concluded that the significant differences observed in
these diverse populations complicated the identification of pathogenic variants. In addition, they
identified the lack of population genetic data as a key problem in the assessment of variants.
These findings concurred with those of another centre involved in the mtDNA investigations of
MD in South African populations, indicating a relatively low mutation diagnostic yield of 6% and
less than 1% for referred patients in the Western Cape and Northern provinces, respectively (Van
der Westhuizen et al., 2015). Considering this, and especially the lack of nDNA information in
these cases, it was clear that a more extensive investigation into the South African patient
population was needed to expand our understanding of MDs on a molecular level, which would

ultimately have a major impact on diagnostic approaches of MDs in the South African population.

The current investigation, was mainly conducted in response to the inconclusive molecular
aetiological problems previously encountered (Smuts et al., 2010; Van der Walt et al., 2012; Van
der Westhuizen et al., 2015). Additionally, a number of aspects were taken into account at the
start of this investigation to select the most suitable molecular diagnostic approach for this study.
These included, but were not limited to, the available resources, funding and infrastructure, ethical
considerations (e.g. incidental findings), limited sample availability (e.g. absence of fibroblasts),
and the diverse population found in South Africa, for which there is limited genetic information
available. Considering this, a collaborative decision was made to do panel sequencing of specific
targeted genes known to be involved with MDs as a first step, in addition to full mtDNA genome
sequencing on an extended number of patients in the cohort, in order to expand and continue the
work set forth by Smuts et al. (2010) and Van der Walt et al. (2012). Furthermore, a subset of
black African patients from this cohort was furthermore selected for whole exome sequencing
(WES), as this is the next step towards a more complete understanding of mitochondrial aetiology
in South Africa.

1.2 RESEARCH AIM AND OBJECTIVES

Given the problems one is faced with when identifying MDs in this paediatric cohort, it is clear that
the molecular (genomic) information regarding MDs in the South African population is still lacking
causative evidence. Since molecular confirmation is becoming the cornerstone of identifying MD
in patients, this study aims to investigate both the mtDNA and nuclear genes known to be involved

with MDs in a previously-diagnosed paediatric cohort.



The following objectives were set in order to achieve this aim:

1. Design a strategy whereby all the nuclear genes associated with complexes I, 11, 1ll, and IV,
as well as those associated with coenzyme Qio (CoQio), can be sequenced in a high-
throughput manner using target selection technology and next-generation sequencing
(NGS).

2. ldentify the patients to be included in this study according to specific clinical and biochemical

criteria, and isolate DNA from muscle and/or blood samples from these selected patients.

3. Generate high quality NGS data from selected nuclear genes, as well as data from whole

mitochondrial genome sequencing.

4. Design and program a bioinformatics pipeline to efficiently identify novel, reported and
disease-causing/pathogenic variants from NGS data.

5. Assess the pathogenicity of novel, reported and previously reported disease-causing variants

identified through NGS in African and non-African patients in this cohort.
6. Follow up on a pathogenic mutation in a selected case.

7. Screen for two putative founder mutations known to be involved with mitochondrial

dysfunction.

An experimental design is illustrated in Figure 1.1 with the objectives indicated where applicable.
The experimental design can be divided into two sections, the research conducted since 1998 in
the first section, and the current research in the second section, as described in Sections 3.3 and
3.4 respectively. Each section forms part of the bigger investigations into the aetiology of MDs in
these South African paediatric patients. Chapters 3-5 provide more detail on the methods and
data processing used during this investigation and Chapters 6—8 provide detail on results obtained
during this investigation. A full description of the structure of this thesis is given in the following
section (Section 1.3).
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Figure 1.1: lllustration of the experimental design aimed at investigating the aetiology of MD in this

understudied patient population.



13 STRUCTURE OF THESIS AND RESEARCH OUTPUTS

This thesis has been written in thesis format and complies with the requirements of the North-
West University (NWU), South Africa, for the completion of the degree Philosophiae Doctor
(Biochemistry). The thesis is presented in nine chapters and produced three scientific outputs
(which are either published or currently submitted for publication — see Appendix A).

Chapter 1: Introduction

Here, the background and the motivation for this study is provided, and the research aim and

objectives. Additionally, all of the primary author’s outputs are listed.

Chapter 2: Literature review

This chapter consists of a relevant literature overview on energy production in mitochondria,
and diseases associated with mitochondrial dysfunction. A discussion of the diagnosis of
MDs in the South African population is also presented.

Chapter 3: Patient cohort and selection

Chapter 3 describes and provides relevant information on the South African paediatric cohort
diagnosed with MDs. Furthermore, methods used for biochemical analyses (e.g. RC enzyme
analysis) and the results so acquired are described. Using the clinical and biochemical
information, the patient selection criteria for sequencing are formulated and described

accordingly, thereby addressing Objectives 1 and 2.

Chapter 4: Next-generation sequencing

This chapter describes the methodology for NGS (addressing Objective 3), which was
followed for whole mitochondrial genome sequencing and targeted sequencing of selected

nDNA genes known to be involved with MDs. A section on WES is also given.

Chapter 5: Bioinformatics and computational tools

This chapter consists of peer-reviewed paper which has been published (Appendix A.1) in
which Objective 4 is addressed, followed by a discussion of mtDNA bioinformatics used to

identify disease-causing mtDNA variants.

e Schoonen, M., Seyffert, A.S., Van der Westhuizen, F.H. & Smuts, I. (2019). A

bioinformatics pipeline for rare genetic diseases in South African patients. South
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African Journal of Science, 115(3/4), Art. #4876,
[https://doi.org/10.17159/sajs.2019/4876] — with permission

Chapter 6: Pathogenicity evaluation of detected mtDNA and nDNA variants

This chapter consist in part of an accepted paper (Appendix A.2) in which Objective 5 is

addressed. Additional information on the overarching results obtained from NGS is provided.

e Schoonen, M., Smuts, |., Louw, R., Elson, J.L., Van Dyk, E., Jonck, L., Rodenburg,
R.J.T. & Van der Westhuizen, F.H. (2019). Panel-based nuclear and mitochondrial
next-generation sequencing outcomes of an ethnically diverse paediatric patient
cohort with mitochondrial disease. Journal for Molecular Diagnostics,
[DOI: https://doi.org/10.1016/j.jmoldx.2019.02.002] — with permission

Chapter 7: Reporting of a novel ETFDH mutation — A case report

This chapter consist of a peer-reviewed paper (Appendix A.3) in which Objective 6 is
addressed.

e Van der Westhuizen F.H., Smuts, |., Honey, E., Louw, R., Schoonen, M., Jonck, L. &

Dercksen, M. (2017). A novel mutation in ETFDH manifesting as severe neonatal-onset
multiple acyl-CoA dehydrogenase deficiency. Journal of the Neurological Sciences, 384:
121-125 [DOI: 10.1016/ j.jns.2017.11.012] — with permission

Chapter 8: Mutation screening of two putative population variants in the GCDH and MPV17 genes

This chapter reports on the findings on two population-specific mutations in the genes GCDH
and MPV17 involved with glutaric acidemia type | and mtDNA depletion syndrome
respectively. Objective 7 is addressed in this chapter.

Chapter 10: Final conclusions and future recommendations

This chapter includes a summary and evaluation of the data presented in this thesis. Final

concluding remarks and recommendations for future studies are made.


https://doi.org/10.1016/j.jmoldx.2019.02.002
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CHAPTER 2:
LITERATURE REVIEW

2.1 MITOCHONDRIAL BIOLOGY

21.1 Structure and function of mitochondria

Mitochondria are dynamic intracellular organelles present in the cytosol of almost all eukaryotic
cells. This organelle consists of a double membrane system, referred to as the mitochondrial outer
and inner membranes (MOM and MIM) respectively, which defines the mitochondrial matrix (MM),
as seen in Figure 2.1 (Sjéstrand, 2018). The MM contains mtDNA, enzymes, ribosomes and
organic molecules, and typically proceeds via the integration of various metabolic pathways such
as gluconeogenesis, ketogenesis, urea cycle, -oxidation of fatty acids and the tricarboxylic acid
(TCA) cycle (Dolezal et al., 2006; Duchen, 2004; Hopper et al., 2006). The two membranes
forming the matrix each have distinctive functionalities. The MOM is selectively permeable due to
the integral porins within its phospholipid bilayer, which allows metabolites to access the MM.
These porins or voltage-dependant anion channels allow the free movement of molecules and
substrates [(nutrients, ions, adenosine triphosphate (ATP), adenosine diphosphate (ADP)] of up
to 10 kDa across the MOM (Blachly-Dyson & Forte, 2001; Wohlrab, 2009). The MIM is, however,
semi-impermeable with a larger membrane surface due to its characteristic cristae feature
(Mannella, 2006). It consists of highly specialised respiratory proteins and associated transport
proteins [(ubiquinone (Q) and a soluble cytochrome c (cyt )] responsible for energy production
(Letts et al., 2016). These membranes are separated by a rather small intermembrane space
(IMS) with several components and small molecular weight proteins which fulfil important
functions and processes (Craven et al., 2017; Herrmann et al., 2007). It also provides a space
where hydrogen ions which are pumped from the MM during electron transporting build up and
create a proton gradient that is necessary for ATP production via the OXPHOS system — the

main function of mitochondria.
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Outer membrane Inner membrane

(MOM) \ (MIM)
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(IMS)
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Figure 2.1: Simplified illustration of the mitochondria. These are ubiquitously found within almost all
eukaryotic cells. They contain their own DNA, primarily found within the mitochondrial matrix and produce
energy in the form of ATP via the oxidative phosphorylation system. Abbreviations: MOM: mitochondrial
outer membrane; MIM: mitochondrial inner membrane; IMS: intermembrane space; MM: mitochondrial
matrix; mtDNA: mitochondrial DNA; OXPHOS: oxidative phosphorylation.

Other functions and roles in cellular processes in which the mitochondria take part include (but
are not limited) to biosynthesis of haem and iron-sulphur [Fe-S] clusters, amino acid and lipid
metabolism, and calcium homeostasis (Friedman & Nunnari, 2014; Nunnari & Suomalainen,
2012). A simplified illustration of the mitochondria is given in Figure 2.1. As energy production via
OXPHOS is considered to be the most important role of the mitochondria, this process is
described in more detail in Section 2.1.2.

21.2 Electron transport chain and oxidative phosphorylation

The electron transport chain (ETC) is situated on the MIM, where four RC protein complexes;
complex | [NADH:ubiquinone oxidoreductase; EC 1.6.5.3 (Cl)], complex Il [succinate-ubiquinone
oxidoreductase; EC 1.3.5.1 (CIl)], complex Il [ubiquinol cytochrome c reductase; EC 1.10.2.2
(Cln], and complex IV [cytochrome ¢ oxidase; EC 1.9.3.1 (CIV)] as well as two electron carriers,
ubiquinone and cyt ¢, function together with complex V (ATP synthase; EC 3.6.3.14 [CV]) to
ultimately produce ATP. These five complexes and two electron carriers are collectively known
as the OXPHOS system, as illustrated in Figure 2.2 (Gorman et al., 2016; Hatefi, 1985; Koopman
et al., 2016). Under physiological conditions, electrons from the hydrogens on NADH and FADH-
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are transferred to oxygen starting at Cl. Three complexes ClI, Clll, and CIV convert the energy
from the electron transfers into hydrogen ions and expel 4, 4 and 2 hydrogen ions across the
MIM, respectively. The complexes are dynamic and can form supercomplexes and undergo other
conformational changes to aid in proton pumping across the membrane. An electron proton
gradient is created in the IMS as a result of the increased number of hydrogen ions. This proton
motive force is utilised by ATP synthase to produce 38 ATP molecules per cycle, thereby
concluding OXPHOS (Letts et al., 2016). The RC protein complexes, Cl to CV, including the
transporter proteins, are described in more detail in Sections 2.1.3.1-2.1.3.6.

4H* 4H* 2H* 3H*
IMS 1
MIM Y
@]
o
>
- «Q
8
MM FADH, FAD » 120, H,O g'
4H* 4H* -
o ADP + P, ATP
NADH + H* NAD*+ 2 H
3H*

| )
Electron transport chain

L ]
Oxidative phosphorylation system

Figure 2.2: Oxidative phosphorylation in the mitochondria. Electrons are carried from Cl to CIV
(electron transport chain) in a step-wise manner. Ubiquinone carries electrons from Cl and Cll to CIII and
cytochrome c carries the electrons from ClIll to CIV. Hydrogen ions are expelled across the mitochondrial
inner membrane into the intermembrane space by complexes I, Il and IV. This proton motive force is a key
component of ATP production via ATP synthase. Abbreviations: NADH: nicotinamide adenine dinucleotide
— reduced; FAD: flavin adenine dinucleotide; Cl: complex I; Cll: complex II; ClIl: complex IlI; CIV:
complex 1IV; CV: complex IV; Q: Ubiquinone; Cyt c: cytochrome c; H: hydrogen ions; IMS: inter membrane

space; MIM: mitochondrial inner membrane; MM: mitochondrial matrix. Adapted from Nijtmans et al. (2004).

2.1.3 Oxidative phosphorylation dysfunction

Oxidative phosphorylation is critical to energy production. Organs throughout the body have
different energy requirements. The brain, skeletal muscle and heart have a high energy demand
and therefore require larger amounts of ATP than other organs. Energy supply can easily be
compromised if problems arise within OXPHOS which can lead to a mitochondrial disorder or
disease. The MD term collectively refers to a group of heterogeneous disorders. Several factors

contribute to MD, of which dysfunctional OXPHOS is most common (Craven et al., 2017). The
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RC complexes forming OXPHOS can be deficient in an isolated manner or combined, i.e. only
one complex or more than one RC complex is defective (Gorman et al., 2016). Mutations or
alterations in either the mitochondrial genome or in several nuclear genes encoding RC protein
complexes are largely responsible for MDs. Aspects of OXPHOS dysfunction are explained by
means of the respiratory complexes and mitochondrial genetics throughout Sections 2.1.3, 2.2,
and 2.3.

2.1.3.1 Complex |

Complex I, also known as NADH:ubiguinone oxidoreductase, is the largest enzyme complex in
the RC (~1 MDa). This complex has characteristic L-shape with a hydrophobic membrane arm
situated on the MIM, and a peripheral arm protruding into the MM (Wirth et al., 2016) (see
Figure 2.2). It can furthermore be subdivided into an N-module, where NADH binding and
oxidation takes place, the Q-module, which transfers electrons to ubiquinone, and the P-module,
responsible for proton pumping. The N- and Q-modules lie within the matrix arm, while the
P-module forms part of the membrane arm (Wirth et al., 2016). Moreover, Cl comprises 44
subunits, of which 14 are conserved and necessary for its catalytic core functions (Kmita &
Zickermann, 2013). Seven of these 14 conserved NADH-dehydrogenase (ND) core subunits are
encoded by mtDNA and synthesised on mitochondrial ribosomes (Christian & Spremulli, 2012),
while the remaining seven ND core subunits are encoded by nDNA (listed in Table 2.1). Of the
remaining 30 accessory subunits, 16 are incorporated into the peripheral arm and 14 into the
membrane arm. These 30 subunits are thought to be involved with the stability, regulation and
assembly of CI (Andrews et al., 2013). Additionally, at least 13 assembly factors involved with the

assembly of CI have been identified, and are also listed in Table 2.1.

Table 2.1: Classification of the complex | structural and assembly factors and their respective

inheritance patterns.

Genes involved in coding of subunits?

Cl subunits smlj\lt?ljr?ifts Reference
mtDNA nDNA
Structural NDUFS1-S8, NDUFV1-3, NDUFAB1,
and a4 MTND1-6,  NDUFA1-3, NDUFA5-13, NDUFBL1, Alston et al.
accessory MTNDA4L NDUFB2, NDUFB4-11, NDUFC1, (2017): Giachin et
subunits NDUFC2 al. (2016);
Assembl NDUFAF2-8, ACAD9, ECSIT, Sanchez-Caballero
; y 13 FOXRED1, TMEM126B, TIMMDC1, et al. (2016)
actors NUBPL

amtDNA: mitochondrial DNA; nDNA: nuclear DNA, MTND1-6; DA4L: mitochondrially encoded NADH:ubiquinone
oxidoreductase core subunit 1-6 and D4L; NDUFS1-8: NADH:ubiquinone oxidoreductase core subunit S1-8; NDUFV1-3:
NADH:ubiquinone oxidoreductase core subunit V1-2; NDUFAB1: NADH:ubiquinone oxidoreductase subunit AB1;
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NDUFA1-3 and A5-13: NADH:ubiquinone oxidoreductase subunit A1-3 and A5-13; NDUFB1-2 and B4-11:
NADH:ubiquinone oxidoreductase subunit B1-2 and B4-11; NDUFC1-2: NADH:ubiquinone oxidoreductase subunit C1-2;
NDUFAF2-8: NADH:ubiquinone oxidoreductase complex assembly factor 2-8; ACAD9: acyl-CoA dehydrogenase family
member 9; ECSIT: ECSIT signalling integrator; FOXRED1: FAD-dependent oxidoreductase domain containing 1; TMEM126B:
transmembrane protein 126B; TIMMDCL1.: translocase of inner mitochondrial membrane domain containing 1. The HUGO
gene nomenclature was used here and elsewhere in this thesis for naming genes, as can be found at

https://www.genenames.org/.

Complex | dysfunction is more frequently encountered in MDs than in any other complex defects
(Smeitink et al., 2001) where isolated Cl is most prevalent among paediatric cases (Alston et al.,
2017). Causes for Cl dysfunction can be ascribed to catalytic problems or instability in the ClI
assembly process, usually as a result of an underlying genetic mutation in either the mtDNA or
nDNA-encoded structural subunits, or in assembly factors (Distelmaier et al., 2009; Fassone &
Rahman, 2012). The most prevalent clinical phenotypes associated with ClI dysfunction include
Leigh syndrome (LS), Leber's hereditary optic neuropathy (LHON), mitochondrial
encephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS), fatal infantile lactic
acidosis (FILA), and neonatal cardiomyopathy with lactic acidosis (Chen et al., 2017; Schrier &
Falk, 2011; Smeitink et al., 2001; Wong, 2013).

2.1.3.2 Complex I

Succinate-ubiquinone oxidoreductase, or Cll, has four subunits, i.e. two hydrophilic proteins
comprising [Fe-S] (Ip) and flavoprotein, and two hydrophobic transmembrane proteins comprising
cytochrome b (cyt b), collectively forming this tetrameric structure. The subunits are entirely
encoded by nDNA (see Table 2.2). Cllis not only involved in RC, but also the TCA cycle, providing
a link between these metabolic processes. The two main functions of Cll are oxidation of
succinate to fumarate during the TCA cycle, and the transfer of electrons through its [Fe-S] cluster
directly to ubiquinone, reducing it to ubiquinol with the help of prosthetic groups (Bezawork-Geleta
et al.,, 2017; Sun et al., 2005). The CIlI subunits are assembled by succinate dehydrogenase
assembly factors 1 and 2 (SDHAF1 and SDHAF2, respectively), and two chaperone-like factors,
namely succinate dehydrogenase assembly factors 3 and 4 (SDHAF3 and SDHAF4, respectively)
(Bezawork-Geleta et al., 2017).
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Table 2.2: Classification of the complex Il structural and assembly factors and their respective

inheritance patterns.

Genes involved in coding of subunits?

Cll subunits smlj\lt?l,.lr?ifts Reference
MtDNA nDNA
Structural 4 SDHA, SDHB, SDHC, SDHD
subunits
Alston et al. (2017)
Assembly 4 SDHAF1, SDHAF2, SDHAF3, SDHAF4
factors

2mtDNA: mitochondrial DNA; nDNA: nuclear DNA; SDHA: succinate dehydrogenase complex flavoprotein subunit A; SDHB:
succinate dehydrogenase complex iron sulfur subunit B; SDHC: succinate dehydrogenase complex subunit C; SDHD:

succinate dehydrogenase complex subunit D; SDHAF1-4: succinate dehydrogenase assembly factor 1-4.

Underlying recessive inherited genetic mutations in any of the four subunits and/or assembly
factors cause CIl deficiency. However, these are the least frequent in patients with MDs, with a
prevalence of 2—-8% for isolated Cll deficiency (Alston et al., 2015; Alston et al., 2017). Mutations
in the SDHA subunit and SDHAF1 are often the leading cause for isolated or combined CII
deficiency in all MD cases. CIl deficiency caused by homozygous mutations presents with
congenital manifestations, mostly affecting the central nervous system (CNS) and heart, whereas
compound heterozygous mutations cause cancerous manifestations, such as
pheochromocytoma and paraganglioma (Jain-Ghai et al., 2013; Timmers et al., 2009; Wong,
2013).

2.1.3.3 Complex Il

Complex Ill, also known as ubiquinol cytochrome c reductase, is a transmembrane protein
comprised of 11 subunits, of which 10 are encoded by nDNA while only one subunit, cyt b, is
encoded by mtDNA (see Table 2.3). These 10 subunits constitute three respiratory subunits (i.e.
two haem groups, MTCYB and CYC1, the Rieske [Fe-S] protein, UQCRFS1), two core proteins
(UQCRC1 and UQCRC2), and six accessory subunits (UQCRH, UQCRB, UQCRQ, UQCR10,
UQCR11 and a cleavage product of Rieske). Together, all of these subunits form the systemic
dimer (Clllz), which contains the functionally active form of the enzyme (Fernandez-Vizarra &
Zeviani, 2015). The main function of ClII is transferring electrons from the active form of CoQ1o
(also referred to as ubiquinol) to cyt b, followed by electron transfer to cyt c, resulting in proton
pumping across the membrane from the MM to the IMS. The latter is achieved through the
Q-cycle mechanism, which refers to a series of reactions, such as oxidation and reduction of
CoQ1o0, between ubiquinol and ubiguinone, causing the proton-motive force that helps with

movement of protons across the MIM (Crofts et al., 2008).
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Table 2.3: Classification of the complex Ill structural and assembly factors and their respective

inheritance patterns.

Genes involved in coding of subunits?

sulSLIIIr:its Slll\lk?ljr?ifts Reference
mtDNA nDNA
Str:(r:ltdural CYC1, UQCRB, UQCRC1, UQCRC2,
accessor 10 MTCYB UQCRFS1, UQCRH, UQCRQ, Alston et,al.
buni y UQCRI10, UQCR11 (2017); Ferndndez-
subunits Vizarra and
Assembly 6 UQCC1, UQCC2, UQCC3, BCSIL, Zeviani (2015)
factors TTC19, LYRM7

2mtDNA: mitochondrial DNA; nDNA: nuclear DNA, MTCYB: mitochondrially encoded cytochrome b; UQCRB: ubiquinol-
cytochrome c reductase binding protein; CYC1: cytochrome C1; UQCRB: ubiquinol-cytochrome c reductase binding protein;
UQCRC1-2: ubiquinol-cytochrome ¢ reductase core protein 1-2; UQCRFS1: ubiquinol-cytochrome c reductase; Rieske iron-
sulfur polypeptide 1; UQCRH: ubiquinol-cytochrome c reductase hinge protein; UQCRQ: ubiquinol-cytochrome c reductase
complex 1l subunit VII; UQCRZ10: ubiquinol-cytochrome c reductase, complex Il subunit X; UQCR11: ubiquinol-cytochrome c
reductase, complex Il subunit XI; UQCC1-3: ubiquinol-cytochrome ¢ reductase complex assembly factor 1-3; BCS1L: BCS1
homolog; ubiquinol-cytochrome c reductase complex chaperone; TTC19: tetratricopeptide repeat domain 19; LYRM7: LYR

motif containing 7.

Mutations encoded by both mtDNA and nDNA are well-known causes of mitochondrial ClII
deficiencies, with mutations in the MTCYB and BCS1L genes accounting for more than 50% of
these in all MD cases. Pathogenic mutations have also been found in the genes UQCRB,
UQCRQ, UQCR2 and CYC1. Clinical phenotypes include exercise intolerance, cardiomyopathy,
encephalomyopathy, muscle weakness and in some cases lactic acidosis, liver dysfunction, renal
tubulopathy, dystonia and ataxia (Alston et al., 2017; Fernandez-Vizarra & Zeviani, 2015; Wong,
2013).

2.1.3.4 Complex IV

The final complex and electron acceptor of the ETC is cytochrome ¢ oxidase (COX), or CIV,
situated on the MIM. Similar to CI and CIll, the 14 ClV-associated subunits are encoded by both
mtDNA and nDNA. The three largest hydrophobic subunits, cytochrome I-lll (COXI-3), are
translated from mtDNA within the organelle and form the functional catalytic core. The remaining
10 nuclear-encoded subunits and isoforms form around the core as a protective shield with the
help of several ancillary proteins and assembly factors (listed in Table 2.4) (Rak et al., 2016; Soto
et al., 2012). The assembled COX core (often as a dimer) contains the two haem groups, two
copper centres (Cua and Cug), cytochrome a, and cytochrome as all needed for catalysis of
electron transferring from reduced cyt ¢ to molecular oxygen (Rak et al., 2016; Tsukihara et al.,
1995). Protons are transferred across the MIM which contributes to the proton motive force
needed for ATP production. The 14" subunit of COX, namely NDUFA4, was detected and
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confirmed by Balsa et al. (2012). It was found that a deletion of NDUFA4 did not affect ClI, as it
was thought to be CI subunit, but rather affected CIV. Furthermore, it was confirmed that this

subunit plays a role in CIV function and biogenesis.

Table 2.4: Classification of the complex IV structural and assembly factors and their respective

inheritance patterns.

Genes involved in coding of subunits?

Clv No. of
subunits subunits Reference
mtDNA nDNA
Structural MTCO1 COX4l1, COX4l12, COX5A, COX5B,
and 17 MTCOZ' COX6A, COX6B, COX6C, COXTA,
accessory ' COX7B, COX7C, COX8, NDUFAA4,

subunits MTCO3 LRPPRC, TACO1
OXA1, COA1, COA3, COA5-7, COX10,
Assembly 22 COX11, COX14, COX15-16, COX17,
factors COX18-C0OX20, COX23, FASTKD2,
PET100, SURF1, SCO1 SCO2

Alston et al. (2017)

amtDNA: mitochondrial DNA; nDNA: nuclear DNA; MTCO1-3: mitochondrially encoded cytochrome c¢ oxidase I-lll;
COX4-8C: cytochrome c oxidase subunit 411, 412, 5A, 5B, 6A, 6B, 6C, 7A, 7B, 7C, 8; NDUFA4: NADH:ubiquinone
oxidoreductase subunit A4; LRPPRC: leucine-rich PPR motif-containing protein; TACO1: translational activator of cytochrome
c oxidase 1; OXA1: oxidase assembly 1-like protein; COA1: cytochrome ¢ oxidase assembly factor 1 homolog; COA3 and 5—
7: cytochrome c oxidase assembly factor 3 and 5-7; COX10: haem A:farnesyltransferase cytochrome c oxidase assembly
factor; COX11: cytochrome c oxidase copper chaperone; COX14: cytochrome ¢ oxidase assembly factor 14; COX15-16:
cytochrome ¢ oxidase assembly homolog 15 and 16; COX17: cytochrome c¢ oxidase copper chaperone; COX18-20:
cytochrome ¢ oxidase assembly factor 18—-20; COX23: cytochrome c oxidase assembly factor 23; FASTKD2: FAST kinase

domains 2; SURF1: cytochrome ¢ oxidase assembly factor; SCO1-2: cytochrome ¢ oxidase assembly protein 1-2.

This enzyme complex is considered to be an OXPHOS regulation site, and thus mutations in any
of the subunits are known to cause severe early-onset mitochondrial CIV deficiency, with mostly
neuromuscular phenotypes (Baertling et al., 2017). Other manifestations include LS,
encephalomyopathy, cardiomyopathy and leukodystrophy (Tanigawa et al., 2012). Mutations are
predominantly found in nDNA assembly factors, especially in early assembly intermediates such
as SURF1, SCO1, SCO2 and the core mtDNA subunits.

2.1.3.5 Complex V

ATP-synthase (F1Fo-ATP synthase), or CV, has two functionally important domains, F, and Fo,
and consists of 20 subunits, of which two are encoded by mtDNA and three are nuclear-encoded
assembly factors (listed in Table 2.5) that work together to phosphorylate ADP, and an inorganic
phosphate (Pi) to produce ATP by a membrane rotary motor (Alston et al., 2017). The
electrochemical proton gradient created by the ETC is the driving force for this machinery. A

hydrogen ion, currently in the IMS, enters CV, while another hydrogen ion leaves the complex
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and enters the MM. Internal rotation of the y subunit takes place with each new hydrogen entering
from the IMS. Three hydrogen ions are necessary to produce one ATP molecule from ADP and
Pi (Boyer, 1997; Stock et al., 1999).

Table 2.5: Classification of the complex V structural and assembly factors and their respective

inheritance patterns.

Genes involved in coding of subunits?

CV subunits SLlj\lé)l:ll’?iftS Reference
mtDNA nDNA
ATP5A1, ATP5F1B, ATP5F1C,
structural and ATP5F1D, ATP5F1E, ATP5MCL,
accessory 20 MTATPS, ATP5MC2, ATP5MC3, ATP5MD,
SUbUNits MTATPS ATP5ME, ATP5MF, ATP5MG,
ATP5MPL, ATP5PB, ATP5PD, Alston et al. (2017)
ATP5PF, ATP5PO, ATP5IF1
Assembly 3 ATPAF1, ATPAF2, TMEM70
factors

2mtDNA: mitochondrial DNA; nDNA: nuclear DNA; MT-ATP6/8: mitochondrially encoded ATP synthase membrane subunit
6/8; ATP5F1A/B/C/D/E: ATP synthase F1 subunit alpha/beta/gamma/delta/epsilon; ATP5MC1/2/3: ATP synthase membrane
subunit ¢ locus 1/2/3; ATP5MD: ATP synthase membrane subunit DAPIT; ATP5ME/F/G: ATP synthase membrane subunit
e/fl[gATP5MPL: ATP synthase membrane subunit 6.8PL; ATP5PB/D: ATP synthase peripheral stalk-membrane subunit b/d;
ATP5PF: ATP synthase peripheral stalk subunit F6; ATP5PO: ATP synthase peripheral stalk subunit OSCP; ATP5IF1: ATP

synthase inhibitory factor subunit 1.

Complex V mutations can occur in both mtDNA and nDNA encoded subunits. Clinical phenotypes
associated with mtDNA mutations manifest at a high heteroplasmic threshold of ~80-90%
(Hejzlarova et al., 2014), while manifestations due to nDNA mutations are less common (Alston
et al., 2017). These manifestations can include neuropathy, ataxia, retinitis pigmentosa (NARP),
and neonatal encephalopathy. Symptoms include lactic acidosis, cardiomyopathy,
encephalopathy, and dysmorphic features as reported in some cases (De Meirleir et al., 2004;
Hejzlarova et al., 2014; Isohanni et al., 2018; Jonckheere et al., 2013; Jonckheere et al., 2012).

2.1.3.6 Electron transfer proteins

Two electron transfer proteins are embedded in the phospholipid bilayer of the MIM, transferring
electrons between RC enzyme complexes without directly taking part in OXPHOS. The two
electron carriers are a lipophilic quinone referred to as CoQ1o, and a hydrophobic haem protein,
cyt ¢, situated on the external surface of the MIM (Enriquez & Lenaz, 2014). CoQ1o consists of
three functional domains to form one structural domain. The first domain is a flavin adenine

dinucleotide (FAD), buried deep within the functional domain, the second domain is an iron
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cluster, and the third is an enzyme-specific binding site. CoQ1o carries electrons from Cl and CI|

to Clll, whereas cyt c carries electrons from CllI to CIV (see Figure 2.2).

Mutations in either of the electron transfer proteins can result in altered fatty acid and amino acid
oxidation. Pathogenic mutations in CoQ1o biosynthesis genes, namely COQ2, PDSS1, PDSS2
and ADCK3 have been associated with patients presenting with primary CoQ1o deficiency with
multisystemic phenotypes, including encephalomyopathy (Ogasahara et al., 1989), childhood-
onset cerebral ataxia and atrophy (Artuch et al., 2006), infantile isolated myopathy (Horvath et al.,
2006), and nephrotic syndrome (Salviati et al., 2005). Secondary CoQ1o deficiency arise from
mutations in genes indirectly involved with CoQ1o biosynthesis, namely APTX, BRAF and ETFDH
(Quinzii et al., 2008). Multiple acyl-CoA dehydrogenase deficiency (MADD) is associated with the
latter, resulting in the build-up of fats and proteins. Symptoms can occur at neonatal stage and
include metabolic acidosis, cardiomyopathy, and liver disease (Liang et al., 2009; Van der
Westhuizen et al., 2017).

2.2 MITOCHONDRIAL GENETICS

2.21 Mitochondrial genome

The maternally [or as recently shown, paternally inherited as well (Chinnery & Hudson, 2013; Luo
et al., 2018)] inherited mitochondrial genome is a circular, double-stranded molecule, consisting
of a network of highly compact multiple copies of DNA within the MM (Giles et al., 1980). The
complete sequence of 16 569 bp forms the inner light strand (L strand, non-coding region), an
outer heavy strand (H strand, coding region), and a 1.1 kbp D-loop (replication, initiation, and
termination site) (Anderson et al., 1981). It is comprised of 37 coding genes, of which 24 are
involved with the translation of mtDNA and the remaining 13 are directly committed to subunits of
RC. From these 24, there are two ribosomal RNAs (rRNA) and 22 transfer RNAs (tRNA) (listed
in Table 2.6 and Figure 2.3).
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Table 2.6: Classification of mtDNA genes.

mtDNA genes? Reference
Structural Cl: MT-ND1-6, MT-NDA4L, CllI: MT-CYB, CIV: MT-CO1-3,
CV: MT-ATP6, MT-ATPS
Alston et al.
rRNA RNR1 (12S rRNA), RNR2 (16S rRNA) (2017): Anderson
MT-NC2, MT-TA, MT-TC, MT-TD, MT-TE, MT-TF, MT-TG, MT-TH, etal. (1981)
tRNA MT-TI, MT-TK, MT-TL1, MT-TL2, MT-TM, MT-TN, MT-TP, MT-TQ,

MT-TR, MT-TS1, MT-TS2, MT-TT, MT-TV, MT-TW, MT-TY

aMTND1-6, D4L: mitochondrially encoded NADH:ubiquinone oxidoreductase core subunit 1-6 and D4L; MTCYB:
mitochondrially encoded cytochrome b; MTCO1-3: mitochondrially encoded cytochrome c¢ oxidase I-lll; MT-ATPG6:
mitochondrially encoded ATP synthase membrane subunit 6/88; RNR1: RNA, ribosomal 45S cluster 1; RNR2: RNA, ribosomal
45S cluster 2; MT-T: mitochondrially encoded tRNA; A: alanine; C: cysteine; D: aspartic acid; E: glutamic acid;
F: phenylalanine; G: glycine; H: histidine; I: isoleucine; K: lysine; L1: leucine 1 (UUA/G); L2: leucine 2 (CUN); M: methionine;
N: asparagine; P: proline; Q: glutamine; R: arginine; S1: serine 1 (UCN); S2: serine 2 (AGU/C); T: threonine; V: valine;
W: tryptophan; Y: tyrosine.

2.2.2 Mitochondrial DNA mutations of mitochondrial disease

The mitochondrial genome is relatively small compared to the human genome. However,
mutations in the genome can cause lethal disorders, with a mutation rate 10—17-times higher than
in NDNA (Tuppen et al., 2010). This is mainly due to a lack of mtDNA repair systems, as well as
reactive oxygen species (ROS) production by RC complexes in close proximity to mtDNA. The
majority of mutations are polymorphisms, but more than 250 pathogenic mtDNA mutations have
been reported. This includes point mutations as well as large scale deletions, rearrangement of
nucleotides, and hotspots in mitochondrial tRNA genes and Cl encoded genes (Carelli & La
Morgia, 2018; Tuppen et al., 2010). The large amount of mtDNA copies within a mitochondrion
can either be mutant, wild-type, or a combination of both. This former is known as homoplasmy,
where all the mtDNA are the same, and the latter as heteroplasmy, where both wild-type and
mutant mtDNA are present. A threshold is found with heteroplasmic variants since a cell can
tolerate a certain amount of defective mtDNA (Herbert & Turnbull, 2018). However, if the threshold
load is exceeded, metabolic dysfunction can occur (Alston et al., 2017). The threshold limits for
heteroplasmic mutations are often only exceeded in adulthood, with a prevalence of 2.9-9.2 per
100 000 adults (Gorman et al., 2015; Schaefer et al., 2008).

Mutations cause a wide variety of clinical manifestations and can present at any age (Gorman et
al., 2015). The most common mutations are listed in Table 2.7. An extended description of known

pathogenic mutations for mtDNA can be found on the MitoMAP database (Brandon et al., 2005).
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Figure 2.3: The complete human mitochondrial genome of 16.6 kb double-stranded DNA. The heavy
(H) strand is represented by the outer circle and the light (L) strand is represented by the inner circle.
MtDNA encodes 24 ribosomal RNA (grey), 22 transfer RNA (white), and 13 RC structural genes, indicated
by blue for CI genes, green for ClII genes, light blue for CIV genes, and orange for CV genes. Human
mitochondrial genome map, courtesy of Emmanuel Douzery (https://commons.wikimedia.org/wiki/File:

Map_of the _human_mitochondrial_genome.svg last accessed 2018).
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Table 2.7: Genotype-phenotype correlations of well described human mtDNA pathogenic

mutations.

Mutation Locus Associrﬁgenc:fgzgz%tzspaes and Reference®
m.1555A>G MT-RNR1 Deafness Usami et al. (1997)
m.1624C>T MT-TV LS McFarland et al. (2002)
m.3243A>G MT-TL MELAS, MIDD, CPEO Manouvrie;te;f"('l(glgg)s); Moraes
m.3271T>C MT-TL MELAS Hayashi et al. (1993)
m.3460G>A ND1 LHON Howell et al. (1991)
m.4300A>G MT-TI Cardiomyopathy Casali et al. (1995)
m.5545C>T MT-TW Multisys(;g;?d(iirs]g;der, RC Sacconi et al. (2008)
m.7445A>G MT-TS1 Deafness/hearing loss Reid et al. (1994)

m.7472CinsC MT-TS1 Myopathy Jaksch et al. (1998)
m.8344A>G MT-TK MERRF Shoffner et al. (1990)
m.8356T>C MT-TK MERRF Masucci et al. (1995)

m.8993T>G/C ATP6 MILS, NARP De Vries et :I' gggg; Harding et
m.9176T>G/C ATP6 LS, FBSN Tﬁ;;;?;rz?aﬁt:tlé (l_z?fgg)g)

m.10158T>C ND3 LS/Leigh-like syndrome Crimi et al. (2004)
m.10191T>C ND3 LS/Leigh-like syndrome Taylor et al. (2001)

m.10197G>A ND3 LS/Leigh-like syndrome Sarzi et al. (2007)
m.11777C>A ND4 Encephalopathy, LS DeSCha”ere;ﬁkégggf);Komakiet

m.11778G>A ND4 LHON Wallace et al. (1988)

m.13513G>A ND5 MELAS, LS Santorelli et al. (1997b)

m.14484T>C ND6 LHON Brown et al. (1992)

Myopathy, weakness, and Damore et al: (1999); Mancuso et
m.14709T>C MT-TE al. (2005); McFarland et al.

diabetes

(2004b)

aLS: Leigh syndrome; MELAS: mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes; MIDD: maternally

inherited diabetes and deafness; CPEO: chronic progressive external ophthalmoplegia; LHON: Leber's hereditary optic

neuropathy; MERRF: myoclonic epilepsy with ragged red fibres; MILS: maternally inherited Leigh syndrome; NARP:

neuropathy, ataxia, and retinitis pigmentosa; FBSN: familial bilateral striatal necrosis.

b References to journals articles and databases where the referred variants were previously reported on.

2.2.3 Nuclear DNA mutations of mitochondrial disease

NGS methods have advanced significantly over recent years. This progress has consequently

increased the identification of pathogenic mitochondrial-encoded nuclear gene mutations. There
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are roughly 1 300 proteins in the mitoproteome, of which ~150 nuclear encoded genes are directly
involved with OXPHOS (Craven et al., 2017). The nuclear genes are synthesised and translated
onto cytosolic ribosomes prior to translocation through the mitochondrial membrane into the MM,
via translocase of MIM and MOM complexes respectively (Truscott et al., 2003). Mutations have
been reported in more than 250 genes. Furthermore, DiMauro and Schon (2003) stated that
mutations in NDNA genes are more common and severe in paediatric cases, compared to adults
who present more with mtDNA mutations. It is important to note that in most cases these patients
present with asymptomatic features, making it difficult to identify mitochondrial involvement.

A description of known pathogenic mutations for nDNA is listed on the MitoMAP database (Lott
et al., 2013). Clinical manifestations often associated with RC structural and non-structural

subunits for each complex are listed in Table 2.8.

Table 2.8: Clinical manifestations for structural and non-structural RC subunits encoded by nDNA.

Gene OMIMm® Clinical manifestation® References®
Complex |
NDUFS1 157655 LS Martin et al. (2005)
NDUFS2 602985 Encephalopathy, cardiomyopathy Loeffen et al. (2001)
NDUFS3 603846 LS Benit et al. (2004)
NDUFS4 602694 LS Petruzzella et al. (2001)
NDUFS6 603848 FILA Spiegel et al. (2009)
NDUES7 601825 LS Smeitink an(dlggg)den Heuvel
NDUFS8 602141 LS Loeffen et al. (1998)
NDUFB3 603839 FILA Calvo et al. (2012)
NDUFB9 601445 Hypotonia, lactic acidosis Haack et al. (2012)
NDUFB10 603843 Lactic acidosis, cardiomyopathy Friederich et al. (2015)
NDUFB11 300403 intrauterine growth restriction, Van Rahden et al. (2015)
NDUFV1 161015 LS Laugel et al. (2007)
NDUEV2 600532 Cardiog%%%?qtzﬁl),pgilr?;tonia, Smeitink an(d1 s\glst'gtg)den Heuvel
NDUFA1 300078 | - progress“é‘? neurodegenerative Loeffen et al. (1998)
isorder
NDUFA2 602137 LS Hoefs et al. (2008)
NDUFA9 603834 LS Van den Bosch et al. (2012)
NDUFA10 603835 LS Hoefs et al. (2011)
NDUFA11 612638 FILA, encephalocardiomyopathy Berger et al. (2008)
NDUFAF12 609653 LS Ostergaard et al. (2011)
NDUFA13 609435 Encephalopathy, optic atrophy (Angebault et al., 2015)
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NDUFAF1
NDUFAF2

NDUFAF3
NDUFAF4

NDUFAF5

NDUFAF6
NUBPL
FOXRED1

ACAD9

SDHA

SDHB

SDHC

SDHD

SDHAF1

SDHAF2

UQCRB

UQCRQ

BCSI1L

uQcc2

UQCC3

COX6A1
COX61B

COX7B

COX8A
SURF1

SCO1

SCO2

606934

609653

612911
611776

612360

612392
613621
613622

611103

600857

185470

602413

602690

612848

613019

191330
612080

603647

614461

616097

602072
124089

300885

25600
185620

603644

604272

Cardioencephalomyopathy

Early onset progressive
encephalopathy

Neonatal encephalopathy

Infantile encephalopathy
LS

LS
Encephalomyopathy
LS

Hypertrophic cardiopathy
encephalopathy

Complex Il
LS

Phaeochromocytoma and
paragangliom

Autosomal dominant
paraganglioma type I

Autosomal dominant
paraganglioma type I,
pheochromocytoma

Leukoencephalopathy

Autosomal dominant
paraganglioma type II

Complex llI
Hypoglycaemia, lactic acidosis
Severe neurological phenotype

encephalopathy, hepatic failure
and tubulopathy, LS, Bjornstad
syndrome, GRACILE syndrome

Lactic acidosis and renal tubular
dysfunction

Lactic acidosis, hypoglycaemia,
hypotonia

Complex IV
Charcot-Marie-Tooth disease
Encephalomyopathy

Microphthalmia with linear skin
lesions

LS
LS

Neonatal hepatic failure and
encephalopathy

Neonatal
cardioencephalomyopathy
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Dunning et al. (2007)
Ogilvie et al. (2005)

Saada et al. (2009)
Saada et al. (2008)

Gerards et al. (2010); Sugiana et
al. (2008)

Bianciardi et al. (2016)
Calvo et al. (2010)
Calvo et al. (2010)

Haack et al. (2010)

Bourgeron et al. (1995)

Astuti et al. (2001)

Niemann and Mdller (2000)

Baysal et al. (2000)

Ghezzi et al. (2009)

Hao et al. (2009)

Haut et al. (2003)
Barel et al. (2008)

De Lonlay et al. (2001); Hinson et
al. (2007); Visapaa et al. (2002)

Tucker et al. (2013)

Wanschers et al. (2014)

Tamiya et al. (2014)
Massa et al. (2008)

Indrieri et al. (2012)

Hallmann et al. (2015)
Zhu et al. (1998)

Sacconi et al. (2003)

Papadopoulou et al. (1999);
Sacconi et al. (2003)



COX10

COX14
COX15

COX20
COA3
COA5
COAG6

LRPPRC
FASTKD2
TACO1

ATP5E
ATP5A1

ATP8A2

ATPAF2

TMEM70

COQ2

CcoQ4

COQ5

COQ6
CcoQ7

COQ9

ATPX

PDSS1

PDSS2
CABC1
ETFDH

602125

614478

603646

61498
614775
613920
614772
607544
612322
612958

606153

164360

605870

608918

612418

609825

612898

616359

614647
601683

612837

606350

607429

610564
606980
231675

Neonatal tubulopathy and
encephalopathy, LS,
cardiomyopathy

Neonatal lactic acidosis

Early-onset hypertrophic
cardiomyopathy, LS

Ataxia, muscle hypotonia
Neuropathy, exercise intolerance
Cardioencephalomyopathy
Cardioencephalomyopathy
French-Canadian LS
Cncephalomyopathy
LS

Complex V

Lactic acidosis, mental retardation,
peripheral neuropathy

Neonatal encephalopathy

Cerebellar ataxia, mental
retardation

Early-onset encephalopathy, lactic
acidosis

Neonatal encephalopathy,
cardiomyopathy

CoQuo
Encephalomyopathy, nephropathy

Encephalomyopathy, mental
retardation

Encephalomyopathy, cerebellar
ataxia

Nephrotic syndrome, deafness
Hypotonia, cardiac hypertrophy

Neonatal lactic acidosis, seizures,
cardiomyopathy

Cerebellar ataxia, oculomotor
apraxia

Deafness, valvulopathy, mental
retardation

LS, nephrotic syndrome
Cerebellar ataxia, lactic acidosis
MADD

aNumbers for specific phenotypes as listed on the OMIM database.

Antonicka et al. (2003a)

Weraarpachai et al. (2012)

Antonicka et al. (2003b); Oquendo
et al. (2004)

Szklarczyk et al. (2012)
Ostergaard et al. (2015)
Huigsloot et al. (2011)
Baertling et al. (2015)
Debray et al. (2011)
Ghezzi et al. (2008)
Weraarpachai et al. (2009)

Mayr et al. (2010)
Hejzlarova et al. (2014)

Onat et al. (2013)
De Meirleir et al. (2004)

Cizkova et al. (2008)

Quinzii et al. (2006)

Salviati et al. (2012)

Malicdan et al. (2018)

Heeringa et al. (2011)
Freyer et al. (2015)

Duncan et al. (2009)
Quinzii et al. (2005)

Mollet et al. (2007)

Lépez et al. (2006)
Mollet et al. (2008)
Beard et al. (1993)

® OMIM: Online Mendelian Inheritance in Man; LS: Leigh syndrome; FILA: fatal infantile lactic acidosis; GRACILE: growth

retardation, amino aciduria, cholestasis, iron overload, lactic acidosis, and early death; MADD: multiple acyl-CoA

dehydrogenation deficiency.

¢ References to journals articles and databases where the referred genes were previously reported on.
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2.3 DIAGNOSIS OF MITOCHONDRIAL DISEASE

Successful diagnosis of MD, primary or secondary, which is considered to be a daunting task,
often relies on a multidisciplinary approach. The different techniques include clinical
assessments, biochemical analyses, histopathological testing, and genetic screening. In many
cases where the MD phenotypical features are clear and precise (well-studied genotype-
phenotype correlations), it is sufficient to perform only one or two of these techniques to make a
diagnosis (Taylor & Thorburn, 2018). However, for the majority of cases with a broad spectrum
of features, [genotype-phenotype correlations are unclear or inconsistent from the expected well-
studied correlations (Ham et al., 2018)] these techniques are used in unison to make clear and

precise diagnoses.

2.3.1 Clinical Diagnosis

Childhood-onset MD phenotypes are considered more severe when compared to adult-onset MD,
and is furthermore diagnostically challenging since MDs have extremely heterogeneous features
(DiMauro and Schon (2003). Clinical examination and assessment for MD should include full
neurological evaluations, as both children and adults frequently present with multisystem
involvements which include central nervous system involvements (encephalopathy, seizures, and
stroke-like episodes) and neuromuscular features (myopathy and muscle weakness, sensory
ataxia, exercise intolerance, fatigue, myalgia, and rhabdomyolysis) (Keogh et al., 2018). Clinical
investigations characterise the scope of multisystem involvement and several diagnostic
techniques can be used such as electromyography and nerve conduction studies, audiological

investigations, cardiac investigations, and brain magnetic resonance imaging to name a few.

2.3.2 Biochemical diagnosis

Biochemical phenotypes play an important part in MD diagnosis. A range of functional analysis
and techniques are used to investigate patients with suspected MD for evidence of an RC
deficiency (isolated or combined). Biochemical analysis using a muscle biopsy to evaluate the
functional state of the RC through enzyme analysis of the respective RC complexes is considered
a fundamental diagnostic component (Rodenburg, 2011). Unfortunately, enzyme analysis using
frozen muscle biopsy will only reveal reliable results in CI-CIV and CoQio (Taylor & Thorburn,
2018). Defects found throughout the mitochondria may lead to a number of elevated metabolites

such as lactic acid, and also reduced metabolites such as pyruvate. Metabolite analysis using
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urine and blood sample is usually performed prior to enzyme analysis, as it is often sufficient to

reveal the primary metabolic pathway and location of disease (Rodenburg, 2011).

2.3.3 Molecular diagnosis

Next-generation sequencing has begun to be the preferred diagnostic technique. It is less invasive
and is particularly effective in identifying disease-causing variants and genes in heterogeneous
diseases such as MD. There are currently a variety of options available such as whole genome
sequencing (WGS), whole exome sequencing (WES), and targeted gene panel sequencing. A
brief description on each of these approaches is given in Section 4.1. Mitochondrial DNA
mutations can be detected through these approaches, however, with limitations. For example,
WGS has potential interference by nDNA sequences and WES gives incomplete coverage of
mtDNA (Taylor & Thorburn, 2018). Whole mitochondrial genome sequencing is thus performed
to eliminate the limitations from WGS and WES. A conclusive diagnosis requires proof of the
existence of a disease-causing variant (mutation) associated with a MD phenotype in the patient,
and ideally with information of genetic segregation within the family.

2.3.4 Classic “biopsy first” approach

Diagnosis of primary MD is often a daunting task. There are currently two approaches to follow
when diagnosing MD. The first follows a “biopsy first” approach where a muscle or skin biopsy is
collected from patients with clinical features suggestive of an MD. Biochemical analysis is
performed on the muscle sample and includes enzyme analysis of the RC, and histopathological
testing. Consequently, the patients are diagnosed with either an isolated or combined RC
deficiency. Based on these evaluations, candidate genes known to cause MD are selected for
sequencing. The genes can be encoded by either mtDNA or nDNA. Variants of interest detected
through NGS are confirmed through Sanger sequencing, followed by stratified functional analysis
to validate the pathogenicity of the detected variant (Rodenburg, 2011; Taylor et al., 2004; Wolf
& Smeitink, 2002; Wortmann et al., 2017).

2.3.5 New “genetics first” approach

This classical diagnostic approach has been, and still remains, effective, but recent advances in
NGS have shifted this diagnostic paradigm to a “genetics first” era (Wortmann et al., 2017). NGS
techniques, namely panel sequencing, WES, WGS, and whole mitochondrial genome

sequencing, have become widely available, especially in developed countries for identification of
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known disease-causing variants (Craven et al., 2017; Wortmann et al., 2015; Wortmann et al.,
2017). If novel/rare variants are identified in a patient with a clear mitochondrial phenotype,
functional analyses are performed on fibroblast for the patient. Furthermore, parents and family
of the patient are also genetically tested to confirm segregation of variants to aid in a more
conclusive MD diagnosis. This is, however, not the case for many patients, as MDs are often
asymptomatic or present with an atypical clinical profile. For these patients, genetic as well as
functional tests are performed in parallel and it is thus often necessary to obtain a muscle, liver,
or skin biopsy on which these functional tests are performed. However, obtaining muscle biopsies
are highly invasive (Rodenburg, 2011; Taylor et al., 2004). Wortmann et al. (2017) suggest the
following guidelines for when to perform tissue biopsies: 1) the patient presents with a rapidly
progressing disease (for example LS or MELAS), 2) the patient is in an unstable clinical condition
(episodes of neonatal lactic acidosis), and 3) the patient presents with single organ involvement
(isolated myopathy). Following a “genetics first” approach can prevent (to some extent) paediatric
patients from undergoing a muscle or liver biopsy. A flowchart of the two diagnostic approaches,
as suggested by Wortmann et al. (2017) is illustrated in Figure 2.4. With a “genetics first”
approach, patients are often diagnosed based only on genetic results. However, this advanced
approach relies on established and extensive capacity which most often does not exist in

developing countries.

Biopsy First B Genetics First
*Suspicious family history
H * H *
Suspected MD patient Suspected MD patient A —
I I *Suspicious metabolites: elevated serum and urinary lactate, plasma
alanine, TCA cycle metabolites, 3-methylglutaconate
Clinical evaluation Clinical evaluation
Sample collection: Sample collection:
Muscle biopsy and blood Skin biopsy and blood
l (individual and parents)
Functional testing:
; Novel variant in known disease- s :
OX{)HO,S enzyme. Exome sequencing . Variant in candidate gene
analysis, histochemistry . causing gene
Sanger sequencing: Known disease-causing Functional testing
Targeted genes variant or gene Muscle or liver biopsy or fibroblasts:

OXPHOS enzyme analysis / histochemistry / targeted specific tests
T i

Functional confirmation

b 4 b 4

Diagnosis of MD Diagnosis of MD

Figure 2.4: Flowchart of diagnostic procedures followed for patient with suspected MD. A: “Biopsy
first” approach that was followed until recently. B: “Genetics first” approach that is being followed more
recently. Abbreviations: MD: mitochondrial disease; OXPHOS: oxidative phosphorylation; TCA:

tricarboxylic acid cycle. Adapted from Wortmann et al. (2017) with permission.
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2.3.6  South African diagnostic approach

Diagnosis of MDs in developing countries such as South Africa is especially challenging due to a
number of factors. Firstly, the population is highly heterogeneous, and the prevalence of MDs is
still largely unknown (Meldau et al., 2016). Secondly, information regarding the severity of MDs
in the black African population groups is lacking when compared to developed countries (Van der
Westhuizen et al., 2015). Thirdly, infrastructure to perform routine diagnostic procedures, such as
genetic testing and the interpretation of sequencing data is in short supply mainly due to the
limited number of diagnostic centres (Smuts et al., 2010; Van der Westhuizen et al., 2015) (See
Section 3.2.2 and Figure 3.3). With clinical expertise and training available, albeit localised at
selected medical centres such as the Universities of Pretoria and Cape Town, there are only two
laboratories involved with genetic diagnosis of MDs in SA, namely the IMD, NHLS in Cape Town
(which focuses on genetic testing) and the Mitochondria Research Laboratory in the Centre for
Human Metabolomics (CHM) at the NWU in Potchefstroom (which is performing biochemical,
metabolic and selected genetic investigations) (Meldau et al., 2016; Van der Westhuizen et al.,
2015). The current diagnostic research approaches which are being implemented in South Africa

are illustrated in Figure 2.5.

Due to the challenges of limited information, infrastructure and diagnostic centres, a “biopsy first”
approach is followed for research purposes. As with most inherited metabolic diseases, metabolic
analyses in blood and urine are also done at either the NHLS laboratory or the Potchefstroom
Laboratory for Inborn Errors of Metabolism (PLIEM), NWU. Patients with suspected MDs are
clinically evaluated (see Section 3.3) after which biopsy samples are collected from all the
patients. Frozen biopsy samples are then used for biochemical evaluation of the kinetics of the
relevant RC enzyme. There is capacity for non-routine research-orientated functional tests that
include histochemistry of the biopsy sample and metabolomics on collected urine samples. The
ideal diagnostic procedure is then to do sequencing on selected patients with a clinically
diagnosed and biochemically confirmed MD. Variants identified in patients can then be evaluated
and investigated in more detail later on. Firstly, variants of interest need to be confirmed with
Sanger sequencing, after which functional and structural analyses [(blue-native polyacrylamide
gel electrophoresis (BN-PAGE), sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE), and Western-blot (WB)] can be performed on patient samples. This is an important
step in classifying a variant as disease-causing or pathogenic. Finally, it is important to note that
this approach is an ideal one and not always easily implemented in different diagnostic settings
in SA. Based on the problems with identifying and diagnosing MDs in developing countries, we
aimed to investigate the mostly unknown molecular profile and aetiology for MDs in this cohort of
predominantly African paediatric patients using NGS technology (see Chapter 1 for the full

description of the aim and objectives).

30



"(STOZ “[e 19 UBZINYISBM Jap UBA ‘0TOZ
“e 1@ SInwWS ‘9T0Z “'[e 18 hep|aN) wody pardepy '10[g-UId1sapn :gM :sisaloydoaosia |96 apiwejAioeAjod arejns |A2apop wnIpos :39vd-SAs :sisaloydoiiosje |ab
apiwejAioeAjod aaeu-an|q :39Vd-Ng ‘¥YNQA Jeajonu yNQU ‘wNQd [eUpuoyd0liw YNQIW ‘3Seasip [elipuoydolw giN :suoleinaiqqy “sainpasold [eaidAre juasaidal

sy00|q Aa1b ay1 ajiym auop Ajaunnol ate 1eyl sainpadsoid ay) Juasaidal s20|q SUYA “BI1ILY YINoS Ul pamo||o) sainpadsoid a1iisoubeip Jo 1eyomold :G'g ainbi4

dN jo sisouSeiq

1

sisA|oup-gM / 39vd-Sas / 39Vd-Ng
«Asdolg apsnw uo sisAjeue |ein)onals pue Sul1sa) jeuoipund

1
Supuanbas 1a8ueg

Ei E 3 7

auagd Jojueliea 8uisned 2ua3 JojuelieA duisned 2U38 Jo1uelleA 3uisned
-2SB3SIP UMOUY 10 [2AON -2SE3SIP UMOUY IO |2AON -3SE3SIP UMOUY 1O [SAON
| || || dIN Jo sisouSelqg
Supuanbas awox VNQU - Bupuanbss w 3jo
! 3 |oueq pa1asiel VYNQiw 3joym » .v
|| N || aua3 aua3d
Supuanbas uoljeiauas-xaN Joiuelien guisned Joiueliea 3uisned
- -9SEeasIp umou)| -9SEasIp umou)|
sjana| °Tpor | | | |
sishjeue w suolenw
ISA| ASojoyredossiy s1sA|pup awAzua SOHIXO YNQA¥ 11ey
JljoqeldAl 8unysay |euoipund aloym — SON uowiwod 1o} uaax s
- - - 1spjqoiqid - -
uonejuasaad Jwoipuls-uon “Asdoiq ajasnw ‘auLin uoiejuasaad djwoapuis
uoI1129]|02 9jdwes A
||

Burioas joajulD
uoljenjeaa |e2iuld
|
»lusned g papadsng

swojldwaAs pue susis snoididsng,,
A1oisiy Ajlwey snoiaidsng,

31



32



CHAPTER 3:
SOUTH AFRICAN MITOCHONDRIAL PAEDIATRIC
COHORT

3.1 INTRODUCTION

Successful diagnosis of MDs relies heavily on clinical evaluation in conjunction with metabolic
screening for known metabolites (although metabolic biomarkers of MD, such as
lactate/pyruvate/alanine, are poorly selective or specific), biochemical evaluation of the RC
enzymatic function, as well as molecular screening and/or sequencing of known MD disease-
causing genes (Wortmann et al., 2017). In this chapter, we describe the demographic background
of the South African paediatric cohort of patients diagnosed with MD whom were the focus of this
study. The information includes the clinical profiles of the patients and the biochemical outcomes,
which have been documented since 2006 (Smuts et al., 2010; Smuts et al., 2013; Van der Walt
et al., 2012). Furthermore, the stratification and selection criteria for patient inclusion for NGS are
described. At the time of commencement of this study, samples from the base cohort of 212
patients were available for continuing of biochemical and genetic analyses. The complete
mitochondrial genomes of 71 patients were already sequenced previously (Van der Walt et al.,
2012). In the current study, mtDNA sequencing was done for an additional 54 patients, in

conjunction with nDNA sequencing of genes known to be involved with MDs in 85 patients.

3.2 MITOCHONDRIAL DISEASE COHORT IN SOUTH AFRICA

3.21  South African populations in general

The census from 2011 estimates that there are approximately 52 million people living in South
Africa  (https://en.wikipedia.org/wiki/South_African_National_Census_of 2011,  http://www.

statssa.gov.za/). As seen in Figure 3.1A, the vast majority of the population is concentrated in
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Gauteng Province (~12.3 million citizens) followed by Kwazulu-Natal with ~10.3 million citizens.
The different ethnic populations can be divided into five groups: Black African (80.2%), Coloured
(8.8%), White/Caucasian (8.4%), and Indian or Asian (2.5%) (https://en.wikipedia.org/wiki/
Ethnic_groups_in_South_Africa). Figure 3.1B illustrates the distribution of these five major ethnic
groups throughout South Africa.
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Figure 3.1: Simplified illustration of South African demographics. Panel A: Population density in South

Africa. Panel B: Population ethnicity distribution in South Africa. Adapted from Statistics South Africa’s

Census 2011 (https://en.wikipedia.org/wiki/South_African_National_Census_of _2011).

The ethnicity distribution in South Africa is unique with a complex human history. Recent
publications by Choudhury et al. (2017); Gurdasani et al. (2015), and Schlebusch et al. (2012)
reported on the diverse genetic variations found among South Africans as a result of migrations,
substantial stratification and interactions between population groups (about 2 000 years ago). As
a result the Northern provinces are home to the vast majority of Black African Bantu-speakers
[Zulu, Xhosa, Tsonga/Shangaan, Southern Sotho, Pedi, Tswana, and Venda (Lane et al., 2002)]
as seen in Figure 3.1B and Figure 3.2A, while the Cape provinces are home to the vast majority

of Coloureds (Figure 3.1B and Figure 3.2B). The Coloured population group were considered
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hunter-gatherers, and stem predominantly form an admixture of click-speaking Southern African
Khoe-San population (32-43%), ethnic European migrants (21-28%) and Bantu-speaking Africans
(20-36%) (De Wit et al., 2010; Petersen et al., 2013). Caucasian, or White South Africans
migrated originally from Europe in the 1600s. Slave trading was consequently introduced to South
Africa and as a result, Indian, South Asian, and Southeast Asian populations were brought to
South Africa (Choudhury et al., 2017; De Wit et al., 2010). The Caucasian, Indian, and Asian
populations are equally distributed across the country as seen in Figure 3.1B and Figure 3.2C
(Caucasian distribution).

The migration of different ethnicity populations, the interactions between the Black Africans, the
native Khoe-San, and European Caucasians, have given rise to the extreme ethnic diversity and

genetic complexity found in South Africa.
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Figure 3.2: Simplified illustration of South African ethnicity distribution. Panel A: Black African
population distribution. Panel B: Coloured population distribution. Panel C: Caucasian population
distribution. Legend applies to all three panels where lighter colour is lower density and darker colour is
higher density. Adapted from Statistics South Africa’s Census 2011 (https://en.wikipedia.org/wiki
/South_African_National_Census_of _2011).
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3.2.2 South African diagnostic and clinical perspective

There are currently three institutions/centres in South Africa actively involved with the diagnostics
of MD; 1) The Paediatric Neurology Clinic of the Steve Biko Academic Hospital in Pretoria, 2) The
National Health Laboratory Services (NHLS) in Cape Town, Western Cape Province; and
3) CHM, NWU in Potchefstroom. The centres in Pretoria and Potchefstroom mostly support
patients from the Northern Provinces of South Africa (Limpopo, Gauteng, and Mpumalanga),
while the centre in Cape Town supports patients mostly from the Southern Provinces (Western
and Eastern Cape). The different ethnically diverse population groups found in South Africa, as
previously illustrated in Figure 3.2, are thus attended to at different centres. Patients from the
Northern Provinces with neurological features are clinically evaluated at Centre 1 (the orange dot
on Figure 3.3). As reported in this study, most of these patients have been biochemically
diagnosed using muscle mitochondrial RC enzyme analysis, targeted gene selection sequencing
and more recently WES at Centre 2 (the red dot on Figure 3.3). The NGS approaches done at
NWU are, however, not routinely performed. The NHLS (the purple dot on Figure 3.3) use
targeted mutation screening, and more recently, WES is being performed in selected cases to

identify disease-causing mutations in patients from the Southern Provinces.

ZIMBABWE

MOZAM-
— BIQUE
BOTSWANA

LIMPOPO

NAMIBIA

NORTH WEST
[ ]

FREE STATE KWAZULU-

NATAL

N

NORTHERN CAPE

ATLANTIC)
OCEAN )

L
LY

EASTERN CAPE

WESTERN CAPE
LI > o

INDIAN OCEAN

Steve Biko Academic Hospital /UP @ NWU @ NHLS/UCT

Figure 3.3: Provinces of South Africa. Orange dot: Paediatric Neurology Clinic of the Steve Biko
Academic Hospital in Pretoria (Centre 1). Purple dot: National Health Laboratory Services (NHLS) in Cape
Town (Centre 2) and red dot: Centre for Human Metabolomics, North-West University in Potchefstroom
(Centre 3). Artwork adapted from Htonl; Own work, CC BY-SA 3.0, https://commons.wikimedia.org/
w/index.php?curid=5135568.
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From Figure 3.3 it is evident that there is a general shortage of MD diagnostic capacity for South
Africans, and more specifically patients with neurological features. As only three facilities or
institutions focus on MD diagnosis, the probability of failure to identify patients with MD or to
misdiagnose patients with mitochondrial phenotypical features is high. Despite these limitations,
more than 6 000 patients have been referred to Centre 1 for clinical evaluations. Since 2006, an
MD cohort was formed and has been continuously expanded throughout the years. This cohort
of MD patients consisted at the start of this study of 212 patients, all from the Northern Provinces
of South Africa. As mentioned previously, patient clinical evaluations were done at Centre 1
followed by biochemical and genetic analysis at Centre 2 followed by mutation screening for

selected genes at Centre 3. The cohort is described in more detail in Sections 3.3—3.4.

3.3 SAMPLE COLLECTION AND ETHICAL CONSIDERATIONS

This study was conducted according to the Declaration of Helsinki and the International
Conference on Harmonisation Guidelines, and ethically approved by the Ethics Committees of
the University of Pretoria (No. 91/98 and amendments) and the NWU (NWU-00170-13-Al).
Informed parental or legal guardian consent and assent, when applicable, were obtained for all
patients and controls (see Appendix B for an example of these forms). Muscle samples of patients
with no clinical MD features, who underwent routine orthopaedic surgical procedures were

obtained and included as control samples for RC enzyme analysis.

A clinical scoring system for the evaluation of paediatric patients with suspected MDs was done
based on the mitochondrial disease criteria (MDC) set forth by Wolf and Smeitink (2002), and
further refined by Smuts et al. (2010). These criteria were applied to patients mostly residing in
the Northern provinces (i.e. Gauteng, Limpopo, Mpumalanga) of South Africa, who were referred
to the Paediatric Neurology Clinic of the Steve Biko Academic Hospital, Pretoria, South Africa.
These patients have been evaluated by Prof. |. Smuts and colleagues at this institution since
1998. These investigations include biochemical screening, performed at the NHLS or PLIEM, and
genetic screening for disorders, as provided by the NHLS. Patients who were clinically and
biochemically suspected to have a MD, with a supporting MDC score, were given the option to
undergo a muscle biopsy for further evaluation and were included in this study’s cohort after
consent and assent were given. Since 2006, vastus lateralis muscle biopsies were obtained from
212 patients suspected to have MD, which were used for RC enzyme analysis, histology (where
available), and structural and molecular investigations. Sections of these muscle biopsies,
collected as described in Section 3.4.2, were frozen at -80°C and transported to the NWU’s
Mitochondria Research Laboratory at the CHM for further analysis. Supporting information

available for this study included clinical profiles from examinations, baseline investigations
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Number of patients

including lactate, pyruvate, creatine kinase and ammonia, as well as other patient-specific

investigations following clinical findings.
3.3.1  Clinical overview of patient cohort with suspected mitochondrial disease

From the 212 clinically referred patients, only 127 were biochemically confirmed to have a MD
(see Section 3.4). These patients were mainly of African descent (n = 82) and consist of roughly
an equal number of males and females (n = 64 and n = 63, respectively), presenting mostly with
clinical features of MD in their first year of life, including the neonatal period (66%). Muscle
involvement (80%) was the main clinical feature in this cohort. It was also evident from this cohort
that CNS involvement is comparatively less frequent in patients of African descent (51%),
compared to non-African (mostly Caucasian) patients (72%). The non-African patients also
presented more with behavioural and emotional involvement (22%), as well as gastrointestinal
involvement (30%) when compared to African patients (5% and 8% respectively). A breakdown
of the demographical and clinical features of the study’s cohort is provided in Figure 3.4 and
Figure 3.5.
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Figure 3.4: Demographical background of the paediatric patient cohort. Panel A: Distribution of
ethnicity. Panel B: Age distribution at onset of symptoms. Caucasian, Asian, and Coloured patients are

collectively referred to as “non-African patients” in the text.
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Figure 3.5: Distribution of the clinical features of the patients. Percentages were calculated for 81
African and 46 non-African patients, respectively.

3.4 BIOCHEMICAL ASSESSMENTS

3.4.1 Metabolic screening

Metabolic screenings to identify metabolite markers of IMD in blood, urine and/or cerebrospinal
fluid were routinely performed on the specimens at the NHLS or PLIEM. This information was
used to select patients suspected of having MD before they undergo muscle biopsies for further
investigations. In a previous investigation, as mentioned in Chapter 1, targeted (organic acids,
amino acids and fatty acylcarnitines, using gas and liquid chromatography mass spectroscopy
[GC-MS and LC-MS, respectively]), as well as untargeted (using LC-MS and nuclear magnetic
resonance spectroscopy) metabolomic analyses were performed on urine collected from this
cohort of patients and controls. These investigations identified a number of elevated metabolite
markers in this cohort, collectively referred to as a “biosignature”, which correlate with what is

expected to occur in mitochondrial dysfunction. These metabolites include elevated lactate,

39



succinate, 2-hydroxyglutarate, 3-hydroxyisobutyrate, 3-hydroxyisovalerate, 3-hydroxy-3-
methylglutarate, alanine, glycine, glutamate, serine, tyrosine, alpha-aminoadipate and creatine
(Reinecke et al., 2012; Smuts et al., 2013; Venter et al., 2015).

3.4.2 Musclerespiratory chain enzymology

Muscle biopsies from the vastus lateralis were obtained for 212 paediatric patients with suspected
MDs and immediately frozen at -80°C. All surgical procedures were done at the Steve Biko
Academic Hospital in Pretoria, at the Department of Paediatrics, after which the frozen biopsies

were transferred to NWU.

To summarise, frozen muscle samples (£100 mg) were prepared on ice and suspended in Zheng
buffer, a homogenising buffer containing mannitol (210 mM), sucrose (70 mM), HEPES (5 mM),
EGTA (0.1 mM), pH 7.2. A Potter-Elvehjam homogeniser was used to prepare a 10% (w/v)
homogenate on ice, resulting in a homogenate with even dispersion and little to no remaining
solid masses. Approximately 100 pL of this homogenate was removed and stored at -80°C for
DNA analysis. The remaining homogenate was centrifuged at 600 x g for 10 min at 4°C. The
supernatant (referred to as “600 x g supernatant”) was removed and stored at -80°C to be used
in downstream analyses such as protein quantification and RC enzyme analysis. Following this,
the activities of RC enzyme CI-CIV and combined ClI+I1l were measured and normalised against
citrate synthase (CS). These analyses were done according to the standard operating procedures
of the Mitochondria Research Laboratory (NWU), based on methods originally described by
Rahman et al. (1996), Janssen et al. (2007), Shepherd and Garland (1969), and Luo et al. (2008),
with reference values described by Smuts et al. (2010). Kinetic readings were done using the
Synergy™ HT Microplate Reader (BioTek Instruments, Winooski, United States) and Gene5
software for data analyses (BioTek Instruments, v1.05). Quantification of proteins was done using

the bicinchoninic acid method, as described by Smith et al. (1985).

Respiratory chain enzyme analysis resulted in a positive identification of a deficiency in 127 (60%)
of the 212 referred patients. Figure 3.6 summarises the profile of RC deficiencies in this cohort,
and shows an equal number of isolated (n = 64) and combined enzyme deficiencies (n = 63)
(Figure 3.6A). Furthermore, as frequently reported, CI deficiency (n = 75, 59%) whether isolated
(n =43, 34%) or combined (n = 32, 25%), is the most prevalent, followed by patients with a ClII
deficiency (n = 54, 42%, isolated: n = 15, 12%) or CIV deficiency (n = 36, 28%, isolated: n =4,
3%) (See Figure 3.6B).
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Figure 3.6: Distribution of respiratory chain muscle deficiencies in the selected patient cohort.
Distribution of 127 patients with combined or isolated respiratory chain enzyme deficiencies is shown in

Panel A. Distribution of isolated CI-CIV deficiencies is shown in Panel B.
3.5 STRATIFICATION FOR MOLECULAR WORK

Whole mtDNA NGS was only done on 123 of the 127 patients due to limited sample volumes.
Paediatric patients were selected for nDNA NGS based on certain criteria, as there were
limitations to both the number of genes (due to the kits used) and samples (due to funding
limitations) which could be sequenced using massively parallel sequencing (MPS) in this study.
Thus, nDNA NGS of targeted genes (Panels 1-3) was only done on 85 patients based on their

biochemical profiles and the severity thereof, as will be discussed below.
3.5.1 Selection criteria

Muscle RC enzyme analysis data (described in Section 3.4.2) was used as a basis for NGS
patient selection in this study. For nDNA MPS, a total of three sequencing panels, consisting of
selected genes involved with MDs, were designed (described in Section 4.3.1). Panel 1, Panel 2,
and Panel 3 patient selection were based on the deficiencies of the RC enzymes when expressed
against CS. No biased choices were made regarding age, race or gender of the patients, or
whether the patient had an isolated or a combined deficiency. The patients with the lowest
enzyme activities compared to the lowest control value (arbitrarily set as 100%) were included as
first choice for MPS and the clinical and other biochemical data available were also considered
and discussed with the clinician before final inclusion.
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For Panel 1, 32 patients were selected and for Panel 2 and Panel 3, 48 and 25 were selected
respectively. In total, 85 patients (some patients were sequenced multiple times, see Table 4.6)
were selected for MPS and consisted of an approximately equal number of male (n = 43) and
female (n = 42) patients, of which 70% (n = 60) were of African descent. Age at onset ranged
from the neonatal period to the second decade of life.

For whole mtDNA sequencing, 127 patients were selected, all of whom had an enzyme deficiency
and therefore the criteria using the type of enzyme deficiency as used for nDNA were not applied
here. Limited sample availability reduced the number of patients to be sequenced to 123, and
furthermore a large section (n = 71) of this group of samples were already sequenced by Van der
Walt et al. (2012). The 123 patients were of an approximately equal humber of males (n = 62)
and females (n = 61), of which 64% (n = 79) were of African descent. Age at onset ranged from

the neonatal period to the second decade of life.
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CHAPTER 4:
NEXT-GENERATION SEQUENCING

4.1 INTRODUCTION

Next-generation sequencing has widely become the preferred method for identifying genes and
rare variants as a cause for an IMD, and especially so for MDs (Wortmann et al., 2017). Generally,
for heterogeneous diseases, such as MDs, the currently available options include targeted panels
of candidate genes using MPS, unbiased WES, and WGS. Targeted panel sequencing focuses
on specific genes or gene regions of interest known to be involved with, or which have been linked
to, a specific phenotype or spectrum of phenotypes. That is to say, a panel can consist of as little
as two genes, for example the breast cancer gene panel which consist of the genes BRCAL and
BRCAZ2, or up to couple hundred genes, for example the inborn errors of metabolism panel consist
of ~600 genes (https://www.thermofisher.com, last accessed Aug 2018). Using panel sequencing,
either only exon regions of the specific gene are targeted and sequenced, or only the intron, or
intergenic regions of a gene(s). Panel sequencing is often ideal to use in situations where there
is already a foundation of candidate genes associated with a well-defined clinical phenotype. Data
generated from panel NGS are easily manageable compared to the large amounts of data
produced from WES. The latter includes all the protein-coding regions of the genome, i.e. only
exomes are sequenced instead of the whole genome. This approach is often followed where the
underlying genetic cause of disease is still unknown. The data produced using WES require
computationally intensive bioinformatics analysis and a large data storage capacity. This is also
the case for WGS. WGS is performed for sequencing of the entire genome of a species, including
all intron as well as exon regions. In clinical environments, the latter is usually avoided due to the
large amount of data generated and the high cost for one sample, even though this cost is
decreasing as time goes by. Panel sequencing is the most cost-effective approach, especially
when a large number of patients need to be sequenced. WES is, however, becoming the norm
and standard when considering NGS, due to the broad spectrum of data obtained for each

individual. However, it is not as readily available in developing countries.
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As mentioned in the previous chapter, after extensive considerations were taken into account
(see Sections 1.1 and 3.5), it was decided to do MPS or panel sequencing of selected nDNA
genes known to be involved with MDs, along with whole mtDNA sequencing on an increased
number of patients, as an expansion to the work done by Van der Walt et al. (2012). In addition
to panel sequencing, WES was done on a subset of Black-African patients. The methodologies
for both MPS, mtDNA NGS, and WES are described in this chapter.

4.2 DNA ISOLATION

DNA from the previously discussed 127 samples selected for sequencing, was either isolated
from muscle biopsy tissue (126 cases) or whole blood sample (for a single case only), according
to the manufacturer's protocol (NucleoSpin® Tissue, Macherey-Nagel, CAT #740952.250).
Briefly, 25—30 mg of muscle tissue, or 50 pL whole blood, was lysed using Proteinase K and lysis
buffer, followed by overnight incubation at 56°C. Samples then underwent a second lysis step,
followed by incubation at 70°C for 10 min. The samples were transferred to a NucleoSpin® Tissue
Column, and placed in a collection tube. The binding conditions of DNA to the NucleoSpin®
Tissue Column were adjusted by adding absolute ethanol to the sample, followed by vigorous
vortex. Hereafter, the samples were centrifuged at high speed (12 000 x g for 1 min at room
temperature) and the membrane was washed with wash buffer, followed by another round of high-
speed centrifugation for 1 min. This washing step, including the centrifugation step was repeated.
The membrane was dried via centrifugation at high speed for 1 min in order to ensure that the
residual wash buffer was discarded into the collection tube. Highly pure DNA was eluted twice
(25 pL x 2) in low-Tris-EDTA (TE) buffer (pH 8.0) to ensure optimal yield. Spectrophotometric
guantification and evaluation of quality (260:280nm ratio) of DNA was done using a Nanodrop®

ND-1000 Spectrophotometer (Thermo Fisher Scientific, Massachusetts, United States).

4.3 NUCLEAR TARGETED SEQUENCING

4.3.1 Panel sequencing

Panel sequencing is ideal for identifying specific mutations in genes that have known, or
suspected, association with disease. The focus is therefore on individual genes or gene regions
that allow for sequencing at a higher depth, which also allows for the accurate identification of
rare variants. In populations where little to no molecular information exists for IMDs, more
specifically MDs, this is of great value when identifying disease-causing variants. This is indeed

one of the objectives for this investigation. With these factors and other findings as described in
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Section 3.5 in mind, it was decided to use panel sequencing. The genes in this study were
selected in collaboration with Dr RJT Rodenburg (Department of Pediatrics, Radboud Center for
Mitochondrial Medicine, Radboud University Medical Center, Nijmegen, The Netherlands) and
previously reported publications.

Three custom panels were designed: one from Agilent HaloPlex™ Target Enrichment System
and the remaining two from lon AmpliSeq™ Library Preparation, and are described in detalil
below. There is no specific reason or criteria on for using two different types of kits. Table 4.1 lists
properties and information about the three panels used while each of the three panel’s genes and

their corresponding mitochondrial involvement is listed in Table 4.2—Table 4.4.

Table 4.1: Properties of three custom designed panels used for massively parallel sequencing.

Panel name Kit used T_arget_ NO.‘ of No. of Targeted genes
region size | amplicons genes
i ™
Panel 1 ,_Argllent HaI.oPIex 360 091 kbp 24 861 78 Cl-associated
arget enrichment
lon AmpliSeq™ .
Panel 2 Custom DNA Panels 157 834 kbp 1115 78 Cl-ClIV-associated
i ™
Panel 3 lon AmpliSeq 61 kbp 304 18 CoQuo-associated

Custom DNA Panels

Abbreviations: Cl: complex I; Cll: complex II; CIV: complex 1V; CoQz1o: coenzyme Q1o.

4.3.2 Library preparation using Agilent HaloPlex™ Target Enrichment for Panel 1

Targeted amplicon libraries for the human genome GRCh37 were designed using the HaloPlex™
Advance Design Wizard (http://www.genomics.agilent.com/en/HaloPlex-DNA/HaloPlex-Custom-
Kits). The final design (Panel 1) consisted of 78 CI structural, functional, assembly, and
associated genes (listed in Table 4.2) and had a target region size of 360 091 kbp, with a total of
24 861 amplicons.

Table 4.2: Properties of targeted Panel 1, arranged alphabetically according to the targeted genes
involved with CI.

No. of

Gene Chromosome ; Mitochondrial involvement Reference
amplicons
AARS2 CHR6 21 Aminoacyl-tRNA synthetases Gorman et al. (2016)
ACAD9 CHR3 21 RC assembly, ClI Rendén et al. (2016)
AGK CHR7 20 Phospholipid metabolism Sugiana et al. (2008)
C120RF65 CHR12 4 Release factor Alston et al. (2017)
C200RF7 CHR20 5 RC assembly, CI Rorbach et al. (2008)
DARS2 CHR1 18 Aminoacyl-tRNA synthetases Khan et al. (2016)
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NDUFB4
NDUFB5
NDUFB6
NDUFB7
NDUFB8
NDUFB9
NDUFC1
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The HUGO gene nomenclature was used here and elsewhere in this thesis for naming genes, as can be found at

https://www.genenames.org/.

Abbreviations: CHR: chromosome; RC: respiratory chain; Cl: complex I; CIV: complex IV; tRNA; transfer RNA; mtDNA:
mitochondrial DNA; mRNA: messenger RNA.
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Deoxynucleotide triphosphate synthesis
tRNA modification

Elongation factors

Deoxynucleotide triphosphate synthesis
Aminoacyl-tRNA synthetases
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The targeted amplicon-enriched libraries were constructed according to the manufacturer's
protocol (HaloPlex™ Target Enrichment System vD.3, March 2013, Agilent Technologies,
California, United States). Reagents included the HaloPlex™ Target Enrichment System Kit
(Agilent Technologies, CAT #G9902C), Herculase Il Fusion Enzyme with dNTPs (Agilent
Technologies, CAT #600677), nuclease-free water, Agencourt™ AMPure™ XP Reagent Kit
(Beckman Coulter Genomics, CAT #A63881, part of Thermo Fisher Scientific, Massachusetts,
United States), 10 M molecular grade sodium hydroxide (NaOH) (Sigma-Aldrich, CAT #72068,
Darmstadt, Germany), 2 M acetic acid (Sigma-Aldrich, CAT #A8976), 10 mM Tris-HCI (Trizma
hydrochloride) with pH 8.0, absolute ethanol (Sigma-Aldrich, CAT #E7023), and the Quant-iT
dsDNA High Sensitivity Assay Kit, for use with the Qubit™ Fluorometer (Thermo Fisher Scientific,
CAT #Q32866).

A simplified illustration of the HaloPlex™ workflow can be seen in Table 4.1A. Briefly, previously
extracted DNA samples were diluted to a final concentration of 5 ng/uL, and digested into
fragments using 16 unique restriction enzymes. An enriched control DNA sample (ECD, supplied
by HaloPlex™ Target Enrichment System Kit) was used as a validation control sample during
enzyme digestion. The restriction enzyme digestion reactions were validated using a 2.0% (w/v)
agarose gel in Tris/Borate/EDTA (TBE) buffer stained with 0.5 pg/mL ethidium bromide (EtBr).
Three predominant bands at approximately 125, 225 and 450 bp indicated successful digestion,
an example of which is illustrated in Table 4.1B. The digested fragments were hybridised to the
HaloPlex™ probe capture library. During this process, unique barcode sequences were
incorporated into the targeted fragments to ensure successful multiplex polymerase chain
reaction (PCR) for multiple samples. These targeted DNA hybrids contain biotin and are captured
on streptavidin beads, followed by ligation to close any nicks in the circularised target DNA
hybrids, but only if these are perfectly hybridised. The captured DNA was eluted by adding freshly
prepared 50 mM NaOH, followed by PCR amplification according to protocol specifications.
Libraries were purified using AMPure™ XP beads and washed with 70% freshly prepared ethanol,
followed by elution and storing of the prepared libraries in low-TE buffer (pH 8.0). The enrichment
process was validated using the 2100 Bioanalyzer High Sensitivity DNA Assay Kit (Agilent
Technologies). The electropherogram obtained showed a peak fragment size range between
175-625 bp, with the majority of the library products between 225-525 bp as illustrated in
Table 4.1C. The concentration was determined for each sample according to the area under the
peak, and ranged from 150 to 550 bp (see Table 4.1D). Each sample containing a unique
barcode, necessary for parallel sequencing, was diluted to ~100 pM, pooled, and stored at 4°C

in low-TE buffer until used for downstream sequencing reactions.
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Figure 4.1: Process followed for Haloplex Targeted Enrichment. Panel A: A schematic representation
of a simplified HaloPlex™ Target Enrichment workflow. Al: Genomic DNA is fragmented using 16

restriction enzymes. A2: The probe library is added and designed so that both ends of the oligonucleotide.
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are hybridised to targeted DNA fragments. Circular DNA molecules are formed as a result. A uniqgue sample
barcode sequence is also incorporated during this step. The probes are biotinylated and can therefore be
retrieved with magnetic streptavidin beads. A3: Ligations close the circular molecule only if these are
perfectly hybridised fragments. A4: Circular DNA targets are amplified via PCR. This enriched barcoded
product is ready for sequencing. Adapted from the application note: Agilent HaloPlex Target Enrichment
and SureCall Data Analysis: Optimised for the lon Torrent™PGM Sequencer. Panel B: Agarose gel
electrophoresis of digested samples with various restriction enzymes (Lanes 1-8), an undigested enriched
DNA control sample in Lane 9, with the ladder in lane far left. Panel C: Validation and quantification of
enriched libraries using the 2100 Bioanalyzer High Sensitivity DNA Assay Kit. Successful target enrichment
is indicated by a size distribution smear ranging from 175-625 bp, as can be seen for patient samples
1-7. The lower ladder marker is indicated by a green line (at 35 bp) and the upper ladder marker is indicated
by a purple line (>10 000 bp). Panel D: The electropherogram for all samples (Sample 7 shown here)
displayed a peak fragment size between 225-525 bp. The peak fragments observed at 35 bp and
10 380 bp indicate the lower and upper ladder markers, respectively. The peak fragments observed at

~75 bp and 125 bp are considered primer- and adaptor-dimer products, respectively.

4.3.3 Library preparation using lon AmpliSeq custom DNA Panels 2 and 3

A second set of targeted amplicons for 78 genes (GRCh37) was designed using the online
designer from the lon AmpliSeq™ webpage (https://ampliseq.com, lon AmpliSeq™ Custom DNA
Panels, Thermo Fisher Scientific, last accessed August 2018). The second design (Panel 2, see
Table 4.1 and Table 4.3) consisted of 1 115 amplicons, with a target region size of 157 834 kbp.
A third set (Panel 3, see Table 4.1 and Table 4.4) of targeted amplicons for 18 genes (GRCh37)
known to be involved with primary and secondary CoQ1o deficiency, was also designed for lon
AmpliSeq™ Library Enrichment. This panel had a target region size of 61.37 kbp, with 304

amplicons.

Table 4.3: Properties of targeted Panel 2, arranged alphabetically according to the genes involved
with ClI, CIlI, Clll and CIV.

No. of . N
Gene Chromosome amplicons Mitochondrial involvement References
ACAD9* CHR3 25 RC assembly, ClI
. Abu-Libdeh et al. (2017);

BCSI1L CHR2 15 RC subunit, CllI Alston et al. (2017):
COX10 CHR17 21 Craven et al. (2017);
COX15 CHR10 43 Gorman et al. (2016);
coxall CHR16 8 Gorman et al. (2015);

RC subunit, CIV Kooprqan etal. (2016?;
COX4I12 CHR20 7 Rendédn et al. (2016);
COXBA CHR15 6 Sugiana et al. (2008)
COX5B CHR2 5
COX6A1 CHR12 5
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COX6A2 CHR16 5
COX6B1 CHR19 6
COX6B2 CHR19 12
COXe6C CHRS8 8
COX7A1 CHR19 8
COX7A2 CHRG6 8
COX7B CHRX 4
COX7B2 CHR4 4
COX7C CHR5 5
COX8A CHR11 5
CcoxscC CHR14 3
CYC1 CHRS8 11 RC subunit, CllI
FASTKD2 CHR2 45 RC subunit, CIV
FOXRED1* CHR11 18 RC assembly, CI
LRPPRC CHR2 64 mMRNA processing
MTFMT* CHR15 18 tRNA modification
NDUFA1* CHRX 4
NDUFA10* CHR2 32
NDUFA11* CHR19 22
NDUFA12* CHR12 6 )
NDUFA13*  CHRI9 9 RC subunit, Cl
NDUFA2* CHR5 7
NDUFA7* CHR19 5
NDUFAS8* CHR9 6
NDUFA9* CHR12 16
NDUFAF1* CHR15 12
NDUFAF2* CHR5 8
NDUFAF3* CHR3 15
NDUFAF4* CHRG6 18 RC assembly, Cl
NDUFAF5* CHR20 23
NDUFAF6* CHRS8 17
NDUFAF7* CHR2 18
NDUFB3* CHR2 7
NDUFB6* CHR9
NDUFB9* CHRS8 7
NDUFS1* CHR2 37
NDUFS2* CHR1 18
NDUFS3* CHR11 9 )
NDUFS4* CHRS 8 RC subunit, Cl
NDUFS5* CHR1 5
NDUFS6* CHR5 7
NDUFS7* CHR19 12
NDUFS8* CHR11 10
NDUFV1* CHR11 14
NDUFV2* CHR18 10
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NDUFV3* CHR21 13

NUBPL* CHR14 26 RC assembly, ClI
POLG* CHR15 41 Deoxynucleotide triphosphate
RRM2B* CHRS8 38 synthesis
SCO1 CHR17 13 .
RC subunit, CIV
SCO2 CHR22 8
SDHA CHRS5 22 RC subunit, ClI
SDHAF1 CHR19 9
RC assembly factor, ClI
SDHAF2 CHR11 10
SDHB CHR1 10
SDHC CHR1 20 RC subunit, ClI
SDHD CHR11 13
SUCLA2* CHR13 o Deoxynuclse;r:itﬂistir;phosphate
SURF1 CHR9 8 RC assembly, CIV
TACO1 CHR17 10 mMRNA processing
TRMU* CHR22 16 tRNA modification
UQCR10 CHR22 7
UQCR11 CHR19 10
UQCRB CHRS8 33
UQCRC1 CHR3 16 RC subunit, CllI
UQCRC2 CHR16 16
UQCRFS1 CHR19 8
UQCRH CHR1 5
UQCRQ CHR5 10

*Overlapping genes in Panel 1 and Panel 2.

Abbreviations: CHR: chromosome; RC: respiratory chain; Cl: complex I; Clll: complex Ill; CIV: complex IV; tRNA; transfer
RNA; mRNA: messenger RNA.

Library preparation as well as the enrichment of targeted regions, was done according to the lon
AmpliSeq™ Library Kit manufacturer's protocol (lon AmpliSeq™ DNA and RNA Library
Preparation, Revision B.0, Thermo Fisher Scientific). Reagents supplied by Thermo Fisher
Scientific included an lon AmpliSeq™ Library Kit 2.0 (CAT #4475345), Agencourt™ AMPure™
XP Reagent Kit (CAT #A63881), Qubit™ 2.0 Fluorometer, and Qubit™ dsDNA HS Assay Kit (CAT
#Q32854).
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Table 4.4: Properties of targeted Panel 3, arranged alphabetically according to the genes involved

with CoQ1o biosynthesis.

Gene Chromosome NO.‘ of Mitochondrial involvement Reference
amplicons
ADCK3 CHR1 30 CoQ1o biosynthesis
APOE CHR19 9 -
APTX CHR9 22 , _
Secondary CoQao biosynthesis
BRAF CHR7 28
COQ10A CHR12 13
COQ10B CHR2 11 Alston et al. (2017);
Doimo et al. (2014);
coQz2 CHR4 15 Duncan et al. (2009);
COoQ3 CHR6 11 b H Gorman et al. (2016);
CoQ1o biosynthesis Jonassen and Clarke
COQ4 CHR9 13 .

Q (2000); Lagier-
COQ5 CHR12 10 Tourenne et al. (2008);
COQ6 CHR14 15 Liang et al. |(2?09):)

Mancuso et al. (2010);

coQr CHR16 19 Quinzii et al. (2008)
COQ9 CHR16 12
ETFA CHR15 16 _ _ _ _
ETEB CHR19 14 Mltochondrlgl fatty ac!d and amino

acid catabolism
ETFDH CHR4 22
PDSS1 CHR10 11 _ _

CoQ1o biosynthesis

PDSS2 CHR6 24

Abbreviations: CHR: chromosome; CoQ1o: coenzyme Qio.

A simplified illustration of an AmpliSeq™ workflow can be seen in Figure 4.2. Briefly, the first part
of enrichment included standard PCR amplification of the targeted region primer pools using
20 ng high quality genomic DNA (gDNA) and 5X lon AmpliSeq™ HiFi Mix (5X; 4 pL) in 20 pL
PCR reactions. Optimal annealing temperature for the primers was at 60°C and extension time
was 4 min for all three panels. The number of cycles differed; Panels 1 and 2 had a total of 15
cycles and Panel 3 had a total of 17 cycles. As an added quality control step, the PCR products
were validated with 1.0% (w/v) agarose gel in TBE buffer stained with 5 pg/mL EtBr. Following
standard PCR amplification, the amplicons were partially digested by FuPa reagent (2 pL,
supplied). A mixture of lon P1 Adapter (2 pL), lon Xpress™ Barcode (2 pL), and nuclease-free
water (4 uL) was prepared and added to each amplified sample in a 1:4 ratio (2 yL). P1 Adapters
allow the amplicons to clonally bind to lon Sphere™ Particles (ISPs). Ligation of the barcode and
P1 Adapter mixture was done using a supplied “Switch” solution and DNA ligase. The amplicons
for each sample containing a unique barcode adapter mixture were purified with Agencourt™
AMPure™ XP Reagent (1.5X sample volume), followed by two wash steps using 70% freshly
prepared ethanol. Libraries were quantified using a Qubit™ Fluorometer and diluted to 100 pM.
These constructed libraries were pooled in equimolar volumes and stored at 4°C in low-TE buffer

for later use in downstream sequencing reactions.

53



o9)

200 bp
50 bp

Figure 4.2: Library preparation workflow for lon AmpliSeq. Panel A: Targeted enrichment. Al: Selected
target regions of interest from genomic DNA are amplified by specific primer pairs (red arrows) into
~200-300 bp amplicons, using standard PCR technique (A2). A3: Amplicons are partially digested and
purified, followed by ligation of adaptors (light blue), barcodes (orange), and a P1 Adapter (green),
necessary for binding to an ion sphere particle (A4). Adapted from the lon AmpliSeq™ Library Kit 2.0 user
guide. Panel B: Agarose gel electrophoresis of amplified samples (step 1 and 2 in A) in Lanes 1-5, with the
ladder in the lane far left. Successful amplicon amplification is indicated by the smear ranging from

~150 bp—-300 bp, as is the case in the five samples indicated here.

4.3.4 Template preparation

The same procedure for template preparation was followed for all three panels. The template was
prepared using the lon PGM™ Template OT2 Solutions 200 Kit (CAT #4480974) and the lon
OneTouch™ 2 instrument (Thermo Fisher Scientific) according to manufacturer’s protocol for

sequencing on the lon PGM™ platform.

The template preparation of positive ISPs was prepared from previously constructed amplicon
libraries. The ISPs and quality of the template were assessed according to the lon PGM™
Template OT2 200 Kit user guide, using the lon Sphere™ Quality Control Assay (CAT #4468656)
and the Qubit™ 2.0 Fluorometer. The template with positive ISPs was enriched using the lon
OneTouch™ 2 instrument. This enriched template was stored at 4°C for up to three days prior to

chip loading and sequencing.
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4.3.5 lon Torrent next-generation sequencing

Massively parallel sequencing of enriched targeted regions was performed based on lon Torrent
sequencing technology, using the lon PGM™ platform. The reagents and kits were all supplied
by Thermo Fisher Scientific, which included lon PGM™ Sequencing 200 Kit v2 (CAT #4482006)
and the lon 318™ Chip Kit v2 (CAT #4484355). The PGM™ was initialised for a sequencing run,
followed by manual loading of the enriched template with positive ISPs on an lon 318™ Chip
according to the manufacturer’s protocol. No more than eight samples were loaded per chip,
ensuring an average coverage depth of ~300X. In total, 15 templates for the three panels were
sequenced and analysed. A summary report was generated for each sequencing run and was
used to assess the quality of chip loading, number of usable reads, and the average depth

coverage for each sample. An example of a sequencing run report is illustrated in Figure 4.3.

Run Report for Auto_user_SPA-30-Maryke_Run7_310kt2013_29

Run Summary

674 M 65 5,418,941 124 bp 128 bp 12 bp
Total Bases Key Signal Total Reads Mean Median Mode
87% 55% Read Length
ISP Loading Usable Reads 20000 —heud Langth Hstgam
ISP Density ISP Summary

SPA-30-Maryke_Run7_310kt2013

Loading Density (Avg - 87%) . 87% 9,829,685 13%
g Loading Empty Wells
5 90 % 20000
W 10000
80%
A 100% EXrEELL 0% ]
7 70% Enrichment No Template esielissca)

63%

Clonal

6,231,440 37%

Polyciona

0% Test Fragments
0% 87% [EXSCEYE 1% Adapter Dimer

o Final Librar 12% Low Quality

A B C
Figure 4.3: A run report generated by the lon PGM™ Torrent Suite. Panel A indicates the percentage
of the chip loading with live ISPs in each of the wells. Higher percentages indicate better loading where
deep red indicates highest loading and blue indicates lowest loading in each respective well. Panel B gives
information on the ISPs. Percentages of enriched ISPs as well as the number of polyclonal ISPs are

summarised. Panel C gives information on the mean, median and mode for read lengths.



4.4 MITOCHONDRIAL GENOME SEQUENCING

441 Amplification and sample preparation for next-generation sequencing

The first mitochondrial sequencing for patients S001-S061 was previously done and described
in detail by Van der Walt et al. (2012). The samples of that study were sequenced on a Roche
454 GS-FLX platform at Ingaba Biotech (Pretoria, South Africa). For this investigation, as an
extension of work done by Van der Walt et al. (2012), an additional set of patients (S067-S127)
were sequenced (whole mtDNA genome) according to the methods followed by Van der Walt et
al. (2012) with minor adjustments. This included optimisation of PCR reaction and post-PCR
clean-up steps. These samples were sequenced using the lon lon S5™ System (CAT #A27212,
ThermoFisher Scientific) at the Centre for Analytical Facilities (CAF; Stellenbosch, South Africa),
according to the protocols provided by lon Torrent. The first part of sample preparation was done
at the NWU and included DNA isolation (as previously described in Section 4.2) and mtDNA
amplification and purification. To summarise the latter, the complete human mtDNA genome was
amplified from gDNA in two overlapping fragments, namely Fragments A and B (refer to Table 4.5
for detail), via long template PCR, using AccuPrime™ High Fidelity enzyme (Thermo Fisher
Scientific, CAT #12346-086) (1 unit; 5 L) in 50 uyL PCR reaction. The optimal annealing
temperature for the primers was at 56.5°C. For the first 10 cycles, the extension step was kept
constant for 10 min, after which it was periodically extended by 10s after each cycle, for the next
20 cycles.

Table 4.5: Primer pair sequences for Fragments A and B used in PCR amplification.

Primer Primer sequence Position on Size
q mtDNA (bp)
SC-H-Forward 5-ATCATACACAAACGCCTGAGC-3 13539-13559
Fragment A 9250
SC-C-Reverse 5-GGTAAGAGTCAGAAGCTTATG-3’ 6200-6220
SC-D-Forward 5-AATACCCATCATAATCGGAGG-3 6115-6135
Fragment B 7546

SC-G-Reverse 5-TTGACCTGTTAGGGTGAGAAGA-3’ | 13640-13660

A 0.7% (w/v) agarose gel in TBE buffer stained with 0.5 pg/ml EtBr was used to separate
fragments, which confirmed successful initial PCR amplifications (refer to Figure 4.4A).
Furthermore, the fragments were purified using a PureLink™ Pro 96 PCR Purification Kit from
Thermo Fisher Scientific (CAT #K3100-96A) and quantified using their Quant-iT™ PicoGreen®
dsDNA Assay Kit (CAT #P11496). Equimolar amounts of Fragments A and B, in a ratio of 5.6:4.9

for each sample, were combined, with a final concentration of 100 ng/pL. These pooled fragments
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were again separated using a 0.7% (w/v) agarose gel in TBE buffer stained with 0.5 pug/mL EtBr.
Visual inspection confirmed that the fragments were indeed pooled into approximately equimolar
amounts (refer to Figure 4.4B). Library preparation, template preparation and enrichment were
done at CAF (Stellenbosch, South Africa) according to the manufacturer’s protocols for
sequencing using the lon S5™ System.

A B

10 000 bp
10 000 bp [
6 000 bp

Figure 4.4: Validation of PCR amplification using agarose gel electrophoresis, with a 250-10 000 bp

HI ”

ladder in both cases. Panel A: Amplification of two fragments, where is Fragment A and “11” is

Fragment B. One sample was loaded in alternate lanes (Lanes 1-6). Panel B: An equimolar amount of
Fragment A and Fragment B was used, where Fragment A is at the top and Fragment B is at the bottom in
Lanes 1-4.

4.5 WHOLE EXOME SEQUENCING

In addition to panel sequencing and whole mitochondrial genome sequencing, a subset of 10%
of African patients from the cohort of 127 was randomly selected for WES. The eight patients are
listed in Table 4.6. This subset of patients was sequenced at CAF (Stellenbosch, South Africa).
Briefly, DNA was diluted to 25 ng/uL after which several quality control (QC) steps were executed
prior to library construction. The QC steps include DNA quantification using the Qubit flourometer,
DNA quantification and integrity check using the Nanodrop, and genome quality control using the
PerkinElmer LabChip. Manual library preparation, template preparation and enrichment were
done according to manufacturer’s protocols for sequencing using lon Proton™ System (CAT
#4476610, Thermo Fisher Scientific).

4.6 MUTATION SCREENING IN TWO GENES, GCDH AND MPV17

Two founder mutations were detected in South African patients of African descent by Meldau et

al. (2018) and Van der Watt et al. (2010). The cohort investigated here was also selected for
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screening for these two mutations. All the patients who were selected for screening, permitting

sample was sufficient and available, are listed in Table 4.6. The methods, results and discussion

for the screening of the two mutations are fully described in Chapter 8.

4.7

PATIENTS SELECTED FOR SEQUENCING AND MUTATION SCREENING

In total, 127 ethnically diverse, unrelated patients were sequenced. For sequencing of the whole

mtDNA genome, only 123 patients were selected as insufficient sample prevented sequencing of
the following four patients, S007, S008, S078, and S107. For Panels 1-3, 86 patients were

selected. In addition, eight African patients were randomly selected for WES. Table 4.6 provides

a list of the entire paediatric cohort with their corresponding biochemical defects, in other words

the RC enzyme analysis data on which the selection criteria was based.

Table 4.6: List of patient cohort with corresponding NGS approach followed.

Patient
ID

S001
S002
S003
S004
S005
S006

S007

S008
S009
S010
S011

S012

S013
S014

S015

S016

S017

S018

Age, race,
gender

N, A, F
N, A F
N, A F
N, A, F
N, A F
N, NA, F

N, A, M

<1, NA, M
N, NA, M
<1,A/F
N, A F

10-20, NA,
M

<1,A/F
1-2, A, M

N, A, M

2-5 A, M

10-20, A,
E

10-20, NA,
F

Biochemical

defect

Cl, Cli+Clll
CllI, Cli+Clll
Cli+Cli
Clll
Cl
Clv

Cll, Cl,
Cli+Cll

Cl
ClI, Cll
Cl, Cli+Clll
Cil

Cli+Cll

Clit, cui+Cii
Cl

Cl, ClI, Clll,
Clv,
Cli+Cll

Cll

Cl, Cll, Clil,
Clv,
Cli+Cll

Clv,
Cli+Cli

NGS approach?* Screening
GCDH
n\ﬁ\{rl]Dcl)\lleA Panel 1 | Panel2 Panel 3  Exome and
MPV17

X X
X

X X X

X X X
X

- X

L X

X X X X

X X X

X X X

X X

X X X

X X X
X

X X X X X
X
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S019 | <1,NA,F | CI, ClI+ClI
S020 N, A, M Cll+ClIl
S021 | <1,NA, M cl ]
so22 | 1020.A 1 o gy _
M
cl, i, -
S023 | 1-2,A'M CIv,
ClI+CIIl
S024 | 2-5,NA,M ci ]
cl, i,
S025 1<, A F CIv,
CII+CIIl
S026 | 1<,AF | Cll, Cll+CII |
so27  1cam OOV e
S028 | 1-2,A,M | CI, ClI+ClIl e |
so29  <L,AM  Zr Sl -
S030 N,A, M | Clll, ClI+ClIl
so31  NNAF Qe
S032 N, A, F o
S033 N, A, F cl ]
S034 | 6-10,AF cill -
S035 N,A F | CI,Cll+Clll
S036 | <1,NA,F cl, clll
soz7 | 6710, NA, cill
M
S038 | <1,NA,F cl, clll |
S039 <1, A F clll ]
S040 | <1,AF cil ]
S041 | 6-10,A M cil ]
S042 <1,AF Clll, CIv ]
s043 | <L, AF | ClI,CIV ]
soas | OO NA e
Cll+Clll
S045 | N,AM | Cll,CIV ]
S046 | 2-5,NA,M | ClIIl, CIV
S047 | 6-10,A,M | CII+CIIl -
wo e Bl
S049 | 2-5,A M ol ]
S050 | <1,NA,F | Clll,CIV ]
S051 | 6-10,A,M | CI+CIIl -
S052 | <1,NA, M cl |
sos3 | 10720 NA clll
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S054 | 2-5,A,F | CllI,CIV
S055 | <1,AF | CI,Clll, CIV
S056 | <1, A M cl, Cill
cl, Cill,
S057 | 1-2,NA, F I,
ci+Cill
S058 | 1-2,A,M | ClI, Clll, CIV
cl, Cill,
S059 | 1-2, A M I,
ci+Cill
S060 | N,NAF | Clll,CIV
S061 | <1, AF cl
S062 | 1-2,NA,F | ClI+ClI
cl, il
S063 | 1-2, A M I,
cl+ClI
S064 | N,NA,F | Clll, ClI+CIIl
S065 | N,NA,M | Clil, ClI+ClIl
S066 | N,NAM | CI,CIV
S067 | <1, A M cill
S068 | <L,NAF | CI ClI
S069 <1,A,M ClI+Cll
sor0 | <L,AF | Lnav
S071 | <L AF cill
S072 | <1, A M cill
S073 | <L AF Cl+Cl
S074 | <1,NA,M | Clll, ClI+ClIl
S075 | 1-2,AF cill
S076 N,AF | Clll, ClI+CIll
S077 N, A, F cl
S078 | 1-2,AF cil
S079 | 1-2,AM | CI,CIV
S080 | <L AF cl
S081 | <L, AF Cl
S082 | <1,NA,M Cl
S083 | <L AF cl
S084 | <1, A M Cl
S085 | 1-2,AF cv
S086 N, A, F Cl
S087 | N,NA,M | CI, Cll+CIll
S088 | N,NA,M cl
S089 | 2-5,A, M cl
S090 | N,A M cl
S091 | N,NA,M cl
S092 | 1-2,NA, M cl
S093 N, A, F cill
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S094 | 1-2,AF cl
sogs | 6710 NA, cl
M
S096 | <1, NA, M Cl
S097 | N, NA F Cl
S098 | N,NA F Cl
S099 | <1, A M Cl
S100 | <1, A M Cl
S101 | NAF Cl
S102 | N, AF cl
$103 | N, NA M cIv
si0a | 02 NA Cl
sio5 = 6710 NA, Cl
M
S106 | 2-5,AF  CICIV
$107 10‘22’ NAT anaiv
S108 | <1, NA M Cl
S109 | <1 AF Cl, CIV
sii0 | 1020.A cl
F
S111 | 6-10,A M cl
s112 | <LLAM | CI,CICV
S113 | N.NAM | CICIV
S114 | 6-10,A,F  CI,CIV
ci, ci, i,
S115 N, NA M IV,
i+l
S116 | N, NA, M Cl
S117 | 2-5,A.M | CI, Clil, CIV
S118 | N, NA M Cl
S119 | 2-5,A M Cl
S120 | N,NA F ci
S121 | <1, A M cIv
S122 | 1-2,NA, M Cl
S123 | 1-2,AF ci
S124 | 2-5,NAF Cl
S125 | <L AF Cl
S126 | N,NA, M cl
S127 | 1-2,AF Cl

Abbreviations: N: neonatal; <1: first year of life; 1-2: 1-2 years; 2-5: 2-5 years; 6-10: 6-10 years; 10-20: second decade;
A: African; NA: non-African; F: female; M: male; CI-CIV: complex I-CIV; +: combined deficiency between the indicated
complexes; NGS: next-generation sequencing.

1Grey blocks indicate a positive marker for the corresponding NGS approach and white/empty blocks indicate a negative
marker for the NGS approach used, i.e. no sequencing was done for that specific patient.
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CHAPTER 5:
BIOINFORMATICS AND COMPUTATIONAL TOOLS

As discussed in the previous chapter, selected nuclear gene panels, and the whole mtDNA
genome were sequenced for paediatric patients with MDs using lon Torrent technology. For nDNA
MPS, three panels were designed, constituting the RC complex genes as well as genes
associated with mitochondria and their functioning, while the whole mitochondrial genome was
sequenced in two overlapping fragments. WES was additionally done on a subset of patients.
Sequencing data from MPS, whole mtDNA and WES were processed and analysed to identify
novel and disease-causing variants using a bioinformatics pipeline developed in-house. Efficient
bioinformatics pipelines form a fundamental component in identifying disease-causing variants in
patients with rare disease such as MDs and have a direct impact on the diagnosis of these
patients. As it was a specific objective and notable contribution of this study, this chapter will
document the bioinformatics pipeline developed for nDNA NGS data analysis and the previously
developed mtDNA bioinformatics pipeline used for mtDNA NGS data (Weissensteiner et al.,
2016).

A part of this chapter has been published in the South African Journal of Science (see
Appendix A.1):

Schoonen, M., Seyffert, A.S., Van der Westhuizen, F.H. & Smuts, I. (2019). A bioinformatics
pipeline for rare genetic diseases in South African patients. South African Journal of Science.
2019;115(3/4), Art 4876. https://doi.org/10.17159/sajs.2019/4876

5.1 ABSTRACT

The research fields of bioinformatics and computational biology are growing rapidly in South
Africa. Bioinformatics pipelines play an integral role in handling sequencing data used to
investigate common and rare disease aetiology. Bioinformatics platforms for common disease
aetiology are well-supported and under continuous development in South Africa. However, this is

not the case for rare disease aetiology research. Investigations into the latter rely on international
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cloud-based tools for data analyses and ultimate confirmation of a genetic disease. These tools
are not necessarily optimised for ethnically diverse population groups. We present a
bioinformatics pipeline developed in-house to enable researchers to annotate and filter variants
in either exome or amplicon NGS data. This pipeline was developed using NGS data from a
predominantly African cohort of patients diagnosed with rare disease.

5.2 INTRODUCTION

The research fields of bioinformatics and computational biology are both growing rapidly in South
Africa, with an ever-increasing number of both small and large laboratories having access to NGS
technologies. This increase in sequencing capability continues to stimulate the development of a
variety of platforms, databases, and initiatives, such as H3Africa (https://www.h3africa.org/), the
South African Human Genome Programme (http://sahgp.sanbi.ac.za), and the South African
Bioinformatics Institute (https://www.sanbi.ac.za/), to support sequencing data analysis. To date,
though, the majority of these developments have been focussed on common-disease-related
research, since diseases like HIV, fibromyalgia, tuberculosis, and malaria are major health
challenges in Southern Africa (Mulder et al., 2016).

Southern African researchers performing rare-disease related research (diseases affecting 6-8%
of the global population) (Dawkins et al., 2017), however, still rely on flexible, international cloud-
based tools, such as Bystro, BrowseVCF, and RD-Connect. This is because their analysis needs
have not yet been fully met locally (Kotlar et al., 2018; Salatino & Ramraj, 2016; Thompson et al.,
2014). In European populations these tools allow researchers to leverage well-established
genotype-phenotype correlations to guide investigations into rare disease aetiology. However,
these correlations do not always hold for African populations significantly reducing the power of

and the degree to which these online tools can be relied on in the South African research context.

Selected glossary

Some terms used in this thesis could have more than one meaning and are used in the following manner:

1. Bioinformatics: The complex analysis of genetic data using several dependencies and tools. Analysis includes
collection and classification of sequencing data, the storage thereof, and extraction of biological information using
specially developed tools. This is effectively achieved by using a specialised pipeline.

2. Script and pipeline (computer science): Plain text files containing the series of commands that are executed to
perform a specific function or process.

3. Bioinformatics pipeline: A computer science term which involves a series of processes or functions (file
transformations), where a number of commands are executed in a chaining manner. Scripts are written to execute
these commands.
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A need therefore exists for a tool that is both sensitive to population heterogeneity and general

enough in nature to enable effective domestic rare disease research.

African population groups are heterogeneous, with large genetic variety and limited information
available on genotype-phenotype correlations (Van der Westhuizen et al., 2015). Even though
data are processed using the same reference genome, some aspects such as allele frequency
for disease-causing variants and genotype-phenotype correlation could differ between ethnically
diverse population groups, and must be taken into account (Shearer et al., 2014).

In this paper a bioinformatics pipeline developed in-house to address these limitations is
presented. This pipeline processes NGS data from ethnically diverse population groups without
any strong prior assumptions regarding genotype-phenotype correlations. This offline pipeline,
suitable for the analysis of both exome and amplicon sequencing data, is written in Bash (or the
Bourne-Again SHell) and uses only open-source software. To allow other researchers to benefit
from this work, the pipeline has been made available on GitHub under the GNU GPLv3 software
license (Seyffert, 2018). The Ensembl Variant Effect Predictor (VEP) offline script is used for
variant annotation, and the Genome Mining (GEMINI) command line database management tool
for variant filtering (McLaren et al., 2016; Paila et al., 2013). The pipeline is easily adjustable with
regard to what annotations are made and how they are filtered, which is especially useful when
working with NGS data from ethnically diverse patients. The bioinformatics pipeline for variant
annotation and filtering of amplicon and exome sequencing data presented here has been
successfully used in research forming part of the project: Investigating the aetiology of South
African paediatric patients diagnosed with mitochondrial disorders (Louw et al., 2018; Smuts et
al., 2010; Van der Walt et al., 2012; Van der Westhuizen et al., 2017).

5.3 BIOINFORMATICS PIPELINE

Workflows leveraging NGS technology consist mainly of two parts, consisting of a primary and
secondary analysis. Figure 5.1 shows what this workflow looks like when our newly-developed
pipeline is incorporated. During primary analysis, patient samples are prepared and sequenced
on a specialised platform such as lon Torrent (used in our research case) or lllumina. These
platforms perform the requisite signalcalling, basecalling, reference sequence alignment, and
variant calling. The output from this primary analysis, for a single sample, is a Variant Call Format
(VCEF) file listing all the variants for that sample (variants_patientX.vcf.gz in Figure 5.1) (Danecek
etal., 2011). Secondary analysis, often with the identification of disease-causing variants in mind,
entails variant annotation and filtering. Variant annotation is typically done using purpose-built
tools such as ANNOVAR (Wang et al., 2010) and VEP runner (used in our research case) that

annotate variants with relevant metadata such as variant type, variant allele frequency, and
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predicted impact. Variant filtering, where variants of interest are identified, can be done using
tools like BrowseVCF, RD-Connect, and GEMINI (used in our case). These tools filter variants
based on the metadata associated with each, which allows a researcher to find the variants most

relevant to their investigation.

The pipeline presented in this paper focusses exclusively on secondary analysis, since the
problematic potential population biases stemming from variant annotations made based on
European-population-centric research results influence only the secondary analysis results. It
utilises the offline VEP script’s flexibility to annotate variants in a sufficiently comprehensive
manner such that population-sensitive variant filtering can be achieved using GEMINI’s high-
specificity querying capabilities. Our pipeline is intended to form part of a larger NGS data analysis

workflow, and is only responsible for variant annotation and filtering.

Next-generation Sequencing
lon PGM™ — Jon AmpliSeq™

l

lon Torrent Suite (v5.0)

Alignment Variant callin
Homo Sapiens (GRCh37) 9
| BAM_patient.bam/bai I | variants_patientX.vef.gz

-

Visualisation

Allele frequency <56% (ExAC)
Pathogenic/Benign (OMIM)

) Ensembl Variant Effect Predictor (VEP v81)

>

(1] R , ,

5 Annotation H annVariants_patientX.vcf

g ' ~
o GEnome MINIng (GEMINI v0.20)

E A
S

c Variant filtering filteredVariants_patientX .txt

§ Novel/Reported (dbSNP)

o

Figure 5.1: Simplified illustration for the in-house developed next-generation sequencing
bioinformatics pipeline used for identifying disease-causing variants from lon Torrent sequencing
data. The first component of this illustration is primary data analysis, a semi-automated process done using
the lon Torrent Software (Torrent Suite). The second component illustrates software used for secondary

data analysis. Abbreviations: PGM: Personal Genome Machine; BAM: binary alignment/map; IGV:
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integrative genomics viewer; VCF: variant call format; dbSNP: database for single nucleotide

polymorphisms; EXAC: exome aggregation consortium; OMIM: Online Mendelian Inheritance in Man.

5.3.1  Primary data analysis

The lon PGM™ or lon S5™ generates sequencing data via signal processing and base calling,
which is then aligned to a reference genome and stored in Binary Alignment Map (BAM) format
[.bam files; (Li et al., 2009)], using lon Torrent Suite (ITS). To enable visualisation of the
sequencing data, BAM index (bam.bai) files are also generated.

Several automated processes are performed by the ITS. These include a quality control (QC)
check of the sequence runs, filtering out of poor quality reads, and trimming of the primer, barcode
and adapter sequences. Reads with low quality signals due to mixed DNA templates on lon
Sphere Particles, are classified as poor quality reads. The reads, normally less than 250 bp read
length, are assigned a Phred-scale mapping quality control score, which is defined as the error
probability of reads containing no more than one error per 100 bases (Liu et al., 2012). For this
investigation, a score of 20 was chosen as it reflects 99% accuracy when aligned to the reference,
which was GRCh37 in this case. Furthermore, the mapped reads and depth/coverage were
calculated for each sequence run. The aligned BAM/BAI files can be visually inspected using

integrative genomic viewer (IGV) to confirm sequencing integrity (Acevedo et al., 2011).

Variant calling, i.e. identifying nucleotide differences when aligned to the reference genome, is
done using the Torrent Variant Caller (TVC, version 5.0) plugin for ITS. The TVC takes the
previously generated BAM file as input and compiles a list of the variants detected. As an output,
it generates a Variant Call Format (VCF) file (.vcf.gz), as illustrated in Figure 5.2. Possible variant
types identified include single nucleotide variations (SNVSs), insertions and/or deletions (INDELS),
and large structural variants. The VCF file has two parts, namely a header section and a data
section. As indicated in Figure 5.2a—c, the header contains metadata about the sequencing run,
VCF tag definitions, and contig information. On the other hand, each line in the data section details
a single observed variant, providing, among others, its position, nucleotide change, and a quality
score (Figure 5.2d) (Danecek et al., 2011).
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(##fileformat=vCFv4 .l
##fileDate=20131017
a ##phasing=nons
##reference=/results/referencelibrary/tmap-£3/hgl%/hgl9. fasta
#treference=file:///results/referencelibrary/tmap-£3/hgl%/hgl%. fasta
##scurce=Torrent Unified Variant Caller (Extension of freeBayes)
##INFO=<ID=0ID, Number=., Type=String,Description="List of original Hotspot IDs">
##INFO=<ID=0FP03, Number=., Type=Integer, Description="List of original allele positions">
##INFO=<ID=0OREF, Number=., Type=String, Description="List of original reference bases">
##INFO=<ID=0ALT, Number=., Type=5tring, Description="1List of original wvariant bases"»
##INFO=<ID=RO, Number=A, Type=Integer,Description="Alternate allele observations">
##INFO=<ID=DP, Number=1, Type=Integer,Description="Total read depth at the locus">
##INFO=<ID=FR0, Number=A, Type=Integer, Description="Flow Evaluator Alternate allele observations">
##INFO=<ID=FDP, Number=1, Type=Integer, Description="Flow Evaluator read depth at the locus">
##INFO=<ID=FR, Number=1, Type=5String, Description="Reason why the variant was filtered.">
##INFO=<ID=FRO, Number=1, Type=Integer, Description="Flow Evaluator Reference allele observations">
##INFO=<ID=FWDB, Number=A, Type=Float,Description="Forward strand bias in prediction.">
##INFO=<ID=FXX, Number=1, Type=Float, Description="Flow Evaluator failed read ratio">
##INFO=<ID=HS, Number=0, Type=Flag, Description="Indicate it is at a hot spot">
##INFO=<ID=LEN, Number=A, Type=Integer, Description="allele length">

b ##INFO=<ID=MLLD, Number=A, Type=Float,Description="Mean log-likelihood delta per read.">
##INFO=<ID=NR,Number=1, Type=String, Description="Reason why the variant is a No-Call.">
##INFO=<ID=N3, Number=1, Type=Integer, Description="Number of samples with data">
##INFO=<ID=0QD, Number=1, Type=Float,Description="QualityByDepth as 4*QUAL/FDP (analogous to GATK)">
##INFO=<ID=RBI, Number=A, Type=Float, Description="Distance of bias parameters from zero.">
##INFO=<ID=REFB, Number=A, Type=Float, Description="Reference Hypothesis bias in prediction.">
##INFO=<ID=REVE, Number=A, Type=Float,Description="Reverse strand bias in prediction.">
##INFO=<ID=RO, Number=1, Type=Integer,Description="Reference allele observations">
##INFO=<ID=SLF, Number=L, Type=Integer, Description="Alternate allele observations on the forward strand">
##INFO=<ID=SAR, Number=A, Type=Integer, Description="Alternate allele observations on the reverss strand">
##INFO=<ID=33EN, Number=A, Type=Float,Description="5Strand-specific-error prediction on negative strand.">
##INFO=<ID=55EF, Number=A, Type=Float,Description="5trand-specific-error prediction on positive strand.">
##INFO=<ID=S55B, Number=A, Type=Float,Description="Strand-specific strand bias for allele.">
##INFO=<ID=S5STE, Number=2A, Type=Float, Description="Strand bias in variant relative to reference.">
##contig=<ID=chrl, length=249250621, assembly=hgl9>
##contig=<ID=chrl0,length=135534747, assembly=hgl&>
¢ ##contig=<ID=chrll, length=135006516, assembly=hgls>
>}#contig=<ID=chr12,length:133851895,assembly:hq19>

#CHROM POS ID REF ALT QUAL FILTER INFO FORMAT None

Chrl 39491927 . G 1727.97 PBASS
d | chr2z 55861398 15.83 ERSS

Chr3 45533224 1733.84 EASS
HPhr3 455375973 Ted. 32 ERSS

(PRI
HE 00

Figure 5.2: Example of a variant call format (VCF) generated on Torrent Suite. a: Metadata of

sequencing run; b: VCF tag definitions; ¢: Sequencing contig information; d: Details on the variant detected.

5.3.2 Secondary data analysis

Bash is the default command shell on most modern Unix-like systems (and Unix-like tools for
Windows), and incorporates useful features from the Korn shell and the C shell (Ramey, 2011,
Stevens & Rago, 2013). Bash users can write powerful scripts to automate analysis, which has
made it a popular choice for research implementations, typically in the form of command line tools
and analysis pipelines. Many of these command line tools are available as free software, giving
researchers who use the bash shell access to a plethora of bioinformatics tools with which to do

their research.

The main advantage of using bash is that it allows for the automation of established tools in a
natural way, while minimising both the number of introduced software dependencies and the need
for more advanced analysis infrastructure. These are important advantages considering the rare-

disease focus of this pipeline. For researchers who focus exclusively on rare diseases whose
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expertise and research interest often lie outside bioinformatics, a pipeline based on bash allows
for flexible analyses that remain easily repeatable over long periods of time, while necessitating

minimal skills development and infrastructure investment.

Here, we present the bioinformatics pipeline developed using these tools during our research.
Scripts were run on Slackware v14.12 with GNU Bash, version 4.4.12.

Since primary analysis using the lon Torrent system delivers sequencing results in batches, it
seemed prudent to write the secondary analysis scripts to operate in a batch fashion. This,
coupled with the built-in automation scripting provides, ensures consistency across the samples
in each batch and across different batches.

In the secondary analysis pipeline, the scripts implement two steps: variant annotation and data
mining. Variant annotation is done using the VEP script, which can be downloaded from
Ensembl's website (McLaren et al., 2016). Data mining is done using the command line tool
GEMINI, which uses the SQLite relational database management system to enable effective
sequencing data mining (Paila et al., 2013). Each of these steps has a bash script dedicated to
it: vep_single.sh and gemini_single.sh, respectively (the “.sh” extension indicates that these
text files are bash scripts). These scripts are embedded into the vep_batch.sh and
gemini_batch.sh scripts, respectively, which run them for each .vcf.gz file in a given directory.
The hetero_annotate.sh script binds these two batch scripts into a full pipeline, calling each in
sequence and managing their inputs and outputs. See Supplementary Files A—F (Appendix A.1)
for the full contents of these scripts. A brief description of what each script does is given below.

The vep_single.sh script takes an lon Torrent-generated input .vcf.gz file as its first argument
and runs the VEP for it. It takes an output file as its second argument (a .vcf file), to which the
annotated output of the VEP is written. Alongside these two arguments a number of additional
arguments are passed to the VEP script, with the most notable being the --fields [list] argument,
which allows for the specification of the required annotation fields included in the annotated output
.vcf file. This argument (as well as the specification of the VEP arguments) is handled in an
extensible way by the vep_single.sh script, and the list of desired fields can be built up over
multiple lines or in multiple groups. A list of all possible fields and a list of all possible additional
arguments can be found in the VEP’s documentation (https://www.ensembl.org/) (McLaren et al.,
2016; The Ensembl genome database project - NCBI - NIH, 2018). The VEP also generates a
“statistic run report” (.html file) when run, containing general statistics that give information on,
among other things, the number of variants processed, the number of overlapping genes, and the

number of novel/reported variants.

The gemini_single.sh script takes a VEP-annotated input .vcf file as its first argument and loads

it into a SQL.ite database (a .db file). This file is then mined for relevant variants using user-defined
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SQLite database query specifications. Each line in the queries_spec.txt auxiliary text file
contains one such query specification, and consists of two comma-separated fields: the query’s
name and the relevant SQLite query snippet. Queries can easily be added to or removed from
these files, or a different file can be specified in the gemini_single.sh script. An example of such
a query, which filters based on variant’'s allele frequency in African populations, is:
rareAFR,aaf_1kg_afr <= 0.01.

What information these queries should return for each variant is controlled by the cols variable,
which is used to build the full SQLite query. Some examples of columns that can be included in a
guery are is_coding (which is true if the variant is in a coding region), rs_ids (which lists the rsIDs
associated with each variant), and aaf_1kg_afr (which stores the allele frequency of the variant
in the AFR population as reported in the 1000 Genomes Project). For a list of all possible columns,
see GEMINI's documentation (Genome Mining, 2017.). This variable is handled similarly to the
--fields [list] argument to the VEP, and is similarly extensible. The output of each query is a list of
variants, with information from the database columns specified in the cols variable, stored in a .txt

file that has the query’s name as filename. These files constitute the main output of the pipeline.

Once all the queries have been performed, a meta_info.txt file is generated that summarises the
lengths of the lists contained in the query output files. This file, along with the generated query

outputs, is saved in the folder specified as the second argument to the gemini_single.sh script.

The vep_batch.sh and gemini_batch.sh scripts each run their counterpart script, as discussed
above, for all the .vcf.gz files in a given directory. Both of these scripts take the directory containing
the relevant input files as their first argument, with the second argument being the directory to
which output should be written.

Finally, the hetero_annotate.sh script administers the operation of the two batch scripts
described above. The first argument of this script is the directory containing the lon Torrent output
.vcf.gz files (the first argument for the vep_batch.sh and vep_single.sh scripts), and the second
argument is the directory to which the GEMINI output should be written (the second argument to

the gemini_batch.sh and gemini_single.sh scripts).

From here the user can further prioritise and filter the variants according to the criteria of their
choice. For our African dataset, variants were first filtered based on their novelty. Secondly,
variants were filtered based on African allele frequencies, as reported by Exome aggregation
consortium [EXAC (Karczewski et al., 2016)]. In addition, for mostly non-African population
groups, known disease-causing variants can be identified from the dataset using databases such
as the Online Mendelian Inheritance in Man [OMIM (Amberger et al., 2014)] and ClinVar (Landrum
et al., 2013).
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5.4 ADDITIONAL INFORMATION ON GEMINI

The text output files generated by GEMINI, as discussed in Section 5.3, can be directly imported

into third party software such as RStudio or Microsoft Excel for viewing. The data is displayed in

fields, in the software. Each of the fields display different types of information. Descriptions of

fields displayed in the output text file generated by the scripts are listed in Table 5.1. A complete

list of fields and their respective descriptions can be found at https://gemini.readthedocs.io/

en/latest/ (last accessed April 2018).

Table 5.1: Description of the fields that are present in the output file generated by GEMINI.

Field name Description Type
chrom The chromosome on which the variant resides STRING?
start Start position of variant INTERGER?
end End position of variant INTERGER
ref Reference allele STRING
alt Alternate allele for variant STRING
gene Corresponding gene name STRING
exon Information on exon STRING
qual Quality score for the assertion made in ALT INTERGER
type Type of variant, example, snp or indel STRING
sub_type Sub type of the va_rlant, _example, tr_ansmon/transversmn (ts/tv) or STRING
insertion or deletion (ins/del)
cytoband Chromosomal cytobands that variant overlaps STRING
The total number of homozygotes for the reference allele
num_hom_ref ¥ INTERGER
0 = false, 1 = true
The total number of homozygotes for the alternate allele
num_hom_alt v INTERGER
0 =false, 1 = true
The total number of heterozygotes observed
num_het yg INTERGER
0 = false, 1 = true
. . Does the variant affect an exon for = 1 transcript?
is_exonic P BOOL3
0 =false, 1 = true
. . Does the variant fall within a coding regions
is_coding var e g reg BOOL
0 =false, 1 = true
To what does the codon change
codon_change . STRING
- g Ccc/Gceec: reference nucleotide changed from C to G
To what does the amino acid change
aa_change . g. STRING
A/P means an alanine changed to proline
What is the consequences for the affected transcript
impact Examples: Missense_variant, synonymous_yariant, STRING
frameshift_variant, inframe_deletion, inframe_insertion,
stop_gained, stop_lost, stop_retained
. . Severity of the highest order observed for the variant
impact_severity y g STRING

Examples: LOW, MED, HIGH
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cadd_raw

cadd_scaled

is_lof

is_conserved

depth

gual_depth

rs_id

in_omim

clinvar_sig

clinvar_origin

clinvar_disease_
name

clinvar_gene_
phenotype

poly pred

poly _score

sift_pred

sift_score

pfam_domain
in_hm3
in_esp
in_1kg
aaf

aaf_1kg_all

Raw CADD scores for scoring deleteriousness of SNV’s in the
human genome

Scaled CADD scores (Phred-like) for scoring deleteriousness of
SNV’s
0-10: less likely to be disease-causing,
10-20: more likely to be disease-causing
20-30+: highly likely to be disease-causing
Based on the value of the impact field, does the amino acid change
of variant have a loss-of-function effect
0 =false, 1 =true
Does the variant overlap a conserved region?
Based on the 29-way mammalian conservation study
0 =false, 1 =true
The number of aligned sequence reads that led to this variant call

Variant confidence or quality by depth
0 = low confidence, 50+ = high confidence

A comma-separated list of refsequence id’s for variants present in
dbSNP

Example: rs2270004

Is the variant reported in OMIM:
0 =false and absent, 1 = true and present

The clinical significance scores for each of the variant according to
Clinvar: unknown, untested, non-pathogenic, probable-non-
pathogenic, probable-pathogenic, pathogenic, drug-response,
histocompatibility, other

The type of variant: unknown, germline, somatic, inherited, paternal,
maternal, de-novo, biparental, uniparental, non-tested, tested-
inconclusive, other

The name of the disease to which the variant is relevant
‘| delimited list of phenotypes associated with this gene (includes

any variant in the same gene in clinvar not just the current variant).

Polyphen predictions for the SNPs
Benign, possibly _damaging, probably damaging

Polyphen scores for the SNPs prediction
0-0.4 = benign, >0.4-0.9 = possibly_damaging, >0.9-1.0 =
probably damaging

SIFT predictions for the SNPs
Tolerated and deleterious

SIFT scores for the predictions
0-0.05 = deleterious, >0.05-1.0 = tolerated

Pfam (protein families) protein domain that the variant affects
Whether the variant was part of HapMap3
Presence/absence of the variant in the ESP project data

Presence/absence of the variant in the 1000 genome project data
(phase 3)

The observed allele frequency for the alternate allele

Global allele frequency (based on AC/AN) (1000g project; phase 3)
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FLOAT

BOOL

BOOL

INTERGER

FLOAT

STRING

BOOL

STRING

STRING

STRING

STRING

STRING

FLOAT

STRING

FLOAT

STRING
BOOL
BOOL

BOOL

FLOAT
FLOAT



Allele frequency of the variant in European population based on

aaf_1kg_eur AC/AN (1000g project; phase 3) FLOAT
Allele frequency of the variant in African population based on

aaf_1kg_afr AC/AN (1000g project; phase 3) FLOAT

ats A compressed binary vector of sample genotypes BLOBS

A/A (homozygous) or A/G (heterozygous)

A compressed binary vector of sample genotype phases
gts_phases A/A means unphased genotype and will display FALSE, BLOB
A/G means phased genotype and will display TRUE

1 A string is any finite sequence of characters (i.e., letters, numerals, symbols and punctuation marks).
2 An integer is a whole number (not a fraction) that can be positive, negative, or zero.

% Boolean data type is a data type that has one of two possible values (usually denoted true and false).
4 A Float is a variable with a fractional value.

5> BLOBs are used to store programs or even fragments of code.

5.5 MITOCHONDRIAL DNA ANALYSIS

Analysis of mtDNA sequencing data was done using a previously developed bioinformatics
pipeline described by Weissensteiner et al. (2016). The bioinformatics pipeline, called mtDNA-
server, is fully automated and is freely accessible at https://mtdna-server.uibk.ac.at (last accessed

March 2018). A simplified workflow for analysis of mtDNA is illustrated in Figure 5.3.

Next-generation sequencing raw BAM files generated by lon PGM™ and lon S5™ during this
investigation was used as input files for the mtDNA-server. Several automatic steps are performed
by the mtDNA-server that includes firstly a validation step for input data followed by alignment
against the revised Cambridge Reference Sequence [rCRS, NC_012920.1 (Andrews et al.,
1999)], secondly a quality control step which gives feedback on the quality of the mapped reads,
and lastly homoplasmic and heteroplasmic variants are detected. Reads are filtered with a
mapping quality score of <20 (Phred-score) and reads below 25 bp. Several filters were applied
for heteroplasmic detection. Mitochondrial hotspot around positions 309, 315 and 3107 were
excluded and reads with coverage of 10 or less bases per strand are filtered. If a variant allele
frequency of >1% was detected with an allele coverage of three bases per strand, the maximum
likelihood heteroplasmy model was applied. Output files are generated and include the annotated
variant files and HaploGrep files for identifying the haplogroup for each sample. A contamination
check is applied to the previously generated files to prevent incorrect interpretation of variants, as

found in a QC report. For a full description of this pipeline, refer to Weissensteiner et al. (2016).

73



Whole mtDNA analysis — NGS

lon PGM / lon S5
|

Bioinformatics

2

— mtDNA-server (v1.0)

A4

Raw sequencing inputfile_RAW.bam or
data fnputﬁfe'RA Wfa

L4

v
Alignment
Homo Sapiens outputfile_BAM.bam/bai

rCRS ¢

ressassssassassensansanned
Y

Y

Quality control

!

Variant detection

outputfile_VARIANTS.txt outputfile_ HETEROPLASMIC.txt
®

I ]

Contamination check Annotation

F 3

outputfile_qcREPORT.txt ‘
outputfile_annHE TERO.txt

outputfile_ HAPLOGROUP.txt

Figure 5.3: Summary of mtDNA bioinformatics pipeline. Next-generation sequencing bioinformatics
pipeline. This approach was followed for identifying disease-causing variants from lon Torrent sequencing
data using mtDNA-server.

5.6 CRITERIA FOR IDENTIFYING AND EVALUATING NUCLEAR VARIANTS

Variants of importance were further evaluated using a set of standards and guidelines set forth
by Richards et al. (2015). Variants were considered as pathogenic, likely-pathogenic, benign,
likely-benign, or variant with uncertain significance. These classifications are formulated from

combined criteria, and are briefly explained in the following paragraphs from Sections 5.6.1-5.6.3.
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5.6.1 High confidence pathogenic variants

o Different types of variants will have different outcomes on a protein level.

Higher impacting variants such as nonsense, frameshift canonical splice cite variants,
deletions or insertion disrupt gene functioning and often cause a complete or partial loss of
function (LoF) of a gene. These high-impacting variants weigh towards pathogenic with
strong evidence.

e Missense variants with a known disease-causing mechanism are also considered with
high confidence to be pathogenic. Often a different nucleotide changes that results in the
same amino acid change at the same position of the known disease-causing mutation can
also be assumed pathogenic.

e De novo variants should be handled with more care. A variant can only be classified as
pathogenic if the patient has a family history with a known de novo inheritance pattern and
the phenotype for that patient correlates with reported cases.

e Functional test should be performed on all novel or reported variants which are suspected
to be disease-causing. If the functional tests confirm impact on RNA level, it can be extremely
informative and will weigh more towards a high confidence of pathogenicity for that mutation.
Certain functional tests can however be ineffective, if the full biological function of the
mutation is not taken into account.

e Population frequency is of the essence when evaluating a gene variant. Several publically
available population databases (e.g. 1000 Genomes Project, Exome Aggregation
Consortium, Genome Aggregation Database) are used to assess the variants population
allele frequency. It is expected that in the general population (control) an allele frequency for
a variant is far greater than that expected for the frequency of a disease-causing variant. In
other words, a variant with a high allele frequency (>5%) weighs more towards high
confidence to be benign. Variants that are absent from these databases are considered with

high confidence to be pathogenic, provided substantial evidence for a high read depth exists.

5.6.2 Moderately pathogenic variants

e Mutations known to be in so-called “hot spots” or in a well-established domain which
causes serious non-functioning proteins, provided that there are no benign variants in these
regions, are considered to be moderate evidence of pathogenicity.

¢ Novel missense variants which occur at the same position as a well-known pathogenic
variant, but with different amino acid changes, can be considered to be moderate evidence
but cannot be assumed to be pathogenic. Different phenotypes can, however, be associated

with different amino acid changes on the same position and should be taken into account.

75



e Segregation analysis is a key component in evaluating variants, especially novel variants
that are compound heterozygous. Moderate confidence of pathogenicity is considered if
family members also harbour a specific variant mutation found in the patient. It is important
not to assume that the variant(s) are pathogenic, as functional analysis should be done on
these variants to confirm this. Segregation analysis that reveals no mutation with the specific
phenotype in the parents provides strong evidence against pathogenicity.

e Variants that cause changes in the protein length (e.g. insertions or deletions), or disruption
of protein function (e.g. stop gain or stop loss variants), are considered to be moderate
evidence of pathogenicity. Larger highly conserved regions that are affected by insertion or
deletions are more likely to be pathogenic than smaller repetitive regions in less well-
conserved regions.

o Computational algorithms are used as supporting evidence to validate possible disease-
causing variants as different algorithms might have different outcomes. The algorithms used
include Sorting Intolerant from Tolerant (SIFT), Polyphen-2 (Adzhubei et al., 2010),
Combined Annotation Dependent Depletion [CADD, (Kircher et al., 2014)] and
MutationTaster (Schwarz et al., 2014).

5.6.3 High confidence benign variants

¢ A synonymous variant detected in a patient is considered to be benign with high confidence,
as the amino acid residues do not change. This should, however, not be assumed and should
be handled with caution, especially if the variant is a splice variant that can disrupt the
consensus seqguence in highly conserved regions. When evaluating synonymous variants, it
is suggested that computational algorithms be used to help with pathogenicity predictions, as

these tools can provide more clarity as to the specific variant of interest.

The criteria explained in the previous sections (Section 5.6) are organized in Table 5.2, whereby
the strength of evidence for pathogenic variants and benign variants is visually presented. Nuclear
variants are throughout this thesis classified as pathogenic, likely pathogenic, likely benign,

benign, variants of uncertain significance (VUS).

76



L)

Table 5.2: Summary of ACMG guidelines and criteria used for evaluating variants of importance, as adapted from Richards et al. (2015b).
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5.7 CRITERIA FOR IDENTIFYING AND EVALUATING MITOCHONDRIAL DISEASE-
CAUSING VARIANTS

The evaluation of mtDNA variants is in some ways comparable to that of nDNA variants, but as
mMtDNA has unique genetic features, identifying pathogenic variants in mtDNA should be
considered separately from that of nDNA. Several factors and considerations are taken into
account for mtDNA variants, which are summarised here (DiMauro & Schon, 2001; Montoya et
al., 2009).

e As is the case with nuclear variants, population allele frequency is one of the most important
aspects for defining a variant pathogenic. A variant can thus not be present in a patient as
well as control groups. A high allele frequency weighs more towards high confidence to be
benign. The variants of interest or mutation must be present in the varied mitochondrial
genetic background.

e The heteroplasmy and homoplasmy levels should also be reported. Lower heteroplasmy
levels should be interpreted according to the sample or tissue on which functional tests were
performed.

¢ A mutation is considered to be of high confidence of pathogenicity if it affects a functionally
important domain, especially in highly evolutionary conserved regions. It is important to
confirm these effects with single fibre PCR analysis.

e Synonymous variants that do not cause alterations on protein level weigh more towards high
confidence to be benign, i.e. a variant must not be a recognised non-pathogenic SNP.

e The variant must be the best mtDNA candidate to be pathogenic.

Secondary structures of tRNA molecules must be considered when evaluating the pathogenicity
of detected MT-tRNA variants. A scoring system was designed by McFarland et al. (2004a) for
evaluation of tRNA variants. It was further refined by Mitchell et al. (2006) and Yarham et al.
(2011):

e Mutations must be heteroplasmic.

e Mutated mtDNA proportion should be higher in affected individuals than in control or
unaffected family members.

e Mutated mtDNA proportion should be higher in affected tissue.

e Mutated mtDNA should segregate with a biochemical defect.

e Mutations in highly conserved regions or site in the mitochondrial genome weighs more
towards pathogenic.

e Mutations should not be present in control samples, i.e. have a very low allele frequency.
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Due to the complexity of MD and mutations involved, there are exceptions to the criteria as listed
above. For example, heteroplasmy levels should exceed a certain threshold for the mutation or
detected variants to be considered to be disease-causing. The threshold levels for mtDNA
deletions are usually 60% and the point mutation threshold is 90% (Rossignol et al., 2003;
Shoffner & disease, 1995; Shoffner et al.,, 1990). It is also important to note that different
phenotypic expressions and different affected tissue have different threshold levels (Rossignol et
al., 2003).

5.8 CONCLUSION ON BIOINFORMATICS IN SOUTH AFRICA

Robust bioinformatics pipelines are key components of the diagnosis and research of rare genetic
diseases such as MD (Graham et al., 2018). Here we describe an offline, flexible and open-source
bioinformatics pipeline that annotates variants using VEP and filtering of important disease-
causing variants using GEMINI from NGS data. It was developed as a first step towards data
processing and offers unique advantages for the detection of multiple genetic alterations,
including patients of African descent, for which little information is available on genetic databases.
The pipeline can be used on exome as well as amplicon NGS data and was designed using NGS
data of a predominantly African cohort with rare disease. Identifying the underlying genetic causes
for rare disease is particularly challenging in the South African population, with limited
bioinformatics support for researchers and non-bioinformaticians. With the increased demand for
diagnosing rare genetic diseases using NGS and genetic screening, and the limited support and
resources in developing countries such SA, it is equally important to develop and provide access
to bioinformatics pipelines such as this one. With continued development, pipelines in SA could
be further refined and made more user-friendly, making them useful for both researchers and
clinicians. These refinements could include, for instance, cloud-based interfaces such as RD-
Connect, Sophia Genetics, MitoMap and MitoMaster. With such refinements in place, clinicians
would more easily be able to investigate genotype-phenotype correlations in rare diseases such

as MD, for African patient populations.
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CHAPTER 6:
PATHOGENICITY EVALUATION OF DETECTED
mtDNA AND nDNA VARIANTS

The paediatric cohort for this study is extensively described in Chapter 3. As discussed, stratified
clinical evaluations were performed on patients with mitochondrial disease features.
Subsequently, mitochondrial RC enzyme analysis was performed on collected muscle tissue
samples from the entire cohort of 212. Using the clinical information and biochemical profiles,
patients were selected for NGS. An in-house bioinformatics pipeline and a previously reported
MtDNA pipeline, as discussed in Chapter 5, were used to filter, mine, and sort through nuclear
and mitochondrial NGS data. An overview of the variants identified using these pipelines is
presented here, including targeted panel-based, WES, and whole mtDNA NGS data. The
candidate variants of interest are also described, and the pathogenicity of each variant is carefully

evaluated.

Part of this chapter has been published in a peer-reviewed journal, and addresses Objective 5

(see Appendix A.2):

Schoonen, M., Smuts, |., Louw, R., Elson, J.L., Van Dyk, E., Jonck, L., Rodenburg, R.J.T., Van
der Westhuizen, F.H. (2018). Panel-based nuclear and mitochondrial next-generation sequencing

outcomes of an ethnically diverse paediatric patient cohort with mitochondrial disease. Accepted

for publication in the Journal for Molecular Diagnostics (manuscript number: JMDI_2017_395).

6.1 OVERVIEW OF VARIANTS DETECTED

As discussed in Chapter 4, three panels were used as a first step towards identifying disease-
causing variants in this cohort. The overarching genetic outcome for Panels 1 and 2 is discussed
here. Panel 3 has already been discussed in full by Jonck (2014). The overarching genetic

outcome for exome sequencing for a subset of selected African cases is discussed here.
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6.1.1 Panel sequencing

6.1.1.1 Panel 1: Agilent HaloPlex — complex | associated genes

In total, 32 patients were sequenced using Panel 1. On average, approximately 740 variants were
detected per patient. African patients averaged 783 variants, which is 200 more variants than for
their non-African counterparts, for which approximately 677 variants were detected on average
(Figure 6.1). The variants detected are classified as either novel or reported variants, of which the
reported variants are further classified as either pathogenic, likely pathogenic, benign, likely
benign, or VUS under the ACMG guidelines, as described in Section 5.6. The number of novel
and reported variants is shown in Figure 6.2, indicating approximately 120 novel variants and
approximately 610 reported variants that were detected on average. The number of novel and
reported variants detected in Africans averaged at approximately 130 and 650 respectively, and

that in non-Africans averaged at approximately 120 and 550, respectively.
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Figure 6.1: Overview of Panel 1 NGS findings for 32 selected patients. Panel A: The total number of
variants detected in each of the 32 patients. Africans are marked with an asterisk. Panel B: The average
number of variants detected for Africans and non-Africans. The black bar represents the average number
of variants detected for both African and non-African patients. The orange bar indicates African patients,

and the red bar indicates non-Africans.
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Figure 6.2: Novel and reported NGS variants detected in 32 patients. Panel A: The total number of
novel (left vertical axis) and previously reported (right vertical axis) variants detected in each patient.
Africans are marked with an asterisk. Panel B: Average number of novel (left) and reported (right) variants
detected in African and non-African patients, respectively. The black bars represent the average number
of variants detected for both African and non-African patients. The orange bar indicates African patients,

and the red bar indicates non-Africans.
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6.1.1.2 Panel 2: lon Ampliseq — complex |-V associated genes

In total, 48 patients were sequenced using Panel 2. The total number of variants identified in each
patient is shown in Figure 6.3A. Approximately 255 variants were detected per patient on average
(Figure 6.3B). For African patients approximately 276 variants and for non-Africans approximately
196 variants (Figure 6.3B). were detected on average. Just as it was the case for Panel 1, these
detected variants were classified as novel or reported variants, where the latter were evaluated
and further classified as either pathogenic, likely pathogenic, benign, likely benign, or VUS. For
Africans, approximately 14 novel and 260 reported variants were detected and for non-Africans
approximately 11 novel and 240 reported variants were detected on average (Figure 6.4A and
Figure 6.4B.
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Figure 6.3: Overview of Panel 2 NGS findings for 48 selected patients. Panel A: The total number of
variants detected in each of the 48 patients. Africans are marked with an asterisk. Panel B: The average
number of variants detected for Africans and non-Africans. The orange bar indicates African patients while
the red bar indicates non-Africans. The black bar represents the average number of variants detected for

both African and non-African patients.
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Figure 6.4: Novel and reported NGS variants detected in 48 patients. Panel A: The total number of
novel (left vertical axis) and previously reported (right vertical axis) variants detected in each patient.
Africans are marked with an asterisk. Panel B: Average number of novel (left) and reported (right) variants
detected in African and non-African patients, respectively. The black bars represent the average number
of variants detected for both African and non-African patients, the orange bars indicate African patients,

and the red bars indicate non-Africans.

6.1.2 Whole exome sequencing

As discussed in Chapter 4, WES was performed on eight randomly selected African cases for
which no disease-causing or pathogenic variants could be identified through panel or whole
mtDNA sequencing. The total number of variants identified ranged from 46 500-48 500, as seen
in Figure 6.5A. The variants detected in these patients are classified into novel or reported

85



variants, while the latter is subsequently classified as either pathogenic, likely pathogenic, benign,

likely benign, or VUS. The number of novel and reported variants is shown in Figure 6.5B.
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Figure 6.5: Overview of WES findings for the selected eight African patients. Panel A: Total number
of variants detected in each of the eight cases. Panel B: The total number of novel (left vertical axis) and

previously reported (right vertical axis) variants detected in each patient.

The variants of interest detected through Panels 1-3 and WES, i.e. novel variants and those
previously reported in disease databases (with or without a known disease-causing mechanism)
were further investigated and evaluated using the ACMG guidelines set forth by Richards et al.
(2015). As the majority of MDs are inherited in autosomal recessive patterns, only homozygous
variants were investigated. Variants with heterozygous allele calls were not extensively
investigated, as these variants are typically not disease-causing and are considered carrier alleles

in these patients. Where detected, compound heterozygous variants were, however, evaluated.
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6.1.3 Mitochondrial DNA sequencing

The complete mitochondrial genome was sequenced in 123 of the 127 patients in the cohort.
Limited sample availability prevented sequencing of four samples: S007, S008, S078, and S107.
Whole mtDNA sequencing was successfully applied in 123 cases (79 African and 44 non-African),
and a variant of interest was identified in 12 African cases, none of which could be classified as
disease-causing. The mtDNA sequencing data for a sub-section of this cohort that presented with
a previously reported disease-causing variant (n = 12) have been extensively investigated by Van
der Walt et al. (2012). These variants are listed in Table 6.1.

The majority of the variants identified could not be classified as pathogenic as they fail to meet a
number of criteria specific for mtDNA pathogenicity, as discussed in Section 5.7. Notably, a well-
known LHON-associated mutation (m.14484T>C at 53% heteroplasmy in muscle) was identified
in an African male (S014). Although this patient had clinical features of eye involvement, his
clinical phenotype did not match that expected for LHON (such as visual failure and optic atrophy).
This inconsistency could be ascribed to varied penetrance of the disease, highlighting the
importance of investigating the penetrance of diseases associated with this and other pathogenic
variants when detected in understudied populations. An additional 11 mtDNA variants of interest,
identified in 10 cases (as listed in Table 6.1) may, however, still prove to have a functional effect
on disease initiation or progression. This may still be the case for variants with a comparatively
high population allele frequency (above 0.1%) as further investigation may indeed reveal that
these variants appear at a higher frequency in these understudied population lineages.

87



88

Table 6.1: Summary of mitochondrial DNA variants of importance identified in cohort.

. . Amino acid Mutpred ACMG Population Patient, race i
Gene Variant position? pathogenicity | frequency, allele ' ’ RC deficiency References®
change score - c gender
classification frequency
MT-ND6 m.14484T>C p.Met64Val - Likely benign - S014, A, M Cl Brown et al. (1992)
MT-ND2 m.5186A>T p. Trp239Cys 0.549 VvUS 0.0653%, 100% S097, NA, F Cl None to date
MT-TA m.5628T>C Ala Y-score: 13 Likely benign 0.15692%, 100% S059, A, M ClI, CllI, CIV, ClI+Clll Gamba et al. (2012)
MT-TC m.5814T>C* Cys Y-score: 14 VUS 0.33345%, 100% | S058, A, M cl, Clil, CIV Sa”(tfgg'yg al.
MT-CO3 m.9355A>G p.Asn50Ser 0.591 VUS 0.06%, 100% S043, A, F Clil, CIv None to date
MT-ND4 m.11087T>C* p.Phell0Leu 0.788 VUS 0.24%, 100% S028, A, M Cl, Cli+Cll Gaspar et al. (2015)
MT-ND5 m.13802C>T p.Thr489Met 0.6 VUS 0.07192%, 100% | S019, NA, F Cl, Cll+Clll Bayo“a('fgﬁ')“y etal.
MT-ND6 m.14405A>G p.vVal90Ala 0.597 VUS 0.055%, 100% S112, A, M Cl, Cll, CIV None to date
MT-ND6 m.145027>C p.lle58Val 0.385 Likely benign 0.39%, 82% $126, NA, M Cl Zhao et al. (2009)
MT-CYB m.14790A>G p.Asnl5Ser 0.704 VUSs 0.02288%, 100% S028, A, M ClI, ClI+Cll Cavadas et al. (2015)
MT-CYB m.15257G>A p.Aspl71Asn 0.785 VUS 1.30%, 100% S038NA, F cl, clil Brown et al. (1992)
MT-CYB m.15272A>G p.Thr176Ala 0.562 VUS 0.00654%, 100% | S037, NA, F cil van dgg"l’g)'t etal.
S054, A, F Cli, cl
0.127497%, 100% S003, A, F Cli+Cll
’ ’ +

MT-CYB m.15735C>T p.Ala330Val 0.416 Likely benign Bannwarth et al

0.127497%, 43% S048, A, M ClIL, CIv, Cll+Cll (2008)

0.127497%, 100% | S049, A, M clil

2Variants are listed relative to the rCRS reference sequence (GenBank NC_012920.1).

b Pathogenicity classification are made for this cohort’s patients based on the relative information available.

¢ Population frequencies are listed according to the GenBack population database, and allele frequencies are detected in patient samples.

4 References to scientific papers where the variant was first reported on.

Abbreviations: VUS: variant of uncertain significance; A: African; NA: non-African; F: female; M: male; CI-CIV: complexes I-IV.



6.2 NUCLEAR VARIANTS OF IMPORTANCE

A number of variants were considered to be possibly pathogenic or disease-causing in our
patients. The findings for panel nDNA and whole exome NGS are summarised in Table 6.2.

Panel nDNA sequencing of 86 cases (61 African and 25 non-African) revealed four variants of
interest in two cases. Two pathogenic compound heterozygous ETFDH variants were identified
in one case (S057), and two possible pathogenic compound heterozygous SURF1 variants were
identified in a second case (S085). WES sequencing of eight African cases revealed nine variants
of interest (in six cases), eight of which are considered to be possibly pathogenic (variants in the
genes COQ6, RYR1, STAC3, and ALAS2) and one in the gene TRIOBP as a VUS under the
ACMG classification.
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Table 6.2: Summary of nuclear DNA variants of interest identified in the cohort.

. - Amino acid ACMG EXAC Patient, race -
Gene Variant position? refSNP ID pathogenicity frequency®, ' ' RC deficiency References®
change =S . gender
classification population
S014, A, M Cl
g.1738OEzf/2_)3>C>CT,T NA Novel VUS None S024, NA, M Cl None to date
S092, NA, M Cl
DARS2! Likely benign 0.08256, A S089, A, M Cl
¢.587A>G (+/-) p.Lys196Arg rs35515638 - - None to date
Likely benign 0.0001349, NA S101, A F Cl
Likely benign 0.006536, A S024, NA, M Cl
€.1013G>A (+/- .Gly338Glu rs141298312 None to date
(+F) p-=Y Likely benign 0.03733, NA soaq, A, M| S L L CIV:
0.89870461C>T (+/-) R>Q Novel None None Cl, CllI, CIV
23, A, M ' i ! None to date
0.89876634C>T (+/-) V>M Novel None None S023, A, Cli+Cll
) 0.01799, A
POLG! c.1636C>T p.Arg546Cys rs2307447 Benign 0 NA S014, A, M Cl
: Cohen et al. (2014
3708G>T GIn1236Hi 3087374 Beni 0.01377, A 5024, NA, M cl o
c. > .GIn is rs enign
P 9 0.0827, NA S097, NA, F cl
€.3287G>A (+/-) p.Arg1096His rs368435864 VUS 0.00009623, A S094, A, F Cl None to date
TAZ! C.515C>T (+/+) p.Prol72Leu rs73638278 Benign 0.02808, A S028, A, M Cl, ClI+Clll None to date
0.3933, A S028, A, M ClI, ClI+Clll
TRMU? C.28G>T (+/+) p.Alal0Ser rs11090865 VUS Guan et al. (2006)
0.2666, NA S109, A, F Cl, Clll
COX4122 C.412G>A (+/-) p.Glul138Lys rs119455950 VUS 0.006936, A S094, A, F Cl Shteyer et al. (2009)
NDUFAQ9?! C.224G>T (+/-) p.Arg75Leu rs35263902 VUS 0,A S049, A, M Clll None to date
SDHAZ? €.1523C>T (+/-) p.Thr508lle rs151266052 VUS 0.00821, A S007, A, M Cll, CllI Cl+Clll Alston et al. (2012)
S004, A, F Clll
2 ; Cl, CllI, CllI, ClIV, .
SDHB C.32G>A (+/-) p.Arg1l1His rs111430410 VUS 0.005455, A S015, A, M cli+Clll Martins et al. (2013)
S034, A, F Clll
SDHD? C.34G>A (+/-) p.Glyl2Ser rs34677591 VUS 0.01018, NA S050, NA, F Clll, CIvV Ni et al. (2008)
COoQe63 C.41G>A (+/-) p.Trpl4Ter rs17094161 0.07047, A,) S002, A, F Cll, ClI+Clll Louw et al. (2018)



T6

ETFDH3

ACADVL*

GLUD24

SURF1?

RYR14

STAC3*

ALAS24

TRIOBP*

€.859G>T (+/-)

C.278G>A (+/-)
C.475G>T (+/-)
c.1067G>A
€.1448C>T

194C>T (+/+)
€.1492T>G (+/+)

C.575G>A (+/-)

C.754_755delAG (+/-)

€.8342_8343delTA

(+/-)
€.11926C>T (+/-)

C.14524G>A (+-)

€.11193+1G>A (+/-)

€.851G>C (+/+)

C.1757A>T (+/+)

€.3232C>T (+/+)

p.Ala49Ser

p.Gly93Asp
p.Vall63Phe
p.Gly356Glu
p.Pro483Leu

p.Pro65Leu
p.Ser498Ala
p.Arg192GIn

p.Ser252HisfsTe
r39

p.lle2781ArgfsX
49

p.His3976Tyr

p.Val4842Met

p.Trp284Ser

p.Tyr586Phe

p.Arg1078Cys

1 Variants identified through Panel sequencing (Panel 1).

3 Variants identified through Panel sequencing (Panel 3).

rs61743884

rs61743864
rs111833521
Novel
rs377656387

rs28934585
rs9697983

rs782021521

rs782007828

rs758580075

rs148772854

rs193922879

rs111986316

rs140291094

rs139596860

rs200359708

Likely
pathogenic/risk
factor

Benign
Benign
Pathogenic
Pathogenic

Likely benign

Likely benign
Likely
pathogenic
Likely
pathogenic
Likely
pathogenic
Likely
pathogenic
Likely
pathogenic
Likely
pathogenic

Likely
pathogenic

Likely
pathogenic/VUS

VUS

0.03162, A

0.05479, A
0.04316, A
None
None

0.1135, A
0.04979, A

0.00001, A

0.00002, A

None, A

0.01287, A

0.001935, A

None

0.0011, A

0.009364, A

0.00030, A

S020, A, M
S032, A F

S057, NA, F

S027, A, M

S002, A, F

S085, A, F

S032, A, F

S033, A, F

SO011, A, F

S117, A, M

S059, A, M

Cl+CIl
Clv, ClI+CllI

ClI, Clll, CIv,
Cl+CIl

Clil, CIv,
Cli+Cl

Clil, Cli+Cll

Clv

Clv, ClI+Clll

Cl

Clll

ClI, Clll, CIvV

ClI, Clll, Clv,
Cl+Cil

2 Variants identified through Panel sequencing (Panel 2).
4 Variants identified through WES.

2Variants are listed relative to the human reference genome sequence, GRCh 37 (hg19).

b Pathogenicity classification are made for this cohort’s patients based on the relative information available.

¢ Population frequencies are listed according to the EXaC population database.

4 References to scientific papers where the variant was first reported on.

Abbreviations: VUS: variant of uncertain significance; A: African; NA: non-African; F: female; M: male; CI-CIV: complexes |-IV.

None to date

None to date

Van der Westhuizen et
al. (2017)

Watanabe et al. (2000)

Plaitakis et al. (2010)

Tanigawa et al. (2012)

Wilmshurst et al. (2010)

Punetha et al. (2016);
Wilmshurst et al. (2010)

Horstick et al. (2013)
Balwani et al. (2013);
To-Figueras et al.
(2011)

None to date



6.2.1 Pathogenic variants

ETFDH

The ETFDH (electron-transfer flavoprotein dehydrogenase) compound heterozygous variants
(c.1448C>T and ¢.1067G>A; p.Pro483Leu and p.Gly356Glu; ENST00000307738) were identified
in a non-African female (S057) who presented with features of multiple acyl-dehydrogenase
deficiency (MADD; OMIM #231680). She had severe muscle weakness, exercise intolerance,
chronic fatigue, and hepatomegaly. Metabolic markers of MADD such as dicarboxylic acids,
ethylmalonic acid, glutaric acid, as well as acylcarnitines (butyryl-, isovaleryl- and
glutarylcarnitine) and acylglycine (hexanoyl- isobutyryl-, isovaleryl and suberylglycine) conjugates
were observed in the patient’s urine. Furthermore, she had ClI, Clll, and CIlI+Clll RC deficiency,
with severely reduced CoQio levels in muscle tissue (Louw et al., 2018). These mutations cause
structural instability in ETFDH, and were confirmed with functional analysis (Van der Westhuizen
et al., 2017). This case, along with two others, is extensively described in Chapter 7. A list of this
patient’s clinical phenotype and associated MADD phenotypes is given in Table 6.3.

Table 6.3: Cohort phenotypes compared to reported ETFDH clinical phenotypes.

Patient, race, gender Patient phenotype

Developmental delay, migraine, tremor, severe muscle weakness, exercise intolerance,

S057, NA, F chronic fatigue, hepatomegaly, skeletal involvement
ETFDH mutation consequences
Reported manifestations Clinical phenotype References

Multiple Acyl Dehydrogenase . . .
deficiF()ancy (yMADD); 9 Neonatal-onset with or _Wlthout congenital

N al t with anomalies Frerman (2001); Fu et al. (2016);
* cfr?n:nﬁe;f)gﬁgmvglies Nonketotic hypoglycaemia, metabolic Olsen et al. (2007); Van der
. Neo%atal-onset without acidosis, cardiomyopathy, liver disease, Westhuizen et al. (2017); Xi et al.

metabolic decompensation, muscle (2014)

congenital anomalies

weakness, respiratory failure
e Late-onset form

6.2.2 Likely pathogenic variants

SURF1

An African female (S085), with clinically confirmed Leigh Disease (LD; OMIM #256000) and
confirmed mitochondrial CIV deficiency, harboured compound heterozygosity for a missense and
frameshift variant (c.575G>A and c.754_755delAG; p.Argl92GIn and p.Ser252HisfsTer39;
ENSTO00000371974,) in exons 6 and 8 in the gene SURF1 (Surfeit 1). The patient clinically

presented early in life with several CNS involvements (nystagmus, extrapyramidal, and pyramidal

92



symptoms) and muscle involvements (myopathy, hypotonia, and weakness). Furthermore,
changes in the basal ganglia/thalami were observed. Metabolic investigation revealed elevated
lactic acid. A list of this patient’s clinical phenotype and associated LD phenotypes is given in
Table 6.4.

Table 6.4: Cohort phenotypes compared to reported SURF1 clinical phenotypes.

Patient, race, gender Patient phenotype

Failure to thrive, developmental delay, developmental regression, central nervous system
S085, A, F involvements (nystagmus; extrapyramidal and pyramidal symptoms), myopathy, hypotonia,
short stature, radiological changes in the brain (basal ganglia/thalamus), lactic acidosis

SURF1 mutation consequences
Reported manifestations Clinical phenotype References

Bilateral lesions in the brainstem,
thalamus, basal ganglia, cerebellum, and

spinal cord. Necrosis, capillary proliferation Danis et al. (2018); Sonam et al.
Leigh disease due to CIV in brainstem. High levels of pyruvate and (2017); Tanigawa et al. (2012);
deficiency lactate in cerebrospinal fluids Wedatilake et al. (2013); Zhu et al.
Developmental delay, hypotonia, (1998)
nystagmus, and episodic metabolic
acidosis

SURF1 is directly involved with cytochrome ¢ oxidase (COX) maintenance and assembly. LoF
mutations in SURF1 cause major structural instability in COX, and are responsible for the
phenotype of LD as clinically diagnosed in the case reported here. The frameshift variant has
previously been reported as pathogenic for a different (Japanese) patient, with substantial clinical
and experimental supporting evidence and a confirmed LoF mechanism (Tanigawa et al., 2012).
Consequently, this variant with low African allele frequency is classified as likely pathogenic in
this case. The missense variant has not previously been associated with a clinical phenotype,

and the extremely low allele frequency suggests moderate likelihood to be pathogenic.
COQ6

An African female (S002) with confirmed primary CoQio deficiency was found to be carrying
compound heterozygous variants (c.41G>A and c¢.859G>T; p.Trpl4Ter and p.Ala49Ser;
ENSTO00000394026) in the gene COQ6 (coenzyme Q1o monooxygenase 6). One of the variants
identified in a highly conserved region, ¢.41G>A, results in a premature truncation of the protein
with high loss-of-function (LoF) probability. Clinically, she presented at four years and four months
of age with a history of severe weakness since birth. Other features were noted upon clinical
examination and included macrocephaly, severe hypotonia and head lag, pseudo-hypertrophy of
calves and triceps, limitation of extension at knees and elbows, and reduced reflexes. No other
candidate COQ6 gene variants were identified in this case. A list of this patient’s clinical

phenotype and associated primary CoQso deficiency phenotypes is given in Table 6.5.
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Table 6.5: Cohort phenotypes compared to reported COQ6 clinical phenotypes.

Patient, race, gender Patient phenotype

Macrocephaly, developmental delay, retinopathy, myopathy, muscle weakness,
S002, A, F muscle fibre atrophy, fat infiltration, radiological changes in the brain (white matter
atrophy), elevated creatine kinase

COQ6 mutation consequences

Reported manifestations Clinical phenotype References
Nephrotic syndrome, sensorineural
Primary CoQ deafness, seizure, white matter Alcazar-Fabra et al. (2018);
y 0 abnormalities, ataxia, and facial Heeringa et al. (2011)

dysmorphism

The compound heterozygous COQ6 variants (c.41G>A and ¢.859G>T) identified in S002 have
been extensively investigate elsewhere, where functional and structural analyses showed
significantly decreased levels of COQ6 (Louw et al., 2018). This protein is directly involved with
CoQaobiosynthesis, and mutations in this gene result in primary CoQ1o deficiency (Alcazar-Fabra
et al., 2018; Heeringa et al., 2011). This correlates well with the clinical and biochemical profiles
observed in the case reported here. Based on these experimental findings, the correlation
between the observed and reported phenotypes, lead to the classification that these variants are
likely to be pathogenic.

RYR1

Two sets of compound heterozygous variants, associated with centronuclear myopathy (CNM)
and minicore myopathy and external ophthalmoplegia (MMEO; OMIM #255320), were identified
in the gene RYRL1 (ryanodine 1) in two African females (S032 and S033) using WES. For S032,
a previously reported pathogenic variant (c.8342_8343delTA; p.lle2781ArgfsX49;
ENST00000359596) (Wilmshurst et al., 2010) with high LoF confidence and a missense variant
(c.11926C>T; p.His3976Tyr; ENST00000359596), both in highly conserved regions, were
identified. She presented with severe hypotonia, myopathy with myopathic facial features, and
initially did not show signs of external ophthalmoplegia. She also had an affected sibling with
myopathic facial features and external ophthalmoplegia. A muscle biopsy sample was collected
from the sibling, who revealed thickened connective tissue between muscle fibers and evidence
of fat infiltration. The female reported here had CIV RC deficiency and her brother had CI+ClI|
deficiency. Both siblings presented with an additional CII+ClIII deficiency.

For S033, a previously reported pathogenic missense variant (c.14524G>A; p.Val482Met;
ENSTO00000359596) (Wilmshurst et al.,, 2010) and a frameshift variant (c.11193+1G>A;
ENSTO00000359596) were identified. Both variants are in highly conserved regions. Both patients’

clinical phenotypes and reported phenotypes is given in Table 6.6.
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Table 6.6: Cohort phenotypes compared to reported RYR1 clinical phenotypes.

Patient, race, gender Patient phenotype

Failure to thrive, developmental delay, external ophthalmoplegia, ptosis, hypotonia,

S032, A, F myopathy, muscle weakness, elevated lactic acid

Failure to thrive, developmental delay, external ophthalmoplegia, hypotonia, myopathy,

S033, A, F )
muscle weakness, renal involvement
RYR1 mutation consequences
Reported manifestations Clinical phenotype References
Congenital muscular dystrophy, external
- . . Beggs and Agrawal (2013);
Minicore myopathy wnh external ophthalmoplegia, myopathy, muscle Monnier et al. (2009); Wilmshurst
ophthalmoplegia weakness, hypotonia, developmental

. ) ; et al. (2010)
delay, progressive respiratory failure

Four previously reported pathogenic RYRL1 variants, two of which are previously reported to be
pathogenic, were identified in two compound heterozygotes: S032 (c.8342_8343delTA and
€.11926C>T) and S033 (c.14524G>A and ¢.11193+1G>A). The ¢.14524G>A and
€.8342_8343delTA variants are classified as founder mutations for South African patient
populations with centronuclear myopathy (CNM) and MMEO (Horstick et al., 2013). RYR1
encodes a homotetrameric calcium channel in skeletal muscle and regulates cytosolic Ca?* levels
(Blackburn et al., 2017). Dysfunctional RYR1 disrupts the Ca?* balance, directly affecting different
mitochondrial functions such as ATP synthesis regulation and reactive oxygen species
generation, consequently contributing to myopathy, external ophthalmoplegia, and ptosis
(Gorlach et al., 2015; Wilmshurst et al., 2010; Zhou et al., 2007). The two cases reported here
had clinical phenotypes consistent with previously reported cases. For S032 and her brother, the
specific type of congenital myopathy is still unclear. Both had neurogenic features which are
absent in multi-minicore myopathy. The siblings, whose features correlated more strongly with
CNM, were similar in their manifestation (albeit with slight, but significant, differences). For
example, the female initially did not have external ophthalmoplegia, while the brother did.
Importantly, no homozygous variants have been reported in patients with CNM (Abath Neto et al.,
2015). S033 had correlating multi-minicore myopathic features as seen in previously reported
cases, which included mild myopathic facial features with dense external ophthalmoplegia
(Punetha et al., 2016; Wilmshurst et al., 2010). Both sets of compound heterozygous variants are
classified as likely pathogenic in these cases due to substantial supporting clinical and
experimental evidence confirming the LoF mechanism, the confirmed founder effect for South
African populations with a low or absent allele frequency in several population databases, and
multiple in silico algorithms supporting a deleterious effect on the gene product for the two

frameshift variants.
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STAC3

A homozygous mutation (c.851G>C; p.Trp284Ser; ENST00000332782) was detected using WES
in an African female (S011) in the gene STAC3 (SH3 and cysteine-rich domains 3), and was first
described by Horstick et al. (2013) in five families with Native American Myopathy (NAM; OMIM
#255995). The phenotype observed in the female described here is similar to that for a case
described elsewhere, and is given in Table 6.7 along with reported clinical phenotypes (Horstick
et al., 2013). She was born prematurely and had intra-uterine growth restriction. Biochemically
she presented with isolated CllII deficiency in muscle.

Table 6.7: Cohort phenotypes compared to reported STAC3 clinical phenotypes.

Patient, race, gender Patient phenotype

Failure to thrive, developmental delay, relative macrocephaly, ptosis, myopathy, low nasal

SO011, A F bridge.

STAC3 mutation consequences
Reported manifestations Clinical phenotype References

Developmental delay, congenital
myopathy, congenital weakness, skeletal | Grzybowski et al. (2017); Horstick et
Native American Myopathy anomalies, ptosis, cleft palate, oral al. (2013); Stamm et al. (2008)
hypotonia, poor feeding, progressive
scoliosis

STAC3 encodes a putative muscle-specific adaptor protein, which takes part in excitation-
contraction in muscle. Disruptions within this protein are thought to cause reduction in
mitochondrial Ca?*, either intra- or extra mitochondrial, which have a direct effect on OXPHOS
(Blackburn et al., 2017). Clinical features, as a result, include congenital myopathy with facial
dysmorphic features including ptosis, which is consistent with the case reported here. This variant
was previously sequenced as part of the 1000 Genomes Project, and was undetected in 113
Caucasian controls. This variant is thus classified as likely pathogenic in this case due to its
previously confirmed pathogenicity (with substantial supporting evidence) and low African allele

frequency.
ALAS2

An African male (S117), with skin and muscle involvement, carried a homozygous gain-of-function
variant (c.1757A>T; p.Tyr586Phe; ENST00000330807) in exon 11 of the gene ALAS2
(5'-aminolevulinate synthase 2) (To-Figueras et al., 2011). This variant was first described in a
Spanish patient with erythropoietic porphyria by To-Figueras et al. (2011), who states that ALAS2
acts as a modifier gene in patients with erythropoietic porphyria (X-linked protoporphyria; OMIM
#300752). Another manifestation is sideroblastic anaemia type 1 (OMIM #300751), which is also

a result of ALAS2 mutations. However, this patient did not present with symptoms for the latter.
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He instead presented with swelling of his face, hands, and feet, and experienced non-specific
bodily pain, symptoms which are more similar to X-linked protoporphyria. He had depigmented
skin lesions in his face, on the extensor areas of the fore and upper arms, and over his knees and
lateral right thigh. Furthermore, he suffered from severe muscle weakness with decreased muscle
bulk in all four limbs, with muscle histology revealing atypical dermatomyositis. Biochemically he
had confirmed CI, Clll, and CIV deficiency in muscle. A summary of this patient’s clinical

phenotype and other reported phenotypes is given in Table 6.8.

Table 6.8: Cohort phenotypes compared to reported ALAS2 clinical phenotypes.

Patient, race, gender Patient phenotype
Myopathy, weakness, exercise intolerance, skin involvement, auto-immune disorder,
S117, A, M - - -
muscle fibre atrophy, inflammatory cell infiltrate
ALAS2 mutation consequences
Reported manifestations Clinical phenotype References
. . L . Balwani et al. (2013); Brancaleoni et
X-linked Protopor_phyrla, Severe phot_osen3|_t|V|ty, Il\_/e_r disease, al. (2016); Ducamp et al. (2012); To-
erythropoietic anaemia and iron deficiency

Figueras et al. (2011)

The patient described here, S117, did not present with typical X-linked protoporphyria, the primary
phenotype associated with ALAS2 mutations (Balwani et al., 2013; To-Figueras et al., 2011). His
primary cause of disease is an interplay between two deficiencies: dermatomyositis and X-linked
porphyria. The muscle histology from this patient was suggestive of an inflammatory myopathy,
but the inflammatory cell infiltrate was perivascular, and the typical pattern of peripheral muscle
cell atrophy in dermatomyositis was not demonstrated. As the patient had definitive skin
involvement, which included swelling and redness, it is suggested that the patient has porphyria
rather than inflamed myopathy. His mitochondrial dysfunction could arise from impaired electron
transport as a direct result of bone marrow haem synthetic dysfunction. The clinical significance
is still unclear and therefore this variant is classified as a variant of uncertain significance. A case
can be made, however, that this variant should be classified as likely pathogenic since it has a

low African allele frequency, and there is substantial supporting evidence for its pathogenicity.

6.2.3 Variants of uncertain significance

TRIOBP

A TRIOBP (trio- and filamentous-actin-binding protein) homozygous missense variant
(c.3232C>T; p.Arg1078Cys; ENST00000406386) was identified using WES in an African male
(S059) who presented with developmental delay, visual impairment, muscle weakness and

hypotonia, and clinodactyly. Furthermore, he presented with mild facial dysmorphisms, which
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included an epicanthic fold and low set ears. Most notably the patient had hearing impairment,
which was confirmed by abnormal auditory brainstem response. Mutations in this gene are known
to cause autosomal recessive deafness (OMIM #609823), a feature found in the case presented
here. Metabolic profiles revealed significant ketosis associated with dicarboxylic aciduria involving
C6—C10 acids (i.e., adipic-, suberic-, and sebacic acid), with a normal amino acid profile. The
clinical phenotypes of the patient as well as previously reported phenotypes are listed in
Table 6.9.

Table 6.9: Cohort phenotypes compared to reported TRIOBP clinical phenotypes.

Patient, race, gender Patient phenotype

Developmental delay, extrapyramidal symptoms, visual impairment, sensorineural

S059, A, M deafness, muscle weakness, gastro intestinal involvement, elevated lactic acid

TRIOBP mutation consequences
Reported manifestations Clinical phenotype References

Kitajiri et al. (2010); Riazuddin et al.

Autosomal recessive deafness Non-syndromic hearing loss, deafness (2006); Shahin et al. (2006)

S059 had a severe mitochondrial phenotype, where deafness was most notable. The latter is
consistent with reported cases harbouring TRIOBP mutations; however the former has not yet
been associated with mutations in this gene (Riazuddin et al., 2006; Shahin et al., 2006). The
underlying genetic cause for this patient’s mitochondrial phenotype is still unclear. This variant,
€.3232C>T, has not yet been associated with a clinical phenotype and therefore lacks substantial
supporting evidence of pathogenicity. Therefore, this variant is classified as a variant of uncertain

significance.

6.2.4 Likely benign and benign variants

DARS2

Three DARS2 variants, two previously reported (p.Lys196Arg, p.Gly338Glu) and one novel
frameshift (g.173808623C>CT) were identified in six patients: three African and three non-African.
DARS?2 provides instructions for making mitochondrial aspartyl-tRNA synthetase — an enzyme
responsible for attaching an aspartic acid to the correct tRNA which helps with assembling of
amino acids into proteins. A mutation in this gene causes a severe autosomal recessive
mitochondrial phenotype known as Leukoencephalopathy with Brainstem and Spinal Cord
Involvement and Lactate Elevation (LBSL; OMIM #611105). The majority of patients with LBSL
harbour compound heterozygous DARS2 mutations, and to date only a few cases with a

homozygous mutation survived beyond birth (Miyake et al., 2011; Shimojima et al., 2017). From
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the more than 50 disease-causing or pathogenic variants identified, the three variants identified
here, all of which were detected as heterozygous, have not previously been associated with a
LBSL phenotype or previously described in literature. The clinical phenotypes of the patient
cohort, as well as previously reported phenotypes, are given in Table 6.10.

Table 6.10: Cohort phenotypes compared to reported DARS2 clinical phenotypes.

Patient, race, gender Patient phenotype

Developmental regression, pyramidal symptoms, ptosis, hypotonia, muscle weakness,

S014,A.M hepatomegaly, basal/ganglia changes, white matter atrophy

Developmental regression, ADHD, epilepsy, absences, ataxia, tremors, peripheral
S024, NA, M neuropathy, hypotonia, exercise intolerance, radiological changes in the brain, lactic
acidosis

Developmental regression, ADHD, depression, epilepsy, myoclonic seizures,
S044, NA, M absences, tonic/clonic seizures, migraine, pyramidal symptoms, exercise intolerance,
hepatic failure

Developmental regression, epilepsy, tonic seizures, ataxia, tremor, nystagmus,

S089, A, M pyramidal symptoms, cerebellar atrophy, lactic acidosis

Macrocephaly, developmental delay, dysmorphism, ataxia, tremor, visual impairment,

S092, NA, M . S

hypotonia, hypermobile joints, cerebellar atrophy
S101, A, F Hypotonia, myopathy, muscle weakness
DARS2 mutation consequences
Reported manifestations Clinical phenotype References
Pyramidal, cerebellar and dorsal column dysfunction, . .
Brainstem and spinal Cord white matter abnormalities, elevated levels of lactic Ig/lallilt?cl)(r?a eettﬂll ((22%1117))
involvement and lactate elevation acid, developmental delay, cognitive impairment, NN !
. . ; Shimojima et al.
(LBSL) epilepsy and peripheral neuropathy, hypotonia,

failure to thrive (2017)

The non-African case, S024, is the only patient who harboured two DARS2 variants, the novel
frameshift and a previously reported missense variant. He furthermore presented with the most
severe mitochondrial phenotype compared to the other cases described here in which a DARS2
variant was detected. He displays typical LBSL phenotype patterns, suggesting an underlying
genetic mutation in DARS2. This specific case has not yet been extensively investigated. Three
cases, one non-African (S044) and two African (S014 and S089), showed similar and overlapping
previously reported LBSL phenotype patterns. The remaining cases, S092 and S101, had no
correlating phenotypes. The two missense variants have relatively low allele frequencies but are
nevertheless classified as benign and tolerated by various computational algorithms including

SIFT and Polyphen-2. The novel variant was not listed in either the EXAC or GhomAD databases.

The variants reported here have not been extensively investigated with functional analysis and
are therefore classified as VUS. No other significant DARS?2 variants were detected in any of the
six cases. These variants still remain of interest for the African population as phenotypes showed
slight correlating LBSL patterns. It is important to note that phenotypes reported for LBSL overlap

with clinical phenotypes associated with POLG manifestations. Patients with suspected LBSL or

99



any of the POLG spectrum disorders should therefore be extensively investigated, both clinically

and genetically, in order to prevent incorrect diagnosis of either of the manifestations.
POLG

Two POLG variants were identified in three patients. Polymerase gamma, or POLG, is found in
mitochondria and plays a role in mtDNA replication and repair. There are currently over 180
known POLG mutations, all of which result in a number of clinical manifestations. The most
common POLG manifestations (Cohen et al., 2018), with their respective clinical phenotypes, is
given in Table 6.11.

The three cases presented here (S014, S024, and S097) had isolated CI deficiency with three
different clinical phenotypes observed in each, as seenin Table 6.11. The first African case, S014,
showed similar but inconclusive phenotypes associated with AHS and arPEO. The second case,
S024, had symptoms similar to ANS, but he did not present with ophthalmoplegia at the time of
this investigation. The latter’'s phenotype fits more with LBSL, as previously described. The last

case, S097, showed symptoms correlating with MCHS, but without myopathy.

Table 6.11: Cohort phenotypes compared to reported POLG clinical phenotypes.

Patient, race, gender Patient phenotype

Developmental regression, pyramidal symptoms, ptosis, hypotonia, muscle

S014, A.M weakness, hepatomegaly, basal ganglia changes, white matter atrophy
Developmental regression, ADHD, epilepsy, absences, ataxia, tremors, neuropathy,
S024, NA, M . SN . ) ) : . S
hypotonia, exercise intolerance, radiological changes in the brain, lactic acidosis
S097, NA, F Failure to thrive, developmental delay, brainstem involvement, lactic acidosis
POLG mutation consequences

Reported manifestations Clinical phenotype References

Alpers-Huttenlocher syndrome Childhood-onset progressive encephalopathy with
(AHS) epilepsy, hepatic failure
Childhood myocerebrohepatopathy Developmental delay or dementia, lactic acidosis,
spectrum (MCHS) myopathy with failure to thrive

Anagnostou et al.

Epilepsy, ataxia, myopathy without opthalmoplegia ggiz; ggﬂ:g 3 Z:'

(2018); Cohen and

Myoclonic epilepsy myopathy
sensory ataxia (MEMSA)

Spectrum: Mitochondr_ial recessive ataxia syr_1drome Naviaux (2010);
and sensory ataxia neuropathy dysarthria, Davidzon et al.

Ataxia neuropathy spectrum (ANS) ophthalmoplegia (2006); Naviaux and
Symptoms: seizures, ataxia, ophthalmoplegia, Nguyen (2004);

myopathy (rare) Nguyen et al. (2006);

Aut | . . p . K fth ¢ | | Saneto et al. (2013);
utosomal recessive progressive rogressive weakness of the extraocular eye muscles Wong et al. (2008)

external ophthalmoplegia (arPEO) resulting in ptosis and ophthalmoparesis

Myopathy and often variable degrees of sensorineural
hearing loss, axonal neuropathy, ataxia, depression,
parkinsonism, hypogonadism, cataracts

Autosomal dominant progressive
external ophthalmoplegia (adPEO)
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The patients described here could fall in the POLG-related spectrum based on similar features
observed. However, the variants are classified as benign on several disease databases (ClinVar
and OMIM) suggesting a high probability that the variants are benign in these cases as well. These
variants still remain of interest to African populations as none of the variants were previously

investigated with additional functional analysis.
TAZ

A TAZ variant (c.515C>T, p.Prol72Leu) was detected in an African male (S028) biochemically
diagnosed with isolated CI deficiency. The TAZ gene is highly expressed in cardiac muscle as its
gene product, tafazzin, plays an important role in the remodelling of immature cardiolipin. Tafazzin
is found in mitochondrial membranes and stabilises RC complexes (Gonzalvez et al., 2013). Loss
of cardiolipin, due to mutations in the TAZ gene, has a direct effect on Cl biogenesis and other
respiratory activities. The phenotypes associated with these biochemical instabilities are
cardiomyopathy, muscle myopathy, and Barth syndrome (BTHS; also known as 3-methyl-
glutaconic aciduria type Il) (Thompson et al., 2016). This patient did not present with a typical
TAZ-associated phenotype but with hypotonia, as found in many patients, especially males with
BTHS (Borna et al., 2017; Imai-Okazaki et al.,, 2018). Furthermore, markedly elevated
3-methylglutaconic acid levels were detected in urine. A more detailed clinical profile for S028 is

given in Table 6.12 along with phenotypes of previously reported manifestations.

Table 6.12: Cohort phenotypes compared to reported TAZ clinical phenotypes.

Patient, race, gender Patient phenotype

Hypotonia, muscle weakness, gastro-intestinal involvement, renal involvement, short

5028, A, M stature, skeletal involvements.
TAZ mutation consequences
Reported manifestations Clinical phenotype References

Dilated cardiomyopathy, neutropenia,
skeletal myopathy, abnormal mitochondria,
short statue, hypocholesterolemia,
cognitive dysfunction, 3-methylglutaconic
aciduria

Barth et al. (1983); Borna et al.
(2017); Imai-Okazaki et al. (2018);
McKenzie et al. (2006); Yen et al.

(2008)

3-methylglutaconic aciduria type
Il (Barth syndrome,)

There are some conflicting interpretations of pathogenicity observed for the case reported here.
The most common feature of BTHS is cardiomyopathy, which was absent in our patient. However,
the elevated 3-methylglutaconic acid levels, a metabolomics diagnostic hallmark for BTHS, do
suggest a BTHS phenotype for this patient, albeit with different clinical manifestations. The
suspicion of BTHS for this patient can only be confirmed with functional analysis on the TAZ

protein, which unfortunately could not yet be performed at the time of this investigation.
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ACADVL

A homozygous ACADVL variant (194C>T, p.Pro65Leu) was identified in an African male, S027.
This variant was previously reported as pathogenic (Watanabe et al., 2000), with the clinical
phenotype of very long chain acyl-CoA dehydrogenase deficiency. The clinical features of our
patient and reported clinical phenotypes are listed in Table 6.13.

Table 6.13: Cohort phenotypes compared to reported ACADVL clinical phenotypes.

Patient, race, gender Patient phenotype

Developmental delay, epilepsy, absences, myoclonic seizures, visual impairment,
S027, A, M neuropathy, hypotonia, muscle weakness, hepatomegaly, radiological changes in the brain
(brain atrophy, dilated ventricle horn, cerebellar atrophy), elevated lactic acid

ACADVL mutation consequences

Reported manifestations Clinical phenotype References
Very long-chain acyl-CoA Hypoglycemia, lethargy, muscle weakness, | Diekman et al. (2015); Evans et al.
dehydrogenase (ACADVL) liver involvement (2016).

The variant identified here (p.Pro67Leu) is considered a complex mutant with another allele,
where lysine is substituted for glutamine at position 247 of the ACADVL gene (p.Lys247GIn). The
p.Pro67Leu mutation causes an exon 3 skipping, which suggests severe effects on protein levels.
Functional analysis, however, showed no reduction in protein levels for the p.Pro65Leu mutation
in the case reported by Watanabe et al. (2000), but the p.Lys247GIn showed dramatically reduced
enzyme activity (Watanabe et al., 2000). Our case had clinical phenotypes inconsistent with other
reported cases (Diekman et al., 2015; Evans et al., 2016; Watanabe et al., 2000). Furthermore, a
very high African allele frequency of 11% is reported for this specific detected variant. Considering
this, it is concluded that the detected variant is benign in this case, even though it has been

reported as pathogenic by (Watanabe et al., 2000).
GLUD2

A homozygous GLUD2 variant was identified in an African female (S002). The variant,
p.Ser498Ala, was previously reported as pathogenic by Plaitakis et al. (2010), with the clinical
phenotype of PD. The clinical features of our patient and the reported clinical phenotypes is given
in Table 6.14.
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Table 6.14: Cohort phenotypes compared to reported GLUD?2 clinical phenotypes.

Patient, race, gender Patient phenotype

Macrocephaly, developmental delay, retinopathy, myopathy, muscle weakness, muscle
S002, A, F fibre atrophy, fat infiltration, radiological changes in the brain (white matter atrophy),
elevated creatine kinase

GLUD2 mutation consequences
Reported manifestations Clinical phenotype References

Plaitakis et al. (2010); Uitti et al.

Parkinson disease Tremor, bradykinesia, postural instability (2005)

The patient reported here, S002, did not present with any signs or symptoms of PD at the time of
this investigation. As previously discussed in Section 6.2.1, she has confirmed CoQ1o deficiency
with likely pathogenic variants identified in the gene COQ®6. The African allele frequency for this
specific variant is relatively high at 5%, suggesting that the variant is benign with high confidence

in this African case.

6.3 DISCUSSION AND CONCLUSIONS

Three sequencing approaches were followed in this investigation in order to identify previously
reported variants, with or without a disease causing mechanism, and novel variants. The three
approaches included mtDNA sequencing and two nuclear approaches, targeted gene panel NGS
and WES. From the overall results, as discussed in Section 6.1, it was seen throughout the two
nuclear approaches that more variants were detected in Africans compared to non-Africans,
however not significantly more. This is consistent with recently published results which comment
on the genetic variety and diversity found in African populations residing mostly in Sub-Saharan
Africa (Campbell & Tishkoff, 2010; Choudhury et al., 2017; Gurdasani et al., 2015; Schlebusch et
al., 2012).

Mitochondrial genome sequencing revealed relatively low diagnostic outcome in this cohort. It is
known that mtDNA point mutations are more prone to cause a phenotype in adults rather than
children (Rahman, 2018; Viscomi & Zeviani, 2018) given that the mutation load has been reached
and that the point mutation is situated in a highly conserved region. Large scale deletions or
rearrangements can be sporadic and are thought to take place during development of an embryo.
None of our cases presented with a large scale deletion or rearrangements. The mtDNA
mutations known to cause the most common syndromes, such as MELAS, MERRF, and LHON,
were absent. The one case, S014, who did present with the well-known LHON mutation
(m.14484T>C), was strictly classified as benign, due to an inconsistent phenotype observed in

this case when compared to reported cases (Wallace et al., 1988). The mtDNA novel variants
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identified in the cohort still have the potential to be either pathogenic or benign, each requiring

functional investigations to determine pathogenicity.

Several mutations in nuclear genes have been associated with a specific clinical MD phenotype,
as discussed Section 2.2.3. A large number of genes (more than 250), directly involved with
OXPHOS structure and function, are known to cause primary MD. In only three cases, S002,
S085 and S057, a primary MD could be identified when considering clinical, biochemical and
genetic findings (panel sequencing). A variant for the most frequent childhood manifestation of
MD, known as LD, was identified in only one African case, S085, and in only one case, S002, a
primary CoQ1o deficiency compound heterozygous variants could be identified. The third case,
presented with pathogenic gene mutations (ETFDH) which is indirectly involved with OXPHOS
but are still considered a primary MD. The remaining five cases (S032, S033, S011, S117 and
S059), all presented with secondary MD gene variants, notably identified through WES. These
finding show a relatively poor diagnostic outcome for panel sequencing, as only two cases
harboured pathogenic and likely pathogenic variants. Initial indications from limited WES data are
much more promising as nine likely pathogenic variants were identified in six cases using WES

compared to five variants identified in three cases using panel NGS and mtDNA sequencing.

Considering all the cases in this study, in only five cases (S057, S085, S032, S033, and S011) a
strong genotype-phenotype correlation could be established and a moderately strong correlation
in two cases (S002 and S117). For the remaining two cases, S014 and S059, a non-specific
correlation was observed. Observations like these serve as a strong motivation that a “genetics
first/only” approach, without supporting clinical and biochemical investigation, is not suitable in
such understudied, ethnically diverse populations. Furthermore, when following a genetic
approach, it is concluded that panel sequencing may only be an efficient approach in populations
where the genotype-phenotype correlations are well-established for specific monogenic diseases.
For heterogeneous diseases such as MD, however, even in such populations, WES/WGS
performs significantly better compared to a targeted gene-panel approach (Haack et al., 2012;
Lieber et al., 2013; Neveling et al., 2013; Wortmann et al., 2015; Wortmann et al., 2017). The
results reported are thus in line with proposals that WES should be considered as the primary
option for genetic investigations in heterogeneous inherited diseases such as MD and, in fact,
may be particularly ideal in understudied, ethnically diverse populations where there is evidence
of inconsistencies with documented MD phenotypes. However, in such populations the value of
extensive clinical and biochemical (structural and functional) investigations to support molecular
genetic data outcomes, should not be neglected, and at this time are, in fact, more crucial than in

well studied populations.
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CHAPTER 7:

REPORTING OF A NOVEL ETFDH MUTATION — A
CASE REPORT

Variants of importance were cautiously evaluated before it could be identified as pathogenic or
disease-causing (as discussed in Sections 5.6). Two particular variants (compound
heterozygotes) of interest were identified through panel sequencing in the gene ETFDH, in a
paediatric patient (see Section 6.2.1). These variants, one of which was novel, were functionally
investigated and showed significant damage being done on protein level. These variants were
identified in two other cases — as described in this chapter — one of which was homozygous for
the novel variant (Index case). Here, we report on the three patients who harboured these

mutations as a case report.

This chapter has been published in a peer-reviewed journal, and addresses Obijective 6 (see
Appendix A.3):

Van der Westhuizen F.H., Smuts, |., Honey, E., Louw, R., Schoonen, M., Jonck, L., Dercksen, M.

(2017). A novel mutation in ETFDH manifesting as severe neonatal-onset multiple acyl-CoA
dehydrogenase deficiency. Journal of the Neurological Sciences, 384: 121-125 [DOI: 10.1016/
jjns.2017.11.012] — with permission.

7.1 ABSTRACT

Neonatal-onset multiple acyl-CoA dehydrogenase deficiency (MADD) type | is an autosomal
recessive disorder of the electron transfer flavoprotein function characterized by a severe clinical
and biochemical phenotype, including congenital abnormalities with unresponsiveness to
riboflavin treatment as distinguishing features. From a retrospective study, relying mainly on
metabolic data, we have identified a novel mutation, c.1067G>A (p.Gly356Glu) in exon 8 of
ETFDH, in three South African Caucasian MADD patients with the index patient presenting the

hallmark features of type | MADD and two patients with compound heterozygous
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(c.1067G>A + ¢.1448C>T) mutations presenting with MADD type Ill. SDS-PAGE/Western-blot
confirmed the significant effect of this mutation on ETFDH structural instability. The identification
of this novel mutation in three families originating from the South African Afrikaner population is
significant to direct screening and strategies for this disease, which amongst the organic
acidemias routinely screened for, is relatively frequently observed in this population group.

7.2 INTRODUCTION

Multiple acyl-CoA dehydrogenase deficiency (MADD, OMIM:231680), also known as glutaric
aciduria type Il (GAll), is an autosomal recessive metabolic disorder. Mutations in the ETFA,
ETFB and ETFDH genes result in the deficient function of alpha and beta subunits of the electron
transfer protein (ETF) or ETF-coenzyme Q oxidoreductase, respectively. Dysfunction in either of
these two flavoproteins leads to compromised fatty acid and amino acid oxidation as well as
choline metabolism. The MADD phenotype can be divided into three clinical classes: two
neonatal-onset forms with (type 1) or without (type Il) congenital anomalies or a mild/delayed late-
onset form (type Ill), which shows a variable degree of response to riboflavin treatment (Frerman,
2001; Grunert, 2014; Liang et al., 2009). The neonatalonset form has a poor prognosis, presenting
within the first week(s) of life with severe hypoglycaemia, mild to severe hyperammonaemia,
metabolic acidosis, with or without dysmorphic features, hepatic-, cardiacand renal involvement.
The phenotypic presentation of type Ill is highly variable, characterized by episodic lethargy,
vomiting, hypoglycaemia, metabolic acidosis with or without hyperammonaemia and
hepatomegaly. Painful myopathy can be progressive and abnormal lipid storage and free carnitine
depletion is commonly observed (Frerman, 2001; Griinert, 2014).

The biochemical characterization of MADD includes organic acid and acylcarnitine profiling, which
indicates, increased levels of aliphatic mono- and dicarboxylic acids, acylglycine conjugates as
well as an increase of C4—C18 acylcarnitines in blood (Frerman, 2001). Although mutations are
most frequently encountered in the ETFDH gene in the late-onset form of MADD, for the most
severe (type |) neonatal form of the disease mutations in ETFDH, ETFA, and ETFB are found
more or less in equal frequency (Fu et al., 2016; Grunert, 2014; Liang et al., 2009; Olsen et al.,
2007; Xi et al., 2014; Yamada et al., 2016; Yotsumoto et al., 2008).

As mutation screening is not currently offered routinely in our (South African) population, and
since biochemical data through routine metabolic screening suggests that MADD may be in the
same order of prevalence as other organic acidemias in South African populations (Dercksen et
al., 2012; Van der Watt et al., 2010) we've begun to retrospectively investigate the molecular
genetics of MADD with metabolic data as the denominator. From the initial explorative

investigations in three Caucasian patients, we've identified a novel pathogenic variant present in

106



all three cases, with the homozygous form in the index case presenting as a (type |) severe

neonatal onset form of the disease.

7.3 PATIENTS AND METHODS

Informed consent was obtained as part of current studies with ethical approval numbers 91/98
(University of Pretoria) and NW-00170-13-S1 (North-West University). Table 7.1 summarizes the

clinical, biochemical and genetic features of the three patients.

7.3.1  Patient 1 (index patient)

The firstborn male child from non-consanguineous Afrikaner parents presented shortly after birth
with severe metabolic decompensation unresponsive to standard metabolic intervention. He was
born prematurely via caesarean section and needed admission to the intensive care immediately
after delivery. A loud systolic murmur was audible and the chest X-ray showed a prominent right
ventricle and absent pulmonary conus. The ECG displayed an extreme right QRS axis and a
dysplastic pulmonary valve with a pulmonary outflow gradient measuring 57 mmHG indicated a
severe pulmonary stenosis. The foramen ovale was patent with a right to left shunt and there was
a large atrial septum aneurism. The renal ultrasound showed dilated calyces in the upper lobes
more severely on the left indicating hydronephrosis. After a relative normal 24 h complicated only
with hyperlactanaemia and suspected hypothyroidism his condition rapidly deteriorated with
persistent hypoglycaemia requiring high doses of intravenous glucose, metabolic acidosis and
hyperammonaemia (548 umol/L). He needed intubation and ventilation on day 6 of life but his
condition deteriorated despite administration of riboflavin (200 mg/kg/day) and L-carnitine
(100 mg/kg/day). He developed a bulging fontanel, sclerema neonatorum and convulsions and
died on day 9 of life. GC-MS organic acid profiling performed on urine at day 3 of life showed
dicarbolic aciduria with the presence of various short and medium chain acylglycine conjugates
suggestive of MADD. The metabolic excretion as well as early onset was indicative of a severe
neonatal phenotype with a very poor prognosis. His family subsequently had a normal male child
delivered after prenatal diagnosis performed on chorionic villi showed the foetus was

heterozygous for the reported ¢.1067G>A mutation.
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Table 7.1: Summary of clinical, biochemical and genetic features of patients.

Patient 1 (index) Patient 2 Patient 3
Sex Male Female Female
Age of Year 2/undetermined (aged at
onset/death Week 1/Day 9 least past 8 years) Year 4/23
Progressive muscle weakness
Intra-uterine growth retardation Hepatomegaly .
. ) i ) ) ) Progressive muscle weakness
. o Multiple congenital anomalies: Riboflavin responsiveness
Main clinical ) ) : Hepatomegaly
« Cariac lesions undetermined
features . L Migraine
¢ Hydronephrosis Exercise intolerance ) ) ) )
. . . I Partial responsive to riboflavin
Riboflavin unresponsive Migraine
Hypermobility
Elevated blood lactate ) ) Metabolic acidosis
. Mildly elevated liver enzymes .
Hypoglycaemia . Elevated ammonia
) Normal creatine )
Routine Elevated ammonia Hypoglycaemia

biochemistry

Muscle or
liver
histology

Routine
metabolic
results

Specialized
investigations

ETFDH
variant/s
(dbSNP)

No urine ketones
Thrombocytopenia
Metabolic acidosis

No histology done

Urine Organic acid profiling:

Lactic acid briefly elevated but
normalized

11 1ethylmalonic acid
112-hydroyglutaric acid

111 1dicarboxylic acids including
glutaric-, suberic acid, sebacic
acid, decenioic acid

11Krebs cycle intermediates

111glycine conjugates:
isovalerylglycine,
isobutyrylglycine,
hexanoylglycine,
suberylglycine

Urine acylcarnitine profiling:

11tisovalerylcarnitine,
11butyrylcarnitine,
t1glutarylcarnitine,
low free carnitine

Urine amino acid profiling:

General amino aciduria including
elevated sarcosine and glycine

None

€.1067G>A +/+; p.Gly356Glu
(novel)

Elevated lactate:pyruvate
No urinary ketones
Ammonia?

No histology done

Urine organic acid profiling:
tethylmalonic acid
12-hydroxyglutaric acid

t111dicarboxylic acids including
glutaric acid, suberic acid,
sebacic acid, decenedioic acid

111glycine conjugates:
hexanoylglycine,
suberylglycine

Urine carnitine profiling:

11Butyrylcarnitine,
11glutarylcarnitine,
1 isovalerycarnitine,
Low free carnitine

Urine amino acids profiling:
t1Sarcosine, 11glycine

Muscle respiratory chain
enzymes deficient (CI, CllII,
ClI+lIl, CIV; Muscle CoQqg levels
reduced.

¢.1067G>A +/-; p.Gly356Glu

€.1448C>T +/-; p.Pro483Leu
(377656387)

Elevated creatine kinase
Elevated transaminase
No urinary ketones

Liver biopsy indicated
macrovascular steatosis

Urine Organic acid profiling:
Normal lactic acid
tethylmalonic acid

111dicarboxylic acids including
adipic acid, suberic acid

tglycine conjugates:
hexanoylglycine,
sovalerylglycine,
suberylglycine

Urine acylcarnitine profiling:
111Butyrylcarnitine,
111glutarylcarnitine,

1 octanoylcarnitine,

1 isovalerycarnitine,
Normal free carnitine

Urine amino acid profiling:
1Sarcosine, 11glycine

Oxidation of C16 and C14 fatty
acids both reduced in fibroblasts
(20% vs. controls mean;
C16:C14 = 0.5) and leukocytes
(5% vs. controls mean; C16:C14
=0.96)

¢.1067G>A +/-; p.Gly356Glu

€.1448C>T +/-; p.Pro483Leu
(377656387)

Abbreviations: C4: butyryl-/isobutyrylcarnitine; C5: isovalerylcarnitine; C5-DC: glutarylcarnitine; C8: octanoylcarnitine; CBC:

complete blood count; AST: aspartate aminotransferase; ALT: alanine aminotransferase; GGT: gamma-glutamyltransferase.
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7.3.2 Patient 2

An eight-year-old female patient presented with the complaint of clumsiness, chronic fatigue,
exercise intolerance, muscle weakness and severe migrainous-like headaches. She was born at
term from nonconsanguineous parents and had three normal siblings. Her early gross motor
development was normal and she was able to walk before the age of one year. At the age of 17
months the parents observed that she had poor head control related to muscle weakness. Since
the age of three years the weakness slowly progressed. Her body mass index for her age was
13.3 and fell on Z-score — 1.8 at the age of eight years. She had a waddling gait and mild proximal
muscle weakness, but she did not have a Gower sign. Polyminimyoclonus resembling spinal
muscular atrophy was observed. The deep tendon reflexes were suppressed, but present. She
had no other cerebellar signs. Hypermobility of all her joints was observed. Her general level of

functioning was on the level of 6.5 years.

She had hepatomegaly with mildly elevated liver enzymes. Renal functions were normal, creatine
kinase was normal and the lactate:pyruvate ratio was 16.3. The routine metabolic investigations
showed general dicarboxylic aciduria including acylglycine and acylcarnitine conjugates. Spinal
muscular atrophy was excluded: the patient did not have a homozygous deletion in the telomeric
region of the survival motor neuron on exon seven. A muscle biopsy was performed for the
determination of respiratory enzyme analyses, after which the patient and family was not
responsive to any further follow up.

7.3.3 Patient 3

This patient was born at term from non-consanguineous parents with one healthy sibling and no
previous family history of neuromuscular disease. She initially presented with hypotonia and only
started to walk at the age of 20 months. The progressive myopathic phenotype of unknown cause
was confirmed at the age of two years after a comprehensive clinical evaluation. Metabolic
decompensation was observed at the age of three years when she was admitted with coma,
severe hyperammonemia (394 pmol/L which decreased to 90 umol/L after hospitalization),
hepatomegaly and hypoglycaemia without urinary ketones. No myoglobinuria were noted, but
prerenal failure was suspected. Her liver enzymes were elevated, together with elevated creatine
kinase. A liver biopsy indicated macrovascular steatosis with no necrosis. The metabolic
investigations showed increased levels of urine mono- and dicarboxylic acid, acylglycine as well
as short and long chain acylcarnitine conjugation. The latter in combination with general clinical
presentation of myopathy and liver involvement was suggestive of MADD. She received riboflavin

and L-carnitine treatment together with a low protein diet and improved partially, waking up from
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the coma and showing stronger motor function. Progressive deterioration of muscular function did
however occur and she suffered from episodic migraines. Regular follow-up metabolic
investigations were done to assess her metabolic status, which showed moderate to limited
biochemical improvement after implementation of therapeutic intervention. She did not present
with cognitive impairment and became a fully functional adult. She unfortunately died from a
stroke-like episode at age 23 before the genetic diagnosis was confirmed.

7.3.4 Metabolic and biochemical investigations

Metabolic investigations were performed essentially as described before (Reinecke et al., 2012).
Respiratory chain enzyme activities and CoQio levels were analysed in muscle homogenates
(600 x g supernatants) for Patient 2 as described before (Itkonen et al., 2013; Smuts et al., 2010)
and normalized to citrate synthase (UCS). Fatty acid oxidation of [9,10-3H] palmitic (C16) and
myristic (C14) acids were performed in fibroblasts and leukocytes for Patient 3 as described
before (Brivet et al., 1995).

7.3.5 Mutation and protein analyses

The outcomes reported here are the results from a retrospective investigation of selected cases,
using next-generation sequencing (NGS, lon Torrent) of candidate genes. Primary NGS data
analysis and secondary data mining were conducted using an in-house bioinformatics pipeline
and web-based annotation tools such as Ensembl online VEP runner (McLaren et al., 2016) and
data mining tools, including GEMINI (v0.18.0) (Paila et al., 2013), OMIM, CliniVar, and available
allele frequency data from the extensive Exome Aggregation Consortium (EXAC) database. The
potential pathogenic variants identified and allelic distribution in all of these cases were confirmed
using Sanger sequencing and, as the ¢.1067G>A variant is part of a homopolymeric region, also

restriction length fragment polymorphism (RFLP) analyses Figure 7.1.

SDS-PAGE/Western-blot analysis was used to confirm the steady state levels of muscle ETFDH
and, due to the limited material available, could only be done in Patient 2. Imnmunodetection using
the antibodies against ETFDH (Abcam, ab131376) and 3-actin (Abcam ab8227) were conducted
and expression quantified against total protein load using the procedures described for Bio-Rad's

V3 workflow (Bio-Rad Laboratories).
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7.4 RESULTS

Table 7.1 summarizes the clinical, biochemical and other specialized investigations for the three
cases. The following key findings for metabolic, biochemical and genetic analyses are reported.

7.41 Metabolic and biochemical investigations

Routine and follow up metabolic investigations in urine throughout the history of all three cases
showed some of the hallmark metabolites associated with MADD, notably dicarboxylic acids,
ethylmalonic acid, glutaric acid as well as acylcarnitines- (butyryl-, isovaleryl- and
glutarylcarnitine) and acylglycine (hexanoyl- isobutyryl-, isovaleryl- and suberylglycine)
conjugates. Patient 1 had not undergone any biopsies at time of his death. Based on her clinical
features, Patient 2 was early on selected to undergo a muscle biopsy for respiratory chain enzyme
analyses, which revealed combined complex I, I, lI+lll and IV deficiencies. The follow up
investigation of CoQ1o levels in 600 x g supernatants showed significantly reduced levels at 0.86
nmol/UCS (controls 2.680-8.470 nmol/UCS, n = 37). For Patient 3, with an early suspicion of
MADD, fatty acid oxidation confirmed the functional deficiency with palmitic (C16) and myristic
(C14) acid oxidations almost equally reduced in fibroblasts and leukocytes.

7.4.2 Mutation and protein analysis

A ¢.1067G>A (p.Gly356GIlu) variant on the ETFDH gene was detected in homozygous form in
Patient 1 (Figure 7.1). This variant does not appear on any clinical or genetic databases, nor in
literature consulted and was shown to be heterozygous in both parents as well as in an unaffected
sibling. This novel variant is predicted to be deleterious by the SIFT prediction software and
disease-causing by MutationTaster prediction software. For both Patients 2 and 3, a previously
documented ¢.1448C>T (p.Pro483Leu) mutation and the putative deleterious ¢.1067G>A variant
was identified in heterozygous forms. Although the patient and family of Patient 2 were lost to
follow up, the carrier status for the c.1067G>A variant was confirmed in mother and sibling for
Patient 3. SDS-PAGE/Western-blot analysis (Figure 7.2) of the steady state levels for ETFDH in
the only available tissue material (muscle from Patient 2) showed a significant (83%) reduction

compared to controls.

111



A 3 2
g 3
ETFDH ref AGGTGGAAAA GGAGCCGTGGA
Patient 1 AGGTGAAAAA
C1067G>A/« |
Patient 2 AGGTGRAAAA GGAGCYGTGGA
€. 1067G>As/ AAAR N : -
€. 1448C>T «f AVATAY, J\ f\ .‘Q
Patient 3 AGGTGRAAAA GGAGCYGTGGA
€ 1067G>As/
zit“C»Y of / A “!\ }/\ {\(\!!!\ '
B T T T o < T T =
T ¥ ET BT 3 5 E® T E B
E f 2 % 3 = f = F Ok

80 bp —

MADY ——
2D —

c.1067G>A €.144807
(Hpal) (Alul)

Figure 7.1: Partial sequence alignment of sequence data (A) and RFLP analysis (B) of patients. In
Panel A the sequence validation data for the three patients is shown in alignment with the reference
sequence for the ETFDH gene (ENS00000171503) at the positions for the ¢.1067G>A and C.1448C>T
mutations. R indicates a heterozygous G to A nucleotide base change and Y a heterozygous C to T
nucleotide base change. In Panel B the results from restriction fragment length polymorphism (RFLP)
analyses for the patients and appropriate controls are shown. For this, DNA was first amplified using PCR
and selected primers for a 580bp region covering the ¢.1067>A mutation (fwd:
GCACATAGTGCTCCAAATAC; rev: CATGCCTGGCTAATCTTTCC) and a 568 bp region covering the
c.1448>T mutation (fwd: CACACATTTGGGCAGTTTCG; rev: AAACTGATCTGTCCATCGGG),
respectively. The resulting fragments were digested with Hpal (GGTGA(N8)) and Alul (AGCT), as indicated
in red for the two mutations in Panel A. In both cases the enzymes only cut at the positions when the
mutations are present. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Figure 7.2: Structural instability of muscle ETFDH in Patient 2. An enriched mitochondrial preparation
from muscle of Patient 2 (P2, with ¢.1067G>A+ ¢.1448C>T variants) and two healthy controls (C1, C2)
were separated on SDS-PAGE and immune-stained for ETFDH and B-actin (top, Panel A). The band
intensities for ETFDH were normalized to total protein content in each lane (bottom, Panel A), of which the

quantified results are shown in Panel B.

7.5 DISCUSSION AND CONCLUSION

Three patients presenting with clinical and metabolic features of MADD were retrospectively
investigated to identify the possible genetic cause for the disease. Targeting genes possibly
involved, we identified a novel pathogenic variant (c.1067G>A) in ETFDH in all three patients.
This variant was homozygous in the index patient (Patient 1), who presented with a MADD type |
phenotype, and compound heterozygous with the well-documented pathogenic variant
€.1448C>T in two other (Patients 2 and 3). Although the trajectories of clinical and further
investigations were different, all three patients presented with clear clinical and metabolic features
indicative of MADD type | (Patient 1), or type lll (Patient 2 and 3). Patient 1, homozygous for the
novel ¢.1067G>A variant, presented in first days of life with the most severe (type 1) neonatal
onset clinical and metabolic features of MADD, notably with congenital features and being
unresponsive to riboflavin treatment. Patient 2, presenting with a multi-systemic neuromuscular
features early in life, was initially diagnosed with a combined mitochondrial respiratory chain
disorder in her ninth year. A deeper investigation into CoQio involvement and metabolomics

resulted in the final MADD diagnosis and the genetic outcome presented here. Patient 3 was
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diagnosed with MADD early in life via metabolic and functional fatty acid oxidation tests, and were
able to follow riboflavin treatment. In this case, having a variant associated with a riboflavin
responsive (c.1448C>T) and unresponsive form (c.1067G>A), it is not surprising that this patient
showed a partial responsiveness to riboflavin. A closer look at this previously undocumented
€.1067G>A variant, indicate a substitution of a highly conserved Glu for Gly at position 356,
putatively affecting the FAD domain of ETFDH (Watmough & Frerman, 2010; Zhang et al., 2006).
Comparing it to other type | mutations also do not highlight any evident structural similarities that
can inform on any molecular basis for its pathogenicity. It is also notably the first associated with
this severe phenotype identified in exon 8 of ETFDH. We had the limitation of having biological
material for only one of the patients for further structural ETFDH analysis (Patient 2, with the
compound heterozygous ¢.1067G>A + ¢.1448C>T variants). Considering that the homozygous
€.1448C>T variant is known to result in significantly reduced ETFDH activity (+ 30% of WT) and
steady state stability (<10% of WT) under low riboflavin conditions (Cornelius et al., 2012), it can
be concluded from the structural analysis (Figure 7.2) that the presence of the ¢.1067G>A variant
on the alternative allele to the c. ¢.1448C>T variant should have a similar impact on the instability
of the native ETFDH protein. We propose that this result, in addition to the predictive parameters
of the variant and the genetics in these families, support the suggestion that this novel variant can
be added to the list of mutations causing a type | MADD phenotype. Finally, in conclusion, from
the limited family histories and genetics that could be gathered from these three cases, no relation
between these families could as yet be established. Nevertheless, we believe it is reasonable to
suspect that a common founder for the ¢.1067G>A mutation may have originated within this
population group. The reasons for this is, firstly, that all three of these patients originate from
Caucasian Afrikaner families, which is a southern African population group having descended
from Europe since the 17th century; and, secondly, that this mutation has not yet been reported
in the better screened European population groups from which the Afrikaner population
originated. Considering the possibility that this mutation, in addition to the milder riboflavin-
responsive ¢.1448C>T mutation, may have a relatively high frequency in MADD patients of this
population group, we propose that this mutation should be included in screening strategies for

families with a history of MADD in this and other related population groups.
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CHAPTER 8:

MUTATION SCREENING OF TWO PUTATIVE
POPULATION VARIANTS IN THE GCDH AND MPV17
GENES

8.1 INTRODUCTION

In Chapter 2, information regarding the mitochondrion is outlined, including its functional and
structural properties as well as the genetic aspects of mitochondrial genes, both mtDNA and
NDNA. Chapter 2 also discusses nDNA mutations that cause disruptions in the OXPHOS system,
which is primarily responsible for ATP production. Several genes outside the OXPHOS system
can contribute to deficiencies within OXPHOS. However, this is only one of nhumerous direct
contributors to MD since gene mutations in other systems, such as glycolysis, the TCA cycle and
B-oxidation may also cause MD. Two of the genes involved with MD which lie outside OXPHOS,
namely GCDH and MPV17, are described in the current chapter. Mutations in these genes result
in rare diseases, namely glutaric acidemia type | (GA-1) and mtDNA depletion syndrome (MDDS)
respectively, for which the diagnosis is often difficult. While GA-1 has a unique set of clinical
features and a well-defined metabolic signature, MDDS can present in many different clinical
features. The latter is made even more complicated by the heterogeneity of the clinical features
associated with MDDS, which often results in the misdiagnosis of patients. Nonetheless, it is
crucial to rapidly diagnose patients with either of these diseases in order to start treatment and
alleviate symptoms. To this end, major advances have been made with regards to rapid diagnosis
via genetic screening. A founder mutation in the gene CGDH was first identified by Van der Watt
et al. (2010) in 11 black South African patients clinically diagnosed with GA-1. Additionally, a
founder mutation in the gene MPV17 was identified by Meldau et al. (2018) in 24 black South
African patients harbouring MDDS. Based on these two discoveries, South African patients with
suspected clinical features of either disease, mainly from the Western Cape and Eastern Cape
provinces, are routinely screened for GA-1 and/or MDDS at the NHLS at the Red Cross Children’s

Hospital in Cape Town, South Africa.
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In Chapter 3, the cohort of paediatric patients with MD used in this investigation is discussed. As
mentioned, the cohort originates from the Northern provinces of South Africa — a part of the
country for which no screening for these founder mutations has been performed to date.
Considering this, it is important to not only establish genotype-phenotype correlations in patients
originating from these provinces, but also to initiate routine screening initiatives for these founder

mutations at several other facilities in Gauteng, Kwa-Zulu Natal and the North-West Province.

Here, two cases who harboured a homozygous GCDH mutation (c.877G>A, p.A293T), and two
cases who harboured the same heterozygous mutation, are described. None of the patients from
this cohort harboured a homozygous MPV17 mutation. Furthermore, the screening processes for

both mutations are described here.

8.2 BACKGROUND ON FOUNDER MUTATION ON THE GENE GCDH, KNOWN TO BE
INVOLVED WITH GLUTARIC ACIDEMIA TYPE |

8.21  Glutaric acidemia type |

The MM enzyme, glutaryl-CoA dehydrogenase (EC1.3.99.7, GCDH), is mainly responsible for
catalysing the oxidative decarboxylation of glutaryl-CoA to crotonyl-CoA in the catabolic pathway
of the ketogenic amino acids L-lysine, L-hydroxylysine, and L-tryptophan (Boy et al., 2017), as
illustrated in Figure 8.1. The gene GCDH, roughly 45kDa in size, uses electron transfer
flavoprotein as its electron acceptor and is ubiquitously expressed in the liver. However, recent
publications demonstrate that the kidneys might also be involved in long term disease (Kdlker et
al., 2015). Mutations in this gene result in GA-1 (OMIM 231670), an autosomal recessive inherited
neurometabolic disorder. GA-1 has been observed in over 200 cases worldwide with a global
prevalence of 1 in 110 000 newborn children (Boy et al., 2017; Hedlund et al., 2006; Lindner et
al., 2004; Strauss & Morton, 2003; Strauss et al., 2003).
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Figure 8.1: Simplified illustration of the L-lysine and L-tryptophan catabolic pathway. Lysine and
tryptophan enter into the mitochondrial matrix from the cytosol, and is catabolised by glutaryl-CoA
dehydrogenase to ultimately form two acetyl-CoA molecules. Mutations in the gene GCDH directly impact
the functioning of glutaryl-CoA dehydrogenase, thereby preventing glutaryl-CoA catabolism to crotonyl-CoA
and subsequently results in elevated concentrations of glutaric acid, glutarylcarnitine, 3-OH-glutaric acid,
and glutaconic acid (indicated by red arrows) in urine. Abbreviations: MOM: mitochondrial outer membrane;
IMS: intermembrane space; MIM: mitochondrial inner membrane; MM: mitochondrial matrix; NAD+:
nicotinamide adenine dinucleotide — oxidised; NADH: nicotinamide adenine dinucleotide — reduced; FAD:
flavin adenine dinucleotide; FADH;: flavin adenine dinucleotide — reduced; ETF-FAD: electron transfer
flavoprotein-flavin adenine dinucleotide; ETF-FADH: electron transfer flavoprotein-flavin adenine

dinucleotide — reduced.
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Biochemically, GA-1 is usually detected with routine newborn screening, genetic screening, and
metabolomics analyses of urine, plasma, and/or cerebrospinal fluids using GC-MS, and/or
electrospray-ionisation tandem mass spectrometry, but can easily be misdiagnosed for similar
clinical phenotypes (Kolker et al., 2011; Lindner et al., 2004). During metabolomics analysis,
elevated GA, 3-hydroxyglutaric acid (3-OH-GA), and glutaconic acid is observed in all three bodily
fluids previously mentioned (Boy et al., 2017; Goodman et al., 1998). These elevated metabolites
which are a characteristic of GA-1, often accumulate and become toxic, resulting in brain damage.
Furthermore, these mutations cause macrocephaly, muscular hypotonia and often developmental
delay in neonates and infants older than three months (Hedlund et al., 2006). If detected early
enough, GA-1 can be treated. However, this is very difficult as signs and symptoms often occur
only after an encephalopathic crisis that causes irreversible neurological damage (Thomas et al.,
2018). Decreasing dietary protein greatly decreases the production of GA and was first suggested
by Goodman et al. (1975). Recent studies showed effective treatment by following a low protein
diet as well as L-carnitine supplementation (Thomas et al., 2018). Monitoring of patients with

GA-1 is, however, of the essence and should not be neglected.

In South Africa, the diagnosis of rare diseases such as GA-1 amongst children, especially those
living in rural areas, is challenging due to limited diagnostic centres and infrastructure (Meldau et
al., 2016; Van der Westhuizen et al., 2015). However, in recent years significant progress has
been made in diagnosing GA-1, especially in African populations by Van der Watt et al. (2010)
and Thomas et al. (2018), who detected a population-specific mutation in African populations of
the Western Cape province in South Africa. In total, 23 cases with GA-1 presented with the same
disease-causing mutation in the GCDH gene, where an alanine substitutes for threonine at
position 293 (c.877G>A, p.A293T), and which has to date only been observed in African
populations. According to Van der Watt et al. (2010), the carrier rate for this mutation is 1 in 36,

with a prediction score of 1 in 5184 newborn children in African populations.

A cohort of predominantly African paediatric patients originating from the northern parts of South
Africa were retrospectively screened for the same mutations as reported by Van der Watt et al.
(2010) and Thomas et al. (2018), and are described here.

8.2.2 Methods

8.2.2.1 Patient selection and samples

At the time of screening, the cohort consisted of 218 patients, all of whom were clinically referred
to Steve Biko Academic Hospital for clinical evaluations. Mutational screening analysis was

performed on the gDNA of 116 patients with a confirmed MD after clinical evaluation and a
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positive biochemical analysis (enzymology of RC complexes — see Section 3.4 for more
information). These patients are numbered with the prefix “S” followed by the number, for example
S001 (as described in Section 4.7). Limited sample availability prevented screening of 11 patients
with an MD. Those patients who did not present with a biochemical RC deficiency are numbered
with the prefix “P” followed by the number, for example POO1.

8.2.2.2 Metabolic and biochemical investigation

A number of patients (n = 145) in our cohort underwent metabolic screening (organic acid and/or
aminoacid), as described by Reinecke et al. (2012). Of the 145 patients, 50 had normal metabolic
urine profiles and 95 had abnormalities in detected urine. No metabolic data were available for
73 patients due to insufficient sample quantity or quality. Biochemical enzyme analysis of CI-CIV
was performed using 600 x g muscle supernatant, and normalised against CS, as previously

discussed in Section 3.4.

8.2.2.3 Genetic screening analysis

The p.A293T mutation was detected by PCR amplification followed by restriction fragment length
polymorphism (RFLP). Briefly, amplification was done using a mismatch primer designed to
introduce an acyl restriction enzyme cutting site in the absence of the mutation. DNA
concentrations ranged from 2-200 ng/uL and were stored in low TE Buffer [10 mM Tris-HCI
(pH 8.0)]. The forward and reverse primers’ sequences are listed in Table 8.1, and result in a
104 bp PCR product.

Table 8.1: Forward and reverse primers used for PCR amplification for the gene GCDH.

Primer name Primer sequence PCR size
GCDH 5754-Forward 5'-CCTTCGGCTGCCTGAACGAC-3' 104
GCDH 5858-Reverse 5'-ACACCTGTCGAGGGCGTACTG-3' P

DNA was amplified using SuperTherm Gold polymerase from Separation Scientific (STG, CAT
#JMR-851, Johannesburg, South Africa) in 50 pL reactions. The optimal annealing temperature
for the primers was at 62°C and a total of 35 cycles of 30 sec each was used. The PCR products
were stored at 4°C prior to RFLP. RFLP was done using the restriction enzyme BsaH1 (Cutting
site: GRCGYC, New England Biolabs, CAT #R0556S, MA, USA). For digestion, 15 uL PCR
product was used, 0.5 pL BsaH1 (1 unit), and 2.5 uL 10x NEBuffer (1 unit) in 20 uL reactions.

Incubation was done at 37°C for three hours using a thermal cycler.
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Digestion of samples without mutations (wildtype) results in two fragments of 19 bp and 85 bp
respectively, while in the presence of a mutation the recognition site is lost and results in an
undigested fragment size of 104 bp (as indicated in Figure 8.2). The products of restriction
enzyme digestion were separated on a 4% (w/v) agarose gel in TBE buffer, stained with 0.5 pg/mL
EtBr, followed by visual inspection under UV-light. An O’RangeRuler, 100 bp ladder was used
(CAT #SM0623, ThermoFisher, MA, USA). Digestion of samples was repeated and interpreted
as: 1) a prominent 104 bp band indicating a homozygous mutation; 2) three prominent bands at
bp positions 104, 85 and 19 indicating a heterozygous mutation; or 3) faint or no bands indicating
unsuccessful restriction enzyme digestion. Samples that presented with either a homozygous or
heterozygous mutation were confirmed by Sanger sequencing (Ingaba Biotech, Pretoria, South
Africa). The Sanger sequencing data were aligned against the GCHD reference (NG_009292.1
and NC_000019.8) using CLC Genomics workbench (v11, Qaigen CA, USA).

==
s 200 bp
- e s 100 bp
- m——
1 2 4 5
+- 4+ - bk 1Kb+

Figure 8.2: Agarose RFLP results for BsaH1 digestion. Examples of a heterozygous (+/-) mutation in
Lane 1, homozygous (+/+) mutation in Lane 2 and the wildtype (-/-) in Lane 3, using a 100 bp ladder. Three
bands are visible for heterozygous mutations at 104 bp, 85 bp and 19 bp (the latter of which is not visible
in this example). Only one band of 104 bp is visible for homozygous mutations since the recognition site is
lost. The wildtype samples will result in two bands at 85 bp and 19 bp (the latter of which is not visible in

this example). Abbreviations: blk: Blank; 1Kb+: 10 000bp ladder; bp: base pair.
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8.2.3 Results

8.2.3.1 Mutation analysis

Restriction length fragment polymorphism analysis was done for 116 patients (See Table 4.6).
The digestion agarose gel electrophoresis results are given in Figure 8.3—Figure 8.7. Digestion
with the enzyme was repeated for the four patients that presented with either a homozygous or
heterozygous mutation to confirm the initial digestion results (see Figure 8.7), and Sanger

sequencing was done to confirm the mutations detected in the four patients (see Figure 8.8).
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Figure 8.7: Image of agarose gel with digested DNA samples using a 100 bp ladder. Lane 1 is a repeat
of sample P144 with no clear mutation. Lanes 2 and 3 are heterozygotes for the mutation (S094 and S114).
Lane 4 (S127) is a homozygote for the mutation. Lane 5 is the positive control sample. Abbreviations: Pos:

positive control.
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c.877G>A
GCDH reference GCTGCCTGAACAACGCCCGGTACGG

100 120 140
I I

GCTGCCTGAACAACACCCGGTACGGCATCGCGTGGGGCGTGCTTGGAGC

S013
c.877G>A +/+

100 120 140
| I I
GCCTGAACAACRCCCGGTACGGCATCGCGTGGGGCGTGCTTGGAGCTTC

S094
c.877G>A +/-
100 120 140
I ] )
CCTGAACAACRCCCGGTACGGCATCGCGTGGGGCGTGCTTGGAGCTTCG
s114 ‘ |
c.877G>A +/-
1(l)0 1%‘0 1'40
CCTGAACAACACCCGGTACGGCATCGCGTGGGGCGTGCTTGGAGCTTCG
S127 N
c.877G>A +/+

Figure 8.8: Partial Sanger sequence validation data for the four patients is shown in alignment with
the reference sequence for the gene GCDH (ENSG00000105607) at the position for the c.877G>A

mutation. Patients S013 and S127 presented with homozygous mutations while S094 and S114 presented
with heterozygous mutations.

8.2.4 Case descriptions

The p.A293T (c.877G>A) disease-causing mutation for GA-1 was detected as homozygous in
both alleles of two non-related African females (S013 and S127), and as heterozygous in another
two non-related African females (S094 and S114). Table 8.2 summarises the clinical, metabolic,
biochemical and genetic investigations for these four patients.
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Table 8.2: Summary of the clinical, metabolic and biochemical information of patients.

S013 S094 S114 S127

Age, race, gender and haplogroup
<1, A F, L3e3bl 1-2, A F, L2albl 6-10, A, F, L0d2ala | 1-2, A F, L2albla
Main clinical manifestations

DR, CNS, MI, RB,

DD, CNS DD, Ml DD, CNS, MI, RB
macrocephaly
Metabolic analysis profiles
Abnormal Abnormal
Organic acid GA 1 Normal Normal GA 1
3-OH-GA 1 3-OH-GA 1
Carnitine Abnorrr)gl Abno_r.mal free Normal No qurmanon
glutarylcarnitine 11 carnitines ||| available
Amino acid Normal Normal Abnormgl amino No |nfqrmat|on
acids available
Abnormal trace No information
Carbohydrate | amounts of glucose Normal Normal

available
and lactose

RC enzyme analysis
Clll, ClI+CllI Cl Cl, CIv Cl
Genetic analysis

C.877G>A, p.A293T | ¢.877G>A, p.A293T | c.877G>A, p.A293T | c.877G>A, p.A293T
+/+ +/- +/- +/+

Abbreviations: DD: developmental delay; DR: developmental regression; CNS: central nervous system; MI: muscle
involvement; RB: radiological changes in the brain; A: African; F: female; GA: glutaric acid; 3-OH-GA: 3-hydroxyglutaric acid,;
RC: respiratory chain; CI-CIV: complex |-1V; 1: elevated; 11: highly elevated; |||: severely decreased; +/+: homozygous;

+/-: heterozygous.

8.2.4.1 Case 1: Patient S013

At the age of 18 months, Patient SO013 presented with a concern about neuro-regression. Although
she was able to sit and crawl at eight months, she experienced flu-like symptoms and lost the
ability to sit and crawl. Furthermore, she had macrocephaly (see Figure 8.9), hypotonia, muscle
weakness, bilateral ankle clonus, no head control, and dystonic posturing of the upper limbs. Her
progress over time was marked by progressive weakness and hypotonia. She did not have any
episodes of decompensation and her renal function and muscle histology was normal. A MRI of
the brain showed bilateral increased signal in the putamina, caudate nuclei and subcortical white
matter in T2. Metabolic profiles revealed elevated GA, 3-OH-GA and severely elevated
glutarylcarnitine:GA ratios in urine. Biochemically she presented with CIll and CIlI+Clll RC
deficiency. As this patient presented clinically, biochemically, and genetically with GA-1, it was

concluded that the homozygous mutation identified in this patient was indeed the cause for this
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patient’'s phenotype. Segregation analysis can be done to confirm the pathogenicity, but is not

necessary.
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Figure 8.9: World health organization head circumference-for-age. Patient S013 presents with a
Z-score of 2.28 and is in the ~95th percentile. This indicates macrocephaly for this patient at her age (World
Health Organization, 2018).

8.2.4.2 Case 2: Patient S127

At the age of two years, Patient S127 presented with right focal dystonia of mostly the arm, central
hypotonia and developmental delay. Her reflexes were difficult to elicit but presented with
hypermobility in the joints. Furthermore, her dystonia increased over time with the right leg
becoming more involved. The tongue also became involved and speech was affected. No
episodes of decompensations were observed. She later gained milestones that allowed her to
attend créche, where she started to draw and also started to walk with a splint on her right leg.
She still had head lag, but gross motor function classification system of level II. She had a positive
Babinski on the left side and striatal toe on the right side. Her head circumference was within the
normal range, indicating an absence of macrocephaly (see Figure 8.10). Leigh disease is
suspected as she presented with asymptomatic GA-1 features. Her metabolic profile, however, is
indicative of GA-1, as she demonstrated elevated urinary levels of GA, and 3-OH-GA. Her genetic
profile revealed a homozygous p.A293T mutation, also indicating GA-1 in this patient. At the time

of this investigation, her clinical profile, however, does not correlate completely. She might present
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with late-onset GA-1, and should therefore be monitored frequently. She is on a low lysine diet as

recommended (Boy et al 2017).
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Figure 8.10: World health organization head circumference-for-age. Patient S127 presents with a

Z-score of 0.59 indicating a normal head circumference for her age (World Health Organization, 2018).

8.2.4.3 Case 3: Patient S094

Patient S094 had a clinical phenotype typical of patients with GA-1, which included signs of
developmental delay as well as CNS involvement with ataxia and cerebellar symptoms and
extrapyramidal/pyramidal symptoms, with the absence of macrocephaly. Furthermore, an atypical
metabolic profile was observed since organic acid analysis, using GC-MS, revealed that GA
and/or 3-OH-GA were within normal ranges. Carnitine analysis revealed severely decreased free
carnitines, which are necessary for detoxification, and could lead to decreased energy production.
It is often recommended that L-carnitine therapy is administered to patients with low free carnitine
levels in urine. The fatty acid oxidation of this patient should be investigated as carnitines are
responsible for the transfer of long-chain fatty acids from the cytoplasm into the MM for oxidation
(Longo et al., 2006). As this patient presented with a heterozygous mutation, it was concluded
that the mutation identified here is not the cause of disease. Segregation analysis should confirm

which of the patient’s parents carries the mutant allele.
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8.2.4.4 Case 4: Patient S114

Patient S114 presented with myopathy and weakness in muscles, however no signs of
macrocephaly were seen, which contradicts typical GA-1 phenotypes. At the time of investigation,
this patient did not have metabolic data available since not all patients evaluated at the Steve
Biko Academic Hospital undergo metabolic analysis. Although she presented with a heterozygous
mutation, it was concluded that it is not a cause for disease due to its autosomal recessive
inheritance pattern. However, expanded genetic analysis and metabolic investigations should be

considered for this patient in order to find other disease-causing variants.

8.3 BACKGROUND ON FOUNDER MUTATION ON THE GENE MPV17, KNOWN TO BE
INVOLVED WITH MITOCHONDRIAL DEPLETION SYNDROME

8.3.1  Mitochondrial DNA depletion syndrome

Mitochondrial DNA depletion syndrome (MDDS) is an autosomal recessive disease with diverse
clinical manifestations, caused by mutations in nuclear genes usually involved with mtDNA
maintenance or replication (e.g. C10orf2, DGUOK, MPV17, RRM2B, SUCLA2, SUCGL],
SLC25A4, OPA1, TK2, TYMP, POLG, POLG2, and PEO1) (Copeland, 2012; Léllgen & Weiher,
2015). It can manifest early in life and often leads to death in infants and children since multiple
organs can be affected due to its heterogeneous nature. Some of the manifestations or
syndromes include hepatocerebral MDDS, Alpers-Huttenlocher syndrome, myopathic MDDS,
encephalomyopathic MDDS, and mitochondrial neurogastrointestinal encephalomyopathy. The
first manifestation, hepatocerebral MDDS, affects the liver and its function, but can also result in
other clinical manifestations, which include psychomotor delay, hypotonia, and neurological
dysfunction. Mutations in the genes POLG, C120rf2, DGUOK and MPV17 are known causes for
hepatocerebral MDDS (Ferrari et al., 2005). Alpers-Huttenlocher syndrome causes hepatic and
neurological dysfunction and has been linked to the gene POLG, with 54 mutations previously
reported to be pathogenic (Naviaux & Nguyen, 2004). Patients with myopathic MDDS, which has
been associated with mutations in POLG, RRM2B and TK2 (Bourdon et al., 2007), typically
presents with hypotonia, muscle weakness and failure to thrive (Buchaklian et al., 2012; Saada
et al., 2001). Encephalomyopathic MDDS causes hypotonia, muscle weakness, psychomotor
delay, sensorineural hearing loss, lactic acidosis and neurological dysfunctions due to mutations
in the genes RRM2B, TK2, and SUCLA2 (Lesko et al.,, 2010). Lastly, mitochondrial
neurogastrointestinal encephalomyopathy causes gastrointestinal dysmotility, ptosis and

neurological dysfunction (Nishino et al., 1999; Shaibani et al., 2009).
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Meldau et al. (2018) reported on a population-specific mutation in the gene MPV17 that causes
mitochondrial neurohepatopathy in African children. The Mpv17 protein is situated on the MIM
and acts as a non-selective channel. It is responsible for regulating trans-membrane potential in
order to maintain mitochondrial homeostasis as well the production of ROS (Antonenkov et al.,
2015; Meldau et al., 2018). Under normal physiological conditions, the channel opens partially,
alleviating excess potential which limits excessive ROS production. However, if this important
modulator is compromised due to mutations, it results in excessive ROS production and the
accumulation thereof. This leads to mtDNA instability and depletion, a pathophysiological
condition known as MDDS (as illustrated in Figure 8.11). Mutations in this gene cause severe
clinical manifestations that include failure to thrive, hypotonia, hepatosplenomegaly, and jaundice.
A novel homozygous nonsense mutation (c.106C>T, p.GIn36Ter) in the gene MPV17 was
identified in three Black-African patients by Meldau et al. (2018), who also reported an estimated

carrier frequency for this population at 1 in 68 and a newborn incidence of 1 in 18 496.

A cohort of predominantly African paediatric patients originating from the northern parts of South
Africa were retrospectively screened for the same mutations as reported by Meldau et al. (2018),
and is described here.
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Figure 8.11: Distributed consequences when Mpv17is compromised due to a mutation in the gene
MPV17. Mutations in the modulator responsible for reactive oxygen species (ROS) production cause
accumulation of ROS that alters mtDNA content. The depleted amount of mtDNA affects the oxidative
phosphorylation system directly, which in turn produces more ROS. Abbreviations: CI-CV: complexes I-V;
CoQao: coenzyme Qio' Cyt c: cytochrome C; ROS: reactive oxygen species; mtDNA: mitochondrial DNA;
OXPHOS: oxidative phosphorylation; MOM: mitochondrial outer membrane; IMS: intermembrane space;

MIM: mitochondrial inner membrane; MM: mitochondrial matrix.
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8.3.2 Methods

8.3.2.1 Patient selection and samples

The same approach was followed for patient selection as described in Section 8.2.2.

8.3.2.2 Metabolic and biochemical investigation

The same approach for metabolic and biochemical investigations was followed as described in
Section 8.2.2.

8.3.2.3 Genetic screening analysis

The reported ¢.106C>T variant, as described by Meldau et al. (2018), was detected by PCR
amplification, followed by RFLP. Briefly, two primer sets (listed in Table 8.3) were amplified using
SuperTherm Gold polymerase from Separation Scientific (STG, CAT #JMR-851, Johannesburg,
South Africa) in 50 pL reactions. The gDNA input ranged from 2—200 ng/uL.

Table 8.3: Forward and reverse primers used for PCR amplification for the gene MPV17.

Primer name Primer Sequence PCR size
MPV17-forward 5-CTCCCTCCTTGGAATGGCAG-3 336
MPV17-reverse 5-TCCCTGCCCCAAGTATCAGA-3

The optimal annealing temperature for the primers was at 58°C and a total of 35 cycles of 30 sec
each was used. The PCR products were stored at 4°C prior to RFLP. RFLP was done using the
restriction enzyme Pvull (Cutting site: CAGCTG, New England Biolabs, CAT R0151S, MA, USA).
For digestion, 15 uL PCR product was used, 0.5 uL Pvull (1 unit), and 2.5 uL 10x NEBuffer
(2 unit) in 20 pL reactions. Incubation was done at 37°C for two and a half hours using a thermal
cycler.

Digestion of samples without mutations (wildtype) results in two fragments of 244 bp and 96 bp
respectively, while in the presence of a mutation the recognition site is lost and results in an
undigested fragment size of 336 bp (Figure 8.12). The products of restriction enzyme digestion
were separated on a 3% (w/v) agarose gel in TBE buffer stained with 0.5 pg/mL EtBr, followed
by visual inspection under UV-light. An O’RangeRuler, 100 bp ladder was used from
ThermoFisher (CAT #SM0623, ThermoFisher, MA, USA). Digestion of samples was repeated
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and interpreted as: 1) a prominent 336 bp band indicating a homozygous mutation; 2) three
prominent bands at bp positions 336, 244 and 96 indicating a heterozygous mutation; or 3) faint

or no bands indicating unsuccessful restriction enzyme digestion.

400bp
300bp

200bp

100bp

Figure 8.12: Agarose RFLP results for Pvull digestion. Example for heterozygous (+/-) mutation in
Lane 1, homozygous (+/+) mutation in Lane 2 and the wildtype (-/-) in Lane 3, using a 100 bp ladder. Three
bands are visible for heterozygous mutations at 336 bp, 244 bp and 96 bp. Only one band of 336 bp is
visible for homozygous mutations, since the recognition site is lost. The wildtype samples will result in two

bands at 244 bp and 96 bp. Abbreviations: bp: base pair.

8.3.3 Results

The p.GIn36Ter (c.106C>T) homozygous mutation for mitochondrial neurohepatopathy MDDS

was undetected in all 116 patients.

8.3.3.1 Mutation analysis

Restriction length fragment polymorphism analysis was done for 116 patients (patients (See
Table 4.6). The digestion agarose gel electrophoresis results are given in Figure 8.13—
Figure 8.15. Digestion with the enzyme was repeated for 12 patients that presented with either a
homozygous or heterozygous mutation, or those that presented with faint bands, to confirm the
initial digestion results (see Figure 8.7). Only one patient (S028) initially presented with a
homozygous mutation, but the repeat analysis confirmed this as a wild-type and not a mutation
(Figure 8.16). Furthermore, throughout the initial digestion, faint bands can be seen at roughly
50bp in Figure 8.13—-Figure 8.14, which represent primer dimers that should not be confused with
DNA bands indicating a heterozygous mutation.
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Figure 8.15: Image of agarose gel with restriction digested DNA samples P203-P218 and S120-
S127. A 100 bp DNA ladder was used. Abbreviations: Pos: positive control.

S001 5002 S004 S005 P12 P13 s010 s023 5025 5028 s027 s085 Pos BLK

il

Figure 8.16: Image of agarose gel with restriction digested DNA samples. Lanes 1-12 are samples
that underwent RFLP a second time (repeated samples). All samples are wild-type and no heterozygous
or homozygous mutations were detected. A 100 bp DNA ladder was used. Abbreviations: Pos: positive
control; BLK: blank.

8.4 DISCUSSION

8.41  Glutaric acidemiatype |

Glutaric academia type | is a rare autosomal inherited neurometabolic disorder that occurs during
infancy or early childhood. Recent studies identified several patients that presented with late-
onset neurological symptoms associated with GA-1 (Kilkens et al., 2005). Mutations in the gene
GCDH have been reported in more than 200 GA-1 cases and are the leading cause for this
disease (Goodman et al., 1998; Zschocke et al., 2000). Van der Watt et al. (2010) identified a
population-specific mutation (¢c.877G>A, p.A293T) in African patients with GA-1, which was found
to affect 1 in 36 newborns (n = 750), giving a prevalence rate of 1 in 5184 in the South African
population. The cohort of patients described by Van der Watt et al. (2010) was mainly from the

Western Cape regions with only a few residing in Kwa-Zulu Natal and Central South Africa. Here,
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we present four unrelated Black-African cases (two homozygotes and two heterozygotes) with
this same mutation in the gene GCDH (c.877G>A, p.A293T), all originating from the Northern
Provinces of South Africa.

One patient, S013, presented with an early-onset GA-1 phenotype while the second patient,
S127, had an asymptomatic GA-1 phenotype at the time of this investigation. However, it is still
possible for S127 to present with GA-1 symptoms later in life. Furthermore, biochemically both
patients with the homozygous p.A293T mutation had elevated concentrations of GA and
3-OH-GA in their urine. The two patients with a heterozygous p.A293T mutation (S094 and S114)
had asymptomatic clinical phenotypes as well as non-correlating biochemical profiles. Although
only a small number of patients was screened, a carrier frequency of 1 in 50 patients is found in
our cohort. A more precise hewborn prevalence number can only be identified when more patients
from the Northern parts of South African are screened for this mutation. As newborn screening is
the most effective method for identifying this mutation, clinicians are urged to screen Black-African

newborn babies for GA-1.

8.4.2 Mitochondrial DNA depletion syndrome

MPV17-related MDs such as hepatocerebral depletion syndrome, Alpers-Huttenlocher syndrome,
myopathic depletion syndrome, encephalomyopathic depletion syndrome, neurogastrointestinal
encephalomyopathy and neurohepatopathy MDDS are considered to be rare genetic diseases
worldwide. In South Africa, a newborn prevalence is estimated at 1 in 18 496 (Meldau et al., 2018)
for neurohepatopathy MDDS. Recent studies on MPV17-related MD, specifically neuro-
hepatopathy, identified a South African population-specific novel nonsense variant, c.106C>T
(p.GIn36Ter) in black African patients originating from Western Cape Province using exome
sequencing. As this is a founder mutation for MDDS, we screened our cohort of patients for the
same mutation. This specific variant was, however, not detected in any of our patients, originating
from the Northern provinces of South Africa. Recent studies showed that pathogenic MPV17
variants can present later in life and are associated with adult-onset MDDS as well as focal COX
deficiency and other multisystemic disorders (Blakely et al.,, 2012; Garone et al.,, 2012).
Furthermore, it is possible that newborns, juvenile or adult patients are overlooked or

misdiagnosed due to clinical selection bias.
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CHAPTER 9:

SUMMARY, CONCLUSIONS AND FUTURE
PROSPECTS

In this chapter the rationale, experimental approach, and key findings of this study are

summarised and critically evaluated, and final conclusions are drawn.

9.1 RATIONALE BEHIND AN INVESTIGATION INTO MITOCHONDRIAL DISEASE
AETIOLOGY IN SOUTH AFRICAN POPULATIONS

The aim of this study was to investigate underlying genetic causes, for both mtDNA and nDNA
genes known to be involved with MD, in a clinically and biochemically defined paediatric cohort.
As discussed in detail in Chapter 2, MDs are a complex, heterogeneous group of inherited
disorders, causing severe phenotypes which place considerable physical, social and economic
burden on patients, family members, and medical personnel. The clinical symptoms of MD can
arise in childhood or later in life and can affect multiple organs, with a predominance of
neurological and myopathic features (Alston et al., 2017). The current range of literature mostly
originates from non-African, mostly homogenous populations, and highlights the complexity of
MDs in these populations. Even though a significant number of MD phenotypes have a well-
defined genotype correlation, some of the aetiology is still unclear. This is the case for both well-
defined and understudied patient populations, which consequently makes diagnosis of MDs
challenging. Understanding MD aetiology, with well-documented clinical, biochemical and genetic
information, contributes greatly to fast and effective routine diagnosis - and subsequent treatment
actions for patients. This scenario is seen at specialist diagnostic and research facilities worldwide
where a diversity of expertise is combined to perform services from different fields of
specialization to establish a clear and precise diagnosis. Notably also at these specialist facilities,
diagnostic services are inevitably accompanied by a strong emphasis on research. Examples of
such established institutions where the contributors to this study have made personal

observations include The Wellcome Trust Centre for Mitochondrial Research and the MRC Centre
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for Neuromuscular Disease (both in the UK); the Radboud Center for Mitochondrial Medicine,
(Nijmegen, The Netherlands); and the Murdoch Children’s Research Institute (Melbourne
Australia). Such specialised institutions, however, do not exist in many developing countries such
as South Africa which tend to have understudied, ethnically diverse populations. These limitations
have, for some time, been recognized by clinicians, specialists and scientists working in these
populations, as well as those working in ethnically diverse cities in developed countries. However,
more recently, international organisations involved with rare diseases, such as the International
Rare Diseases Research Consortium (IRDIRC, http://www.irdirc.org/about-us/vision-goals/),
have set specific goals in recognition of, and with the aim to address these global disparities.

In South Africa, basic clinical diagnostic services at selected centres are provided for patients
with IMDs, including limited services for MD. Considering MD, recent reports (Meldau et al., 2016;
Van der Westhuizen et al., 2015) highlight the limited capacity offered for patients as there are
only a limited number of both clinicians who specialise in rare neuromuscular diseases such as
MD, and supporting diagnostic and research entities in the country. These specialists are
considered key in the diagnosis and management of children and adults with MD or suspected
MD (Wortmann et al., 2017). This limited capacity is a major contributing factor to the lack of
information on MD aetiology in South Africa. Nevertheless, progress has been made in selected

cases or small cohort studies over the past decade.

An example is the research investigation set forth by Van der Walt et al. (2012), who performed
an initial study to evaluate mtDNA involvement in a selected number of paediatric patients from a
cohort originating from the Northern parts of South Africa. This cohort has been assembled by
Prof. I. Smuts (paediatric neurologist) and colleagues at the Steve Biko Academic Hospital,
Pretoria, since 1998. This was the first extensive genetic investigation on the mitochondrial
genome, which also served to compare the genetic and biochemical data with the phenotypical
features observed in these patients. Although these genetic investigations were performed on a
small-scale, a large number of novel variants of interest was identified - as was expected for
African patients (Campbell & Tishkoff, 2010; Gurdasani et al., 2015; Sherman et al., 2018). A
small number of candidate pathogenic variants were finally identified, confirming what was
reported anecdotally in this population for paediatric patients (Van der Westhuizen et al., 2015).
The aetiology was therefore still unresolved in this unique cohort of paediatric patients from

Prof. I. Smuts, thus forming the rationale for this investigation.

In response to these initial results, as highlighted by Smuts et al. (2010), Meldau et al. (2016),
and Van der Westhuizen et al. (2015), a more extensive molecular genetic investigation was
devised to include the nuclear genome. This was considered justified and timely as nuclear gene
involvement is expected to be much more prevalent in paediatric patients with MD compared to

mitochondrial genome involvement, which is more prevalent in adults (Craven et al., 2017;
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DiMauro & Schon, 2003; Shoubridge, 2001). The following aims and objectives were therefore

formulated to address this problem.

9.2 RESEARCH AIMS AND OBJECTIVES

The aim of this study was to investigate the aetiology of MD in a South African paediatric patient
cohort originating from the northern provinces of South Africa. The following objectives were

therefore formulated to address this aim.

9.2.1 Objective 1: Nuclear gene selection for high throughput next-generation

sequencing

The first objective of this study was to design a strategy whereby nuclear genes associated with
complexes I, II, lll, and 1V, as well as those associated with CoQ1o, could be sequenced in a high
throughput manner, using targeted selection technology and NGS.

In recent years, WES has become a frequently used diagnostic option for patients with clinically
suspected MD. A number of advantages and disadvantages of WES have been described in
recent literature. The advantages include higher diagnostic yield compared to panel sequencing
and fewer highly invasive procedures, such as muscle biopsy collection which are performed on
patients. A major disadvantage is the number of incidental findings detected and that different
types of disease-causing gene variants in specific region types of interest could be missed as
there are limitations in capturing the whole exome (Lionel et al., 2018; Meienberg et al., 2016).
Even though WES is a relatively fast diagnostic procedure with accurate genetic results, at the
time of this study, as far as the author could determine, it has not yet been considered as a “first
approach” option in developing countries for MD due to a number of reasons including limited
infrastructure, finance, and sequencing data processing capability, and storage. Most crucially,
ethical issues associated with the generation of expansive genetic data for diagnostics in
understudied populations has been a highly contentious issue (De Vries & Pepper, 2012b). Ethical
issues regarding WES include possible exploitation of these invaluable African sequencing data
due to the richness in diversity thereof and incidental findings that might surface in patients, which
could lead to legal consequences (De Vries et al., 2012). Considering these circumstances,
panel/targeted NGS was considered a prudent option for this study. Initially, it was decided that
the first step was to investigate only the genes known to be involved with MDs at the time, even
though the genes were identified as disease-causing primarily in non-Africans. The three panels
were designed and consist of approximately 140 genes, all known to be involved with MDs. Genes

were selected based on previously reported publications and in-house data from Radboud Centre
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for Mitochondrial Medicine (Nijmegen, The Netherlands). In the end, three gene panels were

designed and used for NGS, addressing Objective 1.

9.2.2 Objective 2: Patient selection for next-generation sequencing

The second objective of this study was to identify patients to be included for both nuclear DNA
and whole mitochondrial genome sequencing, and to isolate DNA from muscle and/or blood

samples from the selected patients.

Paediatric patients were selected for nDNA panel sequencing based on certain criteria, as there
were limitations to both the number of genes (due to the reagent kits used) and samples (due to
funding limitations) which could be sequenced. One important criterion was muscle RC enzyme
activities. The patients with the lowest enzyme activities compared to the lowest control value
were included. Clinical and other biochemical data available were also considered and discussed
with the clinician before final inclusion. An important aspect of this study for panel sequencing
was to include patients who were clinically evaluated as well as biochemically diagnosed with an
RC enzyme deficiency. These criteria were also used for whole mitochondrial genome
sequencing, with one exception: there was no limit in the number of patients to be sequenced, as
long as each patient was clinically and biochemically diagnosed with an MD. In the end, 85
patients, comprising 61 Africans and 24 non-Africans, met the criteria and were included for panel
NGS and 123 patients, comprising 79 African and 44 non-African, were included for whole mtDNA
sequencing. Limited sample availability prevented whole mtDNA sequencing in four cases. DNA
was isolated for the entire cohort of 127 patients.

9.2.3 Objective 3: Generate high quality next-generation sequencing data

The third objective of this study was to generate high quality NGS data from selected nuclear

genes, as well as high quality data from whole mitochondrial genome sequencing.

Of the 212 patients in the South African mitochondrial cohort, all originating from the Northern
Provinces of South Africa, 127 cases, 81 Africans and 46 non-Africans, were clinically and
biochemically diagnosed with an MD. DNA was isolated from the entire cohort of 127 patients,
which was used in library preparation for NGS. In the end, nuclear DNA sequences were
produced and reported for 85 patients, while whole mitochondrial DNA sequences were produced
and reported for 123 patients. Complete whole mitochondrial DNA sequences will shortly be made
available to both GenBank and Phylotree to contribute to the current global set of African
population mtDNA sequence data. The third objective of this study was thus successfully

achieved.
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9.24 Objective 4: Design a bioinformatics pipeline with the focus on nuclear DNA

sequencing data

The fourth objective was to design and write a bioinformatics pipeline to efficiently identify novel,
reported and disease-causing/pathogenic variants form NGS data, specifically nuclear DNA
sequencing data.

This objective was addressed in Chapter 5, which is presented in this thesis as an accepted paper
at a suitable peer-reviewed scientific journal. Robust bioinformatics pipelines are key components
for diagnosis of rare diseases, specifically MD, which is considered a heterogeneous group of
disorders for which diagnosis is often a daunting task. An offline pipeline was developed, i.e.
where no internet connection is required to process data. This was considered an important
aspect in developing countries where there is often limited/unstable internet access. It was
developed as a first step towards NGS data processing for detection of multiple genetic
alterations, including patients of African descent for which little information is available. The
pipeline is developed to process smaller data sets, i.e. panel sequencing data as well as larger
datasets, i.e., exome data. Identifying underlying genetic causes for rare diseases are particularly
challenging in ethnically diverse populations, with limited bioinformatics support for researchers
and non-bioinformaticians. It is therefore important to develop and continually provide access to
bioinformatics pipelines, such as this one. This pipeline is publically available (aimed at clinicians
and researchers), and can be found on GitHub (https://github.com/aseyffert/ hetero_annotate).
With continued development this pipeline could be further refined and made more user-friendly
for both clinicians and researchers — most notably this pipeline could be expanded to annotate
and filter GRCh38 aligned NGS data.

9.2.5 Objective 5: Pathogenicity evaluation of identified variants

The fifth objective was to assess the pathogenicity of novel, reported and previously reported

disease-causing nuclear variants identified in patients.

The objective was addressed in Chapters 6, particularly Section 6.2. Chapter 6 is presented in
this thesis as a submitted paper at a suitable scientific journal. The bioinformatics pipeline, as

described in Chapter 5, was used to process NGS data for 85 patients.

Mitochondrial genome sequencing revealed, not unexpectedly, relatively low diagnostic outcome
in this cohort, as the most common mtDNA pathogenic variants (for example variants causing
LHON, MELAS, and MERRF) were absent, while a number of uncommon previously reported

pathogenic mitochondrial variants were identified in this cohort. However, substantial
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pathogenicity evidence was mostly insufficient for these previously reported variants and
consequently they could not be classified as pathogenic in these patients. A large number of novel
mMtDNA variants was detected and identified; however, none have been extensively investigated
and they still need to be followed up. Targeted gene panel sequencing was the first prudent step
for investigating nuclear genes known to be involved with MD. Given the overarching results from
panel sequencing, as described in Chapter 6, it was evident that this approach (where only a
number of mitochondrial-associated genes were targeted) was mostly ineffective in identifying
disease-causing or pathogenic variants in a large number of patients. Through panel sequencing,
pathogenic and likely pathogenic variants could be identified in only two compound heterozygote
cases. A number of reported pathogenic variants identified in African cases, could not be
classified as pathogenic due to a general lack of substantial evidence of pathogenicity, which
included but was not limited to inconsistent genotype-phenotype correlations and higher than

expected African allele frequencies found in population databases.

Although targeted/gene panel NGS is considered a prudent NGS approach in many diagnostic
settings, whilst being aware that this is a heterogeneous, understudied patient population and that
an expanded gene panel may not necessarily increase diagnostic yield (Plutino et al., 2018),
genetic investigations were expanded to include WES to probe its outcome on a small subset of
eight African patients where no initial NGS results were obtained. Initial indications from limited
WES data were much more promising; nine likely pathogenic variants were identified in six cases
compared to five variants identified in three cases using panel NGS and mtDNA sequencing.

Considering all the cases in this study, in only five cases (S057, S085, S032, S033 and S011) a
strong genotype-phenotype correlation could be established and a moderately strong correlation
in two cases (S002 and S117). For the remaining cases (n = 78), a non-specific correlation was
observed. Observations like these serve as strong motivation that a “genetics first/only” approach,
without supporting clinical and biochemical investigation, is not suitable in such understudied,
ethnically diverse populations. Furthermore, when following a genetic approach, it was concluded
that panel sequencing could be an efficient approach in populations where the genotype-
phenotype correlations are well-established for specific monogenic diseases. For heterogeneous
diseases such as MD, however, even in such populations, WES/WGS performs significantly
better compared to a targeted gene-panel approach (Dillon et al., 2018; Lionel et al., 2018; Taylor
et al., 2014).

The results reported here are therefore in line with proposals that WES should be considered as
the primary option for genetic investigations in heterogeneous inherited diseases such as MD,
and, in fact, may be particularly ideal in understudied, ethnically diverse populations where there
is evidence of inconsistencies with documented MD phenotypes. However, in such populations

the value of extensive clinical and biochemical (structural and functional) investigations to support
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molecular genetic data outcomes, should not be neglected, and at this time are, more crucial than

in well studied populations.

9.2.6 Objective 6: Follow up on a pathogenic mutation in a selected case

The sixth objective was to report on a selected case for which extensive functional analyses were

performed.

This objective was addressed in Chapter 7, which is presented in this thesis as a published peer-
reviewed paper (Van der Westhuizen et al., 2017). Here, three patients — one index case — were
extensively described. One patient from the cohort described here presented with both a novel
and previously reported pathogenic ETFDH variation. These variants were detected using panel
sequencing, more specifically targeted genes involved with CoQ1o biosynthesis and functioning,
including genes known to be involved with primary as well as secondary CoQ1o deficiency. This
patient was evaluated at the Steve Biko Academic Hospital by Prof. |. Smuts. The two other cases
were retrospectively investigated and initially evaluated by Dr. E. Honey (University of Pretoria)
and Drs. M. Lippert and M. Engelbrecht (private paediatricians, Pretoria).

The three cases described by Van der Westhuizen et al. (2015) had a wide age range spanning
over three decades; the youngest patient (index case) showed signs and symptoms of a severe
metabolic defect in his first week of life and passed away on day nine while the oldest patient
presented with MADD features at age four and passed away at age 23. The three cases showed
similar urine metabolic features typical of MADD but varied clinical features, and were only later
classified as MADD after extensive genetic and biochemical investigations were performed on
the one case from this cohort described here, where a novel disease-causing ETFDH variant was
confirmed. MADD patients are often responsive to riboflavin treatment, which can alleviate severe
signs and symptoms when detected early in life. It is therefore of great importance to be able to
identify metabolic defects early in life either through newborn screening, sequencing (both panel
and WES), or routine metabolomics. The capacity to perform such routine procedures is still
lacking to great extend in developing countries, as can be seen from these three cases where

immediate follow-up investigations could not be performed.

9.2.7 Objective 7: Population specific mutation screening

The seventh and last objective was to screen for two putative founder mutations known to be

involved with mitochondrial dysfunction in the South African population.
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Patients from the Cape provinces of South Africa are routinely being screened for several
metabolic and other rare diseases at the NHLS and at the University of Cape Town. Recent
publications by Van der Watt et al. (2010) and Meldau et al. (2018) identified two founder
mutations in the genes GCDH and MPV17. These mutations are only found in patients from
African descent. As a result, routine screening is performed in paediatric patients to identify the
gene mutations which cause GA-1 and MDDS at the NHLS under the supervision of S. Meldau.
This research, conducted and performed by Van der Watt et al. (2010) and Meldau et al. (2018),
highlights the genotype and phenotype differences found in African patients compared to non-
Africans, especially seen in patients with GA-1. There is furthermore a difference observed in the
clinical features for GA-1 in patients from Cape provinces (so-called Coloured people) compared
to patients from Northern Provinces (mostly Black-Africans) The latter was seen in this cohort
where the two Black-African females with the reported GCDH mutation (c.877G>A, p.A293T)
presented with different clinical phenotypes — which was inconsistent with reported cases
originating from the Cape Provinces (Van der Watt et al., 2010). Furthermore, the Black-African
clinical phenotype did not only differ from Coloured cases, but also differed among Black-African
cases in our cohort, as one of the two females with this mutation had severe GA-1 while the other
had almost no typical GA-1 signs or symptoms. From this anomaly it can be concluded that
African patients may have unigue genotype-phenotype correlations for some pathogenic variants
and screening for disease-causing mutations as a first option may therefore be largely ineffective
in ethnic diverse cohorts. In the end, 116 patients from our cohort of predominantly Black-African
patients were screened for the same founder mutations in the genes GCDH and MPV17, which
had been previously identified. A homozygous GCDH mutation was identified in two Black
Africans. The MPV17 mutation was absent from the entire cohort. Objective 7 was thus

successfully addressed.

9.3 FINAL CONCLUSION AND FUTURE PROSPECTS

To conclude, this study was the first in size and scope to investigate the underlying genetic cause
of MD in an understudied, ethnically diverse cohort predominantly of African descent, all clinically
diagnosed with an MD. The genetic techniques used include whole mitochondrial genome
sequencing, targeted gene panel sequencing, and (as a pilot study) WES on a subset of African

cases.

In short, from this study the following conclusions were made and presented in various forms (for
degree qualification purposes it was important to disseminate this expanded knowledge in

suitable forms as publications and presentations, as listed in Appendix A):
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1) The limited domestic capacity for clinical assessment of patients with neurological features,
and, most notably, the limited number of clinical experts, as well as scientists and diagnostic
facilities in South Africa, contributes greatly to the general lack on MD aetiology information for
South African populations.

2) Increased rare disease bioinformatics capacity in South Africa is crucial for the analysis of
African-specific NGS data. At this point in time there is bioinformatics support for non-
communicable disease research for South African populations, but comparatively little with a
specific focus on rare disease research and diagnosis.

3) Targeted gene panel sequencing may be suitable and sufficient for identifying pathogenic
variants for well-understood diseases in well-studied patient populations. For these populations
well-defined genotype-phenotype correlations allow the construction of highly targeted gene
panels for sequencing. For populations which aren’t well-studied, however, it is much less
effective since the correct identification of relevant target genes relies heavily on a good

understanding of the genotype-phenotype correlation for the particular disease.

4) WES, which is fast becoming the diagnostic tool of choice for heterogeneous diseases with
unknown or only partially understood aetiology, such as MD, is more appropriate when genotype-
phenotype correlation information is lacking. Its untargeted nature improves diagnostic yield
compared to targeted sequencing (panel sequencing). The limited results from this study support

this conclusion.

5) The genotype-phenotype correlations found in well-studied non-African patient populations do
not always hold for under-studied African patient populations. This is evident in this cohort where
variants previously reported as pathogenic were identified in several cases, but with none of the

correlated phenotypical features present.

6) Screening for variants as a first option is mostly insufficient in identifying pathogenic variants
in understudied ethnically diverse patient populations. It can, however, be sufficient in detection

of known pathogenic variants in well-established patient populations.

7) A WES-first/only diagnostic approach, which is often favoured since it eliminates potentially
invasive biochemical analyses, is not sufficient for cases where a heterogeneous disease (such
as MD) is suspected in a patient who is part of an under-studied population (such as the African
population). It is therefore still important to not neglect the value of clinical and biochemical data
when investigating heterogeneous diseases (such as MD) in understudied patient populations. In
these cases, biochemical and other structural/functional molecular investigations are particularly
important since they provide a means of confirming the structural and functional effects of genetic

variation.

147



The results of this study not only give better insight into the aetiology of this particular cohort of
MD patients, but also provide new knowledge thereof. A number of recommendations for future

developments can thus be made.

Meldau et al. (2018) considered the diagnostic outcomes for SA patients to be relatively low, as
there has been a genetic confirmation in fewer than 70 cases to date, even when combining the
two centres (situated in the Western Cape Province and Gauteng Province). In a country with a
population of ~52 million in 2011, this translated to obtaining a genetically confirmed diagnosis in
~1:800 000 people. This ratio would not have changed significantly since then, even when adding
the limited outcomes of this much more extensive study. When comparing the estimated
prevalence of MD at 1:5000 worldwide (Alston et al., 2017; Chinnery, 2014; Gorman et al., 2016;
Gorman et al., 2015), bearing in mind that an epidemiological study has yet to be conducted, it is
still clearly evident that the number of undiagnosed cases in SA is staggeringly high. This clearly
reflects on the limited access of patients and limited diagnostic capacity in the country. This limited
capacity, coupled with the evidence presented here that more expansive genetics and supporting
clinical and biochemical investigations are required, prompts the obvious recommendation that
the number and efficiency of clinical and specialised diagnostic/laboratory and research facilities
need to increase significantly. This is crucial not only to enable diagnosis and improve patient
prospects, but also to enable the extended research into the aetiology of MDs that is required.
With health funding directed toward more pressing health issues worldwide, a sensible
intermediary step would be to collaborate with experts and established institutions in other
countries (in both developed and developing countries), and to form national and international
networks. This would allow the sharing of capacities, data, and expertise, and the opportunity to
combine efforts to acquire funding. Indeed, such efforts have been employed in the past, as is
evident from the affiliations of collaborators to this study. More recently, the formation of the
International Centre for Genomic Research in Neuromuscular Disease, a collaboration between
five lower- and middle-income countries (including SA), with leading scientists in the United
Kingdom (UK), has been funded by the Medical Research Council (UK) and will commence in
2019. Although the objectives of this large study are aimed at clinical training and genomics of
the wider set of neuromuscular diseases, the efforts of this collaboration promise to greatly
contribute to new knowledge of the genetics of MD in this population, and can thus form the basis

of significantly improved future genetic diagnoses.

As discussed in Chapter 4 and 6, the genetic investigations in this study mainly focussed on
targeted gene panel sequencing and whole mtDNA NGS. Both applications proved relatively
ineffective, as the diagnostic yield was lower than expected. Future research and investigations
could continue to explore genetic approaches, in particularly WES, which is known to have
improved diagnostic yield. To this end it would be advantageous to perform WES on the entire

cohort described here. Furthermore, performing WES on a larger number of patients would not
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only expand the knowledge on underlying genetic causation of MD, but would also have
significant benefits and contributions towards the global effort to gather genetic information of all
world populations — in particular since there is a great lack of genetic information of African
populations south of the Sahara (Choudhury et al., 2017; De Vries & Pepper, 2012b; De Vries et
al., 2012; Gurdasani et al., 2015). As genetic diagnoses increasingly become the norm, it will be
important that future investigations include research on genetic counselling and all of its aspects
(increase trained genetic counsellors as well as the number of facilities where counselling is
provided). Counselling would help patients and their parents understand the complexity of genetic
diseases, in particular understanding what role the genetic component of MD plays in their
prognosis. Considering the lacking information on MD aetiology (due to lacking information
regarding the genotype-phenotype correlation) it will be of great value to perform a wider range
of laboratory investigations in selected samples as required, such as cellular respiration on cell
lines (e.g., cybrid cell line investigations to identify mutant mtDNA), histology on skeletal muscle
and other tissues, and metabolic investigations. Another approach to consider in order to inform
on the effect of novel variants in cell line models would be the use of Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR) in conjunction with Cas9 (CRISPR-associated
genes). However, one should exercise some caution as there are several ethical concerns

regarding gene editing using CRISPR/Cas9 in clinical and diagnostic settings.

As discussed in Chapter 5, bioinformatics plays a crucial part in identifying disease-causing
variants from large datasets. There are currently a number of platforms and consortiums available
online where both phenotypic and genotypic data can be analysed and shared (RD-Connect,
https://rd-connect.eu, SOPHIA Genetics, https://www.sophiagenetics.com). Individual rare
diseases can be searched for in, and investigated through these available databases, which could
ultimately aid in diagnoses. For future research in bioinformatics on African rare disease data it
would be useful to develop such databases where data can be shared between clinicians and
researchers. It would also be favourable to collaborate with existing consortiums that use these
platforms to improve diagnosis of MD in Southern Africa. There are, however, several ethical
issues to take into account regarding African genetic data, and one should exercise some caution

on how data are being shared and with whom it is shared (De Vries & Pepper, 2012a).

Finally, a new reference genome should be considered for African patient populations, as was
recently highlighted by Sherman et al. (2018), who found that African genomes contain
approximately 10% more DNA (effecting 315 protein-coding genes), than is found in the current
(mainly Caucasian) human reference genome (GRCh38). Such a new reference genome would
allow better characterisation of rare disease genotypes in African patient populations, and in turn
facilitate the development of a better understanding of the genotype-phenotype correlation for
MDs.
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Non-specialised community contribution emanating from this investigation:

Bioinformatics are considered a specialised field where data are being processed on unique ways
to answer biological questions. It was there for important to learn bioinformatics skills on a deeper
level. This knowledge obtained through various courses (online and local) was shared with other
students and researchers in the form of data and software carpentry workshops. | formed part of
the bioinformatics community in Potchefstroom where | became a qualified data and software
carpentry instructor (https://datacarpentry.org/ and https://software-carpentry.org/) Workshops

where | was involved with were held at several universities including North-West University (2016,
2017 and 2018), University of Namibia (2016) and University of Cape Town (2017).
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Appendix A.1

A bioinformatics pipeline for rare genetic diseases
in South African patients

The research fields of bioinformatics and computational biology are growing rapidly in South Africa.
Bioinformatics pipelines play an integral part in handling sequencing data, which are used to investigate
the aetiology of common and rare diseases. Bioinformatics platforms for common disease aetiology are
well supported and continuously being developed in South Africa. However, the same is not the case for
rare diseases aetiology research. Investigations into the latter rely on international cloud-based tools for
data analyses and ultimately confirmation of a genetic disease. However, these tools are not necessarily
optimised for ethnically diverse population groups. We present an in-house developed bioinformatics
pipeline to enable researchers to annotate and filter variants in either exome or amplicon next-generation
sequencing data. This pipeline was developed using next-generation sequencing data of a predominantly
African cohort of patients diagnosed with rare disease.

Significance:

*  We demonstrate the feasibility of in-country development of ethnicity-sensitive, automated bioinformatics
pipelines using free software in a South African context.

*  We provide a roadmap for development of similarly ethnicity-sensitive bioinformatics pipelines.

Introduction

The research fields of bioinformatics and computational biology are both growing rapidly in South Africa, with an
ever-increasing number of both small and large laboratories having access to next-generation sequencing (NGS)
technologies. This increase in sequencing capability continues to stimulate the development of a variety of platforms,
databases and initiatives, such as H3Africa , the South African Human Genome
Programme , and the South African Bioinformatics Institute ,
to support sequencing data analysis. However, to date, the majority of these developments have been focused on
common disease related research, because diseases like HIV, fibromyalgia, tuberculosis and malaria are major
health challenges in southern Africa.!

Southern African researchers doing rare-disease related research (diseases affecting 6—8% of the global
population)? still rely on flexible, international cloud-based tools, such as Bystro®, BrowseVCF*, and RD-Connects,
as their analysis needs have not yet been fully met locally. For European populations, these tools allow researchers
to leverage well-established genotype—phenotype correlations to guide investigations into rare disease aetiology.
However, these correlations do not always hold for African populations, thus significantly reducing the power
of and degree to which these online tools can be relied on in the South African research context. A niche therefore
exists for a tool that is both sensitive to population heterogeneity and general enough in nature to enable effective
domestic rare disease research.

African population groups are heterogeneous with large genetic variety and limited information on genotype—
phenotype correlations.® Even though data are processed using the same reference genome, some aspects,
such as allele frequency for disease-causing variants and genotype—phenotype correlation, could differ between
ethnically diverse population groups’ and must be taken into account.

In this paper, we present a bioinformatics pipeline developed in-house to address these limitations. This pipeline
processes NGS data of ethnically diverse population groups without any strong prior assumptions regarding
genotype—phenotype correlations. This offline pipeline, suitable for the analysis of both exome and amplicon
sequencing data, is written in Bash (or the Bourne-Again SHell) and uses only open-source software. To allow
other researchers to benefit from this work, the pipeline has been made available on GitHub under the GNU GPLv3
software licence.® The Ensembl Variant Effect Predictor (VEP)? offline script is used for variant annotation, and the
Genome Mining (GEMINI)'® command line database management tool for variant filtering. The pipeline is easily
adjustable with regard to what annotations are made, and how they are filtered, which is especially useful when
working with NGS data from ethnically diverse patients. The bioinformatics pipeline for variant annotation and
filtering of amplicon and exome sequencing data presented here has been successfully used in research forming
part of the project ‘Investigating the aetiology of South African paediatric patients diagnosed with mitochondrial
disorders’. 114

Bioinformatics pipeline

Workflows leveraging NGS technology mainly consist of two parts: primary and secondary analysis. Figure 1
shows what this workflow looks like when our newly developed pipeline is incorporated. During primary analysis,
patient samples are prepared and sequenced on a specialised platform such as lon Torrent (used in our research
case) or lllumina. These platforms further perform the requisite signalcalling, basecalling, reference sequence
alignment and variant calling. The output from this primary analysis, for a single sample, is a Variant Call Format
(VCF) file listing all the variants for that sample (variants_patientX.vcr.gz in Figure 1)." Secondary analysis, often
with the identification of disease-causing variants in mind, entails variant annotation and filtering. Variant annotation
is typically done using purpose-built tools, such as ANNOVAR'® and VEP runner (used in our research case) that
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annotate variants with relevant metadata such as variant type, variant
allele frequency and predicted impact. Variant filtering, in which variants
of interest are identified, can be done using tools like BrowseVCF, RD-
Connect and GEMINI (used in our research case). These tools filter
variants based on the metadata associated with each, which allows
a researcher to find the variants most relevant to their investigation.

Next-generation Sequencing
lon PGM™ — lon AmpliSeq™

lon Torrent Suite (v56.0)

)

3
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- ignment ]
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PGM, Personal Genome Machine; BAM, binary alignment/map; IGV, Integrative
Genomics Viewer; VCF, Variant Call Format; dbSNF, database for single nucleotide
polymorphisms; EXAC, Exome Aggregation Consortium,; OMIM, Online Mendelian
Inheritance in Man.

Figure 1:  Next-generation sequencing bioinformatics pipeline followed for
identifying disease-causing variants from lon Torrent sequencing
data. The first component of this illustration is primary data
analysis, which is a semi-automated process done using the
lon Torrent Software (Torrent Suite). The second component

illustrates software used for secondary data analysis.

The pipeline presented in this paper is focused exclusively on secondary
analysis because the problematic potential population biases, which
stem from variant annotations made based on European-population-
centric research results, influence only the secondary analysis results.
The pipeline utilises the offline VEP script’s flexibility to annotate variants
sufficiently comprehensively so that population-sensitive variant filtering
can be achieved using GEMINI's high-specificity querying capabilities.
Our pipeline is intended to form part of a larger NGS data analysis
workflow, and is only responsible for variant annotation and filtering.

Secondary data analysis

Bash is the default command shell on most modern Unix-like systems
(and Unix-like tools for Windows), and incorporates useful features from
the Korn shell and the C shell.'”'® The ability for Bash users to write
powerful scripts to automate analysis has made it a popular choice for
research implementations, typically in the form of command line tools
and analysis pipelines. Many of these command line tools are available
as free software, giving researchers who use the Bash shell access to a
plethora of bioinformatics tools with which to do their research.

The main advantage of using Bash is that it allows powerful automation
of established tools in a natural way while minimising both the number
of introduced software dependencies and the need for more advanced
analysis infrastructure. These are important advantages considering
the rare-disease focus of this pipeline. For researchers who focus
exclusively on rare diseases, whose expertise and research interests
often lie outside bioinformatics, a pipeline based on Bash allows flexible
analyses that remain easily repeatable over long periods of time, while
necessitating minimal skills development and infrastructure investment.

Here, we present the bioinformatics pipeline developed using these tools
during our research. Scripts were run on Slackware v14.12 with GNU
Bash, version 4.4.12.
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As primary analysis, using the lon Torrent system, delivers sequencing
results in batches, it seemed prudent to write the secondary analysis
scripts to operate in a batch fashion. This approach, coupled with the
built-in automation that comes with scripting, ensures consistency
across the samples in each batch and across different batches.

In the secondary analysis pipeline, the scripts implement two steps:
variant annotation and data mining. Variant annotation is done using
the VEP script, which can be downloaded from Ensembl’s website.®
Data mining is done using the command line tool GEMINI, which uses
the SQLite relational database management system to enable effective
sequencing data mining."® Each of these steps has a Bash script
dedicated to it: vep_single.sh and gemini_single.sh, respectively (the
.sh’ extension indicates that these text files are Bash scripts). These
scripts are embedded into the vep_batch.sh and gemini_batch.sh
scripts, respectively, which run them for each .vcf.gz file in a given
directory. The hetero_annotate.sh script binds these two batch scripts
into a full pipeline, calling each in sequence and managing their inputs
and outputs. See Appendices 1-6 in the for the
full contents of these scripts. A brief description of what each script does
is given below.

The vep_single.sh script ( ) takes an lon
Torrent-generated input .vcf.gz file as its first argument, and runs the
VEP for it. It takes an output file as its second argument (a .vcf file),
to which the annotated output of the VEP is written. Alongside these
two arguments, a number of additional arguments are passed to the
VEP script, with the most notable being the --fields [list] argument,
which allows for the specification of the required annotation fields
included in the annotated output .vcf file. This argument (as well
as the specification of the VEP arguments) is handled in an extensible
way by the vep_single.sh script, and the list of desired fields can
be built up over multiple lines, or in multiple groups. A list of all possible
fields and a list of all possible additional arguments can be found in the
VEP’s documentation.®'® The VEP also generates a ‘statistic run report’
(-html file) when run, containing general statistics that give information
on, among other things, the number of variants processed, number
of overlapping genes, and number of novel/reported variants.

The gemini_single.sh ( ) script takes a VEP-
annotated input .vcf file as its first argument and loads it into a SQLite
database (a .db file). This file is then mined for relevant variants using
user-defined SQLite database query specifications. Each line in the
queries_spec.txt ( ) auxiliary text file contains
one such query specification, and consists of two comma-separated
fields: the query’s name and the relevant SQLite query snippet. Queries
can easily be added to or removed from this file, or a different such
file can be specified in the gemini_single.sh script. An example of such
a query, which filters based on variants’ allele frequency in African
populations, is: rareAFR,aaf_1kg_afr <= 0.01.

What information these queries should return for each variant is controlled
by the cols variable, which is used to build the full SQLite query. Some
examples of columns that can be included in a query are is_coding
(which is true if the variant is in a coding region), rs_ids (which lists the
rsIDs associated with each variant), and aaf_7kg_afr (which stores the
allele frequency of the variant in the AFR population as reported in the
1000 Genomes Project). For a list of all possible columns, see GEMINI’s
documentation.?® The cols variable is handled similarly to the --fields
[list] argument to the VEP, and is similarly extensible. The output of each
query is a list of variants, with information from the database columns
specified in the cols variable, stored in a .ixt file that has the query’s
name as filename. These files constitute the main output of the pipeline.

Once allthe queries have been performed, ameta_info.ixt file is generated
that summarises the lengths of the lists contained in the query output
files. This file, along with the generated query outputs, is saved in the
folder specified as the second argument to the gemini_single.sh script.

The vep_batch.sh and gemini_batch.sh scripts (
, respectively) each run their counterpart script,
as discussed above, for all the .vcf.gz files in a given directory. Both
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of these scripts take the directory containing the relevant input files
as their first argument, with the second argument being the directory
to which output should be written.

Finally, the hetero_annotate.sh script (

administers the operation of the two batch scripts described above.
The first argument of this script is the directory containing the lon
Torrent output .vcf.gz files (the first argument for the vep_batch.sh
and vep_single.sh scripts), and the second argument is the directory
to which the GEMINI output should be written (the second argument to
the gemini_batch.sh and gemini_single.sh scripts).

From here the user can further prioritise and filter the variants according
to the criteria of their choice. For our African data set, variants were
first filtered based on the novelty of these variants. Second, variants
were filtered based on African allele frequencies, as reported in Exome
aggregation consortium (ExAC?'). In addition, for mostly non-African
population groups, known disease-causing variants can be identified
from the data set using databases such as the Online Mendelian
Inheritance in Man (OMIM?22) and ClinVar®.

Conclusion

Robust bioinformatics pipelines are key components for diagnosis and
research of rare genetic diseases. Here we describe an offline, flexible
and open-source bioinformatics pipeline that annotates variants using
VEP and filtering of important disease-causing variants using GEMINI
from NGS data. It was developed as a first prudent step towards data
processing and offers unique advantages for the detection of multiple
genetic alterations, including in patients of African descent for whom
little information is available. The pipeline can be used on exome as
well as amplicon NGS data and was designed using NGS data of a
predominantly African cohort with rare disease. Identifying underlying
genetic causes for rare disease is particularly challenging in the South
African population, with limited bioinformatics support for researchers
and non-bioinformaticians. With the increased burden to diagnose rare
genetic diseases using NGS and genetic screening, and the limited
support and resources in developing countries such as South Africa,
it is equally important to develop and provide access to bioinformatics
pipelines, such as this one. With continued development, pipelines in
South Africa could be further refined and made more user-friendly,
making them useful for both researchers and clinicians. These
refinements could include, for instance, cloud-based interfaces like
those used in developed countries. With such refinements in place,
clinicians would more easily be able to investigate genotype—phenotype
correlation in rare diseases for African population groups.
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Appendix 1: The vep_single.sh script

Script that takes an lon Torrent Variant Caller Format file and annotates it using Ensembl’s offline
VEP runner

#1/usr/bin/env bash
# This script takes an lon Torrent VCF file and annotates it using Ensembl VEP

# Example: bash vep_single.sh /path/to/vcf/input.vcf.gz /path/to/vcf/input.vcf

# NOTE: Filenames starting with "tmp_" indicate temporary files that are deleted

==== Preparation ====
num_forks=4
# Directory where VEP is installed. [This may differ for your installation]

vep_dir="${HOME}/scripts/ensembl-vep"

# ---- VCF annotation fields ----
# Specify the .vcf annotation fields. They can be added in groups as below.
vep_fields="Consequence,Codons,Amino_acids,Gene,SYMBOL,Feature,EXON"

vep_fields="${vep_fields},PolyPhen,SIFT,check_alleles"

# ---- VEP arguments ----
# Specify the arguments to pass to VEP. They can be added in groups as below.
# NOTE: There is a space after "S{vep_args}" in each additional group.

vep_args="--cache --offline --format vcf --vcf --buffer_size 25000"
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vep_args="${vep_args} --sift b --polyphen b --symbol --numbers"
vep_args="${vep_args} --af_1kg --pubmed"

vep_args="${vep_args} --fields S{vep_fields}"

# ---- Handle arguments ----

in_file=S1 # Path to input .vcf.gz file
out_file=52 # Path to output .vcf file
# - Run \/EP —===

cp S{in_file} ${vep_dir}/tmp_input.vcf.gz
cd ${vep_dir}

echo "... running Ensembl VEP..."

.Jvep -i tmp_input.vcf.gz -o tmp_output.vcf -fork S{num_forks} S{vep_args}

# ---- Cleanup ----

rm tmp_input.vcf.gz

cd -

mv S{vep_dir}/tmp_output.vcf S{out_file}

mv ${vep_dir}/tmp_output.vcf_summary.html ${out_file}_summary.html
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Appendix 2: The gemini_single.sh script

The annotated VEP file generated from Ensembl VEP runner is loaded into a SQLite database
(GEMINI) for querying.

#1/usr/bin/env bash

# This script takes a VEP-annotated VCF file and loads it into a SQLite
# database for querying. It produces a set of variant lists, as well as a
# meta_info.txt file in the output directory.

# Example: bash gemini_single.sh /path/to/vcf/input.vcf /path/to/output/dir/

# ==== Preparation ====
# Specify the number of CPU cores GEMINI can use, and the queries_spec file
num_cores=4

gfile="../../queries_spec.txt"

# ---- GEMINI query columns ----

# Define columns of interest. They can be added in groups as below.
cols="chrom, start, end, gene, exon, ref, alt, qual, type, cyto_band"
cols="${cols}, is_coding, codon_change, aa_change"

cols="${cols}, num_hom_ref, num_hom_alt, num_het"
cols="${cols}, impact, impact_severity, is_lof, is_conserved"
cols="S${cols}, depth, qual_depth, rs_ids, in_omim, pfam_domain"
cols="S${cols}, clinvar_sig, clinvar_origin, clinvar_disease_name"
cols="${cols}, polyphen_pred, polyphen_score, sift_pred, sift_score"

cols="${cols}, in_hm3, in_esp, in_1kg, aaf_1kg_all, aaf_1kg_eur, aaf_1kg_afr"

# ---- GEMINI load arguments ----

gemini_args="--skip-gerp-bp"
# ---- Handle arguments ----

in_file=S1 # Annotated .vcf input file
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out_dir=$2 # Output directory for query results files

# ==== Run GEMIN| ====
# ---- Load into SQLite database ----
cp ${in_file} tmp_vcf.vcf

mkdir tmp_out_dir

gemini load -v tmp_vcf.vcf -t VEP --cores ${num_cores} ${gemini_args} tmp_gS.db

# ---- Query database ----

echo "Querying..."

while read line

do
gname=S$(echo ${line} | cut-d"," -f 1)
qsnip=$(echo ${line} | cut-d"," -f 2)

query="select ${cols} from variants where ${gsnip}"

printf ... S{gname}...\n"
echo gemini query -q "S{query}" tmp_gS.db > tmp_out_dir/S{gname}.txt
printf "done\n"

done < ${qfile}

# ---- Generate meta_info.txt ----
for in_file in tmp_out_dir/*.txt; do

wc - ${in_file} >> tmp_out_dir/meta_info.txt

# ---- Move files to out_dir ----

if [ -d ${out_dir}/queries ]; then
echo "Clobbering contents of queries folder..."
rm -r S{out_dir}/queries/*

else
Page 4 of 10
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echo "Creating queries folder"
mkdir S{out_dir}/queries
fi

# NOTE: This works because meta_info.txt gets moved _before _ the rest...
mv ./tmp_out_dir/meta_info.txt S{output_dir}

mv ./tmp_out_dir/* S${out_dir}/queries/

# ---- Cleanup ----

rm ./tmp_gS.db ./tmp_vcf.vcf

rmdir tmp_out_dir
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Appendix 3: The queries_spec.txt text file

Text file listing the queries GEMINI should make; called in the gemini_single.sh script. Queries can
easily be removed or added.

LoF,is_lof =1

RareNovelloF,is_lof =1 and (in_dbsnp = 0 or aaf <= 0.01)
omimClinivar,in_omim = 1 or clinvar_disease_name is not NULL
siftPolyphen,sift_pred = 'deleterious' or polyphen_pred = 'probably_damaging'
allVariants,

coding,is_coding =1

nonCoding,is_coding =0

codingSynonymous,is_coding = 1 and impact LIKE 'synonymous_coding'
codingNonSynonymous,is_coding = 1 and impact LIKE 'non_syn_coding'
codingStopgain,is_coding = 1 and impact LIKE 'stop_gain'
codingStoploss,is_coding = 1 and impact LIKE 'stop_loss'
codingFrameshift,is_coding = 1 and impact LIKE 'frame_shift'
reported,in_dbsnp =1

reportedLoF,is_lof =1 and in_dbsnp =1

reportedNonLoF,is_lof =0and in_dbsnp =1

reportedCoding,in_dbsnp =1 and is_coding =1
reportedCodinglLoF,is_lof =1 and in_dbsnp =1 and is_coding =1
reportedCodingNonLoF,is_lof =0 and in_dbsnp =1 andis_coding=1
novel,in_dbsnp =0

novelLoF,is_lof =1 and in_dbsnp =0

novelNonLoF,is_lof =0 and in_dbsnp =0

novelCoding,in_dbsnp =0 and is_coding = 1

novelCodingLoF,is_lof =1 and in_dbsnp =0 and is_coding =1

novelCodingNonLoF,is_lof =0 and in_dbsnp =0 and is_coding =1
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Appendix 4: The vep_batch.sh script

Files are annotated in a batch matter, where each file (.vcf.gz) in a folder is annotated.

#1/usr/bin/env bash

# This script is a wrapper for vep_single.sh which calls it for each .vcf.gz
# file in the input directory. It outputs a VEP-annotated VCF file for each
# input file in the output directory.

# Example: bash vep_batch.sh /path/to/input/dir/ /path/to/output/dir/

# NOTE: Absolute paths are safest since they're unambiguous

# ---- Handle arguments ----
in_dir=51 # Path to input directory

out_dir=$2 # Path to output directory

# ---- Run VEP for batch ----

forin_file in ${in_dir}/*.vcf.gz

do
echo "Processing S{in_file} [VEP]..."
out_file_name="S(basename S${in_file} .gz)"
bash vep_single.sh ${in_file} S{out_dir}/S{out_file_name}

done
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Appendix 5: The gemini_batch.sh script

Files are queried in a batch matter, where each file (.vcf) in a folder is queried.

#1/usr/bin/env bash

# This script is a wrapper for gemini_single.sh which calls it for each .vcf

# file in the input directory. See that script for output details.

# Example: bash gemini_batch.sh /path/to/input/dir/ path/to/output/dir/

# NOTE: Absolute paths are safest since they're unambiguous

in_dir=$1 # Path to input directory

out_dir=$2 # Path to output directory

# ---- Run GEMINI for batch ----

for in_file in ${in_dir}/*.vcf

do
echo "Processing S{in_file} [GEMINI]..."
out_subdir="$(basename S${in_file} .vcf)"
# Create output subdirectory (each file gets its own)
out_dir_full=S{out_dir}/${out_subdir}

mkdir S{out_dir_full}

bash gemini_single.sh ${in_file} S{out_dir_full}

done
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Appendix 6: The hetero_annotate.sh script

This script uses the vep_single.sh and gemini_single.sh scripts (via their batch wrappers) to build a

batch-capable variant annotation and filtering pipeline.

#1/usr/bin/env bash

# This script uses the vep_single.sh and gemini_single.sh scripts (via their

# batch wrappers) to build a batch-capable variant annotation and filtering

# pipeline. The underlying tools are the offline Ensembl VEP runner and GEMINI
# This script should ideally be used on patient folders in a batch fashion.

# Example: bash hetero_annotate.sh /path/to/input/dir/ /path/to/output/dir/

# NOTE: Absolute paths are safest since they're unambiguous

# ---- Handle arguments ----
in_dir=51 # Path to input directory

out_dir=$2 # Path to output directory

# ---- Prepare out_dir ----
# Check whether out_dir exists (1) and is empty (2)
if I [ -d S{out_dir} ]; then
echo "Creating main output directory: S{out_dir}..."
mkdir ${out_dir}
else
if I[-z"S(Is -A ${out_dir})" ]; then
echo "Empty main output directory first..."
exit 1
fi
fi

mkdir ${out_dir}/vep_out

# - Run VEP -

cd src/vep_scripts
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bash vep_batch.sh ${in_dir} S{out_dir}/vep_out
cd -

# ---- Run GEMIN| ----
cd src/gemini_scripts
bash gemini_batch.sh ${out_dir}/vep_out ${out_dir}

cd -
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Abstract

Mitochondrial disease (MD) is a group of rare inherited disorders with clinical heterogeneous
phenotypes. Recent advances in next-generation sequencing (NGS) allows for rapid genetic
diagnostics in patients who suffer from MD, resulting in significant strides into determining the
aetiology of the disease. This, however, has not been the case in many patient populations. We
report on a molecular diagnostic study using mitochondrial DNA (mtDNA) and targeted nuclear DNA
(nDNA) NGS of an extensive cohort of predominantly sub-Saharan African paediatric patients with
clinical and biochemically defined MD. Patients in this novel cohort presented mostly with muscle
involvement (73%). Of the original 212 patients in this cohort, a muscle respiratory chain deficiency
was identified in 127 cases. Genetic analyses were conducted for these 127 cases based on
biochemical deficiencies, for both mitochondrial (n=123), and nDNA using panel-based NGS (n=86).
As a pilot investigation, whole exome sequencing was performed in a subset of African patients
(n=8). These analyses resulted in the identification of a previously reported pathogenic mtDNA
variant, and seven pathogenic or likely pathogenic nDNA variants (ETFDH, SURF1, COQ6, RYR1,
STAC3, ALAS2, TRIOBP); most of which identified via whole exome sequencing. This study
contributes to the lacking knowledge on MD aetiology in an understudied, ethnically diverse
population, highlights inconsistencies in genotype-phenotype correlations, and proposes future

directions of diagnostic approaches in such patient populations.
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Introduction

Mitochondria are ubiquitous in the human body and serve mainly as the energy producing organelle
via oxidative phosphorylation (OXPHOS). This metabolic pathway comprises five protein complexes
(CI-V), consisting of a total of 92 structural subunits encoded by both mitochondrial DNA (mtDNA)
and nuclear DNA (nDNA) genes.” ? Underlying genetic mutations create disruptions within this
system which manifest clinically, often affecting multiple highly energy demanding organs
simultaneously. The heterogeneous class of clinical phenotypes associated with such mutations is
referred to as mitochondrial disease (MD).> A large number of genes (at least 289), extending

beyond the structural OXPHOS genes, have been identified as being involved in MD.*

Traditionally, MDs are diagnosed through extensive clinical evaluation including biochemical tissue
analysis, followed by genetic screening for selected mutations. The current suite of next-generation
sequencing (NGS) options available for MD diagnosis, and for heterogeneous disease diagnosis in
general, includes targeted panel sequencing, unbiased whole-exome sequencing (WES), and whole
genome sequencing (WGS); each with particular advantages, disadvantages and considerations.
Recent publications advocate for a “genetics first” diagnostic approach, with the promise of
eliminating the need for functional and biochemical analyses in the majority of diagnoses.> ® This
raises some concerns for understudied ethnically diverse populations in developing countries where
relatively little progress has been made towards understanding the genetic aetiology of MD, and
where the genotype-phenotype correlations are poorly understood and are inconsistent with those
for, e.g., non-African populations. To address these limitations, we and others have undertaken
various clinical, biochemical, and genetic studies on MDs in the South African population — one of

the few developing countries to do so (Supplemental Figure $1).”™*

To date, a traditional diagnostic trajectory of extensive clinical evaluation and functional biochemical
diagnosis of referred patients, followed by screening for known, common mutations, has been

followed.™ Currently, published patient data, and public genetic and disease databases from
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predominantly non-African populations, are used as reference due to the limited (specific)

information available on African MD aetiology.

To address these diagnostic challenges for MD in an understudied ethnically diverse population, we
report on the outcome of an NGS approach when targeting reported nuclear and mtDNA-encoded
genes involved in MD. This approach was investigated in a predominantly African cohort of 212
South African paediatric patients selected based on clinical and muscle respiratory chain (RC)
enzymology data; an approach which would be considered as prudent in a diagnostic setting. We
highlight the contrasting outcome of a WES approach in a small subset of this patient cohort and,
with specific consideration of the genotype-phenotype correlation suggested by selected cases,
propose future diagnostic directions which should be considered for similar understudied population

groups.
Materials and methods
Patient cohort

Since 2006, more than 6000 patients with neurological symptoms have been referred to the Steve
Biko Academic Hospital (a state funded institution in Pretoria, South Africa), and clinically evaluated
according to a MD criteria (MDC) scoring system first set forth by Wolf and Smeitink (2002)" and
subsequently refined by Smuts et al.” Currently this cohort consists of 212 paediatric patients who
manifested clinically with MD signs or symptoms from as early as the neonatal period. This cohort
originated from the northern provinces of South Africa and is predominantly African (64%), with an
equal number of males and females. Urine and muscle (vastus lateralis) samples were collected from
the entire cohort for subsequent biochemical and molecular genetic investigations. Limited
availability of samples from parents and patients prevented segregation analysis. This study was
approved by the Ethics Committees of the University of Pretoria (No. 91/98 and amendments) and

the North-West University (NWU-00170-13-A1).
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Biochemical analyses

Muscle RC enzyme analyses for complexes I-IV (CI-IV; EC 1.6.5.3, EC 1.3.5.1, EC 1.10.2.2, and EC
1.9.3.1, respectively), and ClI+CIIl, were performed and normalized against citrate synthase (CS, EC
2.3.3.1) activity for all 212 patients. Enzymes were analyzed in 600 x g homogenates prepared from
frozen muscle samples, as previously described.” ** Other biochemical analyses performed included

7,9, 15

urine metabolic analysis and muscle CoQy, analysis™ in muscle samples. In total, 127 patients

were identified to have an RC deficiency.
Genetic analyses
mtDNA sequencing

Genomic DNA (gDNA) preparation from muscle homogenate was performed using standard
protocol, as previously described.®? The Qubit 2.0 Fluorometer (ThermoFisher Scientific, MA) was
used for quantification of gDNA. The complete mitochondrial genome was sequenced in 123
patients, all of whom had a known combined clinical and biochemical MD profile. Two chemistries
were used: 71 patient samples were sequenced using the 454 GS-FLX platform (Roche, CA), and 52
patient samples were sequenced using the lon PGM platform (ThermoFisher Scientific, MA). The 454
GS-FLX sequencing, including, library preparation and enrichment, was done according to
procedures described by van der Walt et al.? The lon PGM sequencing, including library preparation
and enrichment, were done according to the manufacturer’s protocol for lon Torrent platform. Four

samples could not be sequenced due to insufficient sample quantity and quality.
Nuclear panel sequencing

For nuclear gene investigations, lon Torrent™ amplicon panel sequencing was performed on 86
patients, all of whom had a known combined clinical and biochemical MD profile. Patients were
included for sequencing based on their MDC scores for clinical presentations, and the severity of

their biochemical deficiencies, ie, patients who had enzyme activity lower than the reference range

5
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when expressed against at least two of three enzyme markers (CS, CllI, or CIV), were considered.”
Genes to be included in sequencing panels were selected based on their mitochondrial RC
involvement, either direct or indirect (Supplemental Table S1, S2, and S3). Three custom gene panels
consisting of 136 genes in total were designed and are briefly described. Panel 1 consisted of 78
targeted genes associated with Cl deficiency (HaloPlex Target Enrichment System, Agilent
Technologies, CA, Supplemental Table S1). This customized panel had a target region size of 360 091
kbp and 99.6% targeted coverage. In total, 30 patients were sequenced using Panel 1.

Panel 2, from lon AmpliSeq Custom DNA Panels (Thermo Fisher Scientific), had 78 targeted genes
associated with CI-IV deficiency (CI=38, ClI=6, CllI=10, CIV=24), with a total target region size of 157
834 kbp and 98.2% targeted coverage (Supplemental Table S2). In total, 48 patients were sequenced
using Panel 2, of which five patients overlapped with Panel 1 and 10 patients overlapped with Panel
3.

Panel 3, from lon AmpliSeq, targeted 18 genes known to be involved with primary and secondary
CoQ, deficiency (Supplemental Table S3). The design size was 61 kbp with a targeted coverage of
98%. In total, 26 patients were sequenced in Panel 3 (six patients overlapping with Panel 1). The
entire coding region of each gene, including flanking regions of intron-exons, were sequenced using
the lon PGM platform as per manufacturers’ protocol (HaloPlex ref G9912C and Ampliseq ref
4480441). The selected genes and panels were not African-population—specific, as the underlying

genetic cause for MD is mostly unclear in African populations.
Whole exome sequencing

As an initial comparison on the outcomes of a panel vs WES approach, WES was performed on a
subset of eight randomly selected African (Haplogroup L) cases where no strong candidate disease-
causing variants had been identified by initial mtDNA and/or nuclear panel sequencing. WES was
performed at the Central Analytical Facilities, Stellenbosch University, South Africa, using the lon

Proton sequencer (ThermoFisher Scientific, MA) according to the manufacturer’s protocol for the lon
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Torrent platform™. An approximate 95% on-target coverage was achieved, with an average depth

coverage of approximately 140x.
Bioinformatics for mtDNA variants

Mitochondrial DNA sequences were aligned against the human mitochondrial revised Cambridge
Reference Sequence (rCRS [NC_012920 gi:251831106]). Haplogroup assignment, and variant
identification and annotation, was performed using mtDNA-Server (v1.20.0),"” MitoMap, and
MitoMaster.'®* Homoplasmic and heteroplasmic (levels above 30%) non-synonymous variants were
further evaluated based on their allele frequency reported in Genbank and appearance on

19, 20

Phylotree™ “*, and those with a population allele frequency below 0.1% were considered significant.

Variant pathogenicity was evaluated according to the criteria proposed for mtDNA variants.”** F

or
example, the MutPred scoring system was used to classify non-synonymous variants in structural
subunits of OXPHOS (http://mutpred.mutdb.org/help.html, last accessed April 2018).** A MutPred
score above 0.5 suggests a probable damaging impact on protein function, with scores between 0.75
and 1.0 indicating such functional damage on a protein/famino acid with high confidence.
Mitochondrial-tRNA variants were individually evaluated using MitoTIP* and classified according to
a scoring system first set forth by McFarland et al*® and subsequently refined by Yarham et al.?® A
low Yarham score (below 10) weighs more towards benign or neutral classification, whereas a score
above 10, with substantial evidence from functional tests, weighs more toward a pathogenic

classification. Variants were also evaluated using the guidelines put forth by The American College of

Medical Genetics and Genomics (ACMG), where possible (notably for mtDNA variants).?’
Bioinformatics for nDNA variants

Raw sequencing files, obtained from the lon PGM, were analyzed with the Torrent Suite (v5.0.2). The
sequence files were aligned against Genome Reference Consortium Human Build 37 (GRCh37, hg19)

followed by coverage analysis and variant calling using the coverageAnalysis and variantCaller
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plugins (v.5.0) from the Torrent Suite, respectively. The Variant Calling Format (VCF) files were
further annotated using the offline Variant Effect Predictor from  Ensembl
(https://uswest.ensembl.org/info/docs/tools/vep/index.ntml, v81; last accessed July 2018),%
followed by variant mining using GEMINI (v.20).”® The output text files generated using GEMINI
contained information on both novel and reported variants. Most notably, they detailed whether or
not a variant had previously been reported as pathogenic. Further variant filtering was done using
population databases such as Exome Aggregation Consortium (ExAC) and gnomAD? (specifically for
African allele frequencies), disease-specific databases such as ClinVar and Online Mendelian
Inheritance in Man (OMIM), and sequence databases such as NCBI Genome and RefSeqGene. As
supporting evidence, the missense variants of interest were cautiously evaluated using various in

31-33

silico predictive algorithms (SIFT, Polyphen-2, and CADD). These algorithms, however, have been
shown to have low sensitivity, specificity, and accuracy.** Candidate variants of interest were

evaluated using ACMG guidelines, and are classified as pathogenic, likely pathogenic, variants of

uncertain significance, likely benign, or benign.

Results

Clinical profiles

From the more than 6,000 neurological patients referred for clinical assessment, 212 patients (113
males and 99 females) presented with mitochondrial phenotypes, forming the cohort that is
described here. These clinically defined MD patients were comprehensively evaluated and were
predominantly of African ancestry (n=130, Figure 1A). Age of onset was as early as the first year of
life, including the neonatal period (n=139, Figure 1B). The most common clinical finding was muscle
involvement, which manifested in 73% (n=155) of the cohort. Cardiac involvement and deafness was

the least observed at 5% (n=10) and 8% (n=17), respectively (Figure 1C).

Biochemical profiles
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An RC enzyme complex deficiency was identified in 127 cases (64 males and 63 females); 64 cases
had isolated deficiency and the remaining 63 had a combined deficiency. Complex | deficiency,
d 35, 36

either isolated (n=43) or combined (n=32), was most prevalent, as is frequently reporte

followed by ClII deficiency (n=54; isolated=15 and combined=39; Figure 2B).
Genetic analyses

The findings for whole mtDNA, panel nuclear DNA, and whole exome NGS are summarized in
Table 1. ***** Whole mtDNA sequencing was successfully applied in 123 cases (79 African and 44
non-African), and a variant of interest was identified in each of 12 African cases, none of which could
be classified as disease-causing.2 An example of such a variant of interest is the well-known Leber’s
Hereditary Optic Neuropathy (LHON; OMIM #535000)>" mutation, m.14484T>C, identified in an
African male (S014) who did not present with typical LHON symptoms, and was later clinically
diagnosed with fucosidosis. An additional 11 mtDNA variants of interest identified in 10 cases may,
however, still prove to have a functional effect on disease initiation or progression (Supplemental
Table $4%*7%°%) . Notably, this may still be the case for variants with a comparatively high population
allele frequency (above 0.1%) since further investigation may indeed reveal that these variants

appear at a higher frequency in these understudied population lineages.

Panel nuclear DNA sequencing of 86 cases (61 African and 25 non-African) revealed four variants of
interest in two cases. Two pathogenic compound heterozygous ETFDH variants were identified in
one case (S057), and two possible pathogenic compound heterozygous SURF1 variants were

identified in a second case (S085).

WES sequencing of eight African cases revealed nine variants of interest (in six cases), eight of which
(variants in the genes COQ6, RYR1, STAC3, and ALAS2) are considered possibly pathogenic and one

(in the gene TRIOBP) as a variant of uncertain significance under the ACMG classification.

Pathogenic variants
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The electron-transfer flavoprotein dehydrogenase (ETFDH) compound heterozygous variants
(c.1448C>T and c.1067G>A; p.Pro483Leu and p.Gly356Glu; ENSTO0000307738) were identified in a
non-African female (S057) who presented with features of multiple acyl-dehydrogenase deficiency
(MADD; OMIM #231680). She had severe muscle weakness, exercise intolerance, chronic fatigue,
and hepatomegaly. Metabolic markers of MADD such as dicarboxylic acids, ethylmalonic acid,
glutaric acid, as well as acylcarnitines (butyryl-, isovaleryl- and glutarylcarnitine), acylglycine
(hexanoyl- isobutyryl-, isovaleryl and suberylglycine), and conjugates were observed in the patient’s
urine. Furthermore, she had Cl, Clll, and CII+Clll RC deficiency, with severely reduced CoQy levels in
muscle.’® These mutations cause structural instability in ETFDH and were confirmed with functional

analysis.*®
Likely pathogenic variants

An African female (S085), with clinically confirmed Leigh Disease (LD; OMIM #256000) and
confirmed mitochondrial CIV deficiency, harbored compound heterozygosity for a missense and
frameshift variant (c.575G>A and c.754_755delAG; p.Argl92GIn and p.Ser252HisfsTer39;
ENST00000371974,) in exons 6 and 8 in the gene SURF1 (Surfeit 1). The patient clinically presented
early in life with several CNS involvements (nystagmus; extrapyramidal and pyramidal symptoms)
and muscle involvements (myopathy; hypotonia and weakness). Furthermore, changes in the basal

ganglia/thalami were observed. Metabolic investigation revealed elevated lactic acid.

An African female (S002) with confirmed primary CoQ, deficiency™ was found to be carrying
compound heterozygous variants (c.41G>A and ¢.859G>T; p.TrpldTer and p.Alad49Ser;
ENST00000394026) in the gene COQ6 (coenzyme Qi monooxygenase 6). One of the variants
identified in a highly conserved region, c.41G>A, results in a premature truncation of the protein
with high loss-of-function (LoF) probability. Clinically she presented at four years and four months of
age with a history of severe weakness since birth. Other features were noted upon clinical

examination and included macrocephaly, severe hypotonia and head lag, pseudo-hypertrophy of
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calves and triceps, limitation of extension at knees and elbows, and reduced reflexes. No other

candidate COQ6 gene variants were identified in this case.

Two sets of compound heterozygous variants, associated with centronuclear myopathy (CNM) and
minicore myopathy and external ophthalmoplegia (MMEO; OMIM #255320), were identified in the
gene RYR1 (ryanodine 1) in two African females (5032 and S033) using WES. For S032, a previously
reported pathogenic variant (c.8342_8343delTA; p.lle2781ArgfsX49; ENST00000359596)* with high
LoF confidence and a missense variant (c.11926C>T; p.His3976Tyr; ENST00000359596), both in
highly conserved regions, were identified. She presented with severe hypotonia, myopathy with
myopathic facial features, and initially did not show signs of external ophthalmoplegia. She also had
an affected sibling with myopathic facial features and external ophthalmoplegia. A muscle biopsy
was collected from the sibling who revealed thickened connective tissue between muscle fibers and
evidence of fat infiltration. The female reported here had CIV RC deficiency and her brother had

Cl+CllI deficiency. Both siblings presented with an additional ClI+CllI deficiency.

For S033, a previously reported pathogenic missense variant (c.14524G>A; p.Val482Met;
ENST00000359596)* and a frameshift variant (c.11193+1G>A; ENST00000359596) were identified.
Both variants are in highly conserved regions. She presented with severe hypotonia, mild myopathic

facial features, and dense external ophthalmoplegia.

A homozygous mutation (c.851G>C; p.Trp284Ser; ENST00000332782), was detected by WES in an
African female (S011) in the gene STAC3 (SH3 and cysteine-rich domains 3), and was first described
by Horstick et al* in five families with Native American Myopathy (NAM; OMIM #255995). The
phenotype observed in the female described here is similar to that for a case described elsewhere,*
and includes severe myopathy, failure to thrive, developmental delay, relative macrocephaly, and
ptosis with no external ophthalmoplegia. She had minor dysmorphic features, including a low nasal
bridge. She was born prematurely and had intra uterine growth restriction. Biochemically she

presented with isolated Clll deficiency in muscle.

11
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An African male (5117), with skin and muscle involvement, carried a homozygous gain-of-function
variant (c.1757A>T; p.Tyr586Phe; ENST00000330807) in exon 11 of the gene ALAS2 (5'-
aminolevulinate synthase 2). This variant was first described in a Spanish patient with erythropoietic
porphyria by To-Figueras et al,” who states that ALAS2 acts as a modifier gene in patients with
erythropoietic porphyria (X-linked protoporphyria; OMIM #300752). Another manifestation is
sideroblastic anaemia type 1 (OMIM #300751), which is also as a result of ALAS2 mutations.
However, our patient did not present with symptoms for the latter. He instead presented with
swelling of his face, hands, and feet, and experienced non-specific body pain, symptoms which are
more similar with X-linked protoporphyria. He had depigmented skin lesions in his face and on the
extensor areas of the fore and upper arms, and over the knees and lateral right thigh. Furthermore,
he suffered from severe muscle weakness with decreased muscle bulk in all four limbs, with muscle
histology revealing atypical dermatomyositis. Biochemically he had confirmed CI, Clll, and CIV

deficiency in muscle.
Variants of uncertain significance

A trio- and filamentous-actin-binding protein (TRIOBP) homozygous missense variant (c.3232C>T;
p.Arg1078Cys; ENST00000406386) was identified using WES in an African male (S059) who
presented with developmental delay, visual impairment, muscle weakness and hypotonia, and
clinodactyly. Furthermore, he presented with mild facial dysmorphisms, which included an
epicanthic fold and low set ears. Most notably the patient had hearing impairment, which was
confirmed by abnormal auditory brainstem response. Mutations in this gene are known to cause
autosomal recessive deafness (OMIM #609823), a feature found in the case presented here.
Metabolic profiles revealed significant ketosis associated with dicarboxylic aciduria involving C6—C10

acids (ie, adipic-, suberic-, and sebacic acid), with a normal amino acid profile.

A number of cases (n=13) presented with variants of uncertain significance, and are listed in

51-57

Supplemental Table S5. These nuclear variants are classified as likely-pathogenic or pathogenic
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according to ClinVar but did not adhere to the ACMG standards and guidelines. For example,
previously reported pathogenic variants identified in the genes NDUFA9, SDHA, SDHB, and POLG
were all detected as heterozygous, whereas homozygous variants in the genes TRMU, ACADVL, and
GLUD2 had high African allele frequencies. These variants, however, remain of interest for South

African population groups.

Discussion

The genetic diagnosis of MD, and identification of the number of genes involved, has rapidly

*% % Although the use of clinical

improved since the first mutations were reported in the late 1980s.
scoring systems such as MDC, in addition to biochemical evaluation of RC/OXPHOS function in tissue,
is still the hallmark of MD diagnostics, it has been increasingly complimented by NGS in recent years,
notably exome sequencing.®® The main advantage of using NGS in MD diagnoses is that it allows for
the discrimination between primary (having a direct genetic aetiology) and secondary MD (caused by
non-genetic factors such as environmental toxins).61 A retrospective investigation into genetic causes
of MD was conducted for 127 patients with clinically suspected and biochemically confirmed RC
deficiency in an understudied population (predominantly African). Here, we report on two high-
throughput NGS techniques (whole mtDNA sequencing and panel sequencing) that were used to find
common, previously reported pathogenic or likely pathogenic variants in reported genes involved in

MD in this understudied ethnically diverse cohort with mostly unknown MD genotype-phenotype

correlations.

The mtDNA sequencing data for a sub-section of this cohort have been extensively investigated
elsewhere.® The majority of the variants found could not be classified as pathogenic as they fail to
meet a number of mtDNA criteria. Most notably among the observed variants was a well-known
LHON-associated mutation (m.14484T>C at 53% heteroplasmy in muscle), identified in an African
male (S014). Although this patient had clinical features of eye involvement, his clinical phenotype did

not match that expected for LHON (visual failure and optic atrophy). This inconsistency could be
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ascribed to varied penetrance of the disease, highlighting the importance of investigating the
penetrance of diseases associated with this and other pathogenic variants when detected in

understudied populations.

Panel sequencing revealed pathogenic and likely pathogenic variants in two cases: S057 and S085.
For SO57, the compound heterozygous variants that were identified in ETFDH (c.1448T>C and
¢.1067G>A) have previously been investigated extensively, leading to the classification of these
variants as pathogenic with substantial clinical, biochemical, and in vivo supporting experimental
evidence (from structural and functional analyses).?® For S085, compound heterozygous variants
were identified in SURF1 (c.754_755delAG and c.575G>A). SURF1 is directly involved with
cytochrome c oxidase (COX) maintenance and assembly. LoF mutations in SURF1 cause major
structural instability in COX, and are responsible for the phenotype of LD as clinically diagnosed in
the case reported here. The frameshift variant has previously been reported as pathogenic for a
different (Japanese) patient, with substantial clinical and experimental supporting evidence and a
confirmed LoF mechanism.** Consequently, this variant, which has a low African allele frequency,
was classified as likely pathogenic in this case. The missense variant has not previously been
associated with a clinical phenotype, and the extremely low allele frequency suggests moderate

likelihood to be pathogenic.

Since the panel sequencing of genes known to be involved in MD revealed a pathogenic or likely
pathogenic variant in only two cases (S057 and S85) of the 86 patients investigated, it was evident
that this is not an effective approach to follow in this patient population. Although targeted/gene
panel NGS is considered a prudent NGS approach in many diagnostic settings, whilst being aware
that this is a heterogeneous, understudied patient population and that an expanded gene panel may
not necessarily increase diagnostic yield,** genetic investigations were expanded to include WES to

probe its outcome on a small subset of eight African patients where no initial NGS results were
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obtained. A variant of interest in the genes COQ6, RYR1, STAC3, ALAS2, and TRIOBP was identified in

across six of the eight cases.

The compound heterozygous COQ6 variants (c.41G>A and c.859G>T) identified in SO02 have been
extensively investigated elsewhere,'® where functional and structural analyses showed significantly
decreased levels of COQ®6. This protein is directly involved with CoQ;( biosynthesis and mutations in

83.%4 This correlates well with the clinical and biochemical

this gene result in primary CoQ;, deficiency.
profiles observed in the case reported here. Based on these experimental findings, the correlation

between the observed and reported phenotypes, alongside their allele frequencies, these variants

are classified as likely pathogenic.

Two previously reported pathogenic and two reported RYR1 variants were identified in two
compound heterozygotes: S032 (c.8342_8343delTA and ¢.11926C>T) and S033 (c.14524G>A and
€.11193+1G>A). The c.14524G>A and ¢.8342_8343delTA variants are classified as founder mutations
for South African patient populations with centronuclear myopathy (CNM) and MMEO.* RYR1
encodes a homotetrameric calcium channel in skeletal muscle and regulates cytosolic Ca** levels.*
Dysfunctional RYR1 disrupts the Ca®* balance, directly affecting different mitochondrial functions

such as ATP synthesis regulation and reactive oxygen species generation,*® % ¢

consequently
contributing to myopathy, external ophthalmoplegia, and ptosis. The two cases reported here had
clinical phenotypes consistent with reported cases. For S032 and her brother, the specific type of
congenital myopathy is still unclear. Both had neurogenic features which are absent in multi-
minicore myopathy. The siblings, whose features correlated more strongly with CNM, were similar in
their manifestation (albeit with slight, but significant, differences). For example, the female initially
did not have external ophthalmoplegia, whereas the brother did. Importantly, no homozygous
variants have been reported in patients with CNM.®® S033 had correlating multi-minicore myopathic

40,41

features as seen in previously reported cases, which included mild myopathic facial features with

dense external ophthalmoplegia. Both sets of compound heterozygous variants are classified as
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likely pathogenic in these cases due to substantial supporting clinical and experimental evidence
confirming the LoF mechanism,*® the confirmed founder effect for South African populations with a
low or absent allele frequency in several population databases, and multiple in silico algorithms

supporting a deleterious effect on the gene product for the two frameshift variants.

The previously reported pathogenic STAC3 variant (c.851G>C)* was identified as homozygous in
S011. STAC3 encodes a putative muscle-specific adaptor protein, which takes part in excitation-
contraction in muscle. Disruptions within this protein are thought to cause reduction in
mitochondrial Ca®*, either intra- or extra mitochondrial, which have a direct effect on OXPHOS.%
Clinical features, as a result, include congenital myopathy with facial dysmorphic features including
ptosis, which is consistent with the case reported here. This variant was previously sequenced as
part of the 1000 Genomes Project, and was undetected in 113 Caucasian controls. Consequently, we
classify this variant as likely pathogenic in this case due to its previously confirmed pathogenicity

(with substantial supporting evidence) and low African allele frequency.

The homozygous variants identified in ALAS2 (c.1757A>T) and TRIOBP (c.3232C>T) in S117 and S059,
respectively, are classified as variants of uncertain significance, and benign or likely benign,
respectively, according to several disease databases. The two cases reported here, S117 and S059,
had overlapping, but also slightly inconstant phenotypical manifestations compared to reported

cases.

43, 44

Specifically, S117 did not present with typical X-linked protoporphyria, the primary phenotype
associated with ALAS2 mutations. His primary cause of disease is interplay between two deficiencies:
dermatomyositis and X-linked porphyria. The muscle histology from this patient was suggestive of an
inflammatory myopathy, but the inflammatory cell infiltrate was perivascular, and the typical
pattern of peripheral muscle cell atrophy in dermatomyositis was not demonstrated. As the patient

had definitive skin involvement, which included swelling and redness, it is suggested that the patient

has porphyria rather than inflamed myopathy. His mitochondrial dysfunction could arise from
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impaired electron transport as a direct result of bone marrow haem synthetic dysfunction. The
clinical significance is still unclear and therefore this variant is classified as a variant of uncertain
significance. A case can be made, however, that this variant should be classified as likely pathogenic
since it has a low African allele frequency, and there is substantial supporting evidence for its

pathogenicity.

S059 had a severe mitochondrial phenotype, where deafness was most notable. The latter is
consistent with reported cases harboring TRIOBP mutations,® ® however the former has not yet
been associated with mutations in this gene. The underlying genetic cause for this patient’s
mitochondrial phenotype is still unclear. This variant, ¢.3232C>T, has not yet been associated with a
clinical phenotype and therefore lacks substantial supporting pathogenicity evidence. Consequently,

it was classified as a variant of uncertain significance.

To conclude, in this unique and predominantly African cohort, looking first at nuclear and
mitochondrial genes known to be involved in MD (which is in line with current diagnostic practices)
resulted in a poor diagnostic outcome, with only a relatively small number of pathogenic or likely
pathogenic variants being successfully identified. Initial indications from limited WES data are much
more promising as nine likely pathogenic variants were identified in six cases using WES compared

to five variants identified in three cases using panel NGS and mtDNA sequencing.

Considering all the cases in this study, in only five cases (S057, S085, S032, S033 and S011) a strong
genotype-phenotype correlation could be established and a moderately strong correlation in two
cases (5002 and S117). For the remaining two cases S014 and S059, a non-specific correlation was
observed. Observations like these serve as a strong motivation that a “genetics first/only” approach,
without supporting clinical and biochemical investigation, is not suitable in such understudied,
ethnically diverse populations. Furthermore, when following a genetic approach, we conclude that
panel sequencing could be an efficient approach in populations where the genotype-phenotype

correlations are well-established for specific monogenic diseases. For heterogeneous diseases such
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as MD, however, even in such populations, WES/WGS performs significantly better compared to a

targeted gene-panel approach.* > """

Our results are thus in line with proposals that WES should be
considered as the primary option for genetic investigations in heterogeneous inherited diseases such
as MD and, in fact, may be particularly ideal in understudied, ethnically diverse populations where
there is evidence of inconsistencies with documented MD phenotypes. However, in such populations
the value of extensive clinical and biochemical (structural and functional) investigations to support

molecular genetic data outcomes, should not be neglected, and at this time are, in fact, more crucial

than in well studied populations.
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Figure legends

Figure 1: Demographic information for 212 paediatric patients. A: Summary of the ethnicity
distribution. Caucasian, Asian, and colored patients are collectively referred to as non-African
patients in text. B: Summary of the age categories representing the age at symptom onset for each

of the 212 patients. C: Summary of the clinical features and findings in patient cohort.

Figure 2: Summary for the biochemical RC enzyme deficiency distribution. A: Combined versus
isolated enzyme deficiency for 127 patients. B: Summary for CI-CIV enzyme deficiency in 64 patients

with isolated RC deficiency.
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Table 1: Summary of mtDNA and nDNA variants of interest identified in South African patients with clinically confirmed mitochondrial disease.

Mitochondrial variants

Gene Variant position

MT-ND6  m.14484T>C"

Nuclear variants

Variant position

Gene
(allele call)
c.1448C>T (+/-)
ETFDH'
c.1067G>A (+/-)
c.575G>A (+/-)
SURF1'
.754_755delAG (+/-)
C.41G>A (+/-)
CoQ68§

€.859G>T (+/-)

Amino acid
change

p.Met64Val

Amino acid
change

p.Pro483Leu

p.Gly356Glu

p.Argl92GIn

p.Ser252HisfsTer3
9

p.TrpldTer

p.Alad9Ser

Mutpred
score

0.627

RefSNP ID

rs37765638
71—

Novel

rs78202152
1

rs78200782
gt

rs17094161

rs61743884

ACMG
classification*

Likely benign

ACMG
classification*

Pathogenic

Pathogenic

Likely
pathogenic

Likely
pathogenic

Likely
pathogenic /
risk factor
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GenBank
frequency,
variant
allele
frequency

0.19, 53%

ExAC
frequency

None

None

0.00001

0.00002

0.07047

0.03162

Patient,
ethnicity, sex

S014, A, M

Patient,
ethnicity, sex

S057, NA, F

S085, A, F

S002, A, F

Clinical profile

DR, CNS, Eye,
M, L

Clinical profile

DD, CNS, M, L,

FTT, DD, DR,
CNS, M, E

Mac, DD, Eye,
M

Biochemical
profile

cl

Biochemical
profile

cl, Clil, CIV,
cl+Cll

Clv

Cl1, Cli+Cii

Reference

Brown et al (1992)*’

Reference

Van der Westhuizen
et al (2017)*

Tanigawa et al
(2012)*

Louw et al (2018)*°
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RYR1§

STAC3§

ALAS2§

TRIOBPS

c.8342_8343delTA
(+/-)

€.11926C>T (+/-)

c.14524G>A (+/-)

c.11193+1G>A (+/-)

¢.851G>C (+/+)

C.1757A>T (+/+)

€.3232C>T (+/+)

p.lle2781ArgfsX49

p.His3976Tyr

p.Val4842Met

p.Trp284Ser

p.Tyr586Phe

p.Argl1078Cys

rs75858007
51—

rs14877285
4
rs19392287
9¢
rs11198631
6

rs14029109
4*

rs13959686
0

rs20035970
8
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Likely
pathogenic

Likely
pathogenic

Likely
pathogenic

Likely
pathogenic

Likely
pathogenic

Likely
pathogenic /
VUS

VUS

None

0.01287

0.001935

None

0.0011

0.009364

0.00030

S032, A, F

S033,A,F

S011, A, F

S117, A M

S059,A, M

FTT, DD, Eye,
M

FTT, DD, Eye,
M, R

Mac, FTT, DD,
Dys, Eye, M, R

M, Skin

DD, CNS, Eye,

D, M, GIT

Clv, Cli+Clll

cl

Cl

Cl, Cli, Civ

cl, Clil, CIV,
Cl+Cl

Wilmshurst et al
(2010)*

Wilmshurst et al
(2010)*

Punetha et al
(2016)*"

Horstick et al
(2013)*

To-Figueras et al
(2011)"

Balwani et al
(2013)*

None to date

*Variant classification using ACMG criteria, including phenotypic evaluation.

t Variants identified using panel NGS.

f Previously reported pathogenic variants.

§Variants identified using WES.
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+/+: Homozygous; +/-: Heterozygous; F: Female; M: Male; A: African; NA: Non-African; VUS: variant of uncertain significance; Mac: Macrocephaly; FTT:
Failure to thrive; DD: Developmental delay; DR: Developmental regression; CNS: Central nervous system involvement; Eye: Eye involvement; D: Sens.
Deafness; M: Muscle involvement; GIT: Gastro-intestinal involvement; R: Renal involvement; C: Cardiac involvement; E: Endocrine abnormalities; L: Liver

involvement; S: Skeletal involvement; Skin: Skin involvement; VUS: variant of uncertain significance.
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ARTICLE INFO ABSTRACT

Keywords: Neonatal-onset multiple acyl-CoA dehydrogenase deficiency (MADD type I) is an autosomal recessive disorder of
Multiple acyl-CoA dehydrogenase deficiency the electron transfer flavoprotein function characterized by a severe clinical and biochemical phenotype, in-
MADD cluding congenital abnormalities with unresponsiveness to riboflavin treatment as distinguishing features. From
g;;?;c aciduria type II a retrospective study, relying mainly on metabolic data, we have identified a novel mutation, c.1067G > A

(p.Gly356Glu) in exon 8 of ETFDH, in three South African Caucasian MADD patients with the index patient
presenting the hallmark features of type I MADD and two patients with compound heterozygous
(c.1067G > A + ¢.1448C > T) mutations presenting with MADD type III. SDS-PAGE western blot confirmed
the significant effect of this mutation on ETFDH structural instability. The identification of this novel mutation in
three families originating from the South African Afrikaner population is significant to direct screening and
strategies for this disease, which amongst the organic acidemias routinely screened for, is relatively frequently

observed in this population group.

1. Introduction

Multiple acyl-CoA dehydrogenase deficiency (MADD, OMIM:
231680), also known as glutaric aciduria type II (GAII), is an autosomal
recessive metabolic disorder. Mutations in the ETFA, ETFB and ETFDH
genes result in the deficient function of alpha and beta subunits of the
electron transfer protein (ETF) or ETF-coenzyme Q oxidoreductase,
respectively. Dysfunction in either of these two flavoproteins leads to
compromised fatty acid and amino acid oxidation as well as choline
metabolism.

The MADD phenotype can be divided into three clinical classes: two
neonatal-onset forms with (type I) or without (type II) congenital
anomalies or a mild/delayed late-onset form (type III), which shows a
variable degree of response to riboflavin treatment [1-3]. The neonatal-
onset form has a poor prognosis, presenting within the first week(s) of
life with severe hypoglycemia, mild to severe hyperammonaemia, me-
tabolic acidosis, with or without dysmorphic features, hepatic-, cardiac-
and renal involvement. The phenotypic presentation of type III is highly
variable, characterized by episodic lethargy, vomiting, hypoglycemia,
metabolic acidosis with or without hyperammonaemia and

* Corresponding author.
E-mail address: Francois.vanderWesthuizen@nwu.ac.za (F.H. van der Westhuizen).

hepatomegaly. Painful myopathy can be progressive and abnormal lipid
storage and free carnitine depletion is commonly observed [1,3].

The biochemical characterization of MADD includes organic acid
and acylcarnitine profiling, which indicates, increased levels of ali-
phatic mono- and dicarboxylic acids, acylglycine conjugates as well as
an increase of C4-C18 acylcarnitines in blood [1]. Although mutations
are most frequently encountered in the ETFDH gene in the late-onset
form of MADD, for the most severe (type I) neonatal form of the disease
mutations in ETFDH, ETFA, and ETFB are found more or less in equal
frequency [2,3,4-8]

As mutation screening is not currently offered routinely in our
(South African) population, and since biochemical data through routine
metabolic screening suggests that MADD may be in the same order of
prevalence as other organic acidemias in South African populations
[9,10] we've begun to retrospectively investigate the molecular genetics
of MADD with metabolic data as the denominator. From the initial
explorative investigations in three Caucasian patients, we've identified
a novel pathogenic variant present in all three cases, with the homo-
zygous form in the index case presenting as a (type I) severe neonatal
onset form of the disease.

1 Postal Address: Human Metabolomics, Private Bag X 6001, North-West University, Potchefstroom 2520, South Africa.
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Table 1
Summary of clinical, biochemical and genetic features of patients.

Journal of the Neurological Sciences 384 (2018) 121-125

Patient 1 (Index) Patient 2 Patient 3
Gender Male Female Female
Age of onset/death Week 1/Day 9 Year 2/undetermined (at least past 8 years) Year 4/23
Main clinical features Intra-uterine growth retardation Progressive muscle weakness Progressive muscle weakness
Multiple congenital anomalies: Hepatomegaly Hepatomegaly
Migraine Migraine

® Cardiac lesions
® Hydronephrosis
Riboflavin unresponsive

Hypermobility

Routine Biochemistry:

® Metabolic acidosis Present Not present

® Glucose Normal-|, Normal

® Ammonia - Not performed
® Urine ketones Absent Absent

® Lactate/pyruvate Normal-1 M

® Transaminases TM1GGT, AST TAST, ALT

® Creatine kinase Not performed Normal

® CBC findings Pancytopenia Normal

Histology Not performed

Metabolic findings in urine:
® Organic acids 1 Ethylmalonic acid

111 Dicarboxylic acids

111 Glycine conjugates
112-Hydroxryglutaric acid

MM Lactic acid

1Krebs cycle intermediates

1C4-, C5, C5-DC

Low free carnitine

General amino aciduria with 11

Sarcosine

1 Ethylmalonic acid
1 Dicarboxylic acids

® Acylcarnitines 1C4-, C5, C5-DC
Low free carnitine

® Amino acids
None

Specialized investigations

ETFDH variant/s
(dbSNP)

¢.1067G > A +/+; p.Gly356Glu
(novel)

Exercise intolerance

Muscle: cytoplasmic lipid accumulation in myofibres

111Glycine conjugates
1 2-Hydroxyglutaric acid

1Sarcosine, 11Glycine
Muscle respiratory chain enzymes deficient (CI, CIII,
CII + III, CIV); Muscle CoQ10 levels reduced

c.1067G > A +/—; p.Gly356Glu
c.1448C > T +/—; p.Pro483Leu (377656387)

Partially responsive to riboflavin

Riboflavin responsiveness undetermined

Present
Normal-|
-1
Absent
Normal-}

1 AST, ALT
Normal-11
Normal

Liver: macrovascular steatosis, abnormal lipid storage

1 Ethylmalonic acid

1 Dicarboxylic acids

11 Glycine conjugates
12-Hydroxryglutaric acid
Normal-{Lactic acid

1C4-, C5, C5-DC, C8
Normal free carnitine
! Sarcosine, 11Glycine

Oxidation of C16 and C14 fatty acids reduced in
fibroblasts (20% vs. controls mean; C16:C14 = 0.5) and
leukocytes (5% vs. controls mean; C16:C14 = 0.96)
c.1067G > A +/—; p.Gly356Glu

c.1448C > T +/—; p.Pro483Leu (377656387)

C4: butyryl-/isobutyrylcarnitine; C5: isovalerylcarnitine; C5-DC: glutarylcarnitine: C8: octanoylcarnitine: CBC: complete blood count; AST: aspartate aminotransferase: ALT: alanine

aminotransferase; GGT: gamma-glutamyltransferase.
2. Patients and methods

Informed consent was obtained as part of current studies with
ethical approval numbers 91/98 (University of Pretoria) and NW-
00170-13-S1 (North-West University). Table 1 summarizes the clinical,
biochemical and genetic features of the three patients.

2.1. Patient 1 (index patient)

The firstborn male child from non-consanguineous Afrikaner par-
ents presented shortly after birth with severe metabolic decompensa-
tion unresponsive to standard metabolic intervention. He was born
prematurely via cesarean section and needed admission to the intensive
care immediately after delivery. A loud systolic murmur was audible
and the chest X-ray showed a prominent right ventricle and absent
pulmonary conus. The ECG displayed an extreme right QRS axis and a
dysplastic pulmonary valve with a pulmonary outflow gradient mea-
suring 57 mmHG indicated a severe pulmonary stenosis. The foramen
ovale was patent with a right to left shunt and there was a large atrial
septum aneurism. The renal ultrasound showed dilated calyces in the
upper lobes more severely on the left indicating hydronephrosis.

After a relative normal 24 h complicated only with hyperlacta-
naemia and suspected hypothyroidism his condition rapidly deterio-
rated with persistent hypoglycaemia requiring high doses of in-
travenous glucose, metabolic acidosis and hyperammonaemia
(548 umol/L). He needed intubation and ventilation on day 6 of life but
his condition deteriorated despite administration of riboflavin

122

(200 mg/kg/day) and r-carnitine (100 mg/kg/day). He developed a
bulging fontanel, sclerema neonatorum and convulsions and died on
day 9 of life. GC-MS organic acid profiling performed on urine at day 3
of life showed dicarbolic aciduria with the presence of various short and
medium chain acylglycine conjugates suggestive of MADD. The meta-
bolic excretion as well as early onset was indicative of a severe neonatal
phenotype with a very poor prognosis.

His family subsequently had a normal male child delivered after
prenatal diagnosis performed on chorionic villi showed the fetus was
heterozygous for the reported ¢.1067G > A mutation.

2.2. Patient 2

An eight year-old female patient presented with the complaint of
clumsiness, chronic fatigue, exercise intolerance, muscle weakness and
severe migrainous-like headaches. She was born at term from non-
consanguineous parents and had three normal siblings. Her early gross
motor development was normal and she was able to walk before the age
of one year. At the age of 17 months the parents observed that she had
poor head control related to muscle weakness. Since the age of three
years the weakness slowly progressed. Her body mass index for her age
was 13.3 and fell on z-score — 1.8 at the age of eight years. She had a
waddling gait and mild proximal muscle weakness, but she did not have
a Gower sign. Polyminimyoclonus resembling spinal muscular atrophy
was observed. The deep tendon reflexes were suppressed, but present.
She had no other cerebellar signs. Hypermobility of all her joints was
observed. Her general level of functioning was on the level of 6.5 years.
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She had hepatomegaly with mildly elevated liver enzymes. Renal
functions were normal, creatine kinase was normal and the lactate:-
pyruvate ratio was 16.3. The routine metabolic investigations showed
general dicarboxylic aciduria including acylglycine and acylcarnitine
conjugates. Spinal muscular atrophy was excluded: the patient did not
have a homozygous deletion in the telomeric region of the survival
motor neuron on exon seven. A muscle biopsy was performed for the
determination of respiratory enzyme analyses, after which the patient
and family was not responsive to any further follow up.

2.3. Patient 3

This patient was born at term from non-consanguineous parents
with one healthy sibling and no previous family history of neuromus-
cular disease. She initially presented with hypotonia and only started to
walk at the age of 20 months. The progressive myopathic phenotype of
unknown cause was confirmed at the age of two year after a compre-
hensive clinical evaluation. Metabolic decompensation was observed at
the age of three years when she was admitted with coma, severe hy-
perammonemia (394 pmol/L which decreased to 90 umol/L after hos-
pitalization), hepatomegaly and hypoglycemia without urinary ketones.
No myoglobinuria were noted, but prerenal failure was suspected. Her
liver enzymes were elevated, together with elevated creatine kinase. A
liver biopsy indicated macrovascular steatosis with no necrosis. The
metabolic investigations showed increased levels of urine mono- and
dicarboxylic acid, acylglycine as well as short and long chain acylcar-
nitine conjugation. The latter in combination with general clinical
presentation of myopathy and liver involvement was suggestive of
MADD. She received riboflavin and 1-carnitine treatment together with
a low protein diet and improved partially, waking up from the coma
and showing stronger motor function. Progressive deterioration of
muscular function did however occur and she suffered from episodic
migraines. Regular follow-up metabolic investigations were done to
assess her metabolic status, which showed moderate to limited bio-
chemical improvement after implementation of therapeutic interven-
tion. She did not present with cognitive impairment and became a fully
functional adult. She unfortunately died from a stroke-like episode at
age 23 before the genetic diagnosis was confirmed.

2.4. Metabolic and biochemical investigations

Metabolic investigations were performed essentially as described
before [11]. Respiratory chain enzyme activities and CoQ10 levels were
analyzed in muscle homogenates (600 X g supernatants) for Patient 2
as described before [12,13] and normalized to citrate synthase (UCS).
Fatty acid oxidation of [9,10-3H] palmitic (C16) and myristic (C14)
acids were performed in fibroblasts and leukocytes for Patient 3 as
described before [14].

2.5. Mutation and protein analyses

The outcomes reported here are the results from a retrospective
investigation of selected cases, using next generation sequencing (NGS,
Ion Torrent) of candidate genes. Primary NGS data analysis and sec-
ondary data mining were conducted using an in-house bioinformatics
pipeline and web-based annotation tools such as Ensembl online VEP
runner [15] and data mining tools, including GEMINI (v0.18.0) [16]
OMIM, CliniVar, and available allele frequency data from the extensive
Exome Aggregation Consortium (ExAC) database. The potential pa-
thogenic variants identified and allelic distribution in all of these cases
were confirmed using Sanger sequencing and, as the c.1067G > A
variant is part of a homopolymeric region, also restriction length
fragment polymorphism (RFLP) analyses (Fig. 2S).

SDS-PAGE/western blot analysis were used to confirm the steady
state levels of muscle ETFDH and, due to the limited material available,
could only be done in Patient 2. Immunodetection using the antibodies
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against ETFDH (Abcam, ab131376) and B-actin (Abcam ab8227) were
conducted and expression quantified against total protein load using
the procedures described for Bio-Rad's V3 workflow (Bio-Rad
Laboratories).

3. Results

Table 1 summarizes the clinical, biochemical and other specialized
investigations for the three cases. The following key findings for me-
tabolic, biochemical and genetic analyses are reported.

3.1. Metabolic and biochemical investigations

Routine and follow up metabolic investigations in urine throughout
the history of all three cases showed some of the hallmark metabolites
associated with MADD, notably dicarboxylic acids, ethylmalonic acid,
glutaric acid as well as acylcarnitines- (butyryl-, isovaleryl- and glu-
tarylcarnitine) and acylglycine (hexanoyl- isobutyryl-, isovaleryl and
suberylglycine) conjugates. Patient 1 had not undergone any biopsies at
time of his death. Based on her clinical features, Patient 2 was early on
selected to undergo a muscle biopsy for respiratory chain enzyme
analyses, which revealed combined complex I, III, II + III and IV defi-
ciencies. The follow up investigation of CoQ10 levels in 600 x g su-
pernatants showed significantly reduced levels at 0.86 nmol/UCS
(controls 2.680-8.470 nmol/UCS, n = 37). For Patient 3, with an early
suspicion of MADD, fatty acid oxidation confirmed the functional de-
ficiency with palmitic (C16) and myristic (C14) acid oxidations almost
equally reduced in fibroblasts and leukocytes.

3.2. Mutation and protein analyses

A ¢.1067G > A (p.Gly356Glu) variant on the ETFDH gene was
detected in homozygous form in Patient 1 (Fig. 2S). This variant do not
appear on any clinical or genetic databases, nor in literature consulted
and was shown to be heterozygous in both parents as well as in an
unaffected sibling. This novel variant is predicted to be deleterious by
the SIFT prediction software and disease causing by MutationTaster
prediction software. For both Patients 2 and 3, a previously docu-
mented ¢.1448C > T (p.Pro483Leu) mutation and the putative dele-
terious ¢.1067G > A variant was identified in heterozygous forms.
Although the patient and family of Patient 2 were lost to follow up, the
carrier status for the c.1067G > A variant was confirmed in mother
and sibling for Patient 3. SDS-PAGE-western blot analysis (Fig. 1) of the
steady state levels for ETFDH in the only available tissue material
(muscle from Patient 2) showed a significant (83%) reduction com-
pared to controls.

4. Discussion and conclusions

Three patients presenting with clinical and metabolic features of
MADD were retrospectively investigated to identify the possible genetic
cause for the disease. Targeting genes possibly involved, we identified a
novel pathogenic variant (c.1067G > A) in ETFDH in all three pa-
tients. This variant was homozygous in the index patient (Patient 1),
who presented with a MADD type I phenotype, and compound het-
erozygous with the well-documented pathogenic variant c.1448C > T
in two other (Patients 2 and 3). Although the trajectories of clinical and
further investigations were different, all three patients presented with
clear clinical and metabolic features indicative of MADD type I (Patient
1), or type III (Patient 2 and 3). Patient 1, homozygous for the novel
¢.1067G > A variant, presented in first days of life with the most se-
vere (type I) neonatal onset clinical and metabolic features of MADD,
notably with congenital features and being unresponsive to riboflavin
treatment. Patient 2, presenting with a multi-systemic neuromuscular
features early in life, was initially diagnosed with a combined mi-
tochondrial respiratory chain disorder in her ninth year. A deeper
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investigation into CoQ;( involvement and metabolomics resulted in the
final MADD diagnosis and the genetic outcome presented here. Patient
3 where diagnosed with MADD early in life via metabolic and func-
tional fatty acid oxidation tests, and were able to follow riboflavin
treatment. In this case, having a variant associated with a riboflavin
responsive (c.1448C > T) and unresponsive form (c.1067G > A), itis
not surprising that this patient showed a partial responsiveness to ri-
boflavin.

A closer look at this previously undocumented ¢.1067G > A var-
iant, indicate a substitution of a highly conserved Glu for Gly at position
356, putatively affecting the FAD domain of ETFDH [17,18]. Com-
paring it to other type I mutations also do not highlight any evident
structural similarities that can inform on any molecular basis for its
pathogenicity. It is also notably the first associated with this severe
phenotype identified in exon 8 of ETFDH. We had the limitation of
having biological material for only one of the patients for further
structural ETFDH analysis (Patient 2, with the compound heterozygous
c.1067G > A + c.1448C > T variants). Considering that the homo-
zygous ¢.1448C > T variant is known to result in significantly reduced
ETFDH activity ( = 30% of WT) and steady state stability (< 10% of
WT) under low riboflavin conditions [19], it can be concluded from the
structural analysis (Fig. 1) that the presence of the ¢.1067G > A var-
iant on the alternative allele to the c.1448C > T variant should have a
similar impact on the instability of the native ETFDH protein. We
propose that this result, in addition to the predictive parameters of the
variant and the genetics in these families, support the suggestion that
this novel variant can be added to the list of mutations causing a type [
MADD phenotype.

Finally in conclusion, from the limited family histories and genetics
that could be gathered from these three cases, no relation between these
families could as yet be established. Nevertheless, we believe it is rea-
sonable to suspect that a common founder for the ¢.1067G > A mu-
tation may have originated within this population group. The reasons
for this is, firstly, that all three of these patients originate from
Caucasian Afrikaner families, which is a southern African population
group having descended from Europe since the 17th century; and,
secondly, that this mutation has not yet been reported in the better-
screened European population groups from which the Afrikaner popu-
lation originated. Considering the possibility that this mutation, in
addition to the milder, riboflavin-responsive ¢.1448C > T mutation,
may have a relatively high frequency in MADD patients of this
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Fig. 1. Structural instability of muscle ETFDH in Patient 2.
An enriched mitochondrial preparation from muscle of
Patient 2 (P2, with ¢.1067G > A + ¢.1448C > T var-
iants) and two healthy controls (C1, C2) were separated on
SDS-PAGE and immune-stained for ETFDH and B-actin

108 (top, Panel A). The band intensities for ETFDH were nor-
malized to total protein content in each lane (bottom,
Panel A), of which the quantified results are shown in
92 Panel B.
C1 C2

population group, we propose that this mutation should be included in
screening strategies for families with a history of MADD in this and
other related population groups.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jns.2017.11.012.
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Background: Coenzyme Qo (CoQ;) is an important component of the mitochondrial respiratory chain (RC) and
is critical for energy production. Although the prevalence of CoQo deficiency is still unknown, the general
consensus is that the condition is under-diagnosed. The aim of this study was to retrospectively investigate
CoQ; deficiency in frozen muscle specimens in a cohort of ethnically diverse patients who received muscle
biopsies for the investigation of a possible RC deficiency (RCD).

Methods: Muscle samples were homogenized whereby 600 X g supernatants were used to analyze RC enzyme
activities, followed by quantification of CoQ;o by stable isotope dilution liquid chromatography tandem mass
spectrometry. The experimental group consisted of 156 patients of which 76 had enzymatically confirmed RCDs.
To further assist in the diagnosis of CoQ;o deficiency in this cohort, we included sequencing of 18 selected
nuclear genes involved with CoQ; biogenesis in 26 patients with low CoQ;o concentration in muscle samples.
Results: Central 95% reference intervals (RI) were established for CoQ;, normalized to citrate synthase (CS) or
protein. Nine patients were considered CoQ;, deficient when expressed against CS, while 12 were considered
deficient when expressed against protein. In two of these patients the molecular genetic cause could be con-
firmed, of which one would not have been identified as CoQ; deficient if expressed only against protein content.
Conclusion: In this retrospective study, we report a central 95% reference interval for 600 x g muscle super-
natants prepared from frozen samples. The study reiterates the importance of including CoQ;, quantification as
part of a diagnostic approach to study mitochondrial disease as it may complement respiratory chain enzyme
assays with the possible identification of patients that may benefit from CoQ;o supplementation. However, the
anomaly that only a few patients were identified as CoQ;, deficient against both markers (CS and protein), while
the majority of patients where only CoQ;, deficient against one of the markers (and not the other), remains
problematic. We therefore conclude from our data that, to prevent possibly not diagnosing a potential CoQ;¢
deficiency, the expression of CoQ; levels in muscle on both CS as well as protein content should be considered.

1. Introduction

The mitochondrion is at the center of energy production and re-
ferred to as the “energy hub” of the eukaryotic cell. The oxidative
phosphorylation (OXPHOS) system is situated in the inner mitochon-
drial membrane and incorporates the four complexes (CI-IV) of the
respiratory chain (RC) as well as complex V (ATP-synthase) in the
transduction of energy molecules into the energy releasing adenosine
triphosphate (ATP) [18]. CoQqo plays a vital role in this process by

acting as an electron transport molecule from CI and CII (and other
dehydrogenases) to CIII of the RC [9]. Therefore a CoQ,, deficiency
may result in RC dysfunction with diverse clinical manifestations [16].
Within the group of respiratory chain enzyme deficiencies, which has a
minimum live birth prevalence of 1 in every 5000-10,000 ([1,2,19],
Schaefer et al. 2008, [5,6]), the presence of the combined CI+III and/
or CII+1II RC deficiencies may be indicative of a CoQ;, deficiency [3].
CoQ;o deficiencies are the most readily treatable subgroup of mi-
tochondrial disorders, and CoQ;o supplementation has also shown

Abbreviations: CI to CIV, Respiratory chain enzyme complexes I to IV respectively; CS, Citrate synthase; RCD, Respiratory chain deficiency; CRC, Clinically referred controls; PDSS1,
Prenyl (decaprenyl) diphosphate synthase, subunit 1; PDSS2, Prenyl (decaprenyl) diphosphate synthase, subunit 2; COQ2, Coenzyme Q2, polyprenyltransferase; COQ3, Coenzyme Q3,
methyltransferase; COQ4, Coenzyme Q4; COQ5, Coenzyme Q5, methyltransferase; COQ6, Coenzyme Q6, monooxygenase; COQ7, Coenzyme Q7, hydroxylase; COQ8A, Coenzyme Q8A;
COQ8B, Coenzyme Q8B; COQ10A, Coenzyme Q10A; COQ10B, Coenzyme Q10B; APTX, Aprataxin; ETFDH, Electron Transfer Flavoprotein Dehydrogenase; ETFA, Electron Transfer

Flavoprotein Alpha subunit; ETFB, Electron Transfer Flavoprotein Beta subunit; BRAF, B-Raf proto-oncogene, serine/threonine kinase; APOE, Apolipoprotein E
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therapeutic benefit in patients with mitochondrial RCDs [6]. But, al-
though CoQ;o mainly localizes in the mitochondria (Saito et al., 2009),
the exact distribution of CoQ;o, between the different organelles,
membranes and cytoplasm remains elusive. Furthermore, no uni-
versally accepted units on how to represent muscle CoQ, status exists
between researchers as CoQ10 is expressed in units against mass of
fresh tissue, per protein content or per unit of citrate synthase (CS).

The aim of this study was therefore to quantify CoQ;o and to de-
termine the diagnostic differences when CoQ10 is expressed against CS
and protein content in a cohort of patients who was previously included
for investigations into underlying mitochondrial disorders.
Furthermore, we aimed to determine if there is an association between
CoQ; deficiency and other RC enzyme deficiencies. A panel of selected
nuclear genes involved with CoQ;, biosynthesis and genes involved in
possible secondary CoQ; deficiencies were sequenced and the most
important findings are briefly discussed. A new reference interval for
CoQ;p levels in 600 xg muscle supernatants, the working material
often used when investigating RCDs in patients with suspected mi-
tochondrial disease, is reported as well as the diagnostic difference for
CoQ;o deficiency when expressing muscle CoQ;, against CS and pro-
tein.

2. Materials and methods
2.1. Patient samples

All muscle samples from the cohort of 156 pediatric patients re-
ferred to the Pediatric Neurology Unit at the Steve Biko Academic
Hospital, Pretoria, South Africa, were obtained from the Vastus lateralis
muscle and stored immediately at —80 °C until use. Patients with a
Mitochondrial Disease Criterion score [23] of six or higher, or that
presented with a severe clinical phenotype suggestive of one of the
syndromic mitochondrial disorders, were included for OXPHOS ana-
lysis (n = 156) and genetic analysis (n = 26) in this study. The cohort
consisted of 94 African, 54 Caucasian and eight Indian patients.

2.2. Muscle sample preparation

Frozen muscle samples (30-100 mg) were thawed and homogenized
in 10 volumes of isotonic buffer [mannitol 210 mM; sucrose 70 mM; 4-
(2-hydroxyethyl)-1-piperazine-ethanesulphonic acid (HEPES) 5mM;
ethylene glycol tetra-acetic acid (EGTA) 0.1 mM; pH7.2)] with 15
stokes in a tight-fit Potter-Elvehjem tissue grinder. Samples were cen-
trifuged for 10 min at 600 X g at 4 °C. Supernatants were transferred to
new tubes and frozen at —80 °C prior to enzyme analyses and CoQ;o
quantification.

2.3. Analyses of respiratory chain enzymes

Mitochondrial RC enzymes (CI to IV; EC 1.6.5.3, EC 1.3.5.1, EC
1.10.2.2, EC 1.9.3.1, respectively, as well as CII+III, i.e. succinate:
cytochrome ¢ reductase; EC. 1.3.5.1 + 1.10.2.2) and citrate synthase
(CS, EC 2.3.3.1) activities were measured in muscle as described pre-
viously [21]. Protein content was determined with the bicinchoninic
acid assay [20]. A respiratory chain deficiency was diagnosed when an
RC enzyme activity was lower than reference values when expressed
against at least two of three enzyme markers (CS, CII, or CIV), providing
that these were not deficient.

2.4. Quantification of coenzyme Qo

CoQ; was quantified with a modified version of the assay described
by Itokonen et al. [10]. In short, 30 pl muscle sample (600 X g super-
natant) was mixed with 30 ul internal standard (0.5 ug/ml CoQ;[*He]
dissolved in acetonitrile) in a glass Kimax tube for 30 s. Then 1 ml ice-
cold ethanol: isopropanol (95/5; v/v) was added to precipitate protein
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before the sample was mixed for 10s. The sample mixture was then
extracted twice with 2 ml n-hexane. The organic phase from the second
extraction was added to the organic phase from the first extraction
before 30 pl of ethanolic 1,4-benzoquinone (0.4 mg/ml) was added for
the complete oxidation of CoQ1o. The sample was dried under nitrogen
gas at room temperature in a light protection glass vial for 20 min. The
dried residue was re-dissolved in 60 pl acetonitrile prior to LC-MS/MS
analysis.

Samples were analyzed using an Agilent 6460 Triple Quadropole
mass spectrometer (MS) quipped with an Agilent 1290 Infinity Binary
Pump for sample handling and mobile phase delivery. The injection
volume was 1 pl and the injection needle was washed for 10 s in a flush
port containing a methanol:isopropanol:water (70:10:20, v/v/v) solu-
tion to prevent carryover. The mobile phase used for the isocratic se-
paration was 100% methanol containing 5mM ammonium formate,
with a constant flow rate of 0.3ml/min. An Agilent ZORBAX
StableBond SB-C18 narrow-bore column-cartridge (2.1 X 30 mm,
3.5um) was used for reversed phase chromatography and the column
temperature was kept at 45 °C. Samples were delivered to the MS via
electrospray ionization (ESI) in positive mode. Multiple reaction mon-
itoring (MRM) was used for the monitoring the ammonium adducts of
the target analytes (m/z 880.7 — 197.2 for CoQ19, m/z 882.7 — 197.2
for CoQ;oHs, and m/z 886.7 — 203.1 for CoQ;o[?Hg]). Sheath gas and
nebulizing/drying gas temperature and flow rate were set at 300 °C and
6 1/min, respectively. Nebulizer pressure was set at 30 psi, the capillary
voltage at 3500 V, the nozzle voltage at 500V and the dwell time was
set at 50 ms. Although CoQ;, was oxidized using ethanolic 1,4-benzo-
quinone, the presence/absence of CoQ;oH, was monitored to confirm
that all the CoQ;o in the sample was oxidized. CoQ;o content was
normalized using the internal standard (CoQ1[?He]) and expressed
against citrate synthase activity as nmol CoQ;,/UCS (where U = umol/
minmg ' CS) or against total protein content as nmol/mg. The linear
dynamic range of the CoQ;o assay was established as 0.01-2 ug/ml for
CoQ;0 (R? > 0.999). The intra- and inter-day coefficient of variance
for the CoQp assay was 1.96% (determined after sequential analysis of
five QC samples) and 2.37% (determined after analysis of 18 QC sam-
ples in 18 different batches over a period of 4 months), respectively.

2.5. Genetic analysis on coenzyme Qo deficiency

The coding regions of selected genes involved in CoQ biosynthesis
and secondary CoQ;, deficiencies were sequenced in selected patients
identified with reduced muscle CoQ; levels, expressed on both protein
and CS. The genes included for sequencing were PDSS1 (COQ1), PDSS2,
COQ2-9, COQ10A, COQ10B, APTX, ETFDH, ETFA, ETFB, BRAF, and
APOE. The Ion PGM™ System for Next-Generation Sequencing (NGS)
was used with a custom designed Ion AmpliSeq™ Targeted Sequencing
Technology panel from ThermoFischer Scientific. The panel of 18 genes
had a total of 304 amplicons with a combined size of 61 kb with cov-
erage of 98% of exonic target regions. The amplicon library prepara-
tion, enrichment and sequencing were done in accordance to manu-
facturer's protocols.

Primary data analysis (quality assessment, read alignment against
GRCh37/hg19 and variant identification) was done using the Torrent
Suite™ Software for Sequencing Data Analysis (v5.0.2) and Ion
Torrent™ Suite Software Plugins (v.5.0) for variant calling. Secondary
data analyses included variant annotation using Ensembl online VEP
runner (Ensembl GRCh37 release 85, [10]) and data mining using
GEMINI, an open-source light database framework for genome mining
(GEMINI v0.19.1, [15]). Variants were firstly filtered based on allele
frequency for specifically African and Caucasian population groups as
reported in the Exome Aggregation Consortium (ExAC; [8]) followed by
variant classification as either novel (coding variants with or without
Loss of Function; LoF) or previously reported (coding variants with or
without LoF). The variant prediction software, SIFT (sorting intolerant
from tolerant) and PolyPhen-2 (Polymorphism Phenotyping, v2) were
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used to sort the intolerant from tolerant variants and predicted the
polymorphism impact respectively [25]. Potential disease-causing var-
iants were further investigated using OMIM and CliniVar (http://www.
ncbi.nlm.nih.gov/clinvar/), to determine if a known clinical phenotype
(clinical significance) was associated with the identified variants. Var-
iants of importance were confirmed and validated by Sanger Sequen-
cing.

3. Results and discussion
3.1. The effect of ethnicity, gender and age on 600 X g muscle CoQ1, levels

Samples (n = 156) were randomized and CoQ,, analyzed in 18
batches with a quality control (QC) sample included in every batch. The
QC sample was prepared by mixing a small volume of numerous sam-
ples used in the study. Only data from the clinical referred control
(CRG; patients who initially presented with symptoms usually asso-
ciated with mitochondrial disease that were referred to the clinic, but
where no respiratory chain deficiency on enzymatic level was detected;
n = 80) were used to investigate the potential influence of ethnicity,
gender and age on muscle CoQ,. As illustrated in Fig. S1, CRC samples
were divided into ethnic groups [Black African (n = 38), Caucasian
(n = 35) and Indian (n = 7)], gender groups (39 female and 41 male)
and the following age groups: < 1 years (n = 16), 1-10 years (n = 57),
11-25years (n = 5) and 26-60 years (n = 2). Muscle CoQ,o/UCS were
not significantly influenced by ethnicity (P = .07; Kruskal Wallis test),
gender (P = .63; Mann Whitney U test) or age (P = .60; ANOVA). When
expressing the CoQ;, against protein content (nmol/mg protein), no
significant effect were found either for ethnicity (P = .52; Kruskal
Wallis test), gender (P = .80; Mann Whitney U test) or age (P = .34;
ANOVA). Thus the results indicate that muscle CoQ;¢ normalized to CS
or protein was not influenced by ethnicity, gender or age in our cohort.
Itokonen reported that gender and age affected muscle CoQ;o, when
normalized to mass of wet tissue, but when they normalized the CoQ;o
to CS, no significant effect of either age or gender was found (Itokonen
et al. [10]).Thus although Itokonen used isolated mitochondria (15,000
x g pellet), while we used 600 X g supernatant, the same outcome was
obtained: when normalizing CoQ, to CS, age group and gender had no
significant effect on muscle CoQ1o.

3.2. CoQjy in respiratory chain deficient (RCD) patients

CoQ1 levels from the CII +III defect group (which included patients
with combined CII+III deficiencies; n = 29), other RCD group [which
included patients diagnosed with RCD (excluding CII+III defects);
n = 47] and the CRC group (n = 80) were compared (Fig. 1). Table 1
summarizes the mean, median and interquartile (25th percentile - 75th
percentile) ranges for CoQo in these groups expressed against CS ac-
tivity (UCS) and protein content.

Both the median CoQ;,/UCS ratios of the CRC group and the Other
RCD group differed significantly from the CII+III defect group
(P < .001 and P = .036, respectively), although no difference was
found between the other RCD group and the CRC group. When ex-
pressing the CoQ;o against protein content (nmol/mg protein), the
median CoQ;, of the CII+1II deficient group differed significantly form
the CRC group (P = .018) but not from the other RCD group (P = .216).
The CRC and other RCD groups also did not differ significantly from one
another. This significant lower CoQ;, detected in the CII+III group
relative to the controls (CRC) was expected, since low CoQio avail-
ability in the mitochondria would impair electron transfer essential for
ATP production ([17], Yubero et al. 2016). However, it is likely that
CoQ;o must decrease to a certain threshold before oxidative phos-
phorylation would be impaired.
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3.3. Correlation of muscle CoQ;o concentrations with complex II+III RC
enzyme activity

Firstly, no significant correlation was found between CoQ;,/UCS
levels and complex II+1III enzyme activity in the CII+III defect group
(Spearman's correlation = 0.02, P < .92). This was however expected
since (i) the group of CII+III patients was relatively small (only 29
patients) and (ii) not all CII +III defects are caused by deficient CoQ,
some patients might have a genetic defect resulting in altered structure/
function of CII and/or CIII. However, when investigating the Other RCD
and CRC groups, muscle CoQ,o/UCS strongly correlates with CII+III
enzyme activity (Spearman's correlation = 0.62) as illustrated in Fig.
S2. The correlation was also significant (P < .001). This finding is
consistent with the report by Yubero et al. (2016), where they showed a
strong correlation between CII +III (normalized to CS) and CoQ;o (also
normalized to CS) in a large cohort (n = 435) of patients investigated
for mitochondrial disease. However, when expressing CoQ;o against
protein (nmol/mg), no significant correlation was found in our cohort
(Spearman's correlation = 0.202).

3.4. A central 95% reference interval for CoQ;o in 600 X g muscle
supernatants

A central 95% reference interval (i.e. the 2.5th percentile to 97.5th
percentile) for 600 x g muscle supernatants was calculated according to
the International Federation of Clinical Chemistry (IFCC) guidelines
(using the CRC samples; n = 80) and determined to be 1.71-8.46 nmol/
UCS, with a median ratio of 3.606 nmol/UCS. This observed reference
interval for muscle CoQ;o, was similar to the reference interval
(2.68-8.40 nmol/UCS) reported for skeletal muscle 600 X g super-
natants in a large cohort (n = 436) (Yubero et al. 2016). When CoQ;¢
was expressed against protein, a reference interval of
0.213-1.387 nmol/mg protein was calculated with a median of
0.547 nmol/mg protein.

3.5. Patients identified with muscle CoQ;o deficiency

The new reference intervals were subsequently used to identify
patients in the cohort with decreased CoQq levels. Decreased CoQ;o
levels were considered as “deficient” in those samples which were
below the lowest limit (2.5th %) of the reference interval. Using this
interval, CoQ levels was found to be deficient (< 1.710 nmol/UCS) in
six Black African patients and three Caucasian patients for this parti-
cular cohort when expressed against CS (Table 2). However, when ex-
pressing CoQ;( against protein content, 12 patients were identified to
have deficient CoQ; levels (below 0.213 nmol/mg protein). A striking
observation when comparing the two tables is that there are only four
patients that overlaps between the two groups (P2, P14, P24, P29), thus
being detected as CoQ;q deficient when expressed against both CS and
protein. It is also notable, but possibly coincidental, that none of the
Caucasian patients were identified as deficient when expressing CoQ1q
levels against total protein (Table 3).

The conundrum as to why only four patients were CoQ;q deficient
against both CS and protein, while the rest of the patients were only
CoQo defective against one of the normalization markers, persisted
until the CS activity of the homogenates were examined. Citrate syn-
thase, an enzyme found in the mitochondrial matrix, is routinely used
as a normalization factor for mitochondrial content (Reisch et al. 2007).
Protein content, on the other hand, as measured in this study, is not due
to mitochondrial content, but all proteins in the sample/homogenate.

When we investigated the patients CoQ;, deficient against protein,
but not CS, many of these homogenates displayed very low CS activity
(in nmol/min'mg ~ ! protein). These homogenates can be considered as
having a low mitochondrial content. Therefore, when the CoQ;o con-
centration is normalized to the low CS (a small value), a higher value is
obtained for CoQ;0/UCS, falling within the reference range and the
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Fig. 1. Muscle CoQ;, concentrations in a cohort of South African patients who received muscle biopsies for the investigation of a possible RCD. Patients were divided into clinically
referred controls (CRC, n = 80), Other RCD (patients diagnosed with a muscle RCD on enzyme level, but excluding CII +I1I deficient patients, n = 47) and patients with CII +III deficiency
(n = 29). (A) When expressing the CoQ;, against CS activity (CoQ;0/UCS), the median CoQ;o levels of the CII+III deficient group differed significantly (#) form the CRC group
(P < .001) and the Other RCD group (P = .019). CRC and Other RCD groups did not differ significantly from one another. (B) When expressing the CoQ10 against protein content (nmol/
mg protein), the median CoQ; of the CII+III deficient group differed significantly (*) form the CRC group (P = .018) but not from the Other RCD group (P = .216). CRC and Other RCD

groups also did not differ significantly from one another.

patient is thus not flagged as being deficient. On deeper inspection of
the patients being CoQ;o deficient against CS but not protein, most
homogenates (> 80%) displayed very high CS values. Normalization to
CS thus resulted in very low CoQ;,/UCS, indicating defective CoQ;o
levels, but still normal CoQ;q/protein. No significant correlation
(Spearman's correlation < 0.3) was detected between CS and protein.
Therefore it cannot be assumed that a CoQ;, deficiency would in-
evitably be identified when using only one of the two normalization
approaches. The question remains as to why the homogenates display
such a wide range in CS activity, and why CS does not correlate with
protein content. This could be due to a number of reasons, including:
(1) excessive proliferation of mitochondria observed in mitochondrial
disease (DiMauro et al. 2004), resulting in relative high CS activity; (2)
massive rhabdomyolysis in patients, leading to muscle protein deple-
tion [13], also resulting in elevated CS activity relative to protein
content; (3) mitochondrial DNA depletion syndrome is expected to lead
to reduced CS activity relative to protein content (Montero et al. [14]);
(4) the quality of the muscle biopsy; and (5) the efficiency of the
homogenization process of the tissue. It is thus evident that expression
of CoQ;o levels and choice of normalization should be mindful of pa-
thology and sample preparation.

Another aspect to keep in mind is subcellular localization: CoQ; is
not only found in mitochondria, but also in the Golgi vesicles, lyso-
somes, microsomes, peroxisomes, plasma membranes and cytosol [4].
Although the exact subcellular distribution of CoQ;o remains elusive,
some reports mentions that approximately 50% of cellular CoQo is
present in the mitochondria (Yubero et al. 2014). Therefore the mi-
tochondrial content of a homogenate might greatly influence the
eventual [CoQ;o] of the homogenate. This, as well as the great variation
in CS might, in part, explain the anomaly why most patients are only
CoQ, deficient against one of the two markers used in this study.

When considering correlation of CoQio levels with enzymology,

Table 1

more often than not, combined CI+III and CII +III enzyme deficiencies
are impaired by lower CoQ( levels and therefore the presence of these
combined RCDs in skeletal muscle are especially predictive of a CoQ1q
deficiency [17]. The results in this study support this notion since eight
of the nine (89%) patients identified with CoQ;, deficiency when ex-
pressed against CS, (< 1.710 nmol/UCS, i.e., below the 2.5th % of the
reference interval) also had CII+III deficiency (Table 2). Three of the
nine patients with decreased CoQ;0/UCS ratios had isolated CII+ III
deficiency, while two patients had associated multiple RCDs, and three
patients had CII +III deficiencies with a concomitant CII, CIII and CIV
deficiency, respectively. This reiterates the importance of determining
CoQ;0 even when a complex II-III deficiency is accompanied by other
respiratory chain enzyme defects. Only one patient found with deficient
CoQ;0/UCS was not diagnosed with CII+1II deficiency. This particular
patient however displayed very low CII +III activity that was just above
the cut-off value used to diagnose a CII+III deficiency. However, when
the CoQq levels are expressed against protein levels (Table 3), only
seven of the twelve patients (58%) also had a CII +III deficiency. From
the remaining five patients, we were able to identify and detect another
RCD in two patients but not in the remaining three patients.

3.6. Genetic analysis

We further investigated the coding regions of selected genes in-
volved in CoQ;, biosynthesis and secondary CoQ;, deficiencies in se-
lected patients (n = 26). The most significant variants detected in this
cohort are summarized in Tables 2 and 3. All variants were detected as
heterozygous, while only two patients (P78, P2) presented with com-
pound heterozygous variants, reported here as disease-causing. The
remaining variants could not contribute in resolving the etiology since
autosomal recessive inheritance patterns require disease-causing var-
iants on both alleles and not only affecting one allele. From this data is

The mean, median and interquartile ranges calculated for patient muscle CoQ;, levels expressed against CS activity and protein content.

RCD group CoQ;0/UCS CoQ10/UCS median CoQ10/UCS Interquartile range  CoQ;o/protein CoQ;¢/protein CoQ;o/protein Interquartile range (25th % -
mean (nmol/UCS) (25th % - 75th %) mean median 75th %)
(nmol/UCS) (nmol/mg) (nmol/mg)

CRC 4.133 3.606 2.902-5.048 nmol/U 0.642 0.547 0.405-0.864 nmol/mg

Other RCD 3.483 3.171 2.460-4.259 nmol/U 0.561 0.528 0.400-0.715 nmol/mg

CII+1II defect 2.552 2.474 1.654-3.140 nmol/U 0.432 0.410 0.287-0.562 nmol/mg

CRC: clinically referred controls, n = 80; Other RCD: respiratory chain deficient patients excluding CII+III defects, n = 47; CII+1II defect n = 29.
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Table 2
2C0Q10/UCS ratios and RCDs in patients identified with CoQ, deficiency.

Molecular Genetics and Metabolism 125 (2018) 38-43

Patient Ethnicity =~ Gender CoQ;0/UCS concentration RCD diagnosed in Sample CoQ; genetic variant
number (nmol/UCS) patient group
Gene Variant RefSNP
P2 African Female 1.559 CII, CII+III CII+1II COoQ6 c.41G > A (het) + rs17094161
defect ¢.859G > T (het) rs61743884
P14 African Female 1.638 CII+1II CII+ 111 ND
defect
P24 African Female 1.204 CI, CII, CIII, CIV, CII ~ CII+III COoQ6 c.41G > A (het) 1517094161
+1II defect APTX ¢.597C > T (het) 15150886026
P29 African Male 1.607 CII+1II CII+ 111 CcOoQ6 c.283G > A (het) 1561743864
defect CcOoQ9 ¢.304C > T (het) 15143043228
P54 Caucasian Male 1.535 - CRC ND
P78 Caucasian Female 0.861 CI, CIII, CIV, CII+1II  CII+III ETFDH ¢.1067G > A (het) + c.1448C > T novel
defect (het)
P95 African Female 1.654 CIV, CII+1II CII+1II ND
defect
P98 African Female 1.229 CIT+ 111 CII+1II Cc0oQ6 c.41G > A (het) 1517094161
defect
P99 Caucasian Male 1.391 CIIIL, CII+1IT CII+1II ETFA ¢.513G > A (het) rs1801591
defect COQI10A ¢.523C > T (het) novel

95% central reference interval for 600 x g muscle CoQ;0/UCS = 1.710-8.460 nmol/UCS. CRC = clinical referred control

* Possible disease-causing variants of genes involved in CoQ10 biosynthesis
*+ Protein deficiency confirmed. ND = none detected.

was clearly evident that more variants were found in the group where
CoQ;p was expressed against CS (6 of 9 cases) compared to CoQ;o ex-
pressed against protein (4 of 11 cases). This warrants further in-
vestigation.

From the two patients that presented with disease-causing variants,
the first patient (P78) presented with compound heterozygous variants
(c.1067G > A and c.1448C > T) in the gene ETFDH as recently de-
scribed by van der Westhuizen et al. (2018). This patient had the lowest
CoQ;o level when expressed against CS, but were not classified as de-
ficient when CoQ;o was expressed against protein content. This phe-
nomenon was described before [13] for a patient found to be CoQ;o
deficient when expressed against CS, but not protein content. The in-
vestigators ascribed this discrepancy to the fact that the patient pre-
sented with massive rhabdomyolysis, leading to muscle protein deple-
tion. In such a case the relatively low protein content in muscle could
have led to a false negative result for CoQ;o, when normalized to pro-
tein. It is however disconcerting that P78 in our cohort would not have
been diagnosed as CoQ;q deficient if the CoQ;( levels were only ex-
pressed against protein content like many studies do.

Table 3
2CoQ;o/protein concentrations and RCDs in patients identified with CoQ,, deficiency.

The second patient, P2, presented with two variants in the gene
COQ6. Both variants, c.41G > A (p.Trpl4Ter, LoF with high con-
fidence) and ¢.859G > T (p.Ala49Ser) were previously reported and
classified as benign and tolerated according to ClinVar and OMIM.
These variants were however classified as benign from a single sub-
mitter, with no evidence of any functional tests done to support the
classification. From ExAC, minor allele frequencies of 0.005 and 0.002
are reported respectively. However, to further investigate this patient,
we performed functional tests on 600 X g muscle sample supernatant
from this patient, including SDS page and Western Blot analyses.
Results revealed lower relative total protein when compared to control
samples, and lower expression of COQ6 when compared to the controls
(Fig. S3). Biochemically, this neonatal female was diagnosed with
CoQ; o deficiency on both CS and protein (Tables 2 and 3). We therefore
classify these compound heterozygous variants as a risk factor for this
patient, due to the supporting evidence mentioned. To fully understand
the etiology of these compounding variants in the gene COQ6, we
suggest segregation analysis on the non-consanguineous parents. All
variants of interest were confirmed with Sanger sequencing and genetic

Patient number  Ethnicity =~ Gender  CoQ;o/protein concentration (nmol/mg) RCD diagnosed in patient Sample group  CoQ;o genetic variant
Gene Variant RefSNP

P2 African Female 0.032 CII, CII+1II CII+1II defect COQ6 c.41G > A (het)+ rs17094161

¢.859G > T (het) rs61743884

P4 African Female 0.199 CIII Other RCD ND

P13 African Female 0.103 - CRC ND

P14 African Female 0.132 CI, CII+1IT CII+1II defect ND

P24 African Female 0.066 CI, CII, CIII, CIV, CII+1III  CII+III defect COQ6 c.41G > A (het) rs17094161
APTX ¢.597C > T (het) 15150886026

P29 African Male 0.176 CII +1II CII+1II defect COQ6 ¢.283G > A (het) rs61743864
coQ9 ¢.304C > T (het) rs143043228

P37 African Male 0.211 CIIL, CIV, CII+1II CII+1II defect ND

P47 African Female 0.111 CI Other RCD ND

P69 African Male 0.157 CIII, CIV, CII+1II CII+1II defect ND

P72 African Male 0.028 CII+11I CII+1II defect  Not performed (insufficient sample)

P107 African Female 0.210 - CRC ND

P158 African Male 0.212 - CRC APOE c.824T > C (het) Novel

95% central reference interval for 600 x g muscle CoQ;o/protein = 0.213-1.387 nmol/mg. CRC = clinical referred control

* Possible disease-causing variants of genes involved in CoQ10 biosynthesis
** Protein deficiency confirmed. ND = none detected.
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variations of importance could not be identified in the remaining 24
patients. Since only two patients presented with disease-causing var-
iants, future studies might focus on distinguishing primary and sec-
ondary CoQ;¢ deficiencies with the incorporation of radiolabeled sub-
strates into CoQio, such as [3H]-mevalonate and [*4c1-4-
hydroxybenzoate, or that of stable isotopes in fibroblasts [24].

4. Conclusion

Although CoQio plays a central role in energy metabolism, the
prevalence of CoQ; deficiency is still unknown and the condition is at
present under-diagnosed [17]. Here we report on 600 X g muscle su-
pernatant CoQq levels in a cohort of ethnically diverse patients who
received muscle biopsies to diagnose a possible RCD. Results indicate
that muscle CoQ;( was not significantly influenced by ethnicity, gender
and age. Nine patients were identified with decreased muscle CoQo/
UCS, eight of these patients were also CII+1II deficient. A strong cor-
relation was detected between CoQq levels and CII+III activity, sup-
porting the notion that CII+III deficiencies are a good indication of a
CoQ;o deficiency ([11,12,22], Yubero et al. 2016). However, when
CoQ; was normalized to protein content, 12 patients were identified to
be CoQo deficient. Only four patients were CoQio deficient when
normalized against CS and protein, thus five patients were deficient
when normalized against CS only and not when normalized against
protein. Even worse — eight patients were only CoQ;o deficient when
normalized to protein and not CS. This anomaly remains to be further
investigated, with variation in adaptive responses such as mitochon-
drial biogenesis and mitophagy in muscle possible having an impact on
the outcome of expressing CoQ1q levels.

This study is, as far as we know, the first to report a central 95%
reference interval for 600 xXg muscle supernatants prepared from
frozen samples in an ethnically diverse cohort. The study reiterates the
importance of including CoQ;o quantification as part of a diagnostic
approach to study mitochondrial disease as it may complement re-
spiratory chain enzyme assays with the possible identification of pa-
tients that may benefit from CoQ;o supplementation. We conclude from
our data that, to prevent possibly not diagnosing a potential CoQq
deficiency, the expression of CoQ;¢ levels in muscle on both CS as well
as protein content should be considered.
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APPENDIX B: MITOCHONDRIAL COHORT CONSENT
AND ASSENT FORM

Blank versions of legal informed consent and assent forms for collection of a muscle

biopsy sample from a participant.
F N o o= a Lo [ = 0 PSPPSR 238

Form A

Patients: Informed consent form
F N o] o 1=T g Lo [ = USSP 240

Form B

Patient: Assent form

237



Appendix B.1
PATIENTS: INFORMED CONSENT FORM

The investigation of patients with possible mitochondrial disorders in South Africa

AIM OF THE STUDY

Mitochondrial disorders (MDs) are a group of disorders that may affect the brain, muscle, liver and several other organs, because a
defect exists in the energy production of the cell. It is caused by a genetic defect (primary MD) or as a consequence of medication
or other reason e.g. Human immunodeficiency virus (HIV) (secondary MD). The aim of the project is to measure respiratory function
in your child’'s muscle and/or relevant tissues in conjunction with the enzyme activity of the energy producing system as your child is
identified as having a possible primary or secondary mitochondrial disorder. In confirmed cases further genetic testing for
mitochondrial disorders will be performed in different stages depending of the availability of funds. The genetic tests will include
different methods to identify possible mtDNA and nDNA changes that may explain the reason for the disease. The urine will also be
examined for chemical compounds that may be excreted in the urine if such a disorder is present. Biochemical testing on blood
specimens will be performed according to the clinical features of the patient.

No HIV testing will be performed for research purposes only. HIV testing of a child in the department of Paediatrics is only
performed if it is clinically indicated and will impact on the management of the individual. The HIV patients or patients exposed to
ARV in utero that will be included in the study will be recruited mainly from the HIV clinic where they have been followed up and
managed routinely according to the current National HIV Management Guidelines.

The long-term goal of this project is to refine the diagnostic service of mitochondrial disorders in South Africa.

EXPECTED DURATION OF THE PROJECT

This project is a long term project and patients have been included since 2007. Blood/Tissue/Urine will be kept to avoid any
additional invasive procedures for possible diagnostic testing in future when novel techniques might become available, provided
that it will be discussed with the patients/parents first. It will be kept until the Principal Investigator Prof | Smuts will finally close or
terminate the study. The specimens will then be discarded according to the regulations on the management of human waste.

PROCEDURES FOLLOWED DURING THIS PROJECT
The study will be explained to you and you will be allowed time to ask questions and decide whether you would prefer to give
consent for your child to take part.

A family history will be taken and a complete physical examination will be performed.

In the case of a patient with suspected mitochondrial disorder appropriate special investigations, including urine, and blood will be
performed to confirm the diagnosis of a mitochondrial disorder, to determine involvement of other organ systems and to monitor the
course of the disease.

Not more than 15 ml of blood will be taken, depending on the age of the child. This blood will be used for appropriate biochemical
and haematological investigations and a small volume will be stored away to do genetic studies when an appropriate test comes
available. If it would be applicable in future, you will be contacted again for a follow up blood sample to establish cell lines to ensure
a continuous supply of DNA for further analyses.

In some instances where the nervous system symptoms are unexplained it will be necessary to do a lumbar puncture. It implies that
fluid surrounding the brain will be obtained through a thin needle in the back. A maximum of 5 ml cerebrospinal fluid will be needed.

Nerve conduction studies and electromyography in which the electrical functioning of the nerves and the muscle will only be done if
it has not been done before and it seems to be affected.

A muscle and/or relevant tissue biopsy will be done in some cases if the blood tests were inconclusive. The biopsies will be taken
under general anaesthetics by a qualified paediatric surgeon. For a muscle biopsy a 3-4 cm incision will be made on the thigh and a
small piece of muscle about 1 cubic cm will be removed for the biochemical analyses and an additional smaller piece of muscle will
be taken for histology. The wound will be sutured. The muscle biopsy taken for biochemical and genetic analyses will be processed
and the excess will be frozen for possible future use if better biochemical or genetic tests come available. The genetic testing will be
performed in South Africa.

A liver biopsy, if indicated, will be taken at the same time while under general anaesthesia by a qualified paediatric surgeon or
paediatric gastroenterologist. There is always a small risk of bleeding after the procedure. Clotting ability of the blood will be tested
prior to the procedure. The liver biopsy will be done with sonar guidance to ensure that large blood vessels in the liver will not be
damaged. A thin needle is used to remove a 1-2 cm long piece of liver, 2-3 mm thick through a small cut in the skin. Biochemical,
histological and genetic analyses will be performed on the tissue obtained. No suturing is required. After the biopsy is taken
adequate pain relief will be provided and vigilant monitoring of the heart rate, blood pressure and saturation will be done to identify
complications like bleeding should they occur.

A skin biopsy of 3 mm of the superficial layer of the skin will be taken with a sterile blade from an area on the arm treated with a
local anaesthetic to culture cells the determination of biochemical activity and genetic analyses.

A specialised type of X-Ray, e.g. computerised tomography (CT) scan or magnetic resonance imaging (MRI) of the brain will be
done to obtain a photographic picture only if it has not been done before and your doctor is of opinion it might be helpful to clarify
some of the symptoms and signs.
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A formal hearing and/or vision test will be performed if deafness or visual impairment is suspected.

RISKS AND POSSIBLE DISCOMFORT FOR THE PATIENT / INDIVIDUAL
Blood sampling is causing mild pain, but the risks are minimal.

A lumbar puncture will cause moderate pain and discoloration at the puncture site. The patient may suffer from a headache
afterwards.

The EMG and nerve conduction study may cause pain, but the greatest care will be taken to assure the comfort of the patient as far
as possible.

The muscle, liver or skin biopsies have the following risk factors: possible bleeding, discomfort including pain, possible scarring, and
a remote risk of infection.

DECLARATION OF CONFIDENTIALITY

All the Information provided for the purpose of this study will be treated as highly confidential. Only individuals of the research group
and officials, who are entitled to it by law, will have access to information. Data published in a medical journal will include no
information that could identify a patient or his/her family.

WITHDRAWAL CLAUSE
| understand that | am entitled to withdraw from the project at any time without penalty or loss of benefits. The participation of my
child, in this project is therefore on a voluntary basis until | request withdrawal in writing.

THE ABOVE MENTIONED PROJECT WAS THOROUGHLY EXPLAINED AND THE FOLLOWING ADDITIONAL INFORMATION

POINTED OUT TO ME

e That the entire urine, blood and muscle biopsy and other tissue samples, including genetic material derived from it, is used for
research purposes and no compensation for this will be provided.

e That I will be kept informed of significant developments in the project.

e That the withdrawal clause was explained to me and that | understand its implications.

ENQUIRIES ABOUT THIS PROJECT SHOULD BE DIRECTED TO:

e General enquiries should be directed to: Prof I. Smuts, Paediatric Neurology Unit, Department of Paediatrics and Child Health,
University of Pretoria, Private Bag X323, Arcadia, 0007.

e Enquiries regarding ethical aspects of the project can be addressed to: The Chairperson of the Ethics Committee, Steve Biko
Academic Hospital, Private Bag X323, Arcadia, 0007.

That | will receive a copy of this informed consent form.

DECLARATION OF CONSENT

I,
(Print full name and surname)

Hereby consent to the participation of my child,

in the above-mentioned project.

(Print full name and surname or stick a sticker)
I confirm that | am fully aware of the content of this form and that by signing it | give the necessary consent.

Signed at: on
(Place) (Date)

(Signature of a parent/guardian)

Witness 1: Witness 2:
(Signature) (Signature)

(Signature of responsible who explained the project and informed consent from to the participant.)
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PATIENT: ASSENT FORM

The investigation of patients with possible mitochondrial disorders in South Africa

We are going to explain the study to you. If you understand and want to take part, we ask you to sign the form.

WHAT DO WE WANT TO DO IN THE STUDY?

Mitochondrial disorders (MDs) are diseases that may cause a problem in many parts of the body, because too little
energy is made. You can be born with it or it may be caused by other things like medication or other infections like HIV.
HIV will only be tested if we think it is possible that you can benefit from medication. The aim of the project is to
measure if your body makes enough energy and what is the cause. We hope to be able to have a centre one day in
South Africa where patients with these problems could be helped.

HOW LONG WILL THE STUDY BE?

This project runs since 2007 and will continue until Prof Smuts will finally close the program. The blood and tissue will
be kept to try and make a diagnosis in future, when better tests are available, but we will discuss it with you first.
Everything will be discarded if the study is finished

WHAT ARE WE GOING TO DO?

We will explain to you what we are going to do and give you time to ask your questions.

We are going to ask your parents about other people in your family and whether they are ill. We will examine your
body.

If we think that you have a this possible problem, we will do some test to see if there are other parts of your body that is
also ill and to see if the problem gets worse. It can be sore if we do some of the test, but then we will give you
medicine. It will help you then to sleep and lie very still. It will also help to take away the pain.

Less than 15 ml blood will be taken. It may be necessary to take some of the fluid from your back. Afterwards you may
have a sore head, and then you will have to lie in bed for a while. If your muscle or nerves are weak we are going to
test it with a machine. It is sore for a short while. If we really do not get an answer from those tests it may be necessary
to do a small operation to get a small piece of muscle, skin and/or liver. The little operation may cause bleeding, pain
and leave a small mark on your e.g. Your urine will also sent to be tested in a big machine, but that is not sore. The
genetic tests will be done in South Africa

Sometimes we need a picture of your brain. That is not painful at all, you just have to lie very quiet in the machine that
we call a scanner. It is like taking photos of your brain.
If you cannot see or hear well, we may also test your eyes and or ears. It is not sore.

WILL ANYBODY KNOW ABOUT YOU?

Only the doctors that know you and the people in the laboratory that work with your blood, urine or muscle see the
answers and your hospital number and name. If we find some answers we would like to write about it in a medical
journal, but nobody that will read the article will be able to know that you took part, only the answers will be given.

WHAT HAPPENS IF YOU DO NOT WANT TO TAKE PART?

You or your parent may at any time tell us if you do not want to take part any further at any time, but your parent must
please write us a letter. We will not be cross with you and we shall still carry on to treat you as good as possible.

THE ABOVE MENTIONED PROJECT WAS THOROUGHLY EXPLAINED AND THE FOLLOWING EXTRA POINTS
WERE TOLD TO ME.

The blood, urine muscle or other tissue are given for research and that | will not be paid for it.
You will let us know if you find the answers.

I may decide not to take part any further in the study
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WHO SHOULD WE CONTACT IF WE HAVE QUESTIONS?

e General enquiries should be directed to: Prof I. Smuts, Paediatric Neurology Unit, Department of Paediatrics and
Child Health, University of Pretoria Private Bag X323, Arcadia, 0007

e Enquiries regarding ethical aspects of the project can be addressed to: The Chairperson of the Ethics Committee,
Steve Biko Academic Hospital, Private Bag X323, Arcadia, 0007.
That | will receive a copy of assent form.

DECLARATION OF ASSENT

I,
(Print full name and surname)

Hereby assent to take part in the project.
| understand that | take part in the research project as a patient .
| confirm that | understand everything.

Signed at: on
(Place) (Date)

(Signature of a minor)

Witness 1: Witness 2:
(Signature) (Signature)

(Signature of responsible who explained the project and assent to the participant.)

Protocol 91/98 Version 4: February 2013 PAGE 2 OF 2

241





