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Abstract

Mitochondrial diseases are the most common metabolic disease, caused by pathogenic variants
in both nuclear and mitochondrial genomes. The molecular diagnosis can be challenging,
sometimes taking years and requiring multiple invasive and risky diagnostic techniques.
Genome sequencing (GS) is an emerging technology that allows the analysis of nuclear and
mitochondrial genomes simultaneously. However, the interpretation of data can be complex,

and the use of this technology in mitochondrial diseases is limited.

This PhD thesis explores the diagnostic utility of GS by investigating retrospective and
prospective cohorts of patients with suspected (but molecularly undiagnosed) mitochondrial

disease.

The thesis is divided into eight chapters. Chapter 1 begins with a general introduction to
mitochondrial diseases and associated diagnostic challenges. Chapter 2 describes the subjects
and methods used throughout the PhD. Chapters 3 to 6 use trio genome sequencing to analyse
a retrospective cohort of patients with paediatric onset mitochondrial disease. In Chapter 3, trio
GS uncovers TEFM and COX11 as new candidate mitochondrial disease genes. In Chapter 4,
trio GS was useful to identify a deep intronic variant in NBAS, enabling diagnosis of a patient
who showed clinical overlap with mitochondrial disease. In Chapter 5, trio GS was used to
identify a novel apparently synonymous variant in PNPT1 where in silico and functional
studies revealed a splicing defect instead. Clinical information and functional evidence from
other patients with PNPT variants were studied through an international collaboration to gain
a better molecular and clinical understanding of PNPT/-related mitochondrial disease. In
Chapter 6, trio GS data was interrogated to study mtDNA inheritance, showing an absence of

biparental mitochondrial DNA transmission in the cohort.

In Chapter 7, the use of singleton GS data was studied in a prospective cohort of patients with
suspected mitochondrial disease. A molecular diagnosis was made in 37% of cases. Examples
that show the utility of GS include the identification of a mtDNA variant with low levels of
heteroplasmy in blood (NC 012920.1(MT-TL1):m.3243A>T with 2% heteroplasmy),
deletions in mtDNA (9kb deletion with 50% heteroplasmy) and nDNA (heterozygous 4.1kb
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intragenic deletion in A4RS2), and the use of GS data to aid in paternity confirmation and

variant phasing in a patient with suspected Perrault syndrome and PEX6 variants.

Finally, Chapter 8 concludes that GS is an effective tool for the diagnosis of mitochondrial
diseases. The diagnostic potential is increased by combining GS with other techniques such as
RNA sequencing. Further research is being conducted to assess the cost-benefit of this

technology.
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Introduction

1.1 Mitochondria

Mitochondria are organelles present in almost all cells in the human body. The most accepted
hypothesis argues that they evolved from a symbiotic event 1.5 billion years ago when an

alpha-proteobacterium was engulfed by an ancestral eukaryote (Sagan 1967, Gray 2014).

This "endosymbiotic hypothesis” explains why, like prokaryotes, mitochondria have their own
circular DNA, divide independently of the nucleus and initiate protein synthesis with

formylmethionine (Suomalainen and Battersby 2018).

With the exception of mature red blood cells which lack mitochondria, every other cell in the
human body can contain hundreds to thousands of mitochondria. The mitochondrion structure
contains two specialized membranes. The outer membrane separates mitochondria from the

cytosol, and contains protein pores (porin) to allow the transport of small proteins and ions.

The inner membrane, by folding into cristae has a large surface area, and contains the protein
complexes involved in the respiratory chain (RC). Encapsulated by this membrane is the
mitochondrial matrix, where the multiple copies of mtDNA are located and also where
metabolic pathways such as the tricarboxylic acid cycle (TCA or Krebs cycle) produce
metabolic intermediates that are then transported through the RC protein complexes (I, 11, III,
IV) in the inner membrane. During this process, a proton gradient in the intermembrane space
is created and used by ATP synthase (Complex V) to form adenosine triphosphate (ATP). This
metabolic pathway, whereby the mitochondria oxidize nutrients to synthesise ATP, is also
called oxidative phosphorylation (OXPHOS), and constitutes the major source of energy that
the human body needs (Figure 1) (Kuhlbrandt 2015, Gorman, Chinnery et al. 2016). Thirteen
of the subunits that compose the enzyme complexes are encoded by the mtDNA, while the rest

are encoded in the nuclear genome (nDNA) and need to be imported to the mitochondria (Table

1).
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Figure 1 Oxidative phosphorylation.

Complex I (NADH-ubiquinone oxidoreductase), complex II (succinate-ubiquinone oxidoreductase), complex III
(ubiquinol-cytochrome ¢ oxidoreductase), and complex IV (cytochrome ¢ oxidase, COX) are the mitochondrial
RC enzymes located in the inner membrane and transfer electrons from substrates to molecular oxygen, generating
an electrochemical transmembrane gradient. In the inner membrane, complex V (ATP synthase) uses the gradient

energy to synthesise ATP. Figure from (Gorman, Chinnery et al. 2016).

Table 1 Human OXPHOS subunit composition

Complex Name Number of Number of subunits in the mtDNA
unique
subunits
| NADH 44 7
ubiquinone MT-NDI1, MT-ND2, MT-ND3, MT-
oxidoreductase ND4, MT-ND4L, MT-NDS5 and MT-
ND6
11 Succinate 4 0
ubiquinone
oxidoreductase
I Ubiquinone- 11 1
cytochrome ¢ MT-CYB
oxidoreductase
v Cytochrome ¢ 14 3
oxidase MT-CO1, MT-CO2, and MT-CO3
\% ATP synthase 16 2

MT-ATP6 and MT-ATP8
(Balsa, Marco et al. 2012, Alston, Rocha et al. 2017, Zong, Wu et al. 2018)

19



Introduction

The human mitochondrial genome (mtDNA) is circular, double-stranded, and contains 16,569
base pairs. It comprises only 37 genes that encode for 13 proteins, two rRNAs (12S and 16Y5),
and 22 tRNAs (Figure 2). However, ~1500 proteins are required for mitochondrial function,
the majority of which are encoded by the nDNA and imported to mitochondria through the
TIM/TOM pathway (Kunze and Berger 2015, Calvo, Clauser et al. 2016, Stenton and Prokisch
2018). These include proteins required for the generation of ATP by OXPHOS, and also in
the numerous metabolic pathways in which mitochondria are involved, such as calcium
homeostasis, hormone metabolism, metabolism of toxic compounds, non-shivering
thermogenesis, regulation of membrane potential, apoptosis, fatty acid oxidation, TCA cycle,
urea cycle, amino acid metabolism, lipid homeostasis, gluconeogenesis, ketogenesis, and
biosynthesis of haem, steroids, and iron— sulfur clusters (Gorman, Chinnery et al. 2016, Frazier,

Thorburn et al. 2019).

In humans, mtDNA is inherited from the mother and is present in multiple copies, mammalian
oocytes carry ~4000-fold more copies of mtDNA than sperm (Hecht, Liem et al. 1984, Zhang,
Burr et al. 2018, Latorre-Pellicer, Lechuga-Vieco et al. 2019); after fertilization the already
low copy number of paternal mtDNA copies is selectively degraded (Sutovsky, Moreno et al.

1999, Sutovsky, Van Leyen et al. 2004).
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HSP1

Figure 2 Human mitochondrial genome.

The mitochondrial genome is circular, double-stranded and contains 37 genes. tRNA genes are indicated in
yellow. Origins of heavy-strand and light-strand mtDNA replication are indicated by On and OL respectively.
HSP, heavy-strand promoter; LSP, light-strand promoter. Figure from (Gorman, Chinnery et al. 2016).

1.2 Mitochondrial diseases

Mutations in more than 300 different genes can cause mitochondrial disorders (Stenton and
Prokisch 2018, Frazier, Thorburn et al. 2019), and while each is individually rare, they are the
most common group of inborn errors of metabolism, affecting at least 1 in 5,000 live births
(Skladal, Halliday et al. 2003). They are caused by pathogenic variants that can impair
mitochondrial energy generation by directly or indirectly impacting OXPHOS and other
cellular functions (Gorman, Chinnery et al. 2016, Stenton and Prokisch 2018, Frazier,
Thorburn et al. 2019). Symptoms can present at any age and generally involve organs with
high ATP requirements. The dependence of neurons on OXPHOS to generate ATP results in
the frequent presentation of neurological symptoms such as encephalopathy, seizures, and

stroke-like  episodes. Common non-neurological presentations include ptosis,
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ophthalmoplegia, optic atrophy, cardiomyopathy, myopathy, exercise intolerance,

hyperglycaemia, renal dysfunction and liver failure (Gorman, Chinnery et al. 2016).
Some patients present with a phenotype that can fit into an identifiable syndrome (Table 2).
Yet, there is extensive clinical variability, and most patients cannot be grouped into any specific

clinical phenotype.

Table 2 Examples of common clinical syndromes of mitochondrial disease and their

clinical features

Syndrome

Causative

Gene(s)

Common phenotype

Reference

Leigh syndrome

the nDNA regression, basal al. 2016, Rahman,
and mtDNA  ganglia and/or Noronha et al. 2017)
brainstem dysfunction
with symmetric lesions.
Alpers syndrome and POLG Refractory seizures, (Huttenlocher,
Childhood regression, liver failure, Solitare et al. 1976,
myocerebrohepatopathy neuropathy, renal Hikmat, Tzoulis et al.
spectrum tubulopathy. 2017)
Kearns—Sayre syndrome  Multiple Progressive external (Kearns and Sayre
(KSS) deleted genes ophthalmoplegia, 1958, Moraes,
dueto a pigmentary retinopathy, DiMauro et al. 1989)
single cerebellar ataxia,
mtDNA cardiac conduction
deletion abnormalities, deafness,
myopathy, diabetes
mellitus.
Mitochondrial mtDNA Stroke-like episodes, (El-Hattab, Adesina
encephalomyopathy, lactic variants; seizures, dementia, etal. 2015)
acidosis and stroke-like m.3243A>G  headache, hearing
episodes (MELAS) in MT-TL1 is impairment, lactic
the most acidosis, ragged-red
common fibres.

>90 genes in

Encephalopathy,

(Lake, Compton et
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1.2.1 Inheritance of mitochondrial diseases

Since the proteins required for mitochondrial function are encoded by both nDNA and mtDNA,
mitochondrial diseases can be dominant, recessive, X-linked, maternally inherited, or de novo.
It is estimated that ~75% of primary paediatric mitochondrial diseases with onset in childhood
result from variants in the nuclear genome. Pathogenic variants in nuclear genes can be
inherited in any Mendelian pattern, but are most commonly autosomal recessive (Gorman,

Chinnery et al. 2016).

mtDNA is maternally transmitted, and is present in many copies within a cell, however not all
mtDNA copies carry the same variants; this mixture of mutant and wild-type mtDNA is known
as “heteroplasmy”. The degree of heteroplasmy may be different in the offspring than in their
mothers, and the difference is explained by a restriction-amplification event called the
“bottleneck effect”, which occurs during oocyte maturation. During oogenesis, a small
proportion of the mitochondria within the primordial germ cell is segregated to each primary
oocyte. During maturation there is replication of the mtDNA, and therefore the mature oocyte
may contain a different proportion (mutant load) of mutant mitochondrial DNA compared to
the proportion found in the primordial germ cell (Figure 3) (Taylor and Turnbull 2005,
Gorman, Chinnery et al. 2016).

. Mature oocyte
Primary oocyte

NG
O 0Q O OO Fertilization High level of mutation
> @ Q QO O (offspring with mitochondrial disease)
Primordial
germ cell @ @
@,
D @
@&% @) o A o 09 : .
@ O@ e O @ Interm.edlat-:e lov_el of. mutatlon. )
%) %0 @ o %Q@O (offspring with mild mitochondrial disease)
063 6
Nucleus
@
) D
O O @ Low level of mutation
% e —_—
Mitochondria D @ Q @ @ @ (offspring without mitochondrial disease)
@D Normal
D Mutant §®

Figure 3 Mitochondrial bottleneck during oogenesis.
During oogenesis a small number of mtDNA molecules are segregated into each primary oocyte, followed by

rapid replication leading to variable levels of heteroplasmy in the mature oocyte. Figure from (Gorman, Chinnery

et al. 2016)
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Furthermore, the heteroplasmy level can vary between cell types and tissues, and consequently
heteroplasmy levels must reach a specific threshold before a clinical or biochemical phenotype
is present, which depends on the type of variant and the cell type. The phenotypic severity of
the disease can thus differ based on the proportion of mitochondria with wild type and mutant

genomes (Stewart and Chinnery 2015).

1.2.2 Diagnosis of mitochondrial diseases

The diagnosis of mitochondrial diseases can be challenging. A survey conducted by Grier and
colleagues showed that on average patients visit 8 different specialists before receiving a
diagnosis, 55% are initially misdiagnosed, and 32% were misdiagnosed more than once (Grier,
Hirano et al. 2018). Numerous factors contribute to the difficulty in establishing a
mitochondrial diagnosis:

e They can be caused by pathogenic variants in the nDNA or in the mtDNA

e Approximately 300 genes have been involved in mitochondrial diseases

e There are different modes of inheritance

e Different levels of mtDNA heteroplasmy contribute to phenotypic variability

e Pleiotropy contributes to phenotypic variability

e There are different diagnostic classification systems (clinical, enzymology, molecular)

e There is no standardised diagnostic pathway

The approach for diagnosing mitochondrial diseases often varies between clinical presentations
and is not standardised. Several diagnostic criteria have been created in an attempt to harmonise
the clinical diagnosis of mitochondrial disorders, such as the Bernier and Nijmegen criteria,
which use a combination of clinical, pathological, biochemical, and molecular analyses

(Bernier, Boneh et al. 2002, Morava, van den Heuvel et al. 2006).

The Nijmegen criteria scoring system classifies the probability of mitochondrial disease as
definite (score 8—12), probable (score 5-7), possible (score 2—4) or unlikely (score 1) (Morava,
van den Heuvel et al. 2006). To incorporate additional currently available clinical, metabolic,
and biochemical evidence of respiratory chain disorders, a modified version was used for
scoring patients in this research project, and is presented in Table 3. The modified criteria
include more specific signs/symptoms such as optic neuropathy and retinitis pigmentosa. It

adds metabolic and biochemical biomarkers that have been identified in recent years such as
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FGF21 and GDF15 (Lehtonen, Auranen et al. 2020), and it also includes well established
enzymological evidence such as abnormal respiratory chain enzyme activity (Frazier, Vincent

et al. 2020).
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Table 3 Modified Nijmegen criteria

Introduction

I. Clinical criteria (max. 4 points)

A. Muscular presentation

(max. 2 points)

B. CNS presentation

(max. 2 points)

C. Multisystem disease

(max. 3 points)

II. Metabolic and
imaging studies

(max. 4 points)

II1. Morphology and
biochemical

(max. 4 points)

= Progressive external
ophthalmoplegia®

= Facies myopathica

* Ptosis’

= Exercise intolerance

= Muscle weakness

= Rhabdomyolysis

= Abnormal EMG

= Intellectual disability”
= Loss of skills / regression
= Stroke-like episode

= Migraine

= Seizures

= Myoclonus

= Cortical blindness

= Optic neuropathy’

= Retinitis pigmentosa’
= Pyramidal signs

= Extrapyramidal signs

= Brainstem involvement

= Haematology

= GI tract

= Endocrine / growth

= Diabetes mellitus’

= Cardiomyopathy

= Hypertension”

= Kidney

= Sensorineural deafness’
= Neuropathy

= Recurrent /familial

* Elevated blood lactate ”*
= Elevated L/P ratio

= Elevated blood alanine

* Elevated serum FGF21¢*
* Elevated serum GDF15"
= Elevated CSF lactate

= Elevated CSF protein

= Elevated CSF alanine

= Urinary TA excretion

= Ethylmalonic aciduria

= 2-ethylhydracylic aciduria’

= 3-methylglutaconic aciduria”

= Stroke-like picture/MRI ¢
= Leigh syndrome /MRI “
= Elevated lactate/MRS ¢

= Ragged red/blue fibres

= COX-negative fibres

= Reduced COX staining

= SDH positive blood
vessels ¢

= Abnormal
mitochondria/EM ¢

= Abnormal RC
enzymology ¢

= mtDNA depletion or
multiple mtDNA

deletions **

“ this specific symptom scores 2 points, ** if blood lactate is elevated once scores 1 point; if elevated thrice scores 2 points,® 2 points if present; 4 points if >2%

4 score 2 points if <20% residual activity (relative to marker enzymes such as citrate synthase or RC complex II) of any RC complex in a tissue or <30% residual activity of

any RC complex in a cell line or <30% residual activity of any RC complex in two or more tissues. Score 1 point if 20-30% residual activity of any RC complex in a tissue or

30—40% residual activity of any RC complex in a cell line or 30—40% residual activity of any RC complex in two or more tissues. * Modified/new criteria.

Table modified from (Morava, van den Heuvel et al. 2006, Riley, Cowley et al. 2020).
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Before the availability of Massively Parallel Sequencing (MPS), the traditional diagnostic
pathway for diagnosis of mitochondrial disease would commonly require extensive
evaluations, often including invasive studies such as liver and/or muscle biopsies to perform
biochemical, histological and enzyme evaluations that could guide the molecular genetic
testing of candidate genes by Sanger sequencing. If negative, this would often lead to more
investigations and further genetic evaluations. With this approach, in addition to performing
invasive testing in patients with an increased risk of anaesthetic complications, most patients
with suspected mitochondrial disease remained genetically undiagnosed (Parikh, Goldstein et

al. 2015, Wortmann, Mayr et al. 2017).

Over the past two decades, technical improvements and cost reductions in sequencing
technologies have revolutionized the pathways to achieve a genetic diagnosis. Massively
Parallel Sequencing (MPS) also known as Next-Generation Sequencing is technology that

allows multiple sequencing reactions to occur simultaneously (Jarvik and Evans 2017).

With this technology multiple genes can be sequenced at the same time at relatively low cost,
giving an opportunity to yield a more rapid and less invasive diagnosis where a known
mitochondrial disease gene is involved, and to uncover novel candidate disease genes
(Menezes, Riley et al. 2014, Topol 2014). Using MPS, the diagnostic yield has reached 35-
60% in different mitochondrial disease cohort studies (Stenton and Prokisch 2018), and this so
call “genetics-first” approach is increasingly becoming a routine diagnostic approach to use in

patients with the suspicion of mitochondrial disease (Wortmann, Koolen et al. 2015).

Many MPS platforms are available, which differ in the methods generating sequencing data
from DNA. The most commonly used platform is [llumina short-read sequencing by synthesis
(SBS) (Bentley, Balasubramanian et al. 2008), which provides high coverage and accuracy to
detect DNA variants. In brief, we can divide the sequencing process into four stages (Metzker

2010):

1. Library preparation: the DNA is fragmented and the regions of DNA that will be sequenced
are isolated. The target regions can range from a single gene, a panel of genes, most of the
exome (ES) or virtually all the genome (GS) (Jarvik and Evans 2017). Adapter oligonucleotide

sequences at the ends are added as well as barcodes specific to the sample.
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2. Isolation: the library is loaded into a flow cell where the individual DNA fragments are
captured and immobilized by oligonucleotides complementary to the library adapters allowing

the DNA molecules to be physically separated from each other.

3. Parallel sequencing: the DNA molecules are simultaneously sequenced, where each
amplified molecule corresponds to its sequence or “read”. Sequencing by synthesis uses a
reversible terminator that detects single fluorescently labelled nucleotides as they are

incorporated into DNA template strands.

4. Alignment and data analysis: the sequence is aligned to the reference genome, the variants

are identified and exported for analysis.

The bioinformatic pipelines and variant filtering process vary between centres. More than 1500
genes encode the known mitochondrial proteome, and the interpretation of DNA variants in
individual patients can be complex, especially if a novel variant is found in a known disease
gene or in a gene not previously associated with mitochondrial disease (Calvo, Clauser et al.

2016, Wortmann, Mayr et al. 2017, Stenton and Prokisch 2018).

To interpret the pathogenicity of the variants, the American College of Medical Genetics and
Genomics (ACMG) and the Association of Molecular Pathology (AMP) have published
recommendations to guide the interpretation of variants and provide criteria to classify variants
as benign, likely benign, likely pathogenic, or pathogenic based on the supporting evidence
such as: frequency in population databases, segregation data, in silico predictions, functional
studies and conservation among species (Richards, Aziz et al. 2015). More recently they have
also included guidelines to interpret copy number variants (CNV) (Riggs, Andersen et al.
2020). However, none of these widely used guidelines consider the complexity of curating
mtDNA variants. Approaches that address the challenges of interpreting some mtDNA variants
include bioinformatic tools and online databases specific for mtDNA variants (Bris,
Goudenege et al. 2018), and classification guidelines for mitochondrial DNA variants have
been proposed by single groups (Wang, Schmitt et al. 2012, Wong, Chen et al. 2020).
However, at the time of this thesis, consensus recommendations for the interpretation of
mtDNA variants were not yet available, further complicating the diagnosis of mitochondrial

diseases.
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1.2.3 Genome sequencing for mitochondrial diseases

Exome sequencing is increasingly being implemented to diagnose patients with suspected
mitochondrial disease (Stenton and Prokisch 2018). Advantages over GS include lower costs,
less data storage, and easier bioinformatic processing, while still detecting most variants in
coding regions in the nuclear DNA. However, to detect variants in the mitochondrial DNA,
specific capture systems are often needed to isolate the mtDNA. Alternatively, some groups
use off-target ES data for mtDNA analysis, with a major limitation of this approach being the
lower depth and an inferior detection of heteroplasmy compared to using targeted mtDNA
sequencing (Wagner, Berutti et al. 2019). Another option is to perform ES and separate targeted
mtDNA MPS (Theunissen, Nguyen et al. 2018).

GS is a more comprehensive DNA test that allows detection of most types of genomic variants
in both the mitochondrial and nuclear genomes. Because of associated costs and difficulties in
data interpretation, GS has not yet been widely used in mitochondrial diseases but it has several
advantages that make it a potentially optimal testing strategy. Firstly, GS can provide an
unbiased approach useful in diseases that are genetically and clinically heterogenous such as
mitochondrial diseases (Stenton and Prokisch 2018). Secondly, GS has the advantage of giving,
with a single test, a good coverage of both the nuclear and mitochondrial genomes (Riley,
Cowley et al. 2020). Finally, the data can be interrogated to detect single nucleotide variants
(SNV), structural variants (SV), and more recently even to identify short tandem repeats (STR)
(Tankard, Bennett et al. 2018).

1.2.4 Diagnostic yield using ES and GS in mitochondrial diseases

In recent years, there has been an increasing interest in evaluating the diagnostic utility of
exome sequencing for mitochondrial diseases. However, before the submission of this thesis
only Riley and colleagues have attempted to investigate the diagnostic utility of genome
sequencing. This work comprises a cohort of patients analysed through trio GS and will be
further discussed in Chapters 3-6 (Riley, Cowley et al. 2020).

The molecular diagnostic yields of cohorts studied with ES or GS ranged from 35-70% and are
summarised in Figure 4. The disparate diagnostic rate between cohorts could be in part due to

the differences in inclusion criteria. For instance, some groups performed genetic testing such
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as mtDNA sequencing or gene panels prior to ES (Wortmann, Koolen et al. 2015, Legati, Reyes
et al. 2016, Theunissen, Nguyen et al. 2018). Also, some of the groups included both adults
and children (Legati, Reyes et al. 2016, Theunissen, Nguyen et al. 2018) while others were
specific to childhood onset diseases (Haack, Haberberger et al. 2012, Taylor, Pyle et al. 2014,
Wortmann, Koolen et al. 2015, Kohda, Tokuzawa et al. 2016, Pronicka, Piekutowska-
Abramczuk et al. 2016, Puusepp, Reinson et al. 2018, Riley, Cowley et al. 2020). Finally, some
cohorts included stringent biochemical evidence such as isolated Complex I deficiency (Haack,
Haberberger et al. 2012) while others were broader such as the suspicion of a mitochondrial
disease by a referring physician, resulting in a more heterogenous population (Wortmann,

Koolen et al. 2015, Puusepp, Reinson et al. 2018).

80% Exome Genome

P Haack et al. 2012 M Ritey et al. 2020
Taylor et al. 2014
Ohtake et al. 2015

60% ' 4 Wortmann et al. 2015
O Legati et al. 2016
50% Kohda et al. 2016

70% L4

e

é’ Pronicka et al. 2016
‘8 40% Kremer et al. 2017

gﬁ Puusepp et al. 2018
S 30% Theunissen et al. 2018
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10%

0%
0 20 40 60 80 100 120 140 160

Number of patients tested

Figure 4 Diagnostic yield of ES and GS in mitochondrial disease cohorts.

The number of patients tested in each cohort is indicated on the X-axis and reflected in the relative size of each
bubble. The percentage of patients with a suspected mitochondrial disease that achieved a molecular diagnosis by
ES or GS is shown on the Y-axis. Cohorts using MPS panels were not included. Data from: (Haack, Haberberger
et al. 2012, Ohtake, Murayama et al. 2014, Taylor, Pyle et al. 2014, Wortmann, Koolen et al. 2015, Kohda,
Tokuzawa et al. 2016, Legati, Reyes et al. 2016, Pronicka, Piekutowska-Abramczuk et al. 2016, Kremer, Bader
et al. 2017, Puusepp, Reinson et al. 2018, Theunissen, Nguyen et al. 2018, Riley, Cowley et al. 2020).
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1.2.5 RNA sequencing for mitochondrial diseases

RNAseq is a method of massively parallel transcriptome sequencing which in recent years has
been introduced as a potential tool in the diagnosis of mitochondrial diseases (Kremer, Bader
et al. 2017). Kremer and colleagues, analysed 48 patients undiagnosed by ES and performed
RNAseq using fibroblasts. The RNAseq analysis pipeline included detection of aberrant
expression, splicing, and monoallelic expression; with this approach, a molecular diagnosis
was achieved in 5 (10%) patients and detected candidate variants in the rest (Kremer, Bader et
al. 2017).

These findings suggest that RNAseq could be a valuable tool to increase the diagnostic yield
in patients with mitochondrial diseases when integrating to ES/GS. Nevertheless, an important
limitation for RN Aseq is the need for clinically relevant tissue as gene expression and splicing
can be tissue-specific (Cummings, Marshall et al. 2017). However, 68% of genes listed in the
online mendelian inheritance in man (OMIM) catalogue are expressed in fibroblasts (Kremer,
Wortmann et al. 2018). Therefore, this cell line could be considered as an alternative when

clinically-relevant tissue is not available.

1.3 Research Aims and Hypothesis

The central aim of this thesis is to study the use of genome sequencing to identify the molecular

aetiology of patients with suspected mitochondrial disease.

To achieve this, two cohorts of patients with suspected mitochondrial disease but for whom a
genetic diagnosis remained unknown were analysed through GS. These cohorts were a
retrospective paediatric trio GS cohort, and a prospective “mitochondrial flagship” cohort,
which included adults and children as outlined in Section 2.1. The patients were recruited from
referring clinicians in Australia, were not previously studied through ES or GS and satisfied

the inclusion/exclusion criteria outlined in Section 2.1.

Specific aims of this project are to:

a) Identify the genetic aetiology of patients suspected of mitochondrial disease through GS.
b) Identify novel genes and variants causative of mitochondrial disease using GS.

c¢) Determine the pathogenicity of the novel variants identified by GS in known or novel disease

genes through an array of functional assays using patient material and cell lines.
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d) Evaluate the utility of trio GS in the analysis of mtDNA inheritance in patients with
suspected mitochondrial disease.
e) Compare the detection of causative variants in coding regions and known disease genes with

singleton ES+mtDNAseq versus singleton GS.

In this project, it is hypothesised that GS is a useful tool to identify the genetic diagnosis of

patients with suspected mitochondrial disease.
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Chapter 2 Materials and Methods
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2.1 Patients and cohorts

The work undertaken in this research project included patients from 2 cohort studies:

2.1.1 Trio GS cohort:

This study was funded by an NSW Ministry of Health Office for Health Research Genomics
Collaborative Research grant.

- Inclusion criteria: Paediatric patients with a suspected mitochondrial disease.

- Exclusion criteria: Existing molecular diagnosis, previous exome or genome sequencing.

- Number of patients: 40 family trios.

- Molecular studies: DNA extracted from blood was studied through trio genome sequencing
(GS) conducted in the KCCG (Garvan Institute, Sydney) as described in Section 2.3.

- Studies undertaken for this research project: re-curation of trio GS data from unsolved
patients, performance of functional studies for novel variants, and analysis of mtDNA

inheritance.

2.1.2 Prospective AGHA cohort:

This cohort is part of the Australian Genomics Health Alliance (AGHA) national health
research project for the implementation of genomic testing.

- Inclusion criteria: Prospectively identified patients with probable (score 5-7) or definite
(score 8—12) diagnosis of mitochondrial disease based on modified Nijmegen criteria Table 3
(Morava, van den Heuvel et al. 2000).

- Exclusion criteria: Existence of a molecular diagnosis, previous testing through exome,
genome, panel or mtDNA sequencing, an indication that there is another non-mitochondrial
disease diagnosis from other investigatory testing as defined by an intake review committee.

- Number of patients: 135 recruited patients. To date, 132 paediatric (n=78) and adult (n=54)
patients have been sequenced.

- Molecular studies: patients were randomised to be studied through singleton ES+mtDNA
MPS performed and analysed by VCGS as described in Section 2.2 or singleton GS conducted
in the KCCG (Garvan Institute, Sydney) as described in Section 2.3.

- Studies undertaken for this research project: curation of singleton GS data from the patients
randomised to GS and performance of functional studies for presumed novel pathogenic

variants.
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2.2 Exome sequencing

Exome sequencing was performed and analysed by VCGS. Samples were sequenced using
Agilent SureSelect QXT Clinical Research Exome libraries and sequenced in an Illumina
instrument, with a minimum of 90% of bases sequenced to 15x quality and target mean
coverage of 100x.

Reads were aligned to the GRCh37 genome and variants were called within the target region

(exons +/- 2bp) using using Cpipe (Sadedin, Dashnow et al. 2015).

2.3 Genome sequencing

Genome sequencing was performed at the KCCG (Garvan Institute, Sydney). Samples were
sequenced on the I[llumina HiSeq X Ten, with more than 75% of bases having Q30 base quality
and mean coverage of > 30x. Reads were aligned to the b37d5 genome using Burrows-Wheeler
Aligner (BWA) (Li and Durbin 2010), sorted by coordinate using Novosort (Novocraft
Technologies), realigned and recalibrated using GATK to generate BAM files. BAM files were
examined using the Integrated Genome Viewer 2.3 software (Broad Institute).

Variants were called using GATK HaplotypeCaller (DePristo, Banks et al. 2011), annotated
using ENSEMBL’s Variant Effect Predictor (McLaren, Gil et al. 2016) (v74) and converted to
an SQLite database using Gemini (Paila, Chapman et al. 2013)(v0.17.2). Databases were
imported into SEAVE (Gayevskiy, Roscioli et al. 2019) which was used to perform variant
filtration and prioritization of the nDNA variants, while mitochondrial SNV and indels were
identified using mity (Puttick, Kumar et al. 2019).

SV were studied using ClinSV (Minoche et al., in preparation) which detects SV using Lumpy
(Layer, Chiang et al. 2014) and CNVnator (Abyzov, Urban et al. 2011) and filters rare SV
against population allele frequencies from 500 healthy individuals from the Medical Genome
Reference Bank (MGRB) cohort (Pinese, Lacaze et al. 2020). After SVs were prioritized
population frequency was further analysed using population databases such as GnomAD-

SV(Collins, Brand et al. 2020).

2.4 Variant prioritisation and classification

SEAVE was used to filter the GS data with a phenotype driven approach, first using the
mitochondrial disease gene list (https://panelapp.agha.umccr.org/panels/203/) and then, when
no causative variants were identified, then the analysis was expanded to a Mendeliome gene

list that includes genes known to cause monogenic disease

35



Materials and Methods

(https://panelapp.agha.umccr.org/panels/137/). For the trio GS cohort in Chapter 3, the analysis
included non-coding regions, and was also expanded to include the Mitocarta 2.0 gene list
which includes known and candidate genes encoding mitochondrial proteins (Calvo, Clauser
et al. 2016). For the singleton prospective cohort in Chapter 7 the analysis was limited to coding

regions and known disease genes.

Candidate variants were discussed in a multidisciplinary team (MDT) meeting and classified
as shown in Table 4 based on the American College of Medical Genetics and Genomics
(ACMG) standards expanded to three categories of Class 3 variants (Richards, Aziz et al.
2015). For mtDNA variants, the classification was based on in-house mitochondrial DNA
curation guidelines from the AGHA Mitochondrial Flagship. Online databases and resources

used to classify the variants included in Table 10.

Table 4 Variant classification based on ACMG guidelines

Classification Interpretation

Class 5 Pathogenic variant

Class 4 Likely pathogenic variant

Class 3a Variant of uncertain significance with potential clinical relevance
Class 3b Variant of uncertain significance

Class 3¢ Variant of uncertain significance with low clinical relevance
Class 2 Likely Benign

Class 1 Benign

(Richards, Aziz et al. 2015)

2.5 Tissue culture

All fibroblast cell lines were tested for Mycoplasma. The control and patient cell lines were
maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) 3.7g/L NaHCO3 (HyClone
#SH30022) supplemented with 10% Fetal Bovine Serum (FBS) and 1%
Penicillin/Streptomycin, incubated at 37 °C in 5% COa.

Depending on the growth rate, semi-confluent cultures were passaged by washing the cells
with Phosphate Buffer Solution (1X PBS, pH 7.4) and then incubating with 2ml of
Trypsin/EDTA (0.025%) at 37 °C for ~2 min until cells were detached from the flask. DMEM
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with FBS was used to neutralise the trypsin. Then, the cells were resuspended and seeded into

new flasks.

Cell harvesting was performed by trypsinisation, the cell suspensions were centrifuged for 5

min at 300 g, washed twice with PBS and cell pellets were stored at -80 °C.

2.6 Cycloheximide treatment

To inhibit nonsense-mediated decay, fibroblasts at ~70% confluency were treated with 100
ng/uL cycloheximide (CHX, Sigma-Aldrich, #C6255) for 24 hrs before harvesting by
trypsinisation (Lamande, Bateman et al. 1998, Hillman, Green et al. 2004).

2.7 Interferon treatment

To stimulate interferon stimulated genes, fibroblasts at ~70% confluency were incubated in the
presence of 100 U/mL interferon a-2a (Roferon-A, Roche, Australia) in DMEM at 37 °C and
5% CO; for 24 hrs before harvesting by trypsinisation as per Section 2.5 (Meuwissen, Schot et
al. 2016).

2.8 DNA extraction

DNA was extracted from cultured fibroblasts using QIAamp DNA Mini kit (Qiagen, #51304)
following the manufacturer’s instructions. The DNA was eluted in 100 pl of buffer AE and
stored at -30°C. DNA was quantified using a NanoDrop 2000 spectrophotometer
(ThermoFisher) and purity was regarded as acceptable if the absorbance ratio of A60/A280

was between 1.7 and 1.9.

2.9 RNA extraction

RNA was extracted from cultured fibroblasts using the RNeasy Plus Mini Kit (Qiagen,
#74134). Peripheral blood samples were collected in PAXgene RNA tubes (Qiagen, #762165)
and RNA was extracted using the PAXgene blood RNA kit (Qiagen, #762164) following the
manufacturer’s protocol.

RNA was quantified using a NanoDrop 2000 spectrophotometer (ThermoFisher) and purity
was regarded as acceptable if the absorbance ratio of A260/A280 was between 1.9 and 2.1;
RNA was stored at -80°C.
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2.10 Complementary DNA (cDNA) synthesis

cDNA was synthesised by reverse transcription using the Superscript III first strand supermix
kit (ThermoFisher, #18080400) following the manufacturer’s instructions using random

hexamers and RNA templates from 200-800 ng.

2.11 Primer design and Polymerase Chain Reaction (PCR)

Target specific primers for DNA and ¢cDNA amplifications were designed using Primer-
BLAST (Ye, Coulouris et al. 2012). De-salted 100 uM oligonucleotides were synthesised by

Macrogen Inc. (Macrogen, South Korea).

PCRs were performed in 25 pl reactions using Platinum Hot Start PCR 2X Master Mix
(ThermoFisher, #203203; Table 5). The thermal cycler reaction conditions were optimised for
each experiment. The standard conditions included an initial denaturation at 94 °C for 2 min,
followed by 25-35 cycles of denaturation at 94 °C for 30 seconds, annealing at ~55-60 °C
(depending on primer Tm) for 30 seconds, and extension at 72°C for 1 min/kb, a final extension
step at 72 °C was carried out for 10 min before terminating the reaction at 4 °C for indefinitely

time.

Table 5 Standard PCR using Platinum Hot Start PCR 2X Master Mix

Component For 25 pL reaction
Platinum Hot Start PCR 2X Master Mix 12.5 uL

Primer F (10 uM) 1 uL

Primer R (10 uM) 1 uL

Template varies

Nuclease free water to 25 pul

2.12 Agarose gel electrophoresis

0.5 —2 % (w/v) agarose gels were prepared by dissolving agarose (Sigma, #A9539) in 1x Tris
Acetate EDTA 1x buffer. SYBR Safe DNA stain (ThermoFisher, #S33102) was added at a
1:10,000 dilution. The gels were cast in BioRad agarose gel electrophoresis trays.

Eight microlitres of PCR reaction was mixed with 2 pL of loading dye (New England Biolabs,
# B7025S) and loaded into each well, and in a parallel lane either 100 bp DNA molecular
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weight ladder (ThermoFisher, #SMO0243) or 1 kb DNA molecular weight ladder
(ThermoFisher, #SMO0313). Electrophoresis was conducted in a Sub-Cell GT cell (BioRad,
#170-4401) at ~100 volts for 20-50 min or until the DNA ladder was sufficiently separated.

PCR amplicons were visualised using UV light.

2.13 Purification and Sanger sequencing

To remove unused primers and nucleotides, the PCR products were purified using ExoSAP-IT
(ThermoFisher, #78201) containing Exonuclease 1 and Shrimp Alkaline Phosphatase enzymes.
In brief, 5 pl of the PCR reaction product was mixed with 2 pl of ExoSAP-IT, followed by 15

min of 37 °C incubation and 15 min at 80 °C to deactivate the reagent.

When more than one PCR product were amplified, the desired amplicon was cut out with a
blade under UV light (Dark Reader DR-45M) and extracted from the agarose gel using the
QIAquick Gel Extraction Kit (Qiagen, #28704) following the manufacturer’s protocol.

The samples were then sequenced by the Sequencing Service and Development Platform at the
Victorian Clinical Genetics Services (VCGS) using the 96-capillary ABI 3730 sequencer
(Applied Biosystems). Data were analysed using the demo version of CodonCode Aligner

(v6.0.2).

2.14 Quantitative PCR (qPCR)

gPCR was performed with AccuPower 2X Greenstar qgPCR Master Mix (Bioneer Pacific, # K-
6251-C) or with TagMan Fast advanced master mix (ThermoFisher, #4444556), using the
primers or TagMan probes listed in Table 6 and Table 7 accordingly. Cycling was conducted
on a LightCycler 480 (Roche) as per the manufacturer’s protocol. The relative mRNA levels
were calculated using the 2(“*4¢Y) method (Schmittgen and Livak 2008).

39



Table 6 TagMan probes used for gPCR

Materials and Methods

Gene TaqMan Gene Expression Assay ID
IF127 Hs01086370 m1

IFI44L Hs00199115_ml

IFIT1 Hs00356631 gl

ISG15 Hs00192713 ml

RSAD2 Hs01057264 ml

SIGLEC1 Hs00988063 m1

COX11 Hs01680112_mH

HPRT1 Hs03929096 g1

18S Hs999999001 sl

Table 7 Primer pairs used for gPCR

Transcript Forward Reverse

ID

ND6-1 AACCCTACTCCTAATCACATAACCT CTGGTTGAACATTGTTTGTTGG
ND6-2 GGCTTAGAAGAAAACCCCACA TAGTCCGTGCGAGAATAATGATG
COXI GCTCATTCATTTCTCTAACAGCAG GGCGTGATCATGAAAGGTG
+COXII

COXIII TCGCCTTAATCCAAGCCTAC CCTTTTTGGACAGGTGGTGT
+ATP6

GAPDH CGCTCTCTGCTCCTCCTGTT CCATGGTGTCTGAGCGATGT
ACTB CCTGGCACCCAGCACAAT GGGCCGGACTCGTCATAC

These primers were previously published in (Matilainen, Carroll et al. 2017).

2.15 RNA sequencing

RNA sequencing was performed by VCGS. In brief, libraries were prepared using a TruSeq
Stranded mRNA library prep kit (Illumina, #RS-122-2101, RS-122-2102, and RS-122-2103).
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Paired-end sequencing was performed on an Illumina HiSeq 2000 system (Illumina) with a

minimum coverage of 100 million reads.

Raw sequencing data were processed by Guy Helman at the Translational Bioinformatics
Group (MCRI) using Bpipe pipeline, FastQC and Trimmomatic for QC, trimming, and
alignment (Sadedin, Pope et al. 2012, Bolger, Lohse et al. 2014). The sequences were aligned
using STAR (v2.7.3a) (Dobin, Davis et al. 2013) to the b38 human reference genome.
Quantification was performed using FeatureCounts from the Rsubread package (v1.34.7)
(Liao, Smyth et al. 2019). Differential expression analysis was performed using DESeq2
(v1.25.9)(Love, Huber et al. 2014). Sashimi plots to visualize splicing events were constructed

with ggsashimi (Garrido-Martin, Palumbo et al. 2018).

2.16 Protein extraction and quantification

Protein was extracted from cultured fibroblasts by resuspending pellets in
radioimmunoprecipitation assay buffer (10 mM, Tris-HCI pH 8.0, 1 mM EDTA, 0.5 mM
EGTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS and 140 mM NacCl) with 1X
protease inhibitor cocktail (ThermoFisher, #88266); lysates were then sonicated on ice with 3
pulses (0.3 sec/ cycle at 20-25% amplitude) using a Sonifier (Branson), and incubated on ice
for 30 min. Subsequently lysates were centrifuged at 18,000 x g for 20 min at 4 °C. The

supernatant was then transferred to a fresh tube and stored at -80 °C.

The total protein concentration was determined with the Pierce Bicinchoninic acid (BCA) kit
(ThermoFisher, #23225). A set of protein standards was produced by diluting Pierce Bovine
Serum Albumin Standard Ampules (ThermoFisher, #23209); each protein standard and
unknown sample was added in duplicate to a microplate with the prepared BCA working
reagent, and after a 30 min incubation at 37 °C, the absorbance was measured at 562 nm using
the FLUOstar Optima Microplate Reader (BMG Labtech). A standard curve was used to

determine the protein concentration of each sample.
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2.17 SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and Western
blot

Protein lysates containing 10-40 pg of protein were dissolved in a small volume of 2X SDS-
PAGE loading buffer (3.55 ml deionized water,1.25 ml 0.5 M Tris-HCI, pH 6.8, 2.5 ml
glycerol, 2.0 ml 10% SDS, 0.2 ml 0.5% Bromophenol Blue) with 5% - mercaptoethanol and
heated at 95 °C for 5 min loaded onto 10-12 % handcast SDS-PAGE gels (BioRad system)
alongside a Precision Plus Protein Standard (BioRad, #161-0374) and separated at 150 V for
50-90 min in running buffer (25 mM Tris-HCI, 192 mM glycine, 0.1% SDS). Then, proteins
were transferred to polyvinylidene fluoride (PVDF) membranes (GE Healthcare, #10600061)
using transfer buffer (25 mM Tris-HCI, 192 mM glycine, 20% methanol) at constant 350 mA

for 90 min on ice.
Membranes were blocked with 5% skim milk in 1x PBS, 0.05% Tween 20, for 60 min at room

temperature, then probed with the primary antibodies diluted in blocking solution overnight at

4 °C (Table 8).

Table 8 Primary antibodies and dilutions used for SDS-PAGE western blot

Antibody ID Dilution
GAPDH Sigma #G9545 1:10,000
OXPHOS Human Cocktail Abcam #ab110411 1:500
(ATPSA, COXII, NDUFBS, SDHB, and UQCRC2)

PNPT1 Abcam #ab96176 1:500
VDAC1 Abcam #ab14734 1:5,000

Following antibody incubation, membranes were washed in 1x PBS, 0.05% Tween 20 five
times for 5 min, then probed with the corresponding anti-mouse (GE Healthcare, #NA931) or
anti-rabbit (Cell Signaling Technology, #7074s) IgG secondary-horseradish peroxidase
conjugated antibody (1:5000) for 1 hour at room temperature. Membranes were then washed
in 1x PBS, 0.05% Tween 20 five times for 5 min. The membranes were developed using ECL
detection reagents (GE Healthcare, #GEHERPN2209) and exposed to Hyperfilm ECL (GE
Healthcare, #28906836).
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2.18 Blue Native (BN)-PAGE immunoblotting

BN-PAGE and immunoblot analysis were performed by Dr Luke Formosa (Monash
University, Melbourne) using 30 pg of mitochondria isolated from fibroblasts and solubilized
in 1% Digitonin or 1% Triton X-100 as previously described (Formosa, Muellner-Wong et al.
2020). The primary antibodies and dilutions used in the immunoblot analysis are listed in Table

9.

Table 9 Primary antibodies and dilutions used for BN-PAGE immunoblot

Antibody ID Dilution
Core-1 (UQCRC1) ThermoFisher #459140 1:1000
ATP5SA Abcam #ab14748 1:1000
COox1 ThermoFisher #459600 1:1000
COX2 ThermoFisher #A-6404 1:1000
COX4 Abcam #ab110261 1:1000
NDUFA9 In house (Prof. Mike Ryan lab, Monash University) 1:500
SDHA Abcam #ab14715 1:1000

2.19 Relative protein quantification

Protein bands intensities from Western blot films were quantitated using ImagelJ software
(National Institutes of Health), levels were normalised to the lane’s loading control and

expressed as percentage of controls.

2.20 Dipstick activity assays

Protein lysate samples were prepared using the extraction buffer from the enzyme activity
dipstick assay kit (Abcam #ab109720) following the manufacturer’s protocol. The protein
concentration was measured using the Pierce BCA) kit (ThermoFisher, #23225) as previously
described. Dipstick assays for complex I (Abcam, #ab109720), and complex IV (Abcam,
#ab109876) enzyme activities were performed on 15-20 pg of protein following the

manufacturer’s protocol. Relative band intensities were quantified with a MS1000 Dipstick
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Reader (Abcam, #ab117066) or scanned with Canon CS9000 flatbed scanner then analysed
using ImagelJ software (Schneider, Rasband et al. 2012).

2.21 Real-time ATP assay

The fluorescence resonance energy transfer (FRET)-based ATP assay was conducted by Dr
Neal K. Bennett (Prof Nakamura’s group, Gladstone Institute of Neurological Disease, USA)
as previously published (Mendelsohn, Bennett et al. 2018). In brief, patient and control
fibroblasts were immortalized using a lenti-hTERT-Neo Virus (ABMgood #G204) following
the manufacturer’s protocol. A FRET-based ATP sensor was transduced into fibroblasts, which
were treated with either 50 uM CoQ10 or dimethylformamide-vehicle control for 5 days. The
fibroblasts were then subjected to metabolic perturbations: restricted metabolism to
respiration-only (PBS + 2% FBS + 10 mM pyruvate + 10 mM 2-deoxy-D-glucose), ATP
depletion (PBS + 2% FBS + 5 uM oligomycin + 10 mM 2-deoxy-D-glucose), or unrestricted
basal metabolism (PBS + 2% FBS + 5 mM pyruvate + 10 mM glucose) for 6 hours before

measuring their ATP level by fluorescence-activated cell sorting.

2.22 Web resources

The following online resources were used for this PhD project:

Table 10 Web resources

Resource Website

CADD (Combined Annotation- https://cadd.gs.washington.edu/snv
Dependent Depletion) score

ClinVar https://www.ncbi.nlm.nih.gov/clinvar/

Genome Aggregation Database https://gnomad.broadinstitute.org

(gnomAD)

Genomizer https://genomizer.com

Haplogrep https://haplogrep.i- med.ac.at

Human splice finder http://www.umd.be/HSF3
Matchmaker Exchange https://www.matchmakerexchange.org
MitoBreak http://mitobreak.portugene.com/

44



Materials and Methods

Mitochondrial Disease Sequence https://mseqdr.org

Data Resource MSeqDR

MitoFates http://mitf.cbrc.jp/MitoFates/cgi-bin/top.cgi
MitoMap https://www.mitomap.org/MITOMAP

Mutation Taster https://www.mutationtaster.org

OMIM https://www.omim.org

OMNI https://ai-omni.com

Panelapp https://panelapp.agha.umccr.org

PolyPhen-2 http://genetics.bwh.harvard.edu/pph2
Primer-BLAST https://www.ncbi.nlm.nih.gov/tools/primer-blast/

PROVEAN (Protein Variation http://provean.jcvi.org/index.php

Effect Analyzer)

Seave https://seave.bio

SIFT https://sift.bii.a-star.edu.sg

SROOGLE http://sroogle. tau.ac.il

TargetP 2.0 http://www.cbs.dtu.dk/services/TargetP/

TPpred 3.0 https://tppred3.biocomp.unibo.it/welcome/default/index
UCSC Genome Browser https://genome.ucsc.edu/
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Chapter 3 Use of Trio GS in
patients with suspected

mitochondrial diseases
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3.1 Introduction

Studies of aggregate cohorts of patients with monogenic diseases suggest that trio sequencing
has a higher diagnostic yield than singleton sequencing (Smith, Swint et al. 2019). One of the
advantages of using trio-based GS testing is that it enables rapid segregation analysis, which is
particularly advantageous for conditions that are known to be recessive or to identify de novo
variants in one single test. The results of the first paediatric cohort of patients with suspected
mitochondrial disease analysed by trio GS has been recently published by Riley and colleagues
(Riley, Cowley et al. 2020). Cases from the cohort that were analysed as part of this PhD project

were classified in 4 groups:

1. Diagnosis in novel candidate mitochondrial disease genes: TEFM, COXI1, which will be
discussed in this chapter.

2. Diagnosis in known non-mitochondrial disease genes: NBAS, discussed in Chapter 4.

3. Diagnosis in known mitochondrial disease genes: PNPT1, discussed in Chapter 5.

4. Unsolved cases: There were 3 patients with a negative GS, or where the functional studies
did not support pathogenicity of the variants. We extracted RNA from fibroblasts to perform
RNA sequencing (RNAseq). The RNAseq analysis is currently being conducted by Guy
Helman and Dr Cas Simons (Translational bioinformatics, MCRI). In addition, GS data from
an additional unsolved patient with epileptic encephalopathy and a movement disorder was
sent to Dr Haloom Rafehi (Prof. Melanie Bahlo’s lab, Walter and Eliza Hall Institute) for

interrogation for STR variants.

RNA testing was used as a complementary tool in several cases from the trio GS cohort and
the method of choice was individualized. For instance, a targeted approach using RT-PCR and
cDNA sequencing was selected in the cases where a “single hit” in a gene with a strong
phenotype match was identified, for instance the patients that will be described in Chapter 4
(NBAS) and in Chapter 5 (PNPTI). However, if there were zero, or multiple candidate variants
without a strong phenotype match, then whole transcriptome RNAseq was preferred as in

patient T1 in Section 3.2.1.
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3.2 Trio GS aids in the diagnosis of mitochondrial diseases in novel

disease genes.

3.2.1 Candidate gene: TEFM

A female patient (T1) from the trio GS cohort presented from the newborn period with
hypertonia, vomiting, poor feeding and failure to thrive. At 4 weeks she was admitted to a
neonatal intensive care unit (NICU) with myoclonic jerking. She later developed severe
refractory myoclonic seizures, and severe global developmental delay. She also had ptosis,

nystagmus, small optic discs and left esotropia. She died at 17 months of age.

The initial trio GS was inconclusive. To detect potential splicing defects or differences in gene
expression levels, RNA sequencing (RNAseq) was performed on RNA extracted from
fibroblasts as outlined in Section 2.9 and analysed by Guy Helman (Translational
Bioinformatics research group, MCRI, Melbourne). RNAseq revealed an exon skipping event
in TEFM that led to the exclusion of exon 2 in 59% of the transcripts. This was not observed
in 24 unrelated in-house control fibroblasts (Figure 5). Re-analysis of the trio GS data, targeting
TEFM, identified a paternally inherited intronic variant NM_024683.4:¢c.32-14A>G (

Figure 6). This variant occurs at a highly conserved base, and is absent from the gnomAD
population allele frequency database. Consistent with the RNA sequencing data, the in silico
splicing tools human splicing finder (HSF) (Desmet, Hamroun et al. 2009) and spliceAl
(Jaganathan, Kyriazopoulou Panagiotopoulou et al. 2019) suggested a loss of the acceptor
splice site at exon 2 in TEFM that would result in exon exclusion. To validate the RNAseq
results, cDNA studies were conducted in fibroblasts with and without cycloheximide treatment
as described in Section 2.6 and 2.10. By sequencing cDNA, exon 2 skipping was confirmed

in the paternal allele as shown in Figure 7.

We also identified a maternally inherited 6 nucleotide deletion in trans,
NM 024683.4:c.484 489del GAAAGA p.(Glul62 Argl63del), which was present in
approximately 70% of reads covering exon 2, suggesting allelic expression imbalance (AEI)
favouring the allele with the deletion. These residues have moderate conservation and are
located in a connecting loop within the C-terminal domain of the protein (Hillen, Temiakov et

al. 2018).
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Figure 5 RNA sequencing detects a splicing defect in 7EFM.

RNA sequencing data in the patient shows TEFM exon 2 skipping in 59% of the transcripts with the ¢.32-14A>G
paternally inherited variant. RNAseq data analysis and Figure performed by Guy Helman (Translational
Bioinformatics research group, MCRI, Melbourne) using ggsashimi (Garrido-Martin, Palumbo et al. 2018) .
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Figure 6 Trio GS detects compound heterozygous variants in 7E FM.
IGV screenshots depict the NM_024683.4:c.484 489del GAAAGA variant inherited from the mother and the
paternally inherited intronic variant NM_024683.4:¢c.32-14A>G.



Use of Trio GS in patients with suspected mitochondrial diseases
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Figure 7 Characterisation of TEFM variants in cDNA.

(A) Gel electrophoresis of reverse transcription PCR (RT-PCR) products containing exons 1-4 shows a fragment
of the expected size (956 bp) in both control and patient fibroblast cells, as well as an additional smaller fragment
(~500 bp) consistent with skipping of exon 2, which is only present in the patient. (B) Sanger sequencing of the

cDNA PCR amplicons confirmed exon 2 skipping in the paternal allele, and the 6nt deletion in the maternal allele.

TEFM encodes a mitochondrial transcription elongation factor, which has not been previously

associated with human disease (Jiang, Koolmeister et al. 2019).

In order to assess the effect of the TEFM variants on OXPHOS proteins, Western blotting was
performed using a cocktail of antibodies specific for one protein subunit of each OXPHOS
complex. The results suggested moderately decreased levels of NDUFBS8 (complex I) with
normal levels of other OXPHOS subunits in fibroblasts (Figure 8 A and B), which is consistent
with preliminary quantitative proteomic analyses performed by Daniella Hock (Bio 21,
Melbourne) (Appendix A Figure T1). Activities of OXPHOS enzyme complexes I and IV were
measured in fibroblasts by dipstick assays as described in Section 2.18. The residual activity
of OXPHOS complex I was 65% of control mean, with no difference in the activity of complex

IV (Figure 8 B).
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Figure 8 OXPHOS subunit and complex I and IV activities in fibroblasts from a patient with
TEFM variants.

(A) Representative Western blot suggests moderately lower protein levels of NDUFB8 (CI) in the patient, with
porin (VDACI) used as a mitochondrial loading control. The experiment was performed twice with three cell
pellets per cell line. (B) Densitometry analysis suggests 60% lower levels of NDUFBS (CI) relative to controls.
(C) Enzyme activity was analysed using immunocapture dipstick assays. Compared to controls T1 had a 65%
residual complex I activity (left) and normal complex IV enzyme activity (right). The mean and variation (SEM)

between three independent experiments are shown (*** p <0.001).

To further characterize the functional consequences of the TEFM variants, proteomic studies

are currently being conducted by Daniella Hock and Dr David Stroud (Bio21, Melbourne).
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3.2.2 Candidate gene: COX11

A proband (X1) from the trio GS cohort was the first child of consanguineous parents. She
presented with congenital sensorineural deafness and tonic—clonic seizures in the newborn
period. By 5 months of age she regressed and had worsening of the seizure disorder. Brain MRI
showed prominence of the middle cerebellar peduncles bilaterally, cerebral volume loss and
hyperintense signals in the subcortical, deep and periventricular white matter in both cerebral
hemispheres. Further investigations showed elevated CSF and blood lactate. She died at 9

months of age.

Spectrophotometric assay of OXPHOS enzyme activity in muscle measured by the
Mitochondrial Diagnostic Service (MCRI/VCGS) showed all complexes were normal to
elevated. In liver, complexes I, I and citrate synthase (CS) were elevated, so when the activities
of complexes Il and IV were expressed relative to Complex II or citrate synthase they were

borderline low.

Trio GS identified a homozygous missense variant in COXl11,
NM _004375.4(COX11):c.730G>C p.(Ala244Pro), with both parents being heterozygous.
Sanger sequencing in the patient’s unaffected siblings showed they were both heterozygous for

the NM_004375.4(COX11):c.730G>C p.(Ala244Pro) variant (Figure 9).

The alanine at position 244 has high conservation and is situated within the Cytochrome ¢
oxidase assembly functional domain. /n silico software predictions are conflicting (CADD,
Polyphen2, SIFT, Mutation Taster) and the variant has not been observed in the gnomAD
population database. COX11 encodes a copper chaperone that is thought to participate in the
assembly of complex IV by mediating copper delivery. COX1] has not been previously

associated with human mitochondrial disease (Bourens and Barrientos 2017).
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Figure 9 COX11 Sanger sequencing in patient X1 and sibs.
Partial electropherogram showing Sanger sequencing results from DNA extracted from blood. The homozygous
NM_004375.4(COX11):c.730G>C p.(Ala244Pro) variant identified in the proband X1 was heterozygous in the
unaffected siblings (X1-1 and X1-2) and not present in control DNA.

To analyse the effect of this variant on CIV assembly, BN-PAGE immunoblot analysis was
performed by Dr Luke Formosa (Monash University, Melbourne) in mitochondria isolated
from fibroblasts from proband X1 and controls, solubilised in digitonin (to preserve the
supercomplex form) or Triton X100 detergent (to separate the individual OXPHOS complexes
into holoenzymes) (Formosa, Muellner-Wong et al. 2020). The results suggested a lower level
of assembled monomeric CIV was more evident in the Triton X-100 eluates, consistent
between COX2, COX4 (Figure 10 A) and COX1 antibodies (Figure 10 B), with normal levels
of other OXPHOS subunits in isolated mitochondria compared to controls (Figure 10 C). The
modest reduction in complex IV levels was consistent with the reduced levels of complex IV
from analysis of whole cell lysates by SDS-PAGE western with COXII antibody (Figure 10
D).
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Figure 10 BN-PAGE for complex IV and OXPHOS Western blot in COX11 fibroblasts.
Mitochondria isolated from Patient X1 and control fibroblasts analysed by BN-PAGE immunoblotting for COX2,

COX4 (A) and COX2 (B) suggest a decreased level of monomeric complex IV more evident in mitochondria

solubilised with Triton X-100, which separates the individual OXPHOS complexes (marked by *); I indicates
previous COX1 signal and complex I (SDHA) was used as a loading control. (C) The levels of other OXPHOS
subunits in isolated mitochondria were similar to controls (CI- NDUFA9, CIII-CORE1, CV-ATP5A). BN-PAGE

experiments and figures A-C were performed by Dr Luke Formosa (Monash University, Melbourne). (D)

Representative SDS-PAGE and western blotting in whole cell lysates with an antibody cocktail targeting

individual OXPHOS complex subunits showed consistently lower levels of complex IV in patient X1; porin

(VDAC1) was used as a loading control.
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Recently, Prof. Nakamura’s group (Gladstone Institute, USA) screened the effect of
individually knocking down 2,231 genes (including COXI11) on ATP levels. They used
Clustered Regularly Interspaced Short Palindromic Repeats interference (CRISPRi) and a
(FRET)-based ATP sensor to study the effect of exposing these cells to different metabolic
substrates. Under respiratory conditions, ATP levels were low when COX/11 was knocked
down. Interestingly, when these cells were exposed to coenzyme Q1o (CoQ1o), they showed

restoration of ATP levels (Mendelsohn, Bennett et al. 2018).

To assess if the NM _004375.4(COX11):c.730G>C p.(Ala244Pro) homozygous variant
identified in patient X1 could have effects on ATP levels, our collaborators in Prof.
Nakamura’s group (Gladstone Institute, USA) studied patient X1 fibroblasts as described in
Section 2.21.

Preliminary results suggested comparable ATP levels in patient X1 (COX11) and control cells
under basal conditions, in the presence or absence of 50 uM CoQ10. However, when glycolytic
ATP generation was blocked with 2-deoxy-D-glucose, the patient X1 (COX11) fibroblasts
showed markedly decreased ATP levels compared with control cells (Figure 11). In the
presence of 50 uM CoQo, patient X1 (COX11) cells showed substantial restoration of ATP

levels, while control cells showed no significant change (Figure 11).

These preliminary data suggest that the patient X1 (COXII) cells show a very similar
functional defect to COX11 knock-down cells in having inadequate ATP generation that can
be rescued by CoQ1o. Replicate studies with additional controls are being conducted by our

collaborators.
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Figure 11 ATP Levels after 6 hrs of metabolic substrate in patient X1 (COX11) and control

fibroblasts.

Patient XI (COX11) and control fibroblast ATP levels remained high with unrestricted basal metabolism. When
metabolism was restricted to respiration-only by addition of 10mM 2-deoxy-D-glucose, ATP levels dropped in
patient cells that were treated with the vehicle, while patient XI (COX11) cells maintained higher levels of ATP
with CoQio treatment (***p<0.001, *< 0.05). The experiment and the figure were generated by Dr Neal Bennett

(Prof. Nakamura’s group, Gladstone Institute, USA).

An additional unrelated patient (X2) with feeding intolerance and high lactates was identified
through Matchmaker Exchange (Philippakis, Azzariti et al. 2015). Trio exome sequencing
performed at the Bioscientia Center for Human Genetics (Ingelheim, Germany) identified a
homozygous variant in COXI11 NM 004375.4(COX11)c.35 36delinsG p.(Vall2Glyfs*21)
(Appendix A Figure X2).

RNA was extracted from total peripheral blood of patient X2 and reverse transcribed as
described in Section 2.9 and Section 2.10. Quantitative PCR (qPCR) was performed using
TagqMan gene expression assays as described in Section 2.14, showing no significant difference

in COX11 transcript expression compared to controls (Figure 12).
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Figure 12 Relative expression of COX11 in patient X2.
The relative expression of COX11 mRNA extracted from blood from patient X2 was similar to controls (n=3).
The expression level was normalised to HPRT and 78S and expressed relative to the average of controls. Samples

were analysed from a single blood draw, with three technical replicates.

In addition, sequencing of cDNA identified the homozygous
NM_004375.4(COX11)c.35 36delinsG variant in the transcript (Figure 13). Together, these
data suggest that the mutant transcript is not degraded by nonsense mediated decay, and is

therefore predicted to cause a truncated protein.
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Figure 13 COX11 cDNA sequencing in patient X2.
Partial electropherogram showing COXII cDNA Sanger sequencing from blood, showing a
NM_004375.4(COX11)c.35 36delinsG p.(Val12Glyfs*21) homozygous variant in patient X2.
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It seems likely that the truncating variant abolishes import of the protein into mitochondria as
suggested by mitochondrial localization in silico prediction tools MitoFates (Fukasawa, Tsuji

et al. 2015), and Tppred 3.0 (Savojardo, Martelli et al. 2015) (Table 11).

Table 11 In silico Predictions of the Mitochondrial Targeting Sequence

In silico tool Predictions COox11 COoXx11
WT p.(Val12Glyfs*21)
MitoFates  Presequence predictions Possessing No target sequence
mitochondrial detected
presequence
Probability for 0.996 0.112
mitochondria
localization (range 0-1)
Predicted cleavage site Amino acid 19 NA
Tppred 3.0 Protein localization Mitochondrion No target sequence
prediction detected
Predicted cleavage site Amino acid 28 NA

NA= not applicable

While rare, variants affecting the mitochondrial targeting sequence have been described before
in other genes causing mitochondrial disease such as MLCYD, PDHAI and ISCA1, leading to
defects such as reduced mitochondrial protein import or protein mistargeting (Takakubo,
Cartwright et al. 1995, Wightman, Santer et al. 2003, Torraco, Stehling et al. 2018). However,
a cell line of patient X2 was not available and validation studies were not possible. Generating
in vitro translated 3°S-labeled WT and COX11 mutants to perform import assays could be
considered in the future to experimentally validate the impaired mitochondrial import

predictions (Tucker, Mimaki et al. 2012, Priesnitz, Pfanner et al. 2020).

3.3 Conclusion

The identification of TEFM and COX11 as two candidate novel disease genes associated with
mitochondrial disorders highlights the utility of trio GS for gene discovery. Previously, Riley
and colleagues identified two other novel mitochondrial disease genes in this trio GS cohort:

MECR (Heimer, Keratar et al. 2016) and a gene that codes for a vitamin transporter that is
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currently undergoing functional studies (Riley, Cowley et al. 2020). Together, this would bring

the total new mitochondrial disease genes in the cohort to four.

The novel candidate genes identified in this cohort are consistent with autosomal recessive
inheritance, in line with the most common pattern of paediatric onset mitochondrial disease
(Gorman, Chinnery et al. 2016). Therefore, the main advantage for trio GS as opposed to a
proband-only GS approach for gene discovery was the possibility to apply family filters to

prioritize genes with biallelic variants.

However, even with trio GS, bioinformatic pipelines often do not prioritize variants in intronic
regions. Complementing the GS analysis with RNAseq to prioritize variants in regions shown
to have differential expression or splice defects was previously shown to be useful in
discovering new mitochondrial disease genes such as TIMMDC1 (Kremer, Bader et al. 2017).
Using a similar approach, by combining trio GS with RNAseq we have identified TEFM as a
novel candidate disease gene in patient T1 who had an initially inconclusive trio GS. In this
case, the paired analysis allowed for detection and rapid segregation of the TEFM variants,

including an intronic variant.

Further research is in progress to confirm 7EFM and COXI1 as causative of mitochondrial
disorders. To establish gene-disease associations in rare diseases, collaborative efforts to
identify more cases and perform functional studies are needed. Tools such as Matchmaker
exchange (Philippakis, Azzariti et al. 2015) have allowed us to identify more patients with
variants in TEFM and COXI1 and to establish collaborations to perform further functional
assays. Currently, studies are being conducted by our collaborators in three additional patients
with candidate variants in 7EFM that show similar clinical features to patient T1. To
characterise the consequences of biallelic variants in TEFM our collaborators will perform an

array of studies including analysis of the mitochondrial transcriptome.

Additionally, replicate studies on the effects of COX1/ variants on ATP levels are being
conducted. Future research to elucidate the mechanism in which CoQio supplementation
rescues the ATP reduction caused by COX/1 variants would be of interest, particularly since
COX11 does not have a known direct function in CoQ1o biosynthesis (Mendelsohn, Bennett et

al. 2018). Further clarification of these mechanisms would be important to undertake
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investigations on potential therapeutic effects of CoQio in patients with COX// variants

(Mendelsohn, Bennett et al. 2018).

60



Cryptic intronic NBAS variant reveals the genetic basis of recurrent liver failure in a child

Chapter 4 Cryptic intronic NBAS
variant reveals the genetic basis of

recurrent liver failure in a child
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4.1 Introduction

One of the many challenges in reaching a genetic diagnosis in mitochondrial diseases is that
there are numerous disorders with phenotypic similarity to mitochondrial diseases (Parikh,

Karaa et al. 2019).

This chapter contains a publication that illustrates how trio GS can be useful to diagnose those
patients with phenotypic overlap with mitochondrial disease (Rius, Riley et al. 2019). A female
patient from the trio GS cohort with recurrent acute liver failure was suspected to have
mitochondrial disease. Liver failure can be a prominent feature in several mitochondrial
diseases such as in the mtDNA depletion syndromes, while other non-mitochondrial genes such
as NBAS, LARS and IARS can also be causative of monogenic liver failure (Parikh, Karaa et al.
2019). By combining trio GS and cDNA studies, biallelic variants in NBAS were identified,

including a deep intronic variant resulting in the inclusion of a pseudo-exon.

Identifying the underlying genetic diagnosis in this patient had implications to guide treatment

and to direct decisions regarding liver transplantation.
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ARTICLE INFO ABSTRACT

Background: In almost half of patients with acute liver failure the cause is unknown, making targeted treatment
and decisions about liver transplantation a challenge. Monogenic disorders may contribute to a significant
proportion of these undiagnosed patients, and so the incorporation of technologies such as next generation
sequencing (NGS) in the clinic could aid in providing a definitive diagnosis. However, this technology may
present a major challenge in interpretation of sequence variants, particularly those in non-coding regions.
Results: In this report we describe a case of Infantile liver failure syndrome 2 (ILFS2; MIM 616483) due to novel
bi-allelic variants in the NBAS gene. A missense variant NM_015909.3(NBAS):c.2617C > T,
NP_056993.2(NBAS):p.(Arg873Trp) was identified by whole genome sequencing (WGS). By combining WGS and
reverse transcription-polymerase chain reaction (RT-PCR) we were able to identify a novel deep intronic variant,
NM_015909.3(NBAS):c.2423 + 404G > C, leading to the inclusion of a pseudo-exon. This mechanism has not
been described previously in this syndrome.

Conclusions: This study highlights the utility of analyzing NGS data in conjunction with investigating com-
plementary DNA (cDNA) using techniques such as RT-PCR for detection of variants that otherwise would be
likely to be missed in common NGS bioinformatic analysis pipelines. Combining these approaches, particularly
when the phenotype match is strong, could lead to an increase in the diagnostic yield in acute liver failure and
thus aid in targeted treatment, accurate genetic counseling and restoration of reproductive confidence.

Keywords:

Liver failure

Pseudo-exon

Deep-intronic

Whole Genome Sequencing

inherited metabolic and other genetic disorders [1]. Establishing a
definitive diagnosis is very important as it impacts the management of

1. Introduction

Pediatric acute liver failure is a complex clinical disorder in which
rapidly progressive severe hepatic dysfunction presents in a child often
without pre-existing liver disease. Patients can present with en-
cephalopathy, ascites, seizures, coagulation abnormalities and elevated
liver enzymes as a result of many different etiologies, including infec-
tions, exposure to toxins, autoimmune disorders, drug exposure,

these patients as well as their eligibility for possible liver transplanta-
tion [2].

The underlying cause of acute liver failure has not been determined
in up to 49% of affected children [1]. It is likely that monogenic dis-
orders could explain at least some of these undiagnosed cases [3]. Ex-
amples of monogenic disorders that present with acute liver failure in
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children include galactosemia, tyrosinemia, Niemann-Pick C, Wilson
disease, fructose intolerance, glycosylation defects, urea cycle defects,
Infantile liver failure syndrome 2 (NBAS related) and mitochondrial
diseases [1,4]. However, there is a clinical overlap between many of
these disorders, making it difficult to clinically establish the diagnosis.
The traditional diagnostic approach often comprises prolonged, ex-
pensive and intrusive diagnostic processes involving clinical evaluation,
urine and blood biochemistry, tissue biopsies for histology and en-
zymology, followed by molecular genetic testing of candidate genes,
which delays targeted treatment and decisions about the appropriate-
ness of transplantation [5,6].

More recently, with the introduction of next generation sequencing
(NGS) into healthcare, we have an opportunity to achieve a diagnosis in
a more efficient and non-invasive manner. The utility of NGS for the
diagnosis of other monogenic disorders has already been clearly es-
tablished. When implemented early in the diagnostic journey in pa-
tients suspected to have a monogenic disorder, NGS can increase the
diagnostic yield in a faster and cost-effective manner, as opposed to the
traditional clinical and laboratory pathways, with some studies re-
porting a diagnostic yield of up to 60% using an NGS approach, about
double that of the “standard” pathway [7,8].

As these technologies continue to become more accessible it is ex-
pected that the use of NGS will be increasingly implemented in the
diagnostic approach to pediatric acute liver failure [3,6]. However, one
of the main challenges of using NGS in the clinic includes the bioin-
formatic data analysis and interpretation. Most of the algorithms used
to identify pathogenic variants do not prioritize those that are outside
the protein-coding regions or exon-intron boundaries. Consequently,
variants in deep intronic regions that could potentially cause splicing
defects are easily overlooked [9]. To overcome this challenge, the
analysis of complementary DNA (cDNA) or RNA can be conducted as an
orthogonal strategy to assess the impact of candidate deep intronic
variants on splicing [10]. In this paper we highlight the utility of WGS
in combination with cDNA studies in a child with Infantile liver failure
syndrome 2, in whom a novel disease mechanism for the NBAS (Neu-
roblastoma Amplified Sequence) gene was detected by combining both
methodologies to identify a deep intronic variant leading to pseudo-
exon inclusion, in trans with a missense variant.

2. Materials and methods
2.1. Patient clinical summary

This girl was born at 38 weeks via emergency lower segment cae-
sarean section for maternal pre-eclampsia to non-consanguineous par-
ents of indigenous Australian background. Her birth weight was ap-
proximately 4 kg. She was bottle fed. There was no significant family
history. She now has 5 siblings who are well.

Early growth and development were normal and she was fully im-
munised. From the age of thirteen months she began having episodes of
fulminant liver failure, usually triggered by an intercurrent viral in-
fection, resulting in transaminases being in the tens of thousands and
liver synthetic function becoming deranged (INR up to 9.1 units; RR
1.0-1.2) as manifested by a severe coagulopathy, and associated with
lactic acidosis and often hypoketotic hypoglycaemia. Blood ammonia
was sometimes mildly elevated during these episodes (peaked at 340
during first admission and treated with sodium benzoate; RR
10-50 umol/L). Other admissions had milder elevations up to
115 pmol/L.

On a number of occasions, the liver failure was so severe that she
almost came to urgent liver transplant. However, with supportive
dextrose-containing IV fluids she made a complete recovery over a
period of 1-2 weeks each time. In between episodes, her acute hepa-
tomegaly and liver function returned completely to normal, and blood
lactate ranged from normal to being intermittently mildly elevated
(1.6-3.4 mmol/L; RR 0.7-2.0 mmol/L). There was an impression that
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treatment with coenzyme Q at the time of acute liver crises shortened
the duration of liver failure. She was consequently commenced on
regular coenzyme Q and 1-carnitine, with the frequency of episodes of
liver failure reducing, although it was unclear whether these medica-
tions contributed to that or whether heightened awareness in the par-
ents led to admissions earlier in the course of intercurrent illnesses,
which seemed to reduce the severity and duration of liver failure (Fig.
S1). Despite these episodes she continued to enjoy normal growth and
development.

Formal cardiology assessment was unremarkable. Normal in-
vestigations include urine amino and organic acids, and plasma total
and acylcarnitines, serum transferrin isoforms, alpha 1 antitrypsin le-
vels (M2M2 phenotype), as well as fibroblast fatty acid oxidation stu-
dies. A liver biopsy during an acute episode showed only microvesicular
steatosis.

Muscle and liver biopsies taken when well showed mild lipid ac-
cumulation but were otherwise unremarkable. Mitochondrial re-
spiratory chain enzyme studies were performed as described previously
[11]. The liver respiratory chain enzymology was normal, while the
muscle results showed possible complex II + III deficiency (22% of
normal relative to protein, 14% relative to citrate synthase and 15%
relative to complex II). White blood cell coenzyme Q levels were
normal.

Mutation testing for hereditary fructose intolerance was negative.
No mtDNA deletions were detected in DNA extracted from liver.

When last reviewed at 9years of age, her last presentation with
acute liver failure was three years earlier. She had subsequently been
well. The family actively avoid acetaminophen or any other potential
liver toxin. They also try to avoid intercurrent illnesses, as these seemed
to precipitate her events. She was otherwise growing and developing
normally without any other medical issues.

3. Whole exome and genome sequencing and in-silico analyses

Genomic DNA was extracted from blood of the proband and parents
and whole exome sequencing (WES) and primary bioinformatics ana-
lysis were performed as previously described [12]. WGS and variant
calling were performed at the Kinghorn Centre for Clinical Genomics
(Garvan Institute, Sydney) as described previously [13]. Variants from
the MitoCarta 2.0 [14] and selected liver disease genes POLG, TRMU,
DGUOK, BCS1L, MPV17, RRM2B, TYMP, TP, LARS, CPT2, TWNK, NBAS
were prioritized using Seave [15].

In silico analyses of variants were performed using PolyPhen-2 [16]
(http://genetics.bwh.harvard.edu/pph2/), SIFT [17] (http://sift.jcvi.
org), CADD [18] (http://cadd.gs.washington.edu), MutationTaster
[19] (http://www.mutationtaster.org/), Human Splicing Finder v3.1
[20] (http://www.umd.be/HSF3/), and SROOGLE [21] (http://sroogle.
tau.ac.il). To determine allele frequencies the Genome Aggregation
Database [22] (gnomAD; http://gnomad.broadinstitute.org) was used.
Alignments and conservation analysis were conducted using the UCSC
Genome Browser [23] (http://genome.ucsc.edu/).

4. Complementary DNA (cDNA) studies

Proband and control fibroblast cell lines were cultured at 37 °C and
5% CO, in Dulbecco's Modified Eagle Medium (DMEM). Cultured fi-
broblasts were grown with and without cycloheximide treatment
(100 ng/ul) to inhibit nonsense-mediated decay (NMD) as previously
described [24].

RNA was extracted using the miRNeasy Mini kit (QIAGEN) and
cDNA was synthesized using the Superscript III kit (ThermoFisher) ac-
cording to the manufacturer's protocol. cDNA was amplified by poly-
merase chain reaction (PCR) using 12 sets of primers designed to
overlap the 52 exons of the NBAS sequence (Table S1) followed by
Sanger sequencing.
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5. Results

Homozygous and compound heterozygous variants in NBAS have
been previously associated with ILFS2 and SOPH syndrome (Short
stature, optic nerve atrophy, and Pelger-Huet anomaly, MIM 614800),
the former having a strong phenotype match with the patient.

However, in the trio WES analysis, only one likely pathogenic var-
iant was prioritized in NBAS. This variant, which segregated with the
mother, was identified in exon 24. The missense variant
NM_015909.3(NBAS):c.2617C > T, chr2:8.15557797G > A, NP_056-
993.2(NBAS):p.(Arg873Trp) is predicted to change an arginine to a
tryptophan at amino acid position 873. The arginine at this position is
highly conserved (Table S2), and is situated in the secretory pathway
Sec39-like domain involved in vesicle transport from the endoplasmic
reticulum to the Golgi apparatus [25]. In silico tools predict this variant
to be disease-causing (Table S3). It has been observed in population
databases at a frequency of 0.000008131 (2/245,964) but has not been
reported in a homozygous state. It has not been previously reported to
cause disease.

Also maternally inherited was a likely benign variant found in exon
38; the missense variant NM_015909.3 (NBAS):c.4475A > G,
chr2:2.15467981 T > C, NP_056993.2(NBAS):p.(Tyr1492Cys) is pre-
dicted to change a tyrosine to a cysteine at amino acid position 1492.
The tyrosine at this position is not conserved in mammals and is not
situated in a known functional domain. In silico tools predict this var-
iant to be tolerated. It has been observed in population databases at a
frequency of 0.00000407 (1/245712) but not in a homozygous state. It
has also not been previously reported to be associated with disease.

Because of the strong ILSF2 phenotype, we went on to perform trio
WGS. As with the WES studies, in the initial analysis of WGS data we
found only these two maternally inherited variants in NBAS. No can-
didate variants in trans were found in the coding region of the NBAS
gene and a SNP array failed to detect any copy number variant (CNV)
changes in the region (data not shown). Given the strong phenotype
match, further analysis of the non-coding regions of NBAS and cDNA
studies were conducted in order to determine whether a second pa-
thogenic allele had been missed.

After re-analysis of the WGS data, a deep-intronic paternally in-
herited heterozygous variant was identified within intron 22. The
NM_015909.3(NBAS):c.2423 + 404G > C, chr2:2.15567431C > G
variant is located +404bp from the canonical splice-site of exon 22.
This variant has been observed in population databases at a frequency
of 0.00006460 (2/30958) but not in a homozygous state. It has not
been previously reported to cause disease. In silico tools that combine
multiple splicing regulatory element algorithms, Human Splicing
Finder HSF v3.1 [20] and SROOGLE [21], suggested that the variant
could disrupt a splicing silencer motif (Table S4 and Fig. S2).

Patient and control fibroblasts were grown with or without cyclo-
heximide (which inhibits NMD) to assess the impact of this deep-in-
tronic variant on splicing. As a consequence of the
NM_015909.3(NBAS):c.2423 + 404G > C variant, a new 131bp
pseudo-exon containing intron 22 sequence was created and inserted
into the transcript (chr2:15,567,351-15,567,481) (Fig. 1). The pre-
dicted consequence at the protein level is the insertion of 9 additional
amino acids and the creation of a premature stop-codon p.(Arg809-
Phefs*10), with loss of over 1500C-terminal amino acids. The aber-
rantly spliced transcript was observed at low levels in patient cells in
the absence of cycloheximide treatment, suggesting that the transcript
undergoes NMD. In keeping with this, the ¢.2617C > T;p.(Arg873Trp)
variant appeared homozygous in the ¢cDNA from patient cells grown
without cycloheximide as was the c.4475A > G;p.(Tyr1492Cys) var-
iant. Interrogation of RNA-seq data of 151 control fibroblasts from the
Genotype-Tissue Expression (GTEx) project did not show evidence of
transcripts containing this pseudo-exon. No other abnormalities were
detected by RT-PCR of the proband cDNA.
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6. Discussion

The NBAS gene contains 52 exons and encodes a 2371 amino acid
Neuroblastoma Amplified Sequence protein, which is involved in Golgi-
to-endoplasmic reticulum (ER) retrograde transport [26]. It has been
suggested that the secretory pathway Sec39-like domain is essential for
this function and bi-allelic pathogenic variants in this region are asso-
ciated with ILFS2 [25]. This disorder is inherited in an autosomal re-
cessive manner and patients often present in infancy with recurrent
episodes of acute liver failure associated with fever and with complete
recovery between intervals [25]. This fits very closely with the clinical
history of the patient described here.

Interestingly, patients with a homozygous missense p.(Arg1914His)
variant in the C-terminal domain do not have acute liver failure, but
have a different clinical presentation, SOPH syndrome [27]. This same
variant has been reported in a compound heterozygous state in patients
with all of the SOPH cardinal features including optic atrophy and a
predominant skeletal phenotype, however they also presented with
elevated liver transaminase levels associated with fever without de-
veloping acute liver failure [28,29]. Furthermore, it has been recently
noticed that some patients with ILFS2 may have some subtle SOPH
manifestations including short stature, and mild dysmorphic and ske-
letal features [25,27,30].

The patient reported here did not show any of the SOPH manifes-
tations, and given that the allele harboring the deep intronic variant
leads to NMD resulting in an ‘apparent homozygosity’ in cDNA of the p.
(Arg873Trp) missense variant within the highly conserved Sec39-like
domain, this is entirely in keeping with the ILFS2 presentation in this
patient.

Intronic variants causing splicing defects have been reported in
numerous diseases that can manifest with acute liver failure (Table 1).
However, deep-intronic variants located at least 100 bp from the closest
canonical splice-site have only been associated with acute liver failure
in ornithine transcarbamoylase deficiency (MIM 311250) and Nie-
mann-Pick type C (MIM 257220) (Table 1), even though deep-intronic
variants have been identified in more than 76 other monogenic diseases
[31,32].

Deep intronic variants in NBAS have not been described before, and
to the best of our knowledge pseudo-exon activation by altering a
regulatory splicing sequence has not been reported before in patients
with monogenic acute liver failure. It remains to be seen if the lack of
previous reports is due to the rarity of such events or because they have
been missed by current diagnostic strategies. For instance, a recent
report using a targeted amplicon-based NGS panel in children with
suspected monogenic hepatopathies, identified only one pathogenic
heterozygous variant in 7 patients in whom autosomal recessive in-
heritance was suspected, thus failing to provide a definite molecular
diagnosis [33]. However, this study did not include any ¢cDNA studies
and only exon-intron boundaries were targeted for sequencing. Thus, it
is cases like these that are good candidates for more in-depth ¢cDNA
studies or RNA sequencing (RNA-seq) in a bid to identify a missed
second causative variant that could alter splicing.

It is therefore reasonable to speculate that the diagnostic yield in
monogenic causes of acute liver failure may increase using the combi-
nation of WGS and cDNA analysis to detect deep intronic variants, as
illustrated in this report. Since the first description of NBAS as a cause
of acute liver failure in 2015 [4] more than 28 patients have been de-
scribed [25,28,30,34-37], and we suggest that NGS in combination
with ¢cDNA studies should be implemented early in the diagnostic work
up of children with recurrent acute liver failure, especially if it is as-
sociated with fever.

Establishing a diagnosis is important to direct treatment and most
importantly decide if the patient would benefit from liver transplan-
tation. The clinical decision making related to liver transplantation in
pediatric acute liver failure is not standarised [38]. It requires a mul-
tidisciplinary team to make individualized decisions, balancing the
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Fig. 1. A novel deep-intronic variant leads to the insertion of a pseudo-exon in NBAS.

A. Gel electrophoresis of RT-PCR products containing exons 18 to 25 shows a fragment of the expected size (880 bp) in both control and patient fibroblast cells as well
as an additional larger fragment (~1000 bp) which is only present in the patient. This band is more prominent in the patient cells treated with cycloheximide (CHX
+) to inhibit nonsense mediated decay (NMD) of the mutant transcript. B. Schematic representation of the aberrant splicing generated by the Paternally-inherited
¢.2423 + 404G > C deep-intronic variant, leading to inclusion of a 131 bp pseudo-exon between exons 22 and 23. The Maternally-inherited ¢.2617C > T;p.
(Arg873Trp) variant is represented as a filled triangle and appeared homozygous in Patient cDNA generated from cells grown without cycloheximide, suggesting that
the paternal transcript containing the pseudo-exon is degraded by NMD (Fig. $3). Maximum entropy scores (MES) above 3 are considered to be indicative of a splice-
site (consensus values range — 20 to +20).

risks and benefits of performing a transplant, which is particularly However, the patient recovered completely during episodes, making the
challenging in the absence of a specific diagnosis. This is of particular transplant unnecessary. In addition, because of the recurrent acute liver
concern if we take into account that acute liver failure is responsible for failure, mild lactate elevation, and a low complex II + III enzyme ac-
11% of hepatic transplants in the USA [2], and almost half of the tivity in muscle there was a suspicion of mitochondrial disease as a
children with acute liver failure do not survive without this treatment differential diagnosis. This made the decision on liver transplantation
[39]. In the child we described here, before the molecular diagnosis was more challenging, as patients with a multisystemic mitochondrial dis-
made through WGS and c¢DNA studies, liver transplantation was ser- ease can have poor outcomes, and severe multiorgan mitochondrial
iously considered as a therapeutic option on several occasions. disease is a contra-indication to liver transplant [2]. Fortunately,
Table 1
Selected intronic variants leading to splicing defects causing common monogenic diseases with pediatric acute liver failure.
Phenotype Deep intronic pathogenic Gene Example of Variant ~ Consequence References
variants reported (ClinVar,
HGMD)
Classic Galactosemia No GALT c.1059 + 56C > T 54 bp insertion [41]
(MIM 230400)
Tyrosinemia type I No FAH ¢.1062 + 5G > A Skipping of exon 12 [42,43]
(MIM 276700)
Hereditary fructose intolerance No ALDOB c-114+1G > C Retention of intron 1 [44,45]
(MIM 229600)
Carbamoylphosphate synthetase I No CPS1 ¢.3558 + 1G > C Skipping of exon 29 [46]
deficiency
(MIM 237300)
Classic citrullinemia No ASS1 c.421-2A > G Skipping of exon 7 [471
(MIM 215700)
Argininosuccinic aciduria No ASL c.446 + 1G > A Skipping of exon 5 [48]
(MIM 207900)
Hyperornithinemia-hyperammonemia- No SLC25A15 ¢56 +1G > T Skipping of exon 3 [49]

homocitrullinuria syndrome
(MIM 238970)

Wilson disease No ATP7B ¢.1708-1G > C Skipping of exon 5 [50]
(MIM 277900)

Alpers-Huttenlocher syndrome No POLG c1251-2A > T Skipping of exon 7 [51]
(MIM 203700)

Mitochondrial DNA depletion syndrome 3 No DGUOK c.444-62C > A 60 bp insertion [52]

(hepatocerebral type)
(MIM 251880)
Mitochondrial DNA depletion syndrome 6 ~ No MPV17 70 +5G > A Skipping of exon 2 [53]
(hepatocerebral type)
(MIM 256810)

Ornithine transcarbamylase deficiency Yes oTC ¢.540 + 265G > A Deep-intronic variant creates a new acceptor [54]
(MIM 311250) splice site leading to a 135 bp pseudo-exon
inclusion
Niemann-Pick type C Yes NPC1 ¢.1554-1009G > A Deep-intronic variant creates a new donor [55]
(MIM 257220) splice site leading to a 194 bp pseudo-exon
inclusion
Infantile liver failure syndrome 2 Yes NBAS c.2423 + 404G > C Deep-intronic variant alters an intronic Present report
(MIM 616483) regulatory splice sequence leading to a 131 bp

pseudo-exon inclusion

80
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patients with ILFS2 tend to respond to antipyretics, high glucose and
lipids during the acute episodes, and have a good overall prognosis with
conservative treatment. Furthermore, when liver transplantation has
been conducted during the acute episodes full recovery and no relapses
have been reported [25,40].

7. Conclusion

The present study expands the spectrum of pathogenic variants
causative of Infantile liver failure syndrome 2. By identifying a deep-
intronic variant leading to inclusion of a pseudo-exon we describe a
novel disease mechanism in the NBAS gene and highlight the utility of
WGS and cDNA studies. We postulate that a similar approach could be
conducted when only one pathogenic or likely pathogenic variant is
found in a gene with a known autosomal recessive inheritance where
there is a strong phenotype match. However, when no candidate var-
iants are found, other technologies such as RNA-seq and proteomics
could also aid in the diagnosis, as the current WGS bioinformatic ana-
lysis and in silico tools are currently inadequate for the easy identifi-
cation of pathogenic deep intronic variants. This is an important area
for future research as the use of NGS continues to expand and as more
data are accumulated, further studies should be conducted to improve
the current bioinformatic approaches to identify clinically relevant
variants in non-coding regions.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ymgme.2018.12.002.
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5.1 Introduction

This chapter contains a publication that illustrates the utility of trio GS to identify novel variants

in known mitochondrial disease genes, in this case, PNPTI (Rius, Van Bergen et al. 2019).

In the article, patient (P2) is from the trio GS cohort. He presented with multisystemic disease
suggesting a mitochondrial disorder, but the initial analysis of trio GS data identified only a
single missense variant in PNPT1. However, when the filters were relaxed to allow synonymous
variants, an apparently synonymous variant was identified in trans. In silico and cDNA studies
later confirmed that this variant leads to a splicing defect. Through our collaborators, we
identified a further six individuals with candidate variants in PNPT] and conducted a clinical

review of previously published patients.

The article also illustrates how functional studies are needed to confirm pathogenicity of novel
variants. It is important to consider that often single in vitro assays may not fully explain the
molecular effect leading to disease pathogenesis. For instance, detection of hypomorphic
variants in functional assays can lead to false positives as the effects of the variant may not
cause sufficient loss of function to be a penetrant pathogenic allele. This has been previously
described by Lake and colleagues who identified homozygous nonsense variants in two genes,
PDHX and TIMMDC1. The authors found that loss of the C-terminal of TIMMDCI impacted
modestly on complex I assembly, however it did not seem to be the cause of the patient’s
phenotype, and the pathogenic PDHX variant was consistent with this patient’s clinical features
(Lake, Formosa et al. 2019).

The interpretation of functional studies in context is therefore important as they can have
different degrees of specificity. For instance, as it will be discussed in this chapter, normal
OXPHOS enzymology does not always exclude pathogenicity of a variant in a mitochondrial
disease gene. Conversely, abnormal OXPHOS enzymology can be caused by numerous disease
genes and therefore as a single test may not be specific to validate pathogenicity of a variant in
a single gene. Therefore, multiple lines of evidence for pathogenicity are often needed, as will
be highlighted in this chapter, where the choice and interpretation of functional studies focused
on the primary role of PNPTI in RNA processing (Matilainen, Carroll et al. 2017, Dhir, Dhir
et al. 2018).

70



Clinical Spectrum and Functional Consequences associated with Biallelic PNPT1 variants

Journal of =~
% Clinical Medicine mI\D\Py

Article
Clinical Spectrum and Functional Consequences
Associated with Bi-Allelic Pathogenic PNPT1 Variants

Rocio Rius 1-2(®, Nicole J. Van Bergen 2, Alison G. Compton 1-2(¥, Lisa G. Riley 34,

Maina P. Kava 59, Shanti Balasubramaniam ¢7-8, David J. Amor 2.2

Miriam Fanjul-Fernandez 2%, Mark J. Cowley 19112, Michael C. Fahey 13{, Mary K. Koenig 4,
Gregory M. Enns 15, Simon Sadedin 1-°, Meredith J. Wilson 1617, Tiong Y. Tan 2%

David R. Thorburn 1'% and John Christodoulou 1-24:%/*

1 Murdoch Children’s Research Institute, Melbourne, VIC 3052, Australia; rocio.rius@mcri.edu.au (R.R.);

nicole.vanbergen@mcri.edu.au (N.J.V.B.); alison.compton@mcri.edu.au (A.G.C.);

david.amor@mcri.edu.au (D.J.A.); simon.sadedin@vcgs.org.au (S.S.); tiong.tan@vcgs.org.au (T.Y.T.);

david.thorburn@mcri.edu.au (D.R.T.)

Department of Paediatrics, University of Melbourne, Melbourne, VIC 3052, Australia;

miriam.fanjul@vcgs.org.au

3 Kids Research, The Children’s Hospital at Westmead, Sydney, NSW 2145, Australia;

lisa.riley@health.nsw.gov.au

Discipline of Child & Adolescent Health, Sydney Medical School, University of Sydney, Sydney,

NSW 2050, Australia

5 Department of Neurology, Perth Children’s Hospital, Perth, WA 6009, Australia;
maina.kava@health.wa.gov.au

6 Department of Metabolic Medicine and Rheumatology, Perth Children’s Hospital, Perth, WA 6009, Australia;

shanti.balasubramaniam@health.nsw.gov.au

Genetic Metabolic Disorders Service, Western Sydney Genetics Program, The Children’s Hospital at

Westmead, Sydney, NSW 2145, Australia

Discipline of Genetic Medicine, Sydney Medical School, University of Sydney, Sydney, NSW 2145, Australia

Victorian Clinical Genetic Services, Melbourne, VIC 3052, Australia

Precision Medicine Theme, Children’s Cancer Institute, Kensington, NSW 2750, Australia;

MCowley@ccia.org.au

Kinghorn Centre for Clinical Genomics, Garvan Institute, University of New South Wales, Randwick,

NSW 2010, Australia

12 School of Women’s and Children’s Health, University of New South Wales, Randwick, NSW 2031, Australia

13 Department of Paediatrics, Monash University, Melbourne, VIC 3168, Australia; michael. fahey@monash.edu

14 The University of Texas McGovern Medical School, Houston, TX 77030, USA; Mary.K Koenig@uth.tmc.edu

15 Department of Pediatrics, Division of Medical Genetics, Stanford University, Stanford, CA 94305, USA;
genns@stanford.edu

16 Department of Clinical Genetics, The Children’s Hospital at Westmead, Sydney, NSW 2145, Australia;

meredith.wilson@health.nsw.gov.au

Discipline of Genomic Medicine, Faculty of Medicine and Health, University of Sydney, Sydney,

NSW 2006, Australia

*  Correspondence: john.christodoulou@mcri.edu.au; Tel.: +613-9936-6353

10

11

17

check for
Received: 9 October 2019; Accepted: 14 November 2019; Published: 19 November 2019 updates

Abstract: PNPT1 (PNPase—polynucleotide phosphorylase) is involved in multiple RNA processing
functions in the mitochondria. Bi-allelic pathogenic PNPT1 variants cause heterogeneous clinical
phenotypes affecting multiple organs without any established genotype—phenotype correlations.
Defects in PNPase can cause variable combined respiratory chain complex defects. Recently, it has
been suggested that PNPase can lead to activation of an innate immune response. To better understand
the clinical and molecular spectrum of patients with bi-allelic PNPT1 variants, we captured detailed
clinical and molecular phenotypes of all 17 patients reported in the literature, plus seven new patients,
including a 78-year-old male with the longest reported survival. A functional follow-up of genomic
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sequencing by cDNA studies confirmed a splicing defect in a novel, apparently synonymous, variant.
Patient fibroblasts showed an accumulation of mitochondrial unprocessed PNPT1 transcripts, while
blood showed an increased interferon response. Our findings suggest that functional analyses of the
RNA processing function of PNPase are more sensitive than testing downstream defects in oxidative
phosphorylation (OXPHPOS) enzyme activities. This research extends our knowledge of the clinical
and functional consequences of bi-allelic pathogenic PNPT1 variants that may guide management and
further efforts into understanding the pathophysiological mechanisms for therapeutic development.

Keywords: mitochondrial; PNPT1; PNPase; interferon; OXPHOS; respiratory chain; mutation;
splice defect

1. Introduction

PNPT1 encodes for polynucleotide phosphorylase (PNPase), a conserved homotrimeric 3’-to-5
exoribonuclease predominantly localized in the mitochondrial matrix and intermembrane space [1].
It is primarily involved in mitochondrial RNA (mtRNA) processing and degradation [2].

PNPase has been suggested to play a role in RNA import into mitochondria [3,4]; however,
experimental data have been contradictory and, to date, there is no general agreement about an RNA
import mechanism [5]. Recent reports suggest that disrupted PNPase RNA processing could lead to
the accumulation of double-stranded mtRNAs, with the possibility of triggering an altered immune
response [6,7].

Patients with bi-allelic PNPT1 pathogenic variants have shown wide clinical heterogeneity
ranging from non-syndromic hearing loss to multisystemic Leigh syndrome [8,9]. To date, no clear
phenotype-genotype correlations have been drawn.

In a bid to better understand the clinical phenotype and functional consequences of patients with
PNPT1-related diseases, we reported seven new patients with bi-allelic PNPT1 variants and expanded
upon the mutational spectrum. We also conducted functional studies and performed a thorough
clinical review of previously published patients with PNPT1 variants [6,8-13].

2. Experimental Section

2.1. Patients

We report seven new patients (P1, 2, 3, 3.2, 4, 7, 8) with bi-allelic variants in PNPT1, and provided
updates for three previously published cases (P5, 6, 9). We also conducted a PubMed search using
the terms PNPase (All Fields) OR (PNPT1 (All Fields) AND (“persons” (MeSH Terms) OR “persons”
(All Fields) OR “individual” (All Fields))) up to September 2019 for publications limited to human
subjects to describe the clinical features of all the patients with bi-allelic PNPT1 pathogenic variants
reported in the literature to date [6,8-13].

Functional studies were conducted in samples collected from four patients (P1, 2, 3, 4) in which
the PNPT1 variants were identified by whole genome sequencing (WGS; Garvan Institute, Sydney)
or whole exome sequencing (WES; Victorian Clinical Genetics Services (VCGS), Melbourne; Broad
Institute, Cambridge, MA, USA; and Baylor College of Medicine, Houston, TX, USA).

This study was performed in accordance with the Helsinki Declaration and ethical standards of the
responsible ethics committees. The project was approved by the Human Research Ethics Committees
of the Sydney Children’s Hospitals Network (ID number HREC/10/CHW/114), Melbourne Health
(ID number HREC/16/MH/251), and the Royal Children’s Hospital (ID number HREC/16/RCHM/150).
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2.2. Next Generation Sequencing (NGS) and in Silico Tools

The variants in P1 were identified through whole exome sequencing (WES) performed by the
Genomics Platform at the Broad Institute of Harvard and MIT (Broad Institute, Cambridge, MA,
USA). The variants in P2 were identified through trio whole genome sequencing (WGS) performed at
the Kinghorn Centre for Clinical Genomics (Garvan Institute, Sydney) as previously described [14].
The variants in P3 and P4 were identified through WES performed at Victorian Clinical Genetics
Services (VCGS), Melbourne. P7 and P8 variants were identified through WES performed at Baylor
College of Medicine, Medical Genetics Laboratories, Whole Genome Laboratory (Houston, TX, USA).

In silico prediction analyses were performed using PolyPhen-2 [15], SIFT [16], Combined
Annotation Dependent Depletion CADD [17], MutationTaster [18], and Human Splicing Finder v3.1 [19].
Visualization of variants in the Pfam [20] protein domains was conducted with MutationMapper [21].
Allele frequencies were determined using the Genome Aggregation Database [22].

2.3. Western Blotting

Fibroblast protein extraction and Western blotting were performed using total Abcam OXPHOS
human WB antibody cocktail (ab11041) and PNPase (ab96176) as previously published [10].

2.4. Mitochondrial Oxidative Phosphorylation (OXPHQOS) Enzyme Activities

Spectrophotometric analysis of OXPHOS enzyme activities in muscle and fibroblasts was
performed as previously described [23]. The mitochondrial respiratory chain complex I (CI) and
complex IV (CIV) dipstick activity assays (Abcam, Melbourne, VIC, Australia) were performed using
15 ug of whole-cell lysates fibroblasts as previously published [10].

2.5. Fibroblast Culture, RNA Extraction, and Complementary DNA (cDNA) Studies

Cycloheximide treatment of cultured fibroblasts from P2 and controls was performed as
published [24]. Cultured fibroblasts from patients P1, P2, P3, and P4, and three control lines were
incubated in the presence or absence of 100 U/mL interferon «-2a Roferon-A (Roche, Sydney, Australia)
in HyClone Dulbecco’s Modified Eagle Medium (GE Healthcare, Rydalmere, NSW, Australia) at 37 °C
and 5% CO, for 24 h.

RNA was isolated from fibroblasts using the RNeasy Plus kit (Qiagen, Hilden, Germany) following
the manufacturer’s instructions. Reverse transcription was performed using SuperScript III First-Strand
synthesis kit (Thermo Fisher Scientific, Carlsbad, CA, USA) following the manufacturer’s instructions.

2.6. RNA Extraction from Blood

PAXgene blood RNA tubes (PreAnalytix by Qiagen, Hombrechtikon, Switzerland) were used to
collect peripheral blood samples. After collection, the tubes were left at room temperature between 2 h
and 72 h before extracting RNA using the PAXgene blood RNA kit (PreAnalytix by Qiagen) following
the manufacturer’s instructions.

2.7. PCR Quantification of Unprocessed Mitochondrial Transcripts

gPCR for the quantification of unprocessed transcripts was performed with AccuPower 2X
Greenstar qPCR Master Mix (Bioneer, Daejeon, Korea) using primers previously published by Matilainen
and collaborators [9]. The relative accumulation of unprocessed mitochondrial transcripts was calculated
using the 2(-AACt) method [25].

2.8. Interferon Signature Analysis

The relative expression of six interferon-stimulated genes was analyzed by qPCR using cDNA
from 40 ng RNA, TagMan Fast Advanced Master Mix (Thermo Fisher Scientific), and Taq Man probes
for IFI27 (Hs01086370_m1), IFI44L (Hs00199115_m1), IFIT1 (Hs00356631_g1), ISG15 (Hs00192713_m1),
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RSAD?2 (Hs01057264_m1), and SIGLEC1 (Hs00988063_m1). The relative abundance was normalized
to HPRT1 (Hs03929096_g1) and 18S (Hs999999001_s1). Median expression was used to calculate an

interferon score as described by Dhir, Rice, and collaborators [6,26].

3. Results

A total of 24 patients with bi-allelic variants in PNPT1 were identified in 15 families, including
seven new patients (P1, 2, 3, 3.1, 4, 7, 8), three previously published individuals with additional clinical
information since the previous publication (P5, 6, 9), and fourteen other patients reported in the

literature (Tables S1 and S2). A total of 22 different pathogenic variants were found, of which only three
were reported in more than one family. The p.(Ala507Ser) variant was reported in 27% of the families
(4/15), followed by the p.(Thr531Arg) variant at 13% (2/15), and p.(Argl136His) at 13% (2/15) (Figure 1).
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Figure 1. Lollipop plot depicting the polynucleotide phosphorylase (PNPase) protein and location of
pathogenic variants reported in 30 alleles (15 families). Missense variants are shown above the protein.

Nonsense and splicing variants are shown below. Novel variants reported in this article are marked

with #.
Most of the patients (75% n = 18) presented within the first year of life. The most common initial
manifestations were tone abnormalities (42% n = 10), feeding difficulties (17% n = 4), and mild to severe
sensorineural hearing loss (38% n = 9). Other reported initial features were regression, choreoathetosis,

The median age at the last follow up was 8.9 years (range 1-78). Three of the patients died due to

visual loss, and cataracts (Table S1).
acute encephalopathy (P15 at 4 years), infection (P16 at 2.4 years), and unstated reasons (P21 at 2 years)

(Table S1).
The clinical symptoms of all the reported patients to date are summarized in Figure 2 and Table S1
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Figure 2. Clinical symptoms using Human Phenotype Ontology (HPO) terminology of patients with
bi-allelic PNPT1 variants (n = 24). Green indicates a present phenotype, red indicates an absent
phenotype, and gray is unknown or not applicable. * Respiratory chain deficiencies refer to reported
reductions in oxidative phosphorylation (OXPHOS) enzyme activity measured by spectrophotometric
analysis in any tissue. Neonatal (0-28 days), infant (28 days-1 year), and childhood (>1 year).

3.1. cDNA Studies Identify a Splicing Defect in P2

The NM_033109.4:¢c.1818T>G heterozygous variant identified in P2 was originally believed to
be synonymous p.(Val606=), however it was located 5 bp from the donor splice site and in silico
studies suggested the possibility of a splicing defect (Table S2). cDNA studies performed from cultured
fibroblasts grown with and without cycloheximide treatment to inhibit nonsense-mediated decay
(NMD) confirmed a splicing defect resulting in a frameshift deletion and premature termination codon

p-(Val607Lysfs*21), leading the transcript to be subject to degradation by NMD (Figure 3).
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Figure 3. cDNA studies from P2 fibroblast cells. (a) Schematic representation and partial electropherogram
showing the creation of a new splice site generated by the NM_033109.4:¢.1818T>G variant in cells treated
with cycloheximide. (b) Without cycloheximide treatment, the heterozygous NM_033109.4:c.1818T>G
variant was not detectable, suggesting that the mutant RNA is subject to nonsense-mediated decay.

3.2. Mitochondrial OXPHOS Protein Expression and Activity

In the fibroblasts, there was a reduction of the mitochondrial complex IV COX II subunit and the
complex I NDUFBS8 subunit in patients P1-4, although the levels of other OXPHOS subunits were
normal (Figure 4a). The activities of complex I and complex IV were determined using a dipstick
assay. Compared to the control means, there was a relatively mild reduction in complex I by 20% (P1),
45% (P2), 50% (P4), and a modest reduction in complex IV by 40% (P1), 57% (P2), 20% (P3), and 80%
(P4) (Figure 4b). P5 was a previously reported patient with PNPT1 variants [10] and was used as a
positive control.
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Figure 4. Protein expression and OXPHOS activity in fibroblasts. (a) Representative images of Western
blot analysis performed in fibroblast proteins from controls (C) and patients (P). In the patients, there
was a reduction in protein expression of PNPase (lower panel) and complex I and complex IV OXPHOS
mitochondrial subunits (upper panel). (b) Complex I (upper panel) and complex IV (lower panel)
enzyme activity was analyzed using dipstick activity assays. In the patients, there was a mild/moderate
reduction in complex I and complex IV enzyme activities. The mean and variation (SEM) between
three independent experiments are shown. (*** p < 0.001, * p < 0.033).
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However, spectrophotometric analysis of OXPHOS enzymes was normal in fibroblasts from P1,
and was only borderline low for complex IV activity relative to protein and citrate synthase in muscle
from P2 (Table 1).

7 of 11

Table 1. Spectrophotometric analysis of oxidative phosphorylation (OXPHOS) enzyme activities in
fibroblasts from P1 and muscle from P2.

P1 (Fibroblasts)

P2 (Muscle)

Enzyme Residual CS Ratio CII Ratio Residual CS Ratio CII Ratio
Activity (%) (%) (%) Activity (%) (%) (%)
I 150 107 75 75 73 126
II 194 140 - 59 58 -
111 266 187 133 69 65 113
v 91 67 47 34 34 59
Cs 137 102

Activities of OXPHOS enzyme complexes I, II, III, IV, and citrate synthase (CS) are expressed as % relative to protein
(residual activity), citrate synthase (CS ratio), and CII (CII ratio) of control samples.

3.3. Accumulation of Mitochondrial Unprocessed Transcripts

To assess the PNPase mitochondrial RNA processing activity, we measured the accumulation of
unprocessed polycistronic mitochondrial transcripts in fibroblasts.

Compared to controls, fibroblasts from patients P1-4 showed an accumulation of aberrantly
processed mitochondrial RNA transcripts (Figure 5) in line with the PNPase function in mtRNA
processing. The accumulation of unprocessed transcripts in myoblasts from a patient with bi-allelic
pathogenic variants in PNPT1 was previously described [9]. Notably, our patients presented different
patterns of accumulation, which were not restricted to transcripts around MT-ND6. Further studies may
help us to understand if the differences in the accumulation of unprocessed mitochondrial transcripts

are related to specific PNPT1 variants.
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Figure 5. Unprocessed polycistronic mitochondrial transcripts in fibroblasts measured by gPCR. Mean
and variation (SEM) between three independent experiments are shown (*** p < 0.001, ** p < 0.002,
%

p <0.033).
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3.4. Interferon Signature in Patients with PNPT1 Variants

Increased expression of interferon-stimulated genes has been previously described in blood from
P14, P22, and P23 with bi-allelic PNPT1 variants [6]. To assess if the PNPase defects could elicit an
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increased interferon response in different tissues, we calculated the interferon score in fibroblasts
(P1-4) and in blood (only available from P2 and P4). In fibroblasts from P1-4 stimulated with IFN-«2a
(100 U/mL), the interferon response was not different to controls (interferon score below the 1.3
threshold in fibroblasts). On the other hand, in blood from P1 and P4, a positive interferon score was
identified with a median of 2.53 and 4.65, respectively (above the 1.8 threshold in blood) (Figure 6).
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Figure 6. Interferon (IFN) score in fibroblasts and in blood. (a) Median and individual values of the IFN
score in fibroblasts of three controls and patients with PNPT1 variants (P1-4) from two independent
experiments. The IFN score threshold of 1.3 corresponds to the mean IFN score of controls + 2SD.
Higher values are considered positive. (b) Median and individual values of the IFN score in blood
of three controls and patients with PNPT1 variants (P2 and P4) from two independent experiments.
The IFN score threshold of 1.8 corresponds to the mean IFN score of controls + 2SD. Higher values are
considered positive.

4. Discussion

This cohort illustrated the marked phenotypic heterogeneity associated with bi-allelic PNPT1
variants. Severe developmental delay and regression were the most common neurodevelopmental
abnormalities. Sensorineural hearing loss, optic atrophy, tone, and movement abnormalities—including
choreoathetosis, dystonia, myoclonus, and ataxia—were also amongst the most prevalent clinical
features. Most patients had a history of hypotonia (n = 19) and four patients presented a pattern of
central hypotonia with peripheral hypertonia. Brain imaging was available in 17 patients, of which 16
patients had MRI abnormalities. The most common were white matter abnormalities (1 = 8), followed
by thin corpus callosum (n = 5), and basal ganglia abnormalities (n = 4) (Figure S1).

Interestingly, most of the patients in the cohort had normal to mildly deficient OXPHOS when
measured by spectrophotometric enzyme assays. This finding has several implications. First, a normal
OXPHOS enzyme analysis does not rule out the diagnosis of PNPT1-related disease. Second, reduced
OXPHOS protein expression or activity measured by dipstick assays does not always correlate with
spectrophotometric assays, as shown in P1 and P2. This discrepancy could be attributed to sample
preparation and differences in the methodology, which has been discussed previously [10]. Finally,
in order to confirm pathogenicity, functional analyses focusing on the primary role of PNPT1 (mtRNA
processing) and interferon signaling in blood rather than fibroblasts appear to be more sensitive, and
potentially more specific than evaluating the downstream effects on the OXPHOS enzyme activities.

Most of the patients with PNPT1-related disease have been identified through NGS approaches.
The identification of an apparently synonymous variant in P2 that was later demonstrated to result in
abnormal mRNA splicing highlights the importance of careful interpretation of apparently “silent”
variants in NGS data, the utility of in silico tools, and the need for cDNA studies when following up
potential splicing variants.
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The identification of an interferon signature in blood from patients with PNPT1 variants raises the
possibility that an immune response could contribute to disease pathogenesis [6]. Further longitudinal
studies could elucidate if there is a correlation between the interferon signature and disease severity,
or the possibility of being a useful clinical biomarker and/or therapeutic target.

So far, little is known about possible genotype-phenotype correlations, and it is not clear what
factors could be contributing to the clinical spectrum of PNPT1-related diseases. Studies suggest
that the rate of disease progression could be, in part, related to having two deleterious variants
affecting the first core domain [9]. In line with this, three patients with rapidly progressive disease
and early death (median age 2.4 years) were described (Table S1), in which the variants were located
in the first core domain. P21 had the p.(Arg136His) variant in a homozygous state. P15 also had the
p-(Argl36His) variant but in compound heterozygosity with the p.(Pro140Leu) variant, which was
also located in the first core domain. P16, who had a p.(Gly76Asp) located in the first core domain
and a p.(Argl92*), was predicted to result in nonsense-mediated decay [6,9,12]. The novel variant
p-(Arg136Cys) identified in P3 was an alternate amino acid change located in the same active site as
described in P21 and P15, but her second pathogenic variant p.(Pro467His) was located in the second
core domain. Interestingly, she is currently three years old and has a relatively slower progression.
Her brother (P3.2) also seemed to be more mildly affected. Intrafamilial variability was also described
in other families with PNPT1 variants (P5, 6, 7, 8; Table S1), but bona fide genetic modifiers of disease
severity have yet to be identified.

P4 had the longest survival reported to date (78 years), with a slowly progressive clinical course.
He presented at 11 years old with hearing and visual loss. Subsequently, he developed blepharospasm
and ptosis. Over the decades, he developed progressive ataxia, poor night vision, and external
ophthalmoplegia. His hearing worsened during his 60s and, therefore, he received a cochlear implant.
Eaton and collaborators [13] also described one family that presented with a slowly progressive pattern.
Both affected individuals had congenital sensorineural hearing loss and developed neurological
symptoms in adulthood. It is interesting to note that the pathogenic PNPT1 variants in both these
patients were distal variants located within the S1 domain. Further work and more patients are
required to formally establish genotype—phenotype correlations.

Careful phenotypic analysis in rare monogenic diseases is valuable for identifying common
clinical features [27,28]. In our cohort, this approach led us to describe the most common phenotypic
findings associated with PNPT1-related disease that should increase the diagnostic suspicion of this
genetic etiology, and could guide screening and management in patients with a molecular diagnosis.
On the other hand, no single finding was present in 100% of the patients and, thus, the lack of any of
these features does not rule out the diagnosis. Some of the clinical features have only been described
in adult patients, such as obsessive—compulsive disorder (P19), depression (P4, P19), and paranoia
(P20), or in single cases, such as renal artery stenosis in P9. The causal relationship of some of these
findings is unknown and it remains to be seen whether some of these features are coincidental rather
than linked to the pathophysiology of PNPT1 dysfunction.

The diverse clinical heterogeneity of patients with bi-allelic PNPT1 variants presents a diagnostic
and management challenge to the clinician. As more patients are diagnosed, it is important to
share detailed clinical information to understand the natural history, elucidate new insights into the
mechanisms underlying the pathology, and aid with the identification of potential treatment strategies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/8/11/2020/s1,
Table S1: Clinical phenotype of patients with bi-allelic PNPT1 variants; Table S2: In silico studies and population
frequency of PNPT1 variants identified in new families; Figure S1: Brain MRI findings in patients with bi-allelic
PNPT1 variants.
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6.1 Introduction

The analyses in Chapter 3-5 have highlighted the diagnostic utility of sequencing family trios
by identifying variants in known and novel disease genes. This chapter contains a publication
that illustrates an additional bonus of trio GS by evaluating the utility of interrogating the

data to investigate mtDNA inheritance (Rius, Cowley et al. 2019).

In response to a controversial article from Luo and colleagues (Luo, Valencia et al. 2018), which
raised the possibility of biparental mitochondrial DNA transmission in several three-generation
families, we used data from the trio GS cohort to interrogate mtDNA inheritance and examine
the frequency of this phenomenon. Our results were consistent with strictly maternal mtDNA
inheritance. This was the first cohort of paediatric patients with suspected mitochondrial disease

where mtDNA inheritance was systematically studied by trio GS.

Since the manuscript was published, other groups have used trio GS data to look for evidence
of mtDNA transmission. Using data from the Genomics England 100,000 Genomes Rare
Disease project, Wei and colleagues analysed 11,035 trio GS and found 7 families with
apparently similar heteroplasmy patterns with the families described by Luo and colleagues that
suggested biparental mtDNA inheritance. However, by analysing nuclear genome sequences
the group was able to explain that in these families, the pattern was likely due to paternally
transmitted nuclear-mitochondrial DNA segments (NUMTs) and not due to paternal mtDNA

transmission (Wei, Pagnamenta et al. 2020).
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Purpose: A recent report has raised the possibility of biparental
mitochondrial DNA (mtDNA) inheritance, which could lead to
concerns by health-care professionals and patients regarding
investigations and genetic counseling of families with pathogenic
mitochondrial DNA variants. Our aim was to examine the
frequency of this phenomenon by investigating a cohort of patients
with suspected mitochondrial disease.

Methods: We studied genome sequencing (GS) data of DNA
extracted from blood samples of 41 pediatric patients with
suspected mitochondrial disease and their parents.

Results: All of the mtDNA variants in the probands segregated
with their mother or were apparently de novo. There were no

INTRODUCTION

The underlying molecular diagnosis of patients with mito-
chondrial diseases can be due to nuclear or mitochondrial
DNA (mtDNA) pathogenic variants. In humans, mtDNA is
generally inherited from the mother. Thus, the cascade
diagnostic investigations, genetic counseling, and reproduc-
tive choices for patients with pathogenic mtDNA variants are
currently based on that premise."

In a recent study, Luo et al.> reported evidence of paternal
transmission of mtDNA to offspring in three families. Some
of the issues emerging from these findings relate specifically to
mitochondrial disease diagnosis and genetic counseling and
could prompt concerns about current practice.

The possibility of paternal inheritance of mtDNA has been
reported previously in mice, including across multiple
generations.™  Tissue-specific inheritance of paternal
mtDNA in humans has also been reported in a single
individual with mitochondrial myopathy whose skeletal
muscle had a de novo homoplasmic 2-bp deletion in the
MT-ND?2 gene on the paternal mtDNA haplotype, while only
maternal mtDNA was detected in other tissues tested.” The

2 Mark J. Cowley, PhD® >*>, Lisa Riley, PhD®’, Clare Puttick, BSc MStats>?,
129 and John Christodoulou, PhD FRACP

1,2,6,9

variants that segregated only with the father and none of these
families showed evidence of biparental inheritance of their mtDNA.

Conclusion: Paternal mitochondrial transmission is unlikely to be
a common occurrence and therefore at this point we would not
recommend changes in clinical practice.

Genetics in Medicine
0568-0

(2019) https://doi.org/10.1038/s41436-019-

Keywords: mitochondrial genome; genetic testing; genetic
counseling; mitochondrial diseases; paternal inheritance

recent finding by Luo et al.”> prompts reconsideration of
whether paternal inheritance may be more common in
humans than previously considered. To our knowledge, there
have not been any other systematic investigations in
human trios.

MATERIALS AND METHODS

All procedures followed were in accordance with the ethical
standards of the responsible committee on human experi-
mentation (institutional and national) and with the Helsinki
Declaration of 1975, as revised in 2000. Informed consent was
obtained from all patients included in the study. This project
was approved by the Human Research Ethics Committee of
the Sydney Children’s Hospitals Network (ID number 10/
CHW/114).

We studied genome sequencing (GS) data of DNA extracted
from blood samples of 41 pediatric patients recruited in
Australia with suspected mitochondrial disease and their
parents, as previously reported.® Thirty-seven of the patients
had trio GS, while in four patients DNA from the father was
not available.
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Variants were filtered using Seave’ and reported relative to
the Revised Cambridge Reference Sequence NC_012920.1.
Variants with heteroplasmy levels >5% were included in the
analysis and if discordant with the mother, lower levels of
heteroplasmy were further investigated using the bioinfor-
matic pipeline mity (Puttick et al., unpublished). Variants in
positions where common sequencing errors occur due to a
homopolymer stretch (MT:302-315 and MT:3105-3109)
were excluded.

RESULTS
Using GS we observed a median of medians coverage of
4586x (range 1179-22,965x) in the mitochondrial genome.
We identified a median of 31 mtDNA variants per proband
(Table 1). In all studied families, homoplasmic variants
detected in the mother were also found in the offspring.

Only five probands had any heteroplasmic variants. In two
families, heteroplasmic variants detected in the mother
presented lower heteroplasmy levels in the probands (families
8 and 30); in one family (family 15) the m.16150C>T
heteroplasmic variant (mutant load 25%) detected in the
mother was not present in the proband. These different
heteroplasmy levels can be explained by the mitochondrial
bottleneck during oogenesis.

In one family (family 32), two de novo heteroplasmic
variants (m.15617G>A; mutant load 12% and m.153A>G;
mutant load 96%) were detected in the proband that were not
detected in the mother or father. In family 3, a de novo
heteroplasmic variant (m.7925G>A; mutant load 70%) was
present in the proband that was not identified in the mother’s
blood; no DNA was available from the father, however, all 37
variants present in the mother were also identified in the
proband and they both shared the same haplotype (T2albla).

We did not find any homoplasmic or heteroplasmic
variants in the cohort that segregated only with the father.
In addition, none of these families presented with high
numbers of heteroplasmic variants or other suggestive
patterns of biparental inheritance of their mtDNA. However,
because only blood samples were analyzed, tissue-specific
heteroplasmy cannot be ruled out.

DISCUSSION
Previous studies reporting paternal mtDNA transmission
have been controversial, with most cases later regarded as
sample cross-contamination.® The recent study by Luo et al.?
has reactivated the concern about the possibility of paternal
mtDNA transmission; they described three multigeneration
families with a large number of mtDNA variants with high
levels of heteroplasmy, corresponding to mixed haplogroups
in a pattern apparently corresponding to autosomal dominant
inheritance. They attempted to exclude sample contamination
by conducting the mtDNA sequencing in different labora-
tories, however, their results have also been challenged. Lutz-
Bonengel’ and Vissing'® speculated that the apparent
biparental mtDNA inheritance pattern in the families could
be attributed to amplification of nuclear mtDNA segments

GENETICS in MEDICINE | Volume 0 | Number 0 | Month
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(NuMTs).>'"* Luo et al."' contested that claim by arguing that
it is unlikely that the NuMT would amplify with the different
sequencing methods used. In addition, they argued that there
would be a low probability of all offspring studied inheriting
the NuMT variants. Nonetheless, they plan to conduct further
single-cell sequencing studies with additional families to rule
out that possibility. Even if paternal mtDNA transmission is
confirmed, the mechanism of this event is still not clear, as
well as the potential consequences of this phenomenon, given
that no actual causal relationship with mitochondrial disease
was established in the reported families.

Our results further support the prevailing view that paternal
inheritance of mtDNA appears to be a rare event in humans,
and suggest that the scenario described by Luo et al? is
uncommon. We suggest that genetic counseling and genetic
investigations for families with suspected mitochondrial
disease do not need to change. Nonetheless, it may be worth
considering sequencing paternal mtDNA where a patient has
an apparent de novo mtDNA variant.

We believe that this is the largest cohort of patients with
suspected mitochondrial disease undergoing trio GS reported
to date. As access to GS technology and genomic data sharing
become more widespread in clinical practice,'® the analysis of
nuclear and mtDNA sequencing data in larger cohorts could
aid in better understanding the frequency and consequences
of biparental mtDNA inheritance events, and could lead to
the identification of variants in nuclear genes involved in
paternal mtDNA elimination that may be contributing to this
mechanism. "
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7.1 Introduction

The Australian Genomics Health Alliance is a project aiming to evaluate the incorporation of
genomics to the clinic (Australian Genomics Health Alliance 2020). Several clinical flagship
projects have been designed to study the application of genomics in specific diseases, including
mitochondrial diseases through the mitochondrial disease flagship.  This flagship brings
together national expertise to examine the clinical utility of genomic sequencing to diagnose
mitochondrial diseases (Stark, Boughtwood et al. 2019). Prospectively recruited patients with
a probable or definite MD diagnosis, based on the modified Nijmegen criteria described in
Table 3, were randomly assigned to genome sequencing or exome sequencing with
mitochondrial DNA sequencing using DNA extracted from blood. Cases in which the modified
Nijmegen score was below 5 but where there was a strong clinical suspicion of mitochondrial

disease were reviewed by an expert committee in order to qualify for inclusion.

Singleton genome sequencing was conducted by the Garvan Institute as described in Section
2.3 and variant curation was performed as part of this PhD project as described in Section 2.4.
Exome sequencing was performed and analysed by VCGS as described in Section 2.2. At this
stage the analysis of both groups (ES+mtDNAseq and GS) was limited to coding regions and

known disease genes.

7.2  Prospective AGHA mitochondrial flagship

A total of 132 cases with suspected mitochondrial disease have been analysed through genome
(n=60) or exome + mtDNA sequencing (n=72). These patients were recruited from New South
Wales (NSW), Queensland (QLD), South Australia (SA), Victoria (VIC), Tasmania (TAS) and
Western Australia (WA). 59% of patients (n=78) had onset of symptoms by 16 years (paediatric
group) and 41% of patients (n=54) presented in adulthood. The patient characteristics and

molecular diagnosis by sequencing arm is summarised in Table 12.
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Table 12 Mitochondrial disease flagship patient characteristics

Sequencing arm Exome +mtDNA Genome Total
n="72 n=60 n=132
Gender
Female 41 57% 39 65% 80 61%
Male 31 43% 21 35% 52 39%
Age of onset
Paediatric 42 58% 36 60% 78 59%
Adult 30 42% 24 40% 54 41%
State of residence
NSW 13 18% 14 23% 27 20%
QLD 20 28% 17 28% 37 28%
SA 8 11% 4 7% 12 9%
VIC 21 29% 17 28% 38 29%
WA 8 11% 8 13% 16 12%
TAS 2 3% 0 0 2 2%
Median modified 6 IQR 2 6 IQR 2 6 IQR 2
Nijmegen score
Genomic diagnosis 25 35% 22 37% 47 36%

A genomic diagnosis was reached in 36% (n=47) of the total cohort; 77% (n=36) of the

diagnoses were in known mitochondrial disease genes, of which 67% (n=24) were encoded in

the nuclear genome, and 33% (n=12) in the mitochondrial DNA. In 23% (n=11) of the

diagnoses, the causative genes were not known to have a mitochondrial function (Figure 14).
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26% mtDNA 74% nuclear
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Mitochondrial Non-mitochondrial

Figure 14 Molecular diagnosis in patients from the mitochondrial flagship.
In 47 patients a molecular diagnosis was identified in 40 different genes and one single large mtDNA deletion

encompassing 23 genes.

Interestingly, the diagnostic yield in the cases with paediatric onset was 45% (n=35) while in

the adult onset cases it was 22% (n=12).

As shown in Figure 15, the paediatric group had a higher median modified Nijmegen score (6
IQR 3) than the adult group (5 IQR 2) (p= 0.0009). However, a more severe and multisystemic
presentation that could result in a higher modified Nijmegen score does not fully explain the

increased diagnostic yield in children.
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Figure 15 Modified Nijmegen score by age of onset.
The dotted lines represent the median modified Nijmegen scores in the paediatric (6 IQR 3) and adult onset groups

(5 IQR 2) (p=0.0009), the blue circles represent the cases with a molecular diagnosis, and the grey circles represent

cases with no molecular diagnosis.

For instance, a “definite” modified Nijmegen score (8-12) was only associated with a molecular
diagnosis in the paediatric group (odds ratio (OR) 3.43, 95% confidence interval (CI)In adults,
no difference was found between “definite” or “probable” modified Nijmegen scores and the

proportion of molecular diagnosis achieved (OR 1.900 95% CI:0.3209 to 9.46, p=0.6048)
(Table 13).
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Table 13 Molecular diagnosis by modified Nijmegen score and onset groups

Adult Paediatric
Modified No Diagnosis = Total p No Diagnosis Total p
Nijmegen Diagnosis Diagnosis
score
Definite 4 2 6 7 14 21
(n=27)
Probable 38 10 48 009 5 21 57 0.023
(n=105)
Total 42 12 54 43 35 78

An alternative explanation might be that in a proportion of the adult cases, variants in mtDNA
have not been detected due to the use of blood as the source of DNA. In blood, the heteroplasmy
levels of some mtDNA variants can decline and mtDNA deletions may be undetectable
(Rahman, Poulton et al. 2001, Grady, Pickett et al. 2018). This may also explain why in the
adult onset group a molecular diagnosis was identified in mtDNA in only 25% (n=3), which
contrasts with prior literature that suggests that up to 75% of adult onset mitochondrial disease
can result from mtDNA variants (Stenton and Prokisch 2020). Testing skeletal muscle in
patients with a phenotype compatible with a mtDNA deletion or muscle-specific phenotypes

could help to clarify this discrepancy.

In addition to testing relevant tissue, the apparent lower diagnosis in mtDNA in the adult group,
may also be explained by the likelihood of prior targeted molecular testing in patients with well-
defined phenotypes. To illustrate, Leber Hereditary Optic Neuropathy (LHON) is one of the
most common adult onset mitochondrial diseases. Three variants are found in 95% of patients
diagnosed with LHON: m.3460G>A in MT-ND1, m.11778G>A in MT-ND4, and m.14484T>C
in MT-ND6 (Yu-Wai-Man, Griffiths et al. 2009). However, we did not identify any of these
variants in our cohort. Patients presenting with bilateral subacute visual impairment (the well-
defined phenotype of LHON) were likely to have had prior targeted molecular testing rather

than being recruited to our cohort.
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7.3 Utility of Genome Sequencing: Case studies

While the current diagnostic yield in the mitochondrial disease flagship was comparable
between the ES (35%) and GS (37%) arms, several cases from this cohort highlight the utility
of GS.

7.3.1 Genome sequencing detects low levels of mtDNA heteroplasmy in blood

In an adult patient (M1) with bilateral cataracts, hearing loss, myoclonic epilepsy, peripheral
neuropathy and exercise intolerance, GS identified a pathogenic heteroplasmic mtDNA variant
NC 012920.1(MT-TL1):m.3243A>T with a 2% mutant load in blood (Figure 16). MT-TL1
encodes a mitochondrial tRNA (Leu (UUR)). The NC _012920.1(MT-TL1):m.3243 A>T variant
is located in the D-loop of the tRNA. The A at this position has high (97.78%) evolutionary

conservation.

In silico software predicts this variant to be disease-causing and it has been previously described
as pathogenic in six unrelated families with different mitochondrial phenotypes including
MELAS, CPEO, hearing loss with cataracts and rhabdomyolysis. The variant was
heteroplasmic in blood (5-46%) and muscle (30-81%) from the affected individuals (Alston,
Bender et al. 2010, Czell, Abicht et al. 2012, Ikeda, Osaka et al. 2018). Using in vitro transcribed
tRNA molecules, Sohm et al. (2003) showed that the m.3243A>T variant had a
tRNALeu(UUR) aminoacylation efficiency only 1/300% that of the wild-type tRNA (Sohm,
Frugier et al. 2003). Alston et al. (2010) used single fibre studies to show that patient muscle
had higher amounts of mutant mtDNA in COX-deficient fibres compared with COX-positive
fibres (Alston, Bender et al. 2010). An alternative change at this nucleotide, m.3243A>G, is
the most common pathogenic mtDNA variant known to cause MELAS, and is also associated
with maternally inherited diabetes with or without deafness, myopathy, CPEO, and other
mitochondrial cytopathies (Schaefer, McFarland et al. 2008).
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Figure 16 GS detects low levels of heteroplasmy in blood in patient M1.

IGV browser screenshot shows the identification of NC _012920.1(M7-TL1):m.3243A>T. The black arrow points
to the variant (in red) present in 2% of the reads aligned to the m.3243 position. The total sample read depth at that
position was 4235X.

This case illustrates how GS can achieve a very high mtDNA read depth that allows the
detection of low-level heteroplasmy variants (Puttick, Kumar et al. 2019). This is particularly
relevant when using blood as the source of DNA. For instance, it is known that the mutant load
in blood of the common MELAS mutation (the alternative change of the variant identified in
patient M1) decreases with age (Grady, Pickett et al. 2018). While multiple lines of evidence
show that the NC 012920.1(MT-TL1):m.3243A>T variant identified in patient M1 is
pathogenic, the mutant load of 2% in blood is too low to predict whether the mutation may be
present at higher levels in other tissues to cause disease. Currently, this patient is being
followed up by VCGS through mtDNAseq of DNA extracted from urine to determine the

mutation load.
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7.3.2 Genome sequencing detects an intragenic nuclear DNA deletion in

AARS?2

Patient Al, presented with respiratory distress in the newborn period, persistent metabolic
acidosis, and failure to thrive. GS identified heterozygous variants in the 44RS2 gene, a
missense variant NM 020745.3(44RS2):c.2870C>T NP_065796.1(AARS2):p.(Ser957Leu)
and a 4.1kb intragenic deletion spanning exons 5 through 7. The deletion was identified through
ClinSV, a bioinformatic tool that integrates depth of coverage, plus split and spanning reads to
detect SV in GS data (Minoche et al., in preparation), and by visual inspection of BAM files in
IGV browser (Figure 17). The deletion has been previously identified in two patients with
AARS2-related mitochondrial disease (Sommerville, Zhou et al. 2019, Srivastava, Butala et al.
2019). However, the missense variant NM_020745.3(44ARS2):¢c.2870C>T p.(Ser957Leu) has
not been previously reported in other clinical cases. The serine at position 957 has very high
evolutionary conservation, and the change to leucine represents a major amino acid change. In
silico software predicts this variant to be disease-causing (SIFT, Mutation Taster, PROVEAN,
CADD). It has been observed in the gnomAD population database at a frequency of
0.00002031 (5/246130) and has not been reported in a homozygous state.

Allele-specific PCR using primers designed to only amplify the allele without the deletion

confirmed compound heterozygosity (Figure 18). Segregation was also confirmed by parental

testing through VCGS.
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Figure 17 GS detects an intragenic nuclear DNA deletion in A4RS?2 in patient Al.

IGV coverage plot shows ~ 50% less reads in the reg

ion spanning the deletion. In the alignment track the reads

that are coloured red have an inferred insert size greater than expected and are therefore flanking the deletion.
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Figure 18 Allele-specific PCR confirms compo

und heterozygosity in AARS?2.

Sanger sequencing shows the presence of the NM_020745.3(AARS2):¢.2870C>T variant in the allele without the

deletion, consistent with the variants being in trans.

cDNA studies performed in fibroblasts identified three different splicing transcripts resulting

from the allele with the deletion, which are predicted to induce a frameshift and a premature

truncation NP_065796.2:p.(Glu251Serfs*27), NP_065796.2:p.(Gly98Profs*6), or a shorter
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protein lacking 257 amino acids from the aminoacyl-tRNA synthetase IIc domain

NP_065796.2:p.(Glul46_Glu403del) (Figure 19).

Scale S kb} { he19
chré: 44,270, 000| 44,275, 68| 44,280, 000|

-—a—a
-

AARS2 mMUtant transcripts
mutant_transcript_1 | ; +
mutant_transcript_2 | 3
mutant_transcript_3 |

-

B
&
H
&
H
bod

#*

3
t L]
nnotation Release NCEI Homo Sapiens Updated Annotation Release 165,20196966 (261

e
* .
| e

ieq @enes, curated subset (NM
TCTEL ~—
AARS2
4.88 _ 188 vertebrates Basewise Conservation by FhyloP

o | h H_jj,J.Nﬂ__,_,.w“l.hWL.N1.MJL,., Wi,.‘.,w,.,.,_A,‘.A,a._..,,,u.,.,.l,,.,,.l]ﬁﬁ,_[,.‘,.,,,,lu.,,A...A.,.‘,n,A.J_‘___._,u..,,,

[P EEEENP R

188 Vert., Cons

-4.5 _

B

NP_065796.2:0..985 alanine-tRNA ligase, mitochondrial [Homo sapiens]
1 50 100 150 200 250 300 [3s0 |400 450 500 550 600 650 700 750 800 850 900 985

Protein Features

alanine—tRNA ligase. mitochondrial
region Features - CDD

tRNA-syn. 1RNA-synt 2c

1. p.(Glu251Serfs*27)
> 2

2. p.(Glu146_Glu403del)

257aa Il >

3. P.(Gly98Profs*6)
> ms

Figure 19 AARS?2 deletion leads to three mutant transcripts.

University of California, Santa Cruz (UCSC) Genome Browser screenshot showing the aligned cDNA sequences
resulting from the allele with the deletion. The mutant transcript 1 resulted from a splicing event from exon 4 to
exon 9, mutant transcript 2 from exon 2 to exon 9 and mutant transcript 3 from a cryptic splice site in exon 2 to
exon 11 (A). At a protein level, the National Center for Biotechnology Information (NCBI) Sequence Viewer
graphical display shows the mutant transcripts 1 and 3 are predicted to result in a frameshift and a truncation, and

mutant transcript 2 to result in a shorter protein lacking 257 amino acids from the functional domain (B).

Western blotting of fibroblasts using total Abcam OXPHOS human WB antibody cocktail in
fibroblasts showed a decreased protein expression of OXPHOS CI and CIV subunits in the
patient A1 compared to control cells (Figure 20). Patient A2 (AARS2 control) with likely
pathogenic AARS?2 variants was recently published by Hock and colleagues (Hock, Reljic et al.

2020) and was used as a positive control.
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Figure 20 OXPHOS protein expression in patient A1 44RS2 and control fibroblasts.

(A) Representative Western blot showing decreased protein levels of NDUFBS8 (CI) and COXII (CIV) in patient
Al similar to patient A2 (positive control) who harbors likely pathogenic AARS2 variants c.1874G>A
p-(Arg625His) and c.665C>T p.(Thr2221le) in trans, VDAC] (porin) was used as a mitochondrial loading control.
(B) Densitometry analysis suggests 85% lower levels of COXII (CIV) in both Al and A2, and suggested 85%
lower NDUFBS8 (CI) in A1 and 65% lower in A2 relative to controls (***p<0.001, **< 0.01).

This case has shown the utility of GS and the related bioinformatic algorithms such as ClinSV
to detect nuclear SVs. This approach allowed the prioritization and subsequently diagnostic

confirmation of A4RS2 variants as causative of the clinical features in patient Al.

7.3.3 GS detects a mtDNA deletion in blood

Patient D1 is a 13-year-old female with short stature, progressive external ophthalmoplegia,
ptosis, retinitis pigmentosa, and insulin dependent diabetes mellitus. By GS, a single large-scale
pathogenic deletion in the mtDNA at a level of heteroplasmy in blood of 50% was detected
(Figure 21 A), this deletion is 9031bp in size and spans 23 mitochondrial genes (Figure 21 B)
(MT-COI to MT-CYB). Several deletions that overlap the patient deletion have been previously
reported in the MitoBreak database associated with Mitochondrial DNA Deletion Syndromes
(Damas, Carneiro et al. 2014).
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Figure 21 Deletion in the mtDNA identified by GS.
(A) IGV coverage plot shows 50% fewer reads in the area spanning 903 1bp of the mtDNA. (B) MitoBreak figure

depicts the single large-scale heteroplasmic deletion spaning 23 mitochondrial genes (black bar).

One advantage of PCR-free GS, in the identification of mtDNA deletions, is that it can provide
an estimated level of heteroplasmy by looking at read depth (Figure 21 A). Alternative MPS
approaches for whole mtDNA genome sequencing often require a single long-range PCR step.
This can likely introduce amplification bias due to preferential replication of shorter amplicons,
potentially overestimating the heteroplasmy levels of a mtDNA deletion (Zambelli,
Vancampenhout et al. 2017). In order to accurately determine heteroplasmy levels, additional
quantitative methods can be used (e.g. Tagman real-time PCR assays) (Grady, Murphy et al.
2014). Another challenge with PCR based approaches is that the amplification efficiency can
be influenced if SNVs are located at primer binding sites (Cui, Li et al. 2013).

The case reported here illustrates the feasibility of GS in identifying and determining
heteroplasmy levels of a mtDNA deletion in blood without requiring additional testing. It is

important to note that mtDNA deletions can be detectable in the blood in the paediatric
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population (Broomfield, Sweeney et al. 2015), such as in patient D1 (13-year-old). However,
in adults, mtDNA deletions are often undetectable and are preferentially found in post-mitotic
tissues. Consequently, other tissues such as skeletal muscle would be a better source of DNA

for testing (Sadikovic, Wang et al. 2010).

The natural history of some patients with Pearson syndrome is a good illustration of the shift in
heteroplasmy levels of single large mtDNA deletions in mitotic tissues. Pearson syndrome
presents in infants with a severe multisystemic disease with predominantly haematological
manifestations due to a single large mtDNA deletion detectable in blood (Lee, Lee et al. 2007).
Interestingly, patients that survive childhood can spontaneously recover from the hematologic
dysfunction and the mtDNA deletion is lost from the blood. However, it can be identified in
post-mitotic skeletal muscle, and the phenotype can evolve over time to KSS (Broomfield,

Sweeney et al. 2015, Farruggia, Di Cataldo et al. 2016)

7.3.1 GS aids in the diagnosis of diseases that show clinical overlap with

mitochondrial disease and in variant phasing

A female patient (P1) presenting at 3 years of age with sensorineural hearing loss, who
subsequently developed primary ovarian insufficiency (POI) at 13 years of age, was clinically
diagnosed with Perrault syndrome. Additional clinical features developed, including peripheral
neuropathy, tremor and ataxia, with brain MRI showing leukodystrophy. From the age of 17
years she started showing signs of regression and also developed pigmentary retinopathy that

led to a rapid loss of vision.

GS identified two variants in PEX6, NM_000287.3:¢.2356C>T NP_000278.3: p.(Arg786Trp)
and NM_000287.3:c.371T>C NP_000278.3(PEX6):p.(Leul24Pro) a likely pathogenic and a
variant of uncertain significance, respectively (Figure 22). The PEX6 gene is associated with
an autosomal recessive peroxisomal disease and has not been previously linked to Perrault
syndrome (Ebberink, Kofster et al. 2010). This prompted analysis of very-long-chain fatty acids
(VLCFA) in plasma, which were consistent with a defect in VLCFA oxidation (C26:C22 of
0.049; normal range 0-0.030, and C24:C22 of 0.993; normal range 0.550-1.050) (De Biase,
Tortorelli et al. 2020).
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Figure 22 Identification of PEX6 variants.

(A) IGV browser and sanger confirmation shows the identification of NM_000287.3:c.371T>C

NP_000278.3(PEX6):p.(Leul24Pro), segregating with the mother. (B) IGV browser and sanger confirmation

shows the identification of NM_000287.3:¢.2356C>T NP_000278.3: p.(Arg786Trp) only present in proband P1.

Sequencing of parental DNA indicated that the NP_000278.3(PEX6):p.(Leul24Pro) variant
was inherited from the mother (Figure 22 A), but the NP _000278.3(PEX6):p.(Arg786Trp)
variant was not identified in either parent (Figure 22 B). To confirm paternity, VCGS
performed a microarray in the father and compared it with 61040 SNVs in the proband using
the GS data. This yielded a kinship coefficient of 0.24, which would be expected for a first-
degree relationship (Manichaikul, Mychaleckyj et al. 2010), thus confirming the parent-
proband relationship, suggesting that the NP _000278.3(PEX6):p.(Arg786Trp) variant arose

from a de novo event.
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Confirmation that the de novo variant arose on the paternal allele was needed to confirm
compound heterozygosity in the proband, so a population and read-base haplotype phasing
approach (Choi, Chan et al. 2018), followed by allele-specific PCR, was used to phase the
variants. In brief, all SNVs identified in the PEX6 gene were interrogated for linkage
disequilibrium (LD) and haplotype frequencies with LDlink tool (Machiela and Chanock 2015).
Genotyping parental tag SNVs in PEX6 revealed that the parents and the proband were
heterozygous carriers of a common haplotype— “Haplotype A”, with a population frequency

of 29% (1000 Genomes Project V5) (Figure 23 A).

The PEX6 SNVs were also inspected using IGV browser to confirm haplotype blocks when the
SNVs were covered by a single read. Inspection of the proband’s GS reads showed the maternal
NP _000278.3(PEX6):p.(Leul24Pro) variant was in trans with haplotype A, indicating that
haplotype A was inherited from the father (Figure 23 B). Compound heterozygosity was
confirmed by using allele-specific PCR and amplifying only the DNA containing the de novo
or the WT variant, showing that the de novo NP_000278.3(PEX6):p.(Arg786Trp) was in cis
with the haplotype inherited from the father (Figure 24).
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Figure 23 Population and read-based haplotype phasing of PEX6 variants.

(A) Linkage disequilibrium (LD) and correlation matrix using variants called in PEX6 by GATK HaplotypeCaller,
which correlates with a known common haplotype (‘“haplotype A”). (B) The IGV browser view shows the GS
reads in PEX6, the zoom panel highlighted in blue is representative of inspected regions where heterozygous SNVs
covered by single reads confirmed haplotype blocks (rs3805952 and rs3805951 from haplotype A are in cis). The
zoom panel highlighted in red shows the p.(Leul24Pro) variant inherited from the mother to be in trans with

haplotype A rs9462858. This figure was adapted from FS1 (Tucker, Rius et al. 2020).
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Figure 24 Allele-specific PCR confirms compound heterozygosity in PEX6.

(A) IGV browser screenshot from the proband’s GS reads showing the de novo heterozygous c.2356C>T
p-(Arg786Trp) variant and the heterozygous c.1961+20G>A (rs2274514) variant from haplotype A. (B) Gel
electrophoresis of allele-specific PCR products shows amplification of the ¢.2356= wild type (WT) allele in the
proband and parents, and the ¢.2356C>T mutant (MT) allele only in the proband. (C) Sanger sequencing of the
allele specific products confirms the de novo ¢.2356C>T ; p.(Arg786Trp) variant to be in cis with haplotype A
1s2274514 SNP NC_000006.11:2.42934500C>T ¢.1961+20G>A. Figure was adapted from FS2 (Tucker, Rius et
al. 2020).
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The confirmation of compound heterozygosity and the abnormal VLCFA profile in plasma
confirmed the molecular diagnosis of patient P1 in PEX6, highlighting the clinical overlap

between mitochondrial diseases and peroxisomal disorders.

7.4 Conclusion

Using an MPS approach, the mitochondrial flagship has identified the molecular diagnosis in
36% of patients in the cohort. At this stage of analysis there is no significant difference between
the diagnostic yield in the ES+mtDNAseq (35%) and GS (37%) arms (p=0.8565). It is
important to take in to account that at this stage of analysis, the GS data were interrogated only
for variants in coding regions of known disease genes, therefore, most of the variants in the GS
arm could potentially also be identified by ES+ mtDNAseq. Further research is ongoing to study

non-coding regions in the GS data that could potentially increase the diagnostic yield in this

group.

In paediatric, but not adult, patients a “definite” modified Nijmegen score was associated with
a higher rate of molecular diagnosis. The diagnostic yield was also higher than the adults
independently of their modified Nijmegen score classification. Testing other tissues, such as
skeletal muscle, could clarify if the use of blood as the source of DNA in adults in this study
could be partially contributing to the lower diagnostic yield. Another contributing factor could
be ascertainment bias, whereby patients with well-defined mitochondrial phenotypes would be
more likely to have had prior molecular testing rather than being recruited as adults to our

cohort.

Interestingly 23% of the molecular diagnoses were in non-mitochondrial disease genes, causing
predominantly neurological phenotypes. In this category there were even patients with
biochemical evidence of mitochondrial disease. For instance, a patient with persistent 3-
methylglutaconic aciduria (3MGA), which is often associated with phospholipid remodelling
or mitochondrial membrane-associated disorders (Wortmann, Duran et al. 2013), was instead
diagnosed with Kleefstra syndrome due to a variant in EHMTI, a gene not known to cause
mitochondrial disease (Willemsen, Vulto-van Silfhout et al. 2012). Upon re-evaluation the
patient had a strong phenotype match with Kleefstra syndrome and had no variants in
mitochondrial genes typically associated with 3MGA-uria that could suggest a blended
phenotype. Testing for 3MGA in patients with Kleefstra syndrome could clarify if there is an

underlying secondary mechanism associated with the persistent 3MGA-uria. This highlights
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the utility of non-targeted MPS approaches that can expand the genomic analysis to genes that

represent a differential diagnosis to mitochondrial diseases.
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Chapter 8 Discussion and

conclusion
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Mitochondrial diseases can be caused by nuclear or mitochondrially-encoded genes that often
lead to multisystemic and progressive symptoms, making establishment of a molecular
diagnosis difficult. This PhD has shown the feasibility of GS to diagnose patients with

suspected mitochondrial disease by studying patients from a trio GS and a singleton

mitochondrial flagship cohort.

The modified Nijmegen score was used in both cohorts as a key inclusion criterion for
recruitment and to categorise patients in terms of the prior likelithood of them having
mitochondrial disease at recruitment. Interestingly, the results from the mitochondrial flagship
singleton cohort showed that in paediatric, but not adult, cases a positive molecular diagnosis
was associated with a higher modified Nijmegen score (67% in “definite” group vs 37% in
“possible/probable” (OR 3.43, 95% CI:1.2 to 9.0, p=0.0230) (Figure 25 A). In the paediatric
trio GS cohort, no statistically significant difference in achieving a genetic diagnosis was seen
in the “definite” modified Nijmegen score group with 70% diagnosis, compared to 48% in the

probable/possible group (OR 2.62, 95% CI:0.7284 to 9.631, p=0.2024) (Figure 25 B).
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Figure 25 Modified Nijmegen score and diagnostic yield in patients from the singleton
mitochondrial flagship and trio GS cohorts.

(A) Modified Nijmegen score was not associated with a molecular diagnosis in the patients with onset in adulthood.
In the paediatric onset group, a significant increase in the rate of genetic diagnoses was seen in the “definite”

modified Nijmegen score group with 67 % diagnosis, compared to 37 % in the probable/possible group. (B) In the
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paediatric trio GS cohort, no significant difference in genetic diagnosis was seen in the “definite” modified

Nijmegen score group with 70 % diagnosis, compared to 48 % in the probable/possible group.

Interestingly, all the diagnoses to date in patients from the mitochondrial flagship with a
“definite” modified Nijmegen score have been in mitochondrial disease genes (n=16).
Conversely, all the diagnoses in non-mitochondrial disease genes (n=11) have been in patients
with a “probable/possible” modified Nijmegen score. In the trio GS, only one non-
mitochondrial diagnosis was made in a patient with a “definite” modified Nijmegen score
(EPGS, patient 22 from (Riley, Cowley et al. 2020). This suggests that a higher modified
Nijmegen score is more likely to select patients with primary mitochondrial disease. These
findings are consistent with those of Pronicka and colleagues, who studied a cohort of paediatric
patients with suspected mitochondrial disease analysed through ES. They found a higher
modified Nijmegen score was associated with a higher diagnostic rate in mitochondrial disease
genes (Pronicka, Piekutowska-Abramczuk et al. 2016). In their study, the Nijmegen criteria
were modified by not including the results of muscle biopsy. Consequently, the patients with
the highest scores were from 5-8 and classified as “high probability” of mitochondrial disease.
In this group, the diagnostic yield was 90% (n=36), with only one diagnosis made in a non-

mitochondrial disease gene (Pronicka, Piekutowska-Abramczuk et al. 2016).

Overall, there seems to be some evidence to indicate that the modified Nijmegen score is a
valuable tool in predicting patients more likely to reach a molecular diagnosis in a
mitochondrial disease gene. To date, ~300 of the ~1500 genes known to have a mitochondrial
function have been associated with mitochondrial disease (Calvo, Clauser et al. 2016, Stenton
and Prokisch 2018). Therefore, patients with high modified Nijmegen scores who are still
molecularly undiagnosed could be prioritised for gene discovery efforts targeting genes that

encode the mitochondrial proteome.

Patients from the mitochondrial flagship cohort will be further analysed with an expanded
“MitoExome” gene list that includes known and candidate genes encoding mitochondrial
proteins. Therefore, it would be reasonable to expect an increase in the diagnostic yield by
uncovering novel mitochondrial disease genes, particularly in patients with high Nijmegen
scores. In the expanded analysis, the GS arm has the advantage of the possibility to interrogate

non-coding regions and a more accurate SV detection.
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In both cohorts, paediatric patients with lower modified Nijmegen scores were more likely to
receive a diagnosis in a non-mitochondrial gene than the patients with high Nijmegen scores.
The possibility of a non-mitochondrial disorder is important to consider when providing
counselling to patients and their families. For instance, when patients are suspected to have a
mitochondrial disease but are still molecularly undiagnosed, Parikh and colleagues suggest
avoiding use of the term “possible mitochondrial disease” and rather use the term ‘“diagnosis

uncertain” to avoid anxiety or inappropriate management (Parikh, Karaa et al. 2019).

The molecular diagnosis of adult-onset cases in the mitochondrial flagship has been particularly
challenging, even in patients with high modified Nijmegen scores. This may be due to the use
of blood as source of DNA, and how patients are selected, as discussed in Chapter 7. It could
also reflect the complicated analysis of mtDNA variants due to heteroplasmy, tissue-specificity,
and the lack of mtDNA variant data in large population references such as gnomAD (Shen,

Attimonelli et al. 2018).

The results outlined in this thesis provide important insights into evaluating different testing
strategies between paediatric and adult-onset patients. For instance, in patients with a CPEO
phenotype it would be reasonable to start the analysis with deletion testing in muscle, and if
negative, then continue the analysis through GS. A MPS-based testing in muscle could also be
considered as a first step in such patients with the advantage of potentially detecting both
deletions and SNVs that could be missed in blood. Testing muscle in the patients with an initial
negative result in blood from the mitochondrial flagship will help clarify if such a strategy could

be more effective.

On the other hand, invasive studies in paediatric-onset cases could be initially avoided by
starting the GS analysis in DNA extracted from blood. However, fibroblasts or other relevant
tissues might still be needed to confirm pathogenicity of novel variants or novel disease genes

as highlighted in Section 3.2 and in Chapter 5.

The current diagnostic yield of 36% in the mitochondrial flagship and 58% in the trio GS cohort,
are higher than with a traditional (pre-MPS) diagnostic pathway (Neveling, Feenstra et al. 2013)
and similar to the 30-60% diagnostic yield achieved in other cohorts studied using MPS
technologies (Stenton and Prokisch 2018). However, 42-64% of the patients currently remain

molecularly undiagnosed. A major challenge of GS analysis is the prioritization and
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interpretation of the ~4 million variants per genome; it can be especially complicated to
interpret variants in non-coding regions where the current understanding of variation is limited

(Smedley, Schubach et al. 2016).

The use of GS in combination with other technologies and “omic™ approaches could help to
overcome this limitation. For instance, RNAseq transcriptome studies can detect aberrant gene
expression, mono-allelic expression or splicing defects (Kremer, Wortmann et al. 2018).
Quantitative proteomics can detect protein loss and characteristic protein signatures (Lake,
Webb et al. 2017). Metabolomics, lipidomics and glycomics can detect signature metabolite
profiles and biomarkers (Coene, Kluijtmans et al. 2018, Wanders, Vaz et al. 2019). However,
tissue-specificity, inter-individual variability, and data analysis can be challenging when

analysing data from such “omic” approaches (Stenton and Prokisch 2020).

It is important to consider that these complementary techniques rely on the availability of high-
quality patient biological samples which highlights the importance of optimal storage of patient
tissue samples and cell lines following biobanking best practices (Coppola, Cianflone et al.

2019).

Nevertheless, the use of GS in combination with these “omic” technologies can be useful not
only for confirming pathogenicity of variants but can also be used to identify and prioritize
candidate genes and variants as illustrated in Section 3.2.1. Large systematic studies in the
context of mitochondrial diseases are needed to better determine the utility of these

complementary “omic” approaches as diagnostic tools (Stenton and Prokisch 2020).

Other emerging tools that could potentially increase the current diagnostic yield are long-read
sequencing technologies. Several different platforms are available (e.g., Oxford Nanopore
Technologies, Pacific Biosciences) and can generate reads of 10-1000 kb (Logsdon, Vollger et
al. 2020). Two major advantages of this technology include genome phasing and increased
sensitivity of SV detection. For instance, it is estimated that long-read sequencing can detect up
to 2.8 times more SVs than short-read GS (Eichler 2019). Base calling accuracy with long-read
sequencing is improving, but is yet not comparable to short-read sequencing, and the cost is
still significantly higher (Logsdon, Vollger et al. 2020). Therefore, for selected patients, it is
reasonable to consider this technology as a complementary strategy to short-read GS or to

resolve SV’s.
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Taken together, the results of this PhD support the diagnostic utility of genome sequencing for
the diagnosis of patients with suspected mitochondrial disease. They also provide additional
evidence to guide future strategies in the implementation of GS in the clinic. More research is
required to determine the efficacy of GS in shortening the diagnostic odyssey, changing
management, improving quality of life, and reducing costs to accurately measure the clinical
impact and optimal testing strategies in patients with suspected mitochondrial disease. The
AGHA mitochondrial flagship has the capacity and is currently in the process of collecting data
to answer those research questions. In particular, in collaboration with Dr. Ilias Goranitis and
Eunice Wu (Health Economics Unit, University of Melbourne), we are undertaking studies to
capture health costs associated with mitochondrial diseases and cost-effectiveness analysis of

GS.
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A. Supplementary information for Chapter 3 Use of Trio GS in patients

with suspected mitochondrial diseases
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Figure T1. Quantitative Proteomic Analysis of Fibroblasts from T1 and 4 Controls.
Quantitative mass spectrometry performed by Daniella Hock (Bio 21, Melbourne) showing only OXPHOS

proteins. Relative to controls (n=4) CI OXPHOS proteins levels are lower in fibroblasts from patient T1.
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Figure X2 Trio ES detects a homozygous variant in COX11.
IGV screenshot depict the NM_004375.4(COX11)c.35 36delinsG in a homozygous state in the proband (X2),

and in a heterozygous state in the parents.
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Appendix B

B. Supplementary information for Chapter 4 Cryptic intronic NBAS

variant reveals the genetic basis of recurrent liver failure in a child

Table S1. Primers used for NBAS cDNA analysis

Fragment Exons Primer F Primer R

1 1-8 5’ TAGAGACACTCCTCCGCTGC 3’ 5> AGTTCTGCAGACCACTGTGC 3°
2 7-12 5" CACAGGAACTGTGAGGGTGT 3° | 5> TGACCCCATTCCCCTTGTTG 3’
3 12-15 5> ACTGAGCATCTGGGCGATTC 3’ 5" AGTAATGGTTCGTGGGCGTT 3’
4 15-19 5" ATTTGCACCACCACGGAAAC 3’ 5’ TCCGTCTACAACGGCAAAGT 3’
5 18-25 5’ TCACCACCTGATGAAGAGCC 3’ 5 GGAACCATCCACTGGTAGGC 3°
6 25-30 5’ GCCTACCAGTGGATGGTTCC 3’ 5’ CTGGCAGCCAAAACCAAGTC 3’
7 30-34 5" GGAAACCCCACTACAGGGTC 3> | 5 ATGAGCTCTTGACGAGTGGC 3’
8 34-40 5 GTTACCAGGACTTGGCCACT 3’ 5" GCTGCCAGCTGGAGAGATAA 3’
9 40-44 5’ CCAGCTGGCAGCGTATTACT 3’ 5" ATAGGCATGAAGCCACTCCG 3’
10 44-47 5’ CTTCACCGGAGTGGCTTCAT 3’ 5’ CTGCTGCAACAACACCTTCC 3°
11 46-52 5’ GCCCTCTTGACATCTCACCC 3’ 5" GGAGACACACTTCACCAGCA 3°
12 48-52 5" TTTCTGTGCTGATGACGCCT 3’ 5> GCTAGCCAAGAGGTGGTCAA 3’

Table S2. Sequence alignment using MUSCLE (Edgar 2004) shows the evolutionary

conservation of the NBAS p.Arg873 residue

H.sapiens
P.troglodytes
M.mulatta
C.lupus
B.taurus
M.musculus
G.gallus

D.rerio

X.tropicalis

NP_056993.2 843
XP_001161679.
XP_002799196.
XP_005630201.
NP _001179479.

NP_081982.1 842
XP_419959.3 847
NP_001038272.1 832
XP_002941418.2 836

=

MDWYQTRAEEIEHYARQVDCALSLIRLGMERNIPGLLVLCDNLVTLETLV
843 VDWYQTRAEEIEHYARQVDCALSLIRLGMERNIPGLLVLCDNLVTLETLV
843 MDWYQTRAEEIEHYALQVDCALSLIRLGMERNIPGLLVLCDNLVTLETLV
843 MDWYQTRAEEIEHYARQVDCALSLIRLGMERNIPGLLALCDNLVTLEALV
842 MDWYGSRAEEIEHYARQVDCALSLIRLGMERNIPGLLVLCDNLVTLEALV
MAWYQSRAEDIEHHAGQVDCALSLVRLGVERHIPGLLTLCDDLVTLETLV
TDWYLTRAQEIEKYAMQVDCALSLVRLGMERNIPGLQVLCDNLITLETVV
TEWYLTRAQDIESHSROVDCSLSLVRLGKEONIPGLERLCDDLVTMETLV
KSWYWNRAQEVENYARLVDNALSLVRLGIERNIPGLOILSDDLVTLETLV
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Table S3. In silico analysis of the NP_056993.2(NBAS):p.(Arg873Trp)

Prediction/Score Interpretation
Scaled CADD 33 >3(0 means that the variant is predicted to be
in the top 0.1% of deleterious variants in the
genome
MutationTaster  Disease causing (probability: probability value close to 1 indicates a high
value 0.99) security of the prediction
PolyPhen-2 Probably damaging (score 1) 0.85-1 is predicted to be damaging
Prediction

SIFT Prediction
PROVEAN pred

Grantham score

Deleterious (score 0.001)
Deleterious (score -5.25)

101

0-0.15 is predicted to be deleterious
<-2.5 is predicted to be deleterious
>100 is considered a major amino acid

change
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Table S4. Relevant prediction algorithms from Human Splicing Finder supporting an

alteration of a silencer motif in the NBAS gene

Prediction algorithm cDNA Reference silencer Mutant silencer Variation
Position motif (%) (%)
Sironi et al.(Sironi, 399 agaaggg (75.13) absent Site broken (-15.1)
Menozzi et al. 2004) -
Motif
2- (T/IG)G(T/A)GGGG 400 gaagggg (77.13) gaagegg (60.23) -21.92%
401 aaggggg (63.88) absent Site broken (-5.73)
402 aggggeg (80.79) agcggeg (80.79) 0%
403 ggggget (72.48) absent Site broken (11.46)
404 gggggte (67.64) cgggetg (60.84) -10.05%
Fas-ESS hexamers 401 aagggg absent Site broken
402 agggeg absent Site broken
403 ggggge absent Site broken
404 gggggt absent Site broken
IIEs from Zhang et 402 aggggg absent Site broken
al.(Zhang, Li et al.
2008 403 gegege geggeg N/A
404 gggggt absent Site broken
HSF Matrices hnRNP 400 gaaggg (68.57) absent Site broken (-100)
Al motif
401 aagggg (81.91) aagcgg (66.67) -18.60%
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Fig. S1. Natural history of acute liver failure admissions in patient with NBAS biallelic variants. The severity and

duration of acute liver failure (ALF) reduced with age.

Awwa
LY

CCAGTACTGCAGRAGGGGGLETGGGAGAGTCGGTGTGEGGELT

Fig. S2. SROOGLE Browser showing neighbourhood inference scores in deep intronic NBAS variant. Negative

scores indicate that a given position resembles splicing silencers. The arrow shows the position of the

NM_015909.3(NBAS):c.2423 + 404G > C variant.
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Fig. S3. Schematic representation and partial electropherograms of the RT-PCR products showing the NBAS

variants identified in the patient as well as their molecular consequences. The deep intronic variant leading to the

inclusion of a pseudo-exon is shown as a filled rectangle; unfilled triangles correspond to the likely benign variant

c.4475A>G p.(Tyr1492Cys) segregating with the mother. This variant was apparently homozygous in Patient

cDNA from cells grown without cycloheximide as was the ¢.2617C>T p.(Arg873Trp) variant, which is

represented as a filled triangle, suggesting that the paternal transcript containing the pseudo-exon is degraded by

nonsense mediated mRNA decay. Overlapping sequences can be recognized in the cells treated with

cycloheximide, corresponding to the pseudo-exon and the wild type (WT) sequence of exon 23 (Primer forward

F) or 22 (Primer reverse R).
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C. Supplementary information for Chapter 5 Clinical Spectrum and

Functional Consequences associated with Biallelic PNPT1 variants

Figure S1. Brain MRI findings in patients with bi-allelic PNPT] variants. T2-weighted axial view showing (A)
generalized neuroparenchymal volume loss with a posterior predilection in patient 2 at 5 years, (B) mild white
matter atrophy in patient 5 at age 3 years and (C) at 11 years, (D) decrease in white matter plus non-specific white

matter changes in the periventricular and parieto-occipital regions in patient 6 at 5 years and (E) at 13 years.
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Table S1: Clinical phenotype of patients with biallelic PNPT1 variants

0
= = —_ =
3 5 5 = g g
Zz = = 2 g 2 Z
) L ) =
8 .§ g > § = = = £ 2 é %
s = = 5 £ S £ 2 = = « g g S B
— 5 = — ) = S @ > o
£ E 5 - 2 = ] S > > g % 2 =
= ] 2 5 -~ = 8 £ £ = &0 g =
A = ) @] = | = 4 = = = = = - S
zZ Z ) = = o o 5 o S
=% = =] on @ 2 -
£ : 2 g =
< <
<
1 1 Unpublished M p.(Thr531Arg) Anglo- Feeding Yes Small anterior Pufty Birth Feeding Yes 5.5
p-(Ala454Gly) Australian = difficulties, fontanelle, dorsum of difficulties,
irritability dysmorphism in hands and irritability
keeping with feet;
neurometabolic tapering
abnormality fingers
Narrow forehead,
prominent inferior
crus of antihelix
2 2 Unpublished M p-(Ala507Ser) Anglo- Foetal No No No 3 weeks Mild to Yes 5.4
p-(Val607Lysfs*21) = Australian distress moderate
hearing
loss
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3.2

Unpublished

Unpublished

Unpublished

Alodaib et al. Eur

J Hum Genet.
2016.

Alodaib et al. Eur

J Hum Genet.
2016.

p-(Arg136Cys)
p-(Pro467His)

p-(Arg136Cys)
p-(Pro467His)

p-(Arg738Cys)
p-(Ala684Thr)

p.(GIn254Lys)
p-(Ala510Pro)

p.(GIn254Lys)
p-(Ala510Pro)

Anglo-

Australian

Anglo-

Australian

Anglo-

Australian

Anglo-

Australian

Anglo-

Australian

Hypotonia,
irritability,
dystonic
posturing,
less severe
than sib
Hypotonia,
irritability,
poor feeding
dystonic

posturing,

No

yes,
post

natal

Hypotonic facies

Hypotonic facies,

triangular head,

Coarse hair

No

No

No

Small
hands,
curved
finger
tips/clubbi
ng
Small
hands,
curved
finger
tips/clubbi

ng

3 months

5 weeks

11 years

Neonatal

Neonatal

Poor head
control,
feeding

difficulties
Mildly

abnormal

tone

Deafness,
hearing
and visual
loss with
ptosis and
blepharosp
asm

Hypotonia

Hypotonia

Yes

Yes

Yes

Yes

Yes
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1.2

78

19

17
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10

11

Unpublished

Unpublished

Slavotinek et al.
Clin Genet.
2015;88(5):468-
73

Von Ameln et al.

Am J Hum Genet.

2012;91(5):919-
27.

Von Ameln et al.

Am J Hum Genet.

2012;91(5):919-
27.

Mal

Mal

M

p-(Ala507Ser )
p-(Thr531Arg)

p-(Ala507Ser )
p-(Thr531Arg)

NM_033109.5:¢.40
4-1G>A (splicing)
p-(Ala507Ser)

p-(Glu475Gly)

p-(Glu475Gly)

European

European

Northern

European

Moroccan

Moroccan

Supplement
al oxygen
for 1 day;
jaundice

treated with

phototherap
y

No

Yes

NK

NK

Microbrachycepha
ly; mild bilateral
ptosis;
downslanting
palpebral fissures;
Broad, high nasal
bridge; tented
upper lip
No

Normal

Normal

Long

fingers

No

No

Birth

Birth

2 months

Childhood

Childhood

Hypotonia

Hypotonia

Feeding
and
sleeping
difficulties,
little eye

contact

Severe
hearing

impairment

Severe
hearing

impairment

Yes

Yes

Yes

Yes

Yes
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10

7.9

24

20

145



12

13

14

15

16

8 Von Ameln et al.

Am J Hum Genet.

2012;91(5):919-
27.
9 Vedrenne et al.
Am J Hum Genet.
2012;91(5):912-8

9 Vedrenne et al.
Dhir et al. Nature.
2018;560(7717):2

38-42

10 Matilainen et al.
Hum Mol Genet.
2017;26(17):3352
-61.
11 Sato et al., Clin
Genet.
2018;93(2):242-7.

M

F

M

p.(Glu475Gly)

p-(GIn387Arg)

p-(GIn387Arg)

p.(Argl36His)
p-(Pro140Leu)

p-Gly76Asp)
p-(Argl92%)

Moroccan

Moroccan

Moroccan

Vietnames

€

Japanese

Yes

hypotonia

NK

NK

NK

NK

NK

No No
No NK
No NK
No NK
Characteristic NK

facial features,
including an
upslanted

palpebral fissure,

Childhood

4 months

6 months

1 month

Congenital

Severe
hearing

impairment

Feeding
difficulties,
vomiting,
and
swallowing
difficulties
Sudden
motor
regression
with trunk
hypotonia
and
choreoathe
totic
movements

Hypotonia

Hypotonia
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Yes

Yes

Yes

No, due
to

infection

No, due
to acute
encephal

opathy

19

15

13

2.4
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17

18

19

20

21

11

Sato et al. Clin
Genet.
2018;93(2):242-7.

Eaton et al. AmJ
Med Genet A.
2018;176(11):248
7-93.

Eaton et al. AmJ
Med Genet A.
2018;176(11):248
7-93.

Eaton et al. AmJ
Med Genet A.
2018;176(11):248
7-93.

Dhir et al. Nature.
2018;560(7717):2
38-40

M

p-(Gly76Asp)
p-(Argl92%)

p-(Glu584Glyfs*17)
p-(Met745Thr)

p-(Glu584Glyfs*17)
p-(Met745Thr)

p-(Glu584Glyfs*17)
p-(Met745Thr)

p.(Argl36His)

Japanese transient
tachypnoea
NK NK
NK NK
NK NK
NK Congenital
cataract

Yes

NK

NK

NK

NK

epicanthus, a
depressed nasal
ridge and

protruding ears.
Upslanted
palpebral fissures,
epicanthus, a
depressed nasal

ridge and

protruding ears.

NK

NK

NK

NK

NK Neonatal Neonatal -
transient
tachypnoea
hypertonia
at3
months
NK Neonatal SNHL
NK Neonatal SNHL
NK Neonatal SNHL
NK Neonatal =~ Cognenital
cataract
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Yes 3
Yes 64
Yes 60
Yes 40
No, 2
reason
not stated
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22 14  Dhiretal Nature. M p-(Ser70Pro) NK NK NK NK NK NK NK Yes
2018;560(7717):2 p-(Asp713Tyr)
38-41
23 | 15 | Dhir et al. Nature. F p.(Gly499Arg) NK NK NK NK NK NK NK Yes
2018;560(7717):2 p-(Ala507Ser )
38-42
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> = 2 %) 1) = )
- g = % g 2 b5 g g g =
= =z & g E £ g 2 - g E S
L E ~ £ = = g — ) = 5 2
p=} £ @ o o0 > < > N = =)
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S = [ = £ 9 < o
=« = 5 £ £ ) z
3 C E 2 S =
z = Z
<
1 1 Global Non-verbal = Inability Central Yes, difficult Dystonia Infantile Spasms, Abnormal multifocal =~ Mild demyelinating
developmental to walk hypotonia to elicit all Tonic head and eye epileptiform activity
delay, profound with limb reflexes deviation, arm posturing with posterior bias
intellectual hypertonia starting between 1-2
disability years
2 2 Global Non-verbal | Inability = Hypotonia Reduced No Multifocal seizure Sleep EEG - No
developmental to walk disorder induced by multifocal seizure

delay, no regression

drowsiness and sleep on

EEG, presenting at 2

years clinically

disorder induced by
drowsiness and sleep
Awake EEG -

abnormal background
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Global
developmental

delay, no regression

Normal at 14

months

Loss of skills/

regression

Severe global
developmental
delay/no regression,
profound
intellectual
disability
Severe global
developmental
delay/ no
regression,
profound
intellectual

disability

Non-verbal = Inability
to walk
10 words at =~ Beginni
14 months | ng steps
at 14m
Yes Broad
based,
Ataxia
No Inability
to walk
No Inability
to walk

Central
hypotonia
with
peripheral
hypertonia
Mildly
abnormal
tone in the
neonatal
period,
normal tone
at 14months

No

Hypotonia

Hypotonia

Yes,
pathologically
brisk

Normal

normal

areflexia

Areflexia

Dystonia,
Choreoathetos

is

Gait ataxia

Dystonia (less
than brother),
Choreoathetos

is

Dystonia,
generalized
but more in

arms

Possible seizure at 8

months

Syncope but normal
EEG

normal

NK

normal EEG

NK

NK

Appendix C

NK

NK

Large fibre

neuropathy

Sensory and
autonomic: self-
mutilation lips
Nerve biopsy:
severe chronic
axonal neuropathy
Sensory and
autonomic, bites
hands
Nerve Conduction-
motor normal,
decreased in sensory

nerves
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Global
developmental

delay

Global
developmental

delay

Ist wordsat = Crawled = Hypotonia Areflexia
24 months - at2
fluent at 5 years;
years unable
to walk
at5
years
Ist words at = Crawled = Hypotonia Areflexia
2 1/2 years - at2
fluent at 10 years;
years unable
to walk
at 10
years

Leg dystonia

Leg dystonia

Appendix C

Electromyography -
no significant
activity at rest
Muscle biopsy-

evidence of
denervation possibly
due to axonal
neuropathy
Sural nerve biopsy-
consistent with

severe axonal

neuropathy
No NK Sensory
No Normal Sensory
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10

11

12

13

14

Global
developmental
delay, profound

intellectual

disability

Good development

until 4 months, at 9

months with loss of
purposeful hand

movements

Good development
until 4 months,

motor regression

Non-verbal

No

Inability

to walk

Inability

to walk

Decreased
axial tone;
increased

appendicula

T tone

Sudden
hypotonia at

9 months

Sudden
Hypotonia

at 6m

Yes - brisk
biceps and
patellar

reflexes

Deep-tendon

reflexes of the

inferior limbs
were barely

detected

NK

Dystonia,
myoclonic

jerks

Dystonia at
9m,
buccofacial
dyskinesia,
choreoathetosi
s, myoclonies
Dystonia at
6m,
Choreoathetos

is, myoclonies

Tonic seizures at 2

months

Right posterior
quadrant epileptiform
discharges, poorly
organized
background, abundant
high-amplitude
multifocal spikes

NK

NK

NK

Clinically silent

erratic myoclonies

Clinically silent

erratic myoclonies

Appendix C

NK

NK

NK

Reduced nerve-

conduction velocity

NK
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15 10 Global
developmental

delay

16 11 Severe
developmental

delay

17 11 Global
developmental
delay, at 3years
(Enjoji Scale of

Infant Analytical

Development) was

15 months.

18 12 Regression in
adulthood,

progressive

cognitive decline

No Inability

to walk

NK Inability

to walk

NK Inability

to walk

Sign Ataxia
language at 40
years
Wheelc
hair-
depende
nt at 47

years

Hypotonia

Hypotonia

Hypertonia
at 3 months
that
gradually
changed to
severe
hypotonia
by 3years
Significantl
y decreased
tone of the
lower limbs

in adulthood

NK

NK

NK

Diminished in
the upper
limbs and

absent in the

lower limbs.

Buccofacial
dyskinesia,
upper limb

movements.

NK

NK

Dystonia,

Ataxia

At 2months Infantile
Spasms, at 10years
daily seizures,
controlled with
phenobarbital and
vigabatrin

Seizures

Infantile spasms at 2
years of age, controlled

by valproate.

Appendix C

NK NK

Hypsarrhythmia NK
consistent with late-

onset West syndrome

Hypsarrhythmia Short-latency

consistent with late- somatosensory-
onset West syndrome evoked potentials
showed decreased
central conduction
velocity and

amplitude

NK NK
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19 12 Regression in Sign
adulthood, language
progressive

cognitive decline

20 12 Regression in Sign
adulthood, language
progressive and a few

cognitive decline verbal
words.

21 13 NK NK

22 14 NK NK

Ataxia
at age
45
years,
Wheelc
hair
depende
nt by
age 58
years
Progress
ive
balance
issues at
30
years,
ataxia,
wheelch
air-
depende
nt by 40
years

NK

NK

NK

Increased
tone in the
lower

extremities

Truncal

hypotonia

Truncal
hypotonia
with

hypertonia

Diminished
reflexes in all

four limbs

Brisk reflexes

and clonus

NK

NK

Dystonia,

Ataxia

Dystonia,

Ataxia

NK

Dystonia

NK

NK

NK

NK

NK

NK

Appendix C

NK

NK

NK

NK
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of the lower

Appendix C

limbs
23 15 NK NK NK Hypotonia NK NK NK NK Sensory neuropathy
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1 1 Nystagmus Yes Optic atrophy NK G-tube fed Gastroesophageal Yes Yes Yes, required Patent foramen
and removed  reflux, Dysphagia NPA due to ovale,
after upper airway Hypertension
complications obstruction, treated with
; changed to nocturnal amlodipine
NGT feeds desaturations
and sleep
disturbance;
recurrent
aspiration
pneumonia
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Nystagmus Yes
NK NK
NK NK
Progressive Yes
ophthalmoplegia
Nystagmus Yes -Moderate,

visual acuity 6/45

Rotatory and Yes
horizontal
Nystagmus
Strabismus No
Nystagmus Yes

Optic atrophy

NK

NK

Optic atrophy

Optic atrophy

Optic atrophy

Optic atrophy

Yes

NK

NK

Yes

Yes

yes

NK

Gastroparesis

Gastroparesis

Gastroesophageal

reflux, dysphagia

Gastroesophageal

reflux

NK

Gastroesophageal

reflux

Severe
Gastroesophageal
reflux, required

fundoplication

Gastroesophageal
reflux
Gastroesophageal

reflux, Dysphagia

Yes, every
1- 6 weeks
lasting
hours-
days,
controlled
at 6 years

No

Yes = Reactive airway

disease
Yes No
NK No

Yes Chronic lung
disease due to
aspiration
Yes Chronic lung
disease,

Bronchiectasis

Yes Obstructive
sleep apnoea
No Obstructive

sleep apnoea

Appendix C

no

no

no

Trabeculations

Trabeculations
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10

11

12

13

14

15

16

17

10

11

11

Nystagmus

NK

Nystagmus

Nystagmus

NK

Yes

NA

Normal visually

evoked potentials

Optic atrophy,
chorioretinal
defect in left

eye

NK

NK

NK

NK

NK

NK

NK

Yes

Yes

Yes

Yes

NA

NK

Yes Gastroesophageal
reflux, Dysphagia

No No
No No
No No
Major Dysphagia
swallowing
difficulties
required

gastrostomy
NK NK
Yes NK
NK NK
NK NK

Yes

No

Presented
with
vomiting at

4 months
NA
Vomiting
episodes at
10 months

NK

NK

Yes

NK

NK

NK

NK

NK

Cold-induced

asthma

NK

NK

NK

NK

NK

Appendix C

Tachycardia

]

Hypertension

NK

NK

Ventricular

septal defect

NK
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18

19

20

21

22

23

12

12

12

13

14

15

NK

NK

NK

Nystagmus

Nystagmus

Abnormal eye

movements

Progressive  visual
impairment  visual

acuity of 20/400.

Progressive Visual
impairment visual
acuity of 20/400
Yes

Congenital cataracts

NK

NK

Optic
Atrophy

Optic

Atrophy

Optic
Atrophy

NK

NK

NK

Yes

Yes

Yes

Yes

NK

Yes

Swallowing

difficulties

Swallowing

difficulties

Swallowing

difficulties

Yes

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

Appendix C

Aortic root
dilatation and
proximal septal
thickening
NK

NK

NK

NK

NK
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1 1 NK Yes Yes Scoliosis, Bilateral hip Recurrent NK No No Normal in Reduction in white matter volume
dislocation that infections fibroblasts Thin corpus callosum
required varus

derotation osteotomy
at age 4 years

2 2 NK Yes No No Recurrent Ear NK Yes No yes, Generalized white matter volume loss

infections muscle/CIV with a posterior predilection

3 3 NK NK NK NK Reactive NK NK = NK NK Abnormal signal in the pons, cerebellar

airway disease peduncles, medullary dorsal tracts and
peri-aqueductal grey matter
3.2 3 NK NK NK NK No NK NK = NK NK NK
4 4 NK NK NK NK NK Depression No NK NK NK
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NK Yes
Urinary No
retention

Urinary Yes
incontinence
Urinary Yes
incontinence
Renal artery =~ Yes

stenosis

Hip dysplasia,
Scoliosis (milder than

brother)

Hip dysplasia,

progressive scoliosis

No

Bilateral hip
dislocation, repaired
by open reduction and
pelvic osteotomy,

progressive scoliosis

NK

Abnormal
histamine
response on a

skin testing

Allergy

Allergy

Recurrent
infections,
Multiple
hospitalizations
for viral
illnesses, Cold-

induced asthma

Less severely
affected than
brother,
increased
appetite
Bulbar palsy,
bruxism, heat
intolerance,
low sweating,
poor
temperature
regulation

NK

NK

Cholelithiasis;
precocious
puberty
(pubic hair
noted age 7y,
without other
signs of
puberty);
chronic iron
deficiency

anaemia

No Yes Normal in
muscle and
fibroblasts

No No NK

No NK NK

No NK NK

No NK NK

Appendix C

Mild white matter atrophy

Non-specific white matter changes in
the periventricular and parieto occipital

regions

NK
Thin corpus callosum
Global cerebral volume loss, delayed

maturation, simplified gyral pattern,

Thin corupus callosum
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10

11

12

13

14

15

16

17

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

No

Major retractions of
the right hip and ankles
prompted a
consideration of
multiple tenotomies

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

treated with

iron infusions

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

Yes

Yes

NK

NK

NK

Yes,
liver/CIV and
CIII

NK

NK

NK

Appendix C

NK

NK

NK

Bilateral hyperintensities in putamen

and caudate nuclei

Hyperintensities in the bilateral putamen

and caudate nuclei

Bilateral signal intensity of globus

pallidus

Delayed myelination

Delayed myelination, diminished white
matter, thinning of the corpus callosum
and reduced volume of the cerebrum

and brainstem
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18

19

20

21

22

23

15

Urinary

incontinence

Urinary
incontinence

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

Obsessive
compulsive
disorder
Depression,

paranoia

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

NK

Multiple
deficiency in
muscle and
fibroblasts
Multiple
deficiency in
fibroblasts
Normal in

fibroblasts

Appendix C

Mild diffuse cerebellar atrophy, cerebral
atrophy. Small cystic-like lesions of

cerebral peduncles

No

Small hyperintensities in the cerebral

hemispheric white matter

Anomalies of putamen and basal
ganglia, lactate peak in MR

spectroscopy

NK

Delayed myelination, abnormal corpus

callosum

NK Not known, NA Not available, SNHLSensorineural hearing loss
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Table S2. In silico studies and population frequency of PNPT1 variants identified in new families

Appendix C

S % g - A = » g
=]
g g 2 = g s EFEE  E g = £4 8 3
“ g = < 3 S
1  chr2:55874492G>C  p.(Thr531Arg) 1592C>G  0.00003560 probably deleterious ~disease 71 6.68 | very high  Also identified in family 6 in
(10/28092) damaging causing trans with a known pathogenic
0 variant p.(Ala507Ser), listed in
homozygous ClinVar as Likely pathogenic
and Uncertain significance
(Variant ID: 209184)
1  chr2:55883346G>C  p.(Ala454Gly) 1361C>G | 0.00000398 probably deleterious = disease 60 6.5  veryhigh = Submitted to ClinVar as Likely
9 damaging causing 6 pathogenic (1)
(1/250714) (Variant ID: 548987)
0
homozygous
2 chr2:55872488A>G  p.(Val607Lysfs*21) = c.1818T>G not reported NA NA disease NA 0.64  very high = Human Splice Finder: Activation
causing of an exonic cryptic donor site.
Potential alteration of splicing.
Mutation Taster: splice site
changes
2 chr2:55874565C>A  p.(Ala507Ser) c.1519G>T  0.0002126 possibly tolerated  disease 99 5.68  very high | Listed in ClinVar as Likely
(60/282190) damaging causing pathogenic

162



3 chr2:55910967G>A

3 | chr2:55883307G>T

4  chr2:55863512G>A

4 | chr2:55870312C>T

6  chr2:55874565C>A

6  chr2:55874492G>C

*GS: Grantham score <65 minor, >65 moderate, >100 major; “"CADD raw score threshold >1.75 = deleterious

p-(Arg136Cys)

p-(Pro467His)

p-(Arg738Cys)

p-(Ala684Thr)

p-(Ala507Ser)

p.(Thr531Arg)

0

homozygous

c.406C>T 0.00001063
(3/282296)

0
homozygous
c.1400C>A 0.00000398

4
(1/251016)

0
homozygous
c.2212C>T  0.0002601
(73/280624)

0
homozygous
¢.2050G>A 0.00001193
(3/251420)

0
homozygous
c.1519G>T 0.0002126
(60/282190)

0
homozygous
1592C>G  0.00003560
(10/28092)

0

homozygous

possibly

damaging

probably

damaging

probably

damaging

probably

damaging

possibly

damaging

probably

damaging

deleterious

deleterious

deleterious

deleterious

tolerated

deleterious

disease

causing

disease

causing

disease

causing

disease

causing

disease

causing

disease

causing

180

71

180

58

99

71

7.38

6.14

6.84

8.06

5.68

6.68

very high

very high

very high

very high

very high

very high

Appendix C

(Variant ID: 215010), reported
in 4 of the 15 families.

Alternative amino acid change is

reported in 2 of the 15 families

Listed in ClinVar as Likely
pathogenic
(Variant ID: 215010), reported
in 4 of the 15 families.
Also identified in family 1, listed
in ClinVar as Likely pathogenic
and Uncertain significance

(Variant ID 209184)
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