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Summary 

Mitochondrial disorders are a heterogeneous group of genetic disorders caused by defects in 

mitochondrial oxidative phosphorylation. With an estimated prevalence of 1 in 5000 live 

births they depict one of the largest groups of inborn errors of metabolism. Their clinical 

presentation is characterized by a vast variation ranging from single organ involvement to 

multi-organ symptoms. This is accompanied by an extremely broad range of distinct 

molecular disorders with more than 250 reported disease-associated genes so far. A genotype-

phenotype correlation can be observed only in a limited number of cases. Molecular diagnosis 

therefore requires a comprehensive diagnostic approach represented by whole exome 

sequencing (WES). WES is the massively parallel sequencing of all exonic, hence protein 

coding regions of the genome containing about 85% of the known Mendelian disease-causing 

variants.  

During the first years of my PhD studies, I contributed to the identification and validation of 

causative variants in 10 novel and 5 known disease-associated genes in suspected 

mitochondrial disease patients using WES. In the first part of this thesis, I describe in detail 2 

of these contributions.  

In the first study, WES revealed homozygous predicted loss-of-function variants in two genes 

encoding mitochondrial proteins, MTO1 and LYRM7. At the point of study, MTO1 was an 

established and LYRM7 a suggested mitochondrial disease-associated gene. To evaluate the 

pathogenic relevance of the variants and to examine whether the patient possibly suffers from 

two distinct or overlapping diseases, functional studies were employed. Western blot analysis 

and respiratory chain complex activity measurements upon overexpression of wild-type 

MTO1 and LYRM7 cDNA in patient derived fibroblast cell lines clearly demonstrated the 

pathogenicity of the LYRM7 variant. While the experiments indicated that the variant in 

MTO1 most likely is benign, a negative impact cannot be excluded.  

In the second study, a joint analysis of several patients presenting with an overlapping clinical 

phenotype established disease-causing variants in TANGO2, a gene previously not associated 

with any disease. A postulated role of TANGO2 in the distribution of the Golgi membrane 

was not confirmed in my studies as immunostaining of the Golgi did not reveal a difference in 

organization of the Golgi between patient and control cells. However, by accessing the 
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cellular oxygen consumption I found normal activity of respiratory chain complexes but 

impaired ß-oxidation in the patient derived fibroblasts which supported the metabolic 

suspicion of a defect in ß-oxidation. The diagnosis of ß-oxidation defects, depicting non-

classical, secondary mitochondrial disorders, has strong implications for possible therapeutic 

options. 

In the second part of my PhD studies, I focused on cases where WES was inconclusive. 

Indeed, about half of the patients with suspected mitochondrial disorders remain undiagnosed 

after WES. We assumed that incomplete capture of variants, especially non-coding variants, 

and failure to prioritize variants contributes to such inconclusive WES cases. Whereas the 

former can be overcome by whole genome sequencing (WGS), the vast number of variants 

generated by WGS and the poor understanding of the non-coding genome further obscure the 

prioritization of the causative variant. RNA sequencing (RNA-seq), in turn, might ease the 

prioritization of variants by unravelling their effects on RNA abundance and sequence. I 

therefore selected 105 patient derived fibroblast cell lines from solved and unsolved cases and 

performed RNA-seq using a standardized protocol. By manual inspection of the RNA-seq 

data from a patient with respiratory chain complex I deficiency I detected aberrant expression 

of the respiratory chain complex I (RCCI) assembly factor TIMMDC1, a gene previously not 

annotated with disease risk. I subsequently identified a deep intronic variant likely involved in 

the activation of a cryptic intronic splice site resulting in aberrant splicing and finally 

nonsense-mediated decay (NMD). Using functional validation assays, I showed pathogenic 

relevance of TIMMDC1 deficiency and identified altogether 3 families carrying the same 

homozygous pathogenic variant. These findings guided a systematic analysis performed in 

close collaboration with computational biology department of the Technische Universität 

München. The systematic analysis detected a median of one aberrantly expressed gene, five 

aberrant splicing events, and six mono-allelically expressed rare variants per sample. This 

small number of events allowed manual inspection and validation providing a diagnosis for 

10% (5 of 48) of previously unsolved cases. Importantly, our approach enabled the 

identification of causative non-coding variants in genes not previously associated with any 

disease as well as identification of causative variants in genes implicated in diseases going 

beyond mitochondrial disorders.  
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Zusammenfassung 

Mitochondriale Erkrankungen sind eine heterogene Gruppe von Erbkrankheiten, die durch 

Defekte in der mitochondrialen oxidativen Phosphorylierung verursacht werden. Mit einer 

geschätzten Prävalenz von 1 in 5000 Lebendgeburten stellen sie eine der größten Gruppen 

von Stoffwechselerkrankungen dar. Ihre klinische Präsentation wird von einer großen 

Variation charakterisiert, welche von der Betroffenheit einzelner Organe bis hin zu der 

Beeinträchtigung multipler Organe reichen kann. Dies wird von einer extrem großen 

Bandbreite an genetischen Ursachen begleitet, bisher werden mehr als 250 publizierte Gene 

mit der Erkrankung in Verbindung gebracht. Eine klare Korrelation zwischen dem Genotyp 

und dem Phänotyp liegt jedoch nur in den wenigstens Fällen vor. Für die molekulargenetische 

Diagnose ist daher eine uneingeschränkte diagnostische Methode wie z.B. die Sequenzierung 

des gesamten Exoms („whole exome sequening“, WES) notwendig. WES ist die massive 

parallele Sequenzierung aller exonischen, also proteinkodierenden Bereiche des Genoms, die 

laut Vorhersagen 85% aller Varianten enthalten die für bekannte monogenetische 

Erkrankungen ursächlich sind. 

Während der ersten Jahre meiner Promotion habe ich zur Identifizierung und Validierung von 

kausalen Varianten in 10 bis dahin nicht krankheitsassoziierten Genen, als auch in 5 

krankheitsassoziiert Genen mittels WES beigetragen. Im ersten Teil dieser Doktorarbeit 

beschreibe ich 2 dieser Beiträge im Detail.  

In der ersten Studie führte die Analyse mittels WES zu der Identifizierung von homozygoten 

Varianten in zwei Genen die mitochondriale Proteine kodieren, MTO1 und LYRM7, die laut 

Vorhersagen zum Funktionsverlust des kodierten Proteins führen. Zum Zeitpunkt der Studie 

waren Mutationen in MTO1 bereits mehrere Male als krankheitsverursachend beschrieben, 

während Mutationen in LYRM7 in nur einem Fall mit einer mitochondrialen Erkrankung 

assoziiert wurden. Um die pathogene Relevanz der Varianten zu klären und zu untersuchen, 

ob der Patient möglicherweise von 2 separaten oder überlappenden Erkrankungen betroffen 

war, verwendeten wir funktionelle Tests. Überexpression von naiver cDNA von MTO1 und 

LYRM7 in Fibroblasten des Patienten und anschließende Western Blot-Analyse und 

Messungen der Aktivität der Atmungskettenkomplexe ergaben eine klare Pathogenität der 

LYRM7 Variante. Die Experimente wiesen darauf hin, dass die MTO1 Variante 
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wahrscheinlich gutartig ist. Ein negativer Effekt kann jedoch nicht komplett ausgeschlossen 

werden. 

In der zweiten Studie wurden durch eine gemeinsame Analyse von mehreren Patienten mit 

ähnlichem Phänotyp krankheitsverursachende Varianten in TANGO2 identifiziert, einem bis 

dahin nicht krankheitsassoziierten Gen. Eine postulierte Rolle von TANGO2 in der 

Verteilung der Golgi-Membran konnte durch meine Untersuchungen nicht bestätigt werden, 

da Immunfärbung des Golgis in Patientenzelllinien und Kontrollzelllinien keinen Unterschied 

in der Organisation des Golgis ergab. Mittels Analyse des zellulären Sauerstoffverbrauches 

konnte ich normale Aktivität der Atmungskettenkomplexe zeigen, jedoch war in den 

Patientenzelllinien eine verminderte ß-Oxidation nachweisbar was den metabolischen 

Verdacht auf einen Defekt der ß-Oxidation bestärkte. Die Diagnose eines ß-

Oxidationsdefekts, welcher eine nicht-klassische, sekundäre Mitochondriopathie darstellt, hat 

starke Auswirkungen auf mögliche therapeutische Optionen. 

Der zweite Teil dieser Arbeit zielte jedoch auf Fälle ab, bei denen die WES-Analyse 

unschlüssig war. Tatsächlich bleibt etwa die Hälfte aller Patienten mit Verdacht auf eine 

Mitochondriopathie nach WES ohne genetische Diagnose. Wir vermuteten, dass unschlüssige 

WES-Analyse auf die unvollständige Detektion von Varianten, speziell in nicht-kodierenden 

Bereichen, und unzureichende Priorisierung von Varianten zurückzuführen ist. Während 

Ersteres durch die Sequenzierung des gesamten Genoms („whole genome sequencing“, WGS) 

verbessert werden kann, wird die Priorisierung von Varianten dadurch allerdings auf Grunde 

der hohen Anzahl der identifizierten Varianten und dem unvollständigen Verständnisses über 

das nicht-kodierende Genom deutlich erschwert. RNA-Sequenzierung (RNA-seq) andererseits 

könnte die Priorisierung von Varianten erleichtern indem Einflüsse der Varianten auf die 

Menge und die Sequenz der RNA offenbart werden. Ich habe daher 105 Fibroblastenzelllinien 

von diagnostizierten und undiagnostizierten Patienten ausgewählt und eine standardisierte 

RNA-seq-Analyse vorgenommen. Mittels manueller Inspektion der Daten stellte ich 

abnormale Expression des Atmungskettenkomplex I (RCCI) Assemblierungsfaktors 

TIMMDC1 fest, welcher zuvor noch nicht mit erhöhtem Krankheitsrisiko in Verbindung 

gebracht wurde. Weiterhin konnte ich eine intronische Variante identifizieren, die 

wahrscheinlich in der Aktivierung einer kryptischen intronischen Spleißstelle involviert ist 

was wiederum zu abnormalem Spleißen und letztendlich zu Nonsense-mediated mRNA 



Zusammenfassung 

vii 

 

Decay (NMD) führt. Mit Hilfe von funktionellen Validierungsexperimenten konnte die 

pathogene Relevanz der TIMMDC1-Defiziens zeigen, sowie 3 weitere Patienten 

identifizieren. Die Ergebnisse stießen eine systematische Analyse an, die in enger 

Zusammenarbeit mit der Abteilung für Computational Biology der Technischen Universität 

München durchgeführt wurde. Die systematische Analyse erzielte einen Median von einem 

abnormal exprimierten Gen, fünf abnormal gespleißten Genen und sechs mono-allelisch 

exprimierten Genen pro Probe. Diese überschaubare Anzahl von Ereignissen ermöglichte eine 

manuelle Inspektion und Validierung die zur Diagnose von 10 % (5 von 48) der Patienten 

ohne vorherige Diagnose führte. Es ist hervorzuheben, dass unsere Methode sowohl die 

Identifikation von kausalen nicht-kodierenden Varianten in vormals nicht 

krankheitsassoziierten Genen erlaubt, als auch die Identifikation der pathogenen Variante in 

Genen deren Implikation über mitochondriale Erkrankung hinaus geht.  
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Abbreviations 

aa  amino acid 

Ab Antibody 

acetyl-CoA acetyl coenzyme A 

ad  autosomal dominant 

ATP  adenosine triphosphate 

bp  base pair 

BN-PAGE  blue native polyacrylamide gel electrophoresis 

BSA  bovine serum albumin 

BWA  Burrows-Wheeler Aligner 

BWT Burrows-Wheeler Transform 

c.  cDNA sequence position 

cDNA  complementary DNA 

chr  chromosome 

CNS central nervous system 

CNV copy number variant 

CPEO  chronic progressive external ophthalmoplegia 

CSF cerebrospinal fluid 

C-terminus  carboxy-terminus 

Da  dalton 

dbSNP  Single Nucleotide Polymorphism Database 

dH2O  deionised water 

DHPLC-H2O denaturing high-performance liquid chromatography water 

DMSO  dimethyl sulfoxide 

DNA  deoxyribonucleic acid 

dNTP  deoxynucleotide 

ds  double-stranded 

ECL enhanced chemiluminescence 

E. coli  Escherichia coli 

EDTA  ethylenediaminetetraacetic acid 

e.g.  exempli gratia 
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et al.  et alii 

ExAC Exome Aggregation Consortium 

FAD flavin adenine dinucleotide 

FAF-BSA fatty acid free bovine serum albumin 

FASTQ text format for representing sequencing reads 

FBS  foetal bovine serum 

FCCP  carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone 

FGF21 fibroblast growth factor 21 

FPKM fragments per kilobase million 

G418 geneticin disulphate 

GAC  Genome Analysis Center, Helmholtz Zentrum München 

Gb gigabase 

GDF15 growth differentiation factor 15 

gDNA  genomic DNA 

gnomAD Genome Aggregation Database 

GTEx Genotype-Tissue Expression project 

HEK293  human embryonic kidney 293 cells 

hg19  human genome assembly GRCh37 (February 2009), UCSC 

HGMD  Human Gene Mutation Database 

HRP  horseradish peroxidase 

IGV  Integrative Genomics Viewer 

IHG  Institute of Human Genetics, Helmholtz Zentrum München 

IMM  inner mitochondrial membrane 

IMS intermembrane space 

indel  small insertion and deletion variation 

iPSC  induced pluripotent stem cells 

kb  kilobase 

kDa  kilodalton 

KSS Kearns-Sayre syndrome 

L  litre 

LDH lactate dehydrogenase 

LHON  Leber hereditary optic neuropathy 
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m. mitochondrial DNA sequence position 

MAE Mono-allelic expression 

Mb  megabase 

MELAS  
mitochondrial myopathy, encephalopathy, lactic acidosis, stroke-like 

episodes 

MERRF  myoclonic epilepsy with ragged-red fibers 

MNGIE mitochondrial neurogastrointestinal encephalopathy 

MRI  Magnetic Resonance Imaging 

mRNA  messenger ribonucleic acid 

mtDNA mitochondrial DNA 

NA  not available 

NAD nicotinamide adenine dinucleotide 

NARP  neuropathy, ataxia and retinitis pigmentosa 

NCBI  National Center for Biotechnology Information 

NGS  next-generation sequencing 

NM  RefSeq mRNA sequence 

NMD nonsense-mediated decay 

NP  RefSeq protein sequence 

N-terminus  amino-terminus 

OMIM  Online Mendelian Inheritance in Man 

OMM outer mitochondrial membrane 

ON  overnight 

OXPHOS  oxidative phosphorylation 

p.  protein sequence position 

PAGE  polyacrylamide gel electrophoresis 

PBS  phosphate buffer saline 

PCR  polymerase chain reaction 

PE  paired-end 

PEO progressive external ophthalmoplegia 

PMSF  phenylmethylsulfonylfluorid 

PVDF  polyvinylidene fluoride 

RefSeq  NCBI Reference Sequence Database 
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RC  respiratory chain 

RCC Respiratory chain complex 

RCCI Respiratory chain complex I 

RCCII Respiratory chain complex II 

RCCIII Respiratory chain complex III 

RCCIV Respiratory chain complex IV 

RCCV Respiratory chain complex V 

RFLP restriction fragment length polymorphisms 

RIN  RNA integrity number 

RNA  ribonucleic acid 

RNA-seq RNA sequencing 

ROS reactive oxygen species 

RPKM reads per kilobase million 

rRNA  ribosomal RNA 

RT  room temperature 

RT-PCR reverse transcription polymerase chain reaction 

rxn  reaction 

SBG SERVA Blue G 

SD  standard deviation 

SDS  sodium dodecyl sulphate 

SNV  single nucleotide variant 

TBE  Tris-borat-EDTA 

TBST  Tris-buffered saline and Tween 20 

TCA  tricarboxylic acid 

Tm  melting temperature 

Tris  2-amino-2(hydroxymethyl)-1,3-propandiol 

tRNA  transfer RNA 

U  unit 

UQ ubiquinone 

UQH2 ubiquinol 

UCSC  University of California, Santa Cruz 

UTR  untranslated region 
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v/v  volume per volume 

VUS variant of unknown significance 

WES whole exome sequencing 

WGA  wheat germ agglutinin 

WGS Whole genome sequencing 

wt wild-type 

w/v weight per volume 
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1. Introduction 

1.1.  Mitochondria 

1.1.1. Mitochondrial functions 

Mitochondria are double membrane-enclosed organelles present in almost all eukaryotic cells 

which likely arose through an endosymbiotic uptake of an ancient α-proteobacterium by an 

ancient Lokiarchaeum [1-4]. They are largely known as the powerhouse of the cell due to 

their crucial function in energy transduction. They exploit the energy stored in fats, 

carbohydrates, and proteins to produce ATP in a process called oxidative phosphorylation. In 

the cytosol, fats are decomposed to acyl-CoA via lipolysis whereas carbohydrates are broken 

down to pyruvate via glycolysis and proteins by different routes of amino acid degradation 

ending in pyruvate, Krebs cycle intermediates, or acetyl-CoA. Pyruvate and acyl-CoA are 

subsequently transported into the mitochondrial matrix, where they are further degraded into 

acetyl-CoA by the pyruvate dehydrogenase complex and the enzymes of the fatty acid ß-

oxidation. Acetyl-CoA, in turn, is further oxidized to CO2 by the tricarboxylic acid (TCA) 

cycle. The energy derived from this oxidative breakdown of pyruvate and acyl-CoA to CO2 is 

transferred as electrons to NAD
+
 and FAD

+ 
generating NADH and FADH2. These electrons 

are subsequently harnessed by the electron transport chain composed of respiratory chain 

complex I-IV (RCCI-IV) embedded in the inner mitochondrial membrane (IMM). The 2 

electrons derived from NADH are transferred by RCCI (NADH:ubiquinone oxidoreductase) 

to reduce ubiquinone (UQ) to ubiquinol (UQH2), while the 2 electrons derived from FADH2 

are carried to UQ via RCCII (succinate:ubiquinone oxidoreductase) or by other FADH2 

metabolizing enzymes (e.g. ETFDH, G3PDH, SQRDL). Subsequently, UQH2 is oxidized by 

RCCIII (ubiquinol:cytochrome c oxidoreductase) and electrons are donated to cytochrome c. 

The reduction equivalents are finally used by RCCIV (cyctochrome c oxidase) to bivalently 

reduce O2 to H2O. The energy released by this energetically favored electron transport is 

deployed to translocate protons across the IMM by RCCI, RCCIII, and RCCIV generating a 

proton electrochemical gradient. This gradient is, in turn, used by RCCV (ATP synthase) to 

synthesize ATP from ADP and inorganic phosphate. The electron transfer by RCCI-IV and 

ATP synthesis by RCCV jointly constitute the process referred to as oxidative 

phosphorylation (OXPHOS). Besides this crucial function in energy transduction, 
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mitochondria furthermore play an important role in supplying important cofactors for 

numerous cellular processes as they are the site of e.g. Fe-S cluster, heme, and steroid 

biosynthesis, as well as amino acid biosynthesis and inter-conversion [5, 6]. Moreover, 

mitochondria house enzymes of the urea cycle and are involved in Ca
2+

 homeostasis and 

apoptosis [7, 8]. A schematic representation of the mitochondrial functions is illustrated in 

Figure 1. 

 

 

Figure 1 Schematic representation of a mitochondrion. Major metabolic pathways are depicted in boxes or 

encircled. Outer mitochondrial membrane (OMM) and inner mitochondrial membrane (IMM) are indicated with 

light grey lines, the intermembrane space (IMS) is enclosed by the OMM and IMM, the matrix is shaded in light 

grey. 

1.1.2. Mitochondrial genomics 

The workhorse of mitochondria, dedicated to fulfill the plethora of tasks stated above, is the 

mitochondrial proteome. It is comprised of approximately 1,500 proteins which are under the 

control of 2 genomes, the nuclear genome and the mitochondrial genome. While most of the 
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proteins are encoded by the nuclear genome and transported into mitochondria, the circular 

16.6 kb mitochondrial genome (mtDNA) codes for 37 genes comprising 22 mitochondrial 

tRNAs, 2 mitochondrial rRNAs, and 13 subunits of OXPHOS complexes. The mtDNA is a 

remainder of the bacterial origin of mitochondria. The bulk of the genetic information 

originally encoded by the mtDNA was transferred to the nuclear genome in the course of 

evolution, some material remained within the mitochondria. The remaining genes encode 

highly hydrophobic proteins, making targeting and transport into the mitochondrion difficult. 

In addition, the retention of some genomic material within the mitochondria potentially 

enables an advantageous spatial control of the mitochondrial activity [9]. Each cell contains a 

few hundred to thousands of copies of the mtDNA molecule depending on the tissue or cell 

type. This multicopy nature of the mtDNA causes distinct features of mitochondrial genetics 

named homoplasmy and heteroplasmy. Homoplasmy is given when all mtDNA copies have 

the same genotype, heteroplasmy occurs if a mixture of different genotypes, e.g. wild-type 

and mutant mtDNA, coexist. While the diploid nuclear genes are inherited according to the 

Mendelian law, mtDNA is inherited solely by the oocytes via the mother [10].  

1.2.  Mitochondrial disorders 

Mutations in genes encoding a mitochondrial protein can potentially cause disruption of the 

mitochondrial energy supply. Genetic diseases attributed to such an impairment of OXPHOS 

are generally referred to as mitochondrial. This primary defect in OXPHOS can not only be 

caused by mutations in genes encoding subunits or assembly factors of RCCs, but also by 

mutations in genes encoding proteins required for mtDNA replication, transcription, and 

translation, needed for the generation or transport of substrates in reactions upstream of the 

OXPHOS or cofactors of OXPHOS, and genes which encode proteins important for the 

homeostasis of mitochondria [11]. Among the physiological consequences of improper 

OXPHOS are decreased ATP production, imbalanced NAD
+
/NADH pools, monovalent 

reduction of O2 resulting in the generation of reactive oxygen species (ROS), Ca
2+

, and 

halting of pathways feeding into the RC like TCA cycle and the fatty acid ß-oxidation [12, 

13]. The later can yield in increased lactate and ketone body production, respectively. 

Abnormalities of mitochondrial function was first reported in 1959 in a patient with clinical 

symptoms comprising increased perspiration, weakness, and reduced body weight besides 

polyphagia [14, 15]. Interestingly, since the author reasoned that skeletal muscle depicts the 
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largest portion of the body’s respiration and since a large amount of tissue was required to 

conduct biochemical measurements on mitochondria, mitochondria from skeletal muscle 

biopsies were chosen for the investigations. Analyzing the mitochondrial enzymatic activities 

in muscle biopsy is till now the state-of-the-art to biochemically diagnose 

mitochondriopathies. Ever since this first description, many more reports of mitochondrial 

disease patients followed and it has become evident that the phenotypic spectrum is extremely 

broad and clinical symptoms can involve any single tissue or organ as well as multiple organs 

at any age of disease onset. In 2001, Munnich and Rustin coined the term “any symptom, in 

any organ or tissue, at any age, with any mode of inheritance”[13]. Tissues highly depending 

on energy, like the central nervous system, cardiac and skeletal muscle, and liver, are more 

likely but not exclusively affected as depicted in Figure 2. The impairment of a specific tissue 

might originate from tissue-specific isoforms, tissue specific energy demands or regulations 

of the electron flux, as well as tissue-dependent threshold mutation level in case of 

heteroplasmy [16]. Childhood-onset disease has an estimated prevalence of 5 to 15 in 100,000 

individuals and is often caused by recessive nuclear DNA mutations [17]. In contrast, adult-

onset disorders mainly arise due to mtDNA mutations with a prevalence of 10 in 100,000 

while the prevalence due to nuclear mutations is estimated to be only 3 in 100,000 individuals 

[17]. However, due to the diverse phenotypic spectrum, many patients might evade diagnosis 

resulting in an underestimation of disease prevalence. While the stated numbers are derived 

from cohort studies, population based studies revealed a carrier prevalence of up to 236 in 

100,000 for a known pathogenic mutation (m.3243A>G) in the mtDNA [18]. Due to founder 

mutations and consanguinity in a specific population, population based studies can be biased 

and do not necessarily reflect the global distribution. Even though, with an average prevalence 

of 5-15 in 100,000, mitochondrial disorders constitute the largest and most heterogeneous 

groups of metabolic disorders [17, 19]. 

1.1.  Diagnosis of mitochondrial disorders 

1.1.1. Clinical diagnosis 

Clinical diagnosis of mitochondrial disorders is strongly impaired by the broad variation of 

clinical symptoms and the symptomatic overlap with other disorders. Amongst the commonly 

recognized syndromes in childhood-onset disease are Leigh(-like) syndrome, the most  
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Figure 2 Phenotypic spectrum of mitochondrial disorders. The signs and symptoms are broadly divided into 

neurological symptoms on the right depicted in orange boxes and non-neurological symptoms on the left 

depicted in blue boxes. Figure taken from Gorman et al., 2016 [17].  

frequent cause of childhood-onset disease, and Alpers syndrome. Leigh syndrome, also 

referred to as subacute necrotising encephalopathy, was first reported in 1951. It is a 

neurodegenerative disorder characterized by symmetrical lesions in the basal ganglia or the 

brain stem, which can be visualized by MRI [20]. Alpers syndrome presents with a triad of 

symptoms comprising seizures, liver dysfunction, and psychomotor retardation [21]. 

Syndromes associated with adult-onset disease include chronic progressive external 

ophthalmoplegia (CPEO), Kearns-Sayre syndrome (characterized by PEO, pigmentary 

retinopathy, and either or both, cardiomyopathy or cerebellar ataxia, KSS), LHON (Leber 

hereditary optic neuropathy), MERRF (myoclonic epilepsy with ragged-red fibers), MELAS 
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(mitochondrial myopathy, encephalopathy, lactic acidosis, stroke-like episodes), and NARP 

syndrome (neuropathy, ataxia and retinitis pigmentosa). The signs and symptoms of many 

patients, however, do not match any syndrome hampering a conclusive diagnosis as 

mitochondrial disorder. In general it has therefore been suggested to suspect a mitochondrial 

disorder upon the occurrence of the combined impairment of seemingly unrelated organs [22, 

23]. For further reasoning metabolic or biochemical analyses are required.  

1.1.2. Metabolic diagnosis 

To compensate the ATP shortage caused by an impaired RC, the ATP production via 

glycolysis is promoted [24]. This yields in an excessive pyruvate production, which 

accumulates due to the halted TCA cycle and RC. At this stage, pyruvate can either be 

transaminated to alanine or reduced to lactate by the NADH-dependent lactate dehydrogenase 

(LDH), where in case of RC deficiency the increased NADH/NAD
+
 ratio shifts the 

equilibrium from pyruvate to lactate [13]. Lactate is subsequently released into the blood 

stream. The increased lactate/pyruvate ratio in the blood can therefore serve as an indicator of 

mitochondrial disorder. Similarly, ketone bodies, comprising β-hydroxybutyrate, acetoacetate 

and acetone, can be employed as biomarkers for mitochondrial disorders [25]. Ketone bodies 

are produced in the liver from acetyl-CoA under conditions where acetyl-CoA cannot feed 

into the TCA cycle as the latter is halted, and secreted into the blood stream. Under 

physiological conditions this occurs upon starvation, when intracellular glucose levels are low 

resulting in a shortage of oxaloacetate, a crucial intermediate in the TCA cycle. Upon feeding, 

intracellular glucose levels increase, resulting in the formation of oxaloacetate from pyruvate 

and acetyl-CoA is subsequently predominantly feeds into the TCA cycle, the ketone body 

concentration in the blood decreases. Impaired RC, however, might halt the TCA cycle even 

though intracellular glucose levels would be sufficiently high after a meal. Therefore, in the 

case of mitochondrial disease, ketone body levels in the blood might rise despite feeding [26]. 

Further biomarkers of mitochondrial disorders frequently analyzed comprise creatine kinase, 

amino acids (e.g. alanine), acylcarnitines, and further organic acids and are often also 

accessed in cerebrospinal fluid (CSF) and urine [27]. The utility of these biomarkers is 

however limited by possible artefacts due to improper sample collection, tissue specific 

metabolic changes not detectable in blood, CSF, or urine, and poor sensitivity and specificity 

towards mitochondrial disorders [28]. Loeffen et al. indicated that even in the presence of a 

specific mitochondrial disorder, lactate is normal in 15% of the cases [29] while other studies 
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report a lactate sensitivity of 34-62% [28]. Respective metabolites might perform 

insufficiently when considering mitochondriopathies as a whole, but might allow the 

diagnosis of certain subgroups. Elevation of 3-methylglutaconic acid for example is indicative 

of mutations in DNAJC19, OPA1, SERAC1, TAZ, and TMEM70 [30]. A recent diagnostic 

study revealed the usability of fibroblast growth factor 21 (FGF21) with a sensitivity and 

specificity of 92% for mitochondrial disorders presenting with muscle involvement [31]. A 

diagnostic study by Yatsuga et al. identified growth differentiation factor 15 (GDF15) as a 

promising new biomarker with a sensitivity of 98% and a specificity of 86% for 

mitochondrial disorders [32]. Future studies yet have to show the usability of these new 

biomarkers in routinely clinical practice. 

 

Figure 3 Metabolic biomarkers. Frequently employed metabolic biomarkers are depicted in green. Increase or 

decrease of the levels of the respective metabolite is indicated by a preceding or following upright arrow. 

Primary blockage of oxidative phosphorylation is indicated with a red cross, secondary blockage of the TCA 

cycle and ß-oxidation is indicated with an orange cross. Outer mitochondrial membrane (OMM) and inner 

mitochondrial membrane (IMM) are indicated with light grey lines, the intermembrane space (IMS) is enclosed 

by the OMM and IMM, the matrix is shaded in light grey. 
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1.1.3. Biochemical diagnosis 

As mitochondrial disorders are characterized by faulty oxidative phosphorylation, 

biochemical measurements of the activities of enzymes directly or indirectly involved in 

oxidative phosphorylation by spectrophotometry and assessment of the overall mitochondrial 

respiration by polarography should provide a reliable read-out for the diagnosis of such a 

disorder [26]. The biochemical analysis might also help to classify mitochondriopathies 

according to the affected RCC or the nature of the defect, e.g. isolated RCC defect, combined 

RCC defect and such giving hints on the molecular cause. While biochemical investigations 

in mitochondria isolated from the skeletal muscle of the patient were already performed in the 

initial report by Luft in 1959 [14, 15], accurate assays for routinely diagnostics were only 

established in the 1970ies since the purification of sufficient amounts of intact mitochondria 

was tedious [33]. In 1985, DiMauro et al. outlined a biochemical strategy capable of 

distinguishing between impairment of the respiratory chain, defects of the TCA cycle, 

hampered substrate transport, disturbed substrate utilization, or defects in coupling [34]. Since 

then, biochemical assays on skeletal muscle have become the gold standard in the diagnosis of 

mitochondrial disorders while constantly being expanded and improved. Even nowadays 

though, the procedure has some critical drawbacks and results need to be evaluated carefully. 

While the analysis is mainly performed in skeletal muscle, skeletal muscle might not be the 

affected tissue and therefore not necessarily express any biochemical defect [19]. Biopsies on 

liver, heart, and CNS are possible, nevertheless by far more harmful and invasive to the 

patient. An additional obstacle is the inevitability of performing the biochemical analysis on 

frozen material in cases where the biopsy site and the site of the investigating laboratory are 

separated. The freezing can potentially damage the tissue or impact the metabolic state. This 

might lead to artificial results and it is therefore recommended to perform the biochemical 

measurements on fresh material. Even analysis on fresh tissue is however not invulnerable to 

artefacts which can be caused by improper sample handling or technical errors. In conclusion, 

biochemical investigations revolutionized the diagnostics of mitochondrial disorders but have 

their limitations. Negative findings do not exclude a mitochondriopathy, positive findings do 

not always prove a mitochondrial disorder [19]. This shortcoming might now be overcome by 

the upcoming of molecular genetic diagnostics. 
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1.1.4. Molecular genetic diagnosis 

1.1.4.1. Single gene diagnosis 

The molecular era began in 1977 with the introduction of Sanger sequencing [35]. Sanger 

sequencing allowed the analysis of the nucleotide sequence of a given piece of DNA of at that 

time up to 300 bp in size by using random incorporation of chain-terminating dideoxy 

nucleotides in a subset of reactions. While the first disease-associated gene in 1983 [36] and 

the first mtDNA abnormality in 1988 [37] were identified due to linkage analysis using 

restriction fragment length polymorphisms (RFLPs) which allowed pinpointing of the rough 

genomic location [38, 39], the combination with Sanger sequencing would soon revolutionize 

the field of molecular diagnostics and allow the localization of a pathogenic mutation with 

base resolution. As the human gDNA was not fully sequenced until 2003, this initial 

molecular era in respect to mitochondrial disorders was determined by the identification of 

mutations in mtDNA. With a rate of 10 discovery per year, more than 100 point mutations 

were listed by 2001 [40], while about 300 mutations in mtDNA had been described until 2012 

[41]. Clinical syndromes were attributed to mtDNA point mutations or rearrangements of the 

mtDNA. In many cases however, the inheritance of the disease did not follow a solely 

maternal, hence mitochondrial, inheritance but the Mendelian law, therefore the pathogenic 

mutation had to reside in the nuclear DNA. In 1989 Zeviani et al. described a case of 

dominantly inherited disease, followed by a report of Moraes et al. in 1991 describing a case 

of likely recessive inheritance [42, 43]. However, the affected genes remained elusive. In 

1995 Bourgeron finally reported the first mitochondrial disease-associated nuclear gene, 

SDHA [44], which was subsequently followed by many others. Assuming a genotype-

phenotype correlation, the growing list of identified genes in combination with the respective 

clinical presentation prompted screening for candidate genes in a small scale. This small scale 

analysis was expanded to disease panels as sequencing costs were reduced. It became 

however evident, that the genotype-phenotype correlation for mitochondrial disorders is 

relatively weak. Mutations in the same gene or even the same mutation can give rise to many 

clinical phenotypes. The m.3243A>G mutation is associated with MELAS, but can also cause 

diabetes, hearing loss, CPEO, and Leigh syndrome [45]. Mutations in POLG, encoding the 

catalytic subunit of the mitochondrial DNA polymerase γ, can lead to Alpers syndrome, 

MNGIE (mitochondrial neurogastrointestinal encephalopathy), and CPEO [46]. Vice versa, a 
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given clinical phenotype can be caused by mutations in many genes. Leigh(-like) syndrome, 

for example, can originate from mutations in more than 75 genes [47]. 

1.1.4.2. Whole Exome Sequencing (WES) 

The clinical and genetic heterogeneity of mitochondrial disorders, as well as their overlap 

with other disorders, asks for an untargeted diagnostic approach. This demand can be met by 

next generation sequencing techniques (NGS) employing massively parallel DNA sequencing 

in one reaction instead of setting-up single reactions. DNA is initially fragmented and ligated 

to adaptors of any kind. The DNA can subsequently be immobilized on a planar surface by 

bridge PCR or in situ polonies or on microbeads using emulsion PCR. Sequencing is 

performed in iterative cycles of an enzymatic synthesis reaction carried out either by a 

polymerase or a ligase and subsequent imaging [48]. While the introduction of NGS 

drastically reduced sequencing costs to 10
-5 

$ per nucleotide, routinely sequencing on 

genome-wide scale was still inadequate [49, 50]. As more than 85% of the identified disease-

causing mutations are located in coding, hence exonic regions which constitute 2% of the 

genome, whole exome sequencing (WES) was therefore a cost effective alternative to whole 

genome sequencing (WGS) [51, 52]. Soon after the introduction of WES in 2009, the first 

molecular diagnosis gained by WES was reported for a patient suffering from congenital 

chloride diarrhea [53, 54]. The first mitochondrial disease gene identified by WES was 

published just one year later in 2010 by our group [55]. Since then, WES has developed to the 

gold standard of molecular diagnostics identifying around 300 new disease-associated genes 

every year [51]. Originally used mainly in a research setting, WES is now applied in routinely 

clinical diagnostics [56]. The break-through of WES cannot only be attributed to 

improvement in sequencing technology, but also to the development of bioinformatics 

pipelines which provide sequence alignment, annotation, variant calling, and further filtering 

[57-59]. The steps of a typical WES analysis are described in the following chapter. 

1.2.  WES analysis 

1.2.1. Technical specifications 

WES is the massively parallel sequencing of the exonic, hence protein coding regions of the 

genome. The exonic regions comprise only about 2% of the 3*10
9 

human genomic 

nucleotides but are predicted to harbor 85% of the Mendelian disease-causing variants [51, 
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52, 60]. To sequence the exonic regions of an individual’s genomic DNA, the gDNA is first 

sheared into small fragments and subsequently ligated to adaptors. Exonic regions are then 

selectively captured by in-solution enrichment where the fragments are hybridized to 

biotinylated oligonucleotide baits [61, 62]. The hybridized fragments are pulled down by 

magnetic streptavidin beads and amplified by PCR. Massively parallel sequencing of the 

enriched and amplified sequences is performed. Commercial enrichment kits are offered from 

Agilent (SureSelect Human AllExon Kit), Illumina (TruSeq Exome Enrichment Kit), and 

Roche (Nimblegen SeqCap EZ Exome), differing in the bait type (DNA or RNA) and bait 

length, as well as the captured regions. Comparisons of the platforms are described elsewhere 

[62-64].  

1.2.2. Variant detection 

The raw WES data is stored as FASTQ file containing the short sequence reads with quality 

values for each base. The data is subsequently processed by aligning the sequences to a 

reference genome, calling single nucleotide variants (SNVs) and small insertions and 

deletions (indels) between the input sequence and the reference sequence, and subsequently 

filtering out low quality variants and annotation of the remainder high quality variants. 

Alignment in this study was performed with the Burrows-Wheeler-Alignment (BWA) tool 

which uses the Burrows-Wheeler Transform (BWT) to map sequence reads to the reference 

genome by a backwards search. This search algorithm allows mismatches and gaps, therefore 

enabling the alignment of longer reads harboring indels [57].  

Variant calling, in principle, is the piling-up of all sequenced bases aligning to a certain 

position and calculating the proportion of bases differing from the reference. Variants with a 

proportion higher than 30% are called as heterozygous, variants with a proportion higher than 

80% are called as homozygous. This simplified depiction does however not account for 

properties like base or mapping quality, which especially distorts calling at low read depth. 

More sophisticated variant callers hence employ Bayesian models, such as SAMtools. In 

contrast, the recently developed GATK HaplotypeCaller first determines regions varying from 

the reference, so called active regions [65]. For each active region, it de novo assembles all 

possible haplotypes. Each individual read is then aligned to each possible haplotype to derive 

a per-read likelihood of a haplotype which is subsequently used to determine a per-read 

likelihood of an allele for each variant site. This is used to calculate the most likely genotype. 
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The GATK HaplotypeCaller was shown to reliably detect SNVs and outperform other callers 

for detecting SNVs and indels [66]. Despite this improvement, the detection of indels remains 

challenging. 

A major obstacle of short read sequencing technologies as WES is the detection of structural 

variants and copy number variants (CNVs), which can range from 1 basepair to several 

megabases [67, 68]. Out of the 5 different strategies developed for CNV detection, which are 

read depth, split-read, paired-end, assembly, and a combination approach, read depth has 

proven especially useful for WES data as the size of the target region is between 100 and 300 

bp [68, 69]. For read depth analysis, the normalized read depth of a chromosomal window, 

e.g. an exon, is compared to an expected read depth in this window based on a statistical 

model. The confidence of this statistical analysis increases with the window size, thus 

hampering evaluation of smaller CNVs. In this study, CNVs were called using ExomDepth 

which employs a Hidden Markov Model to compare the read depth of an exon in a given 

sample to the read depth of the respective exon in around 10 control samples [67]. Evaluation 

of ExomeDepth by Tan and colleagues showed that it had the highest sensitivity when 

compared to other tools, but also has a considerable high false positive rate [68]. Therefore, 

results need to be evaluated carefully.  

1.2.3. Variant annotation 

After variant calling, variants are filtered for minimal read depth and quality and annotated 

with additional information using annotating tools like ANNOVAR [70], SnpEff [71], or 

customized in-house tools as used in this study. Based on a gene definition file derived for 

example from the University of California Santa Cruz (UCSC) annotation database, the 

variant is annotated in regard to its genomic location as intergenic, 5’- UTR, exonic, splice 

site, intronic, or 3’-UTR variant. For exonic variants, the consequence of the variant on the 

protein sequence is predicted based on the mRNA sequence as synonymous, non-

synonymous, frameshift, stop-gain, stop-loss, etc. [70, 71].  

For the clinical interpretation of detected variants, frequency information and pathogenicity 

scores from public databases should be considered. The most comprehensive database for 

frequency information are ExAC and gnomAD [72]. Several tools for in silico prediction of 

conservation scores by aligning the human reference genome to multiple other mammalian or 

vertebrate genomes were developed [51, 73, 74]. Further lines of evidence indicating the 
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pathogenicity of a variant are prediction scores estimating the impact of the variant on protein 

function. These prediction tools, e.g. CADD [75], MutationTaster [76], PolyPhen-2 [77], and 

SIFT [78, 79] also include predictive models trained by using variants with known effects. 

Conserved regions are expected to be functionally important and mutations in such conserved 

regions are therefore assumed to be more likely deleterious than mutations in non-conserved 

regions. While this logic has been useful in some cases, one needs to be aware that there are 

exceptions. Harmful variants have also been identified in non-conserved regions. In contrast, 

the predicted deleterious effect of a variant in a conserved region might be compensated for 

by other variants [80]. Results from the prediction tools need to be judged with caution. 

1.2.4.  Prioritizing variants 

A WES analysis yields on average between 20,000-23,000 SNVs which are mainly comprised 

of common polymorphisms and some sequencing errors [61, 81]. To identify the disease 

causative variant, sophisticated evaluation of the variants identified by WES is necessary. As 

outlined by MacArthur and coworkers, the causality of a variant for a given disease phenotype 

should be assessed in a two-step approach, where first the involvement of the candidate gene 

and subsequently the candidate variant(s) are evaluated using frequency information and 

statistical measures supplemented by experimental data [82]. Re-evaluation of published 

causal variants under the light of upcoming publicly available control cohorts revealed that a 

considerable amount of these causal variants was incorrectly assigned or lacked convincing 

evidence [83, 84]. MacArthur and colleagues therefore emphasize the need for such 

evaluations even if the causality of the candidate gene and candidate variants for the 

respective disorder have previously been reported.  

In compliance with the above guidelines, candidate genes for a rare disorder like 

mitochondrial disease are first selected by filtering genes harboring non-synonymous variants 

for minor allele frequency. Whereas the scientific community defines variants with a minor 

allele frequency of less than 1% in a control population [82, 85] as rare, more stringent or 

more relaxed filtering can be employed in certain cases with the exact filter criteria largely 

depending on the disease under investigation [81]. For example, the Phe508del mutation in 

CFTR is responsible for two-thirds of the European cases of the recessive disorder cystic 

fibrosis, the most common lethal genetic disorder in Caucasians [81, 86]. With an allele 

frequency of 0.0106 in Europeans reported by ExAC, this mutation therefore exceeds the 1% 
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cut-off [72]. For our standard analysis, we apply a very stringent filtering using a MAF cut-off 

of 0.1% as there is only one mitochondrial disease-associated gene, MTFMT, harboring a 

more frequently observed pathogenic variant. Commonly employed control populations 

comprise private in-house database and publicly available databases as ExAC and gnomAD 

[72]. In-house cohorts are generally small, limiting robust statistical evaluation of variant 

frequencies. However, they enable the correction for systematic errors of the exome analysis 

pipeline and allow evaluation of high frequency variants present in isolated populations due to 

founder mutations. Publicly available databases usually comprise larger sample sizes, but 

need not always depict a global population and might not always only include healthy 

controls [87]. Moreover, they only provide single SNV frequencies and no individual level 

information like bi-allelic variants in a given gene. The filtering step for rare variants is highly 

efficient by yielding on average 100 private variants per sample but is hence seldom sufficient 

to reveal the causative variant on its own [81]. 

The list of candidate variants can be further enclosed by filtering for the assumed pattern of 

inheritance. Most mitochondrial disorders follow a recessive mode of inheritance and 

therefore only bi-allelic variants are considered causal. Especially in the case of 

consanguinity, the disease-causing mutation is probably homozygous. While autosomal 

dominant mutations are seen in adult onset PEO and KSS, most childhood onset 

mitochondrial diseases are inherited in a recessive fashion [88]. X-linked inheritance can be 

suspected if, in a family, males which are related to each other via a female are affected. Very 

few pathogenic de novo mutations in nuclear DNA have been described mitochondrial disease 

patients, whereas mtDNA deletions mostly occur sporadic [88-90]. Kong et al. reported a 

genome wide de novo mutation rate of 1.20×10
−8

 per nucleotide per generation, hence 1 SNV 

in the coding region [91]. However, identification of a de novo SNV out of the thousands of 

SNVs detect by WES is only possible by trio sequencing of the patient and the mother and the 

father.  

Once variants are selected based on the expected type of inheritance, variants can further be 

prioritized based on reported disease associations listed in public databases as the Human 

Gene Mutation Database (HGMD) [92] or ClinVar [93]. As stated above, variants reported in 

public databases contain false positives as well as variants lacking conclusive evidence and 

need to be interpreted with caution. If no pathogenic variants are present, novel variants in 
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disease-associated genes listed in OMIM [94] can be prioritized. Additionally, experimental 

evidence can aid the selection of variants. E. g. for mitochondrial disorders, variants in genes 

encoding mitochondrial proteins or related to metabolic or biochemical findings are 

prioritized. The remainder variants can be prioritized using statistical significance 

calculations. These calculations depend on the mode of inheritance, the number of samples, 

gene size, mutation rate, and selective constraint [82]. MacArthur recommends a genome 

wide threshold of 1.7×10
-6

 (Bonferroni-corrected P-value) assuming a representative WES 

analysis on one individual, testing for 30,000 genes (21,000 protein-coding and 9,000 long 

noncoding RNA genes) [82]. Taking into account sample sizes, Wieland reported a genome 

wide threshold of 7.4×10
-9

 for bi-allelic variants in ACAD9, a RCCI assembly factor which is 

amongst the most frequently mutated genes responsible for isolated RCCI deficiencies [81, 

95]. He detected bi-allelic variants in 15 of 623 mitochondrial disease patients and 7 of 3,969 

samples suffering from other diseases. In addition to statistical means, conservation and 

prediction scores (see 1.2.3) can provide further indications for the causality of a variant as 

well as experimental data reported in the literature.  

1.2.5. Validation of WES findings 

For molecular diagnostics a validation of the likely causative variant identified by WES is 

mandatory [55]. At first, sequencing errors and sample mixing should be excluded by 

confirmation of the variant using Sanger sequencing. For variants of unknown significance 

(VUS), defined as variants which association with disease is unclear, further steps are 

necessary. Segregation of the variant in the family needs to be confirmed. Presence of 

segregation per se does not prove the causality of a variant as other benign variants might 

display the same haplotype. However, variants which do not segregate can immediately be 

dismissed. Additionally, conservation and prediction of functional impairment can hint at a 

causative role of the variant, but is not a mandatory prerequisite of pathogenic variants as 

described in 1.2.3. Final evidence of the effect of a variant on protein function can only arise 

from functional studies and functional studies are therefore extremely powerful. 

Functional studies like RT-PCR, RNA-Seq, western blot analysis, or quantitative proteomics 

can be used to investigate the impact of a variant on transcript and protein stability. For 

mitochondrial disorders, biochemical assays as measurement of the activity of the RCC, 

measurement of the oxygen consumption rate, or assays tailored to the protein under 
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investigation can reveal a phenotype associated with the disease. Finally, rescuing the 

respective observed phenotype in the patient-derived cells by re-expression of a wild-type 

copy of the gene demonstrates the pathogenicity of the variant [55]. Furthermore, convincing 

evidence for a new genotype-phenotype correlation needs likely pathogenic variants in the 

same gene in unrelated patients sharing a common distinct phenotype. An overview of 

analysis workflow is illustrated in Figure 4. 

 

Figure 4 Flowchart for the identification and validation of pathogenic variants employing WES data. 

Numbers are representative for a standard WES analysis on patient blood or fibroblasts. 
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1.2.6. Diagnostic yield 

WES has been successfully applied for a broad range of disorders. In heterogeneous cohorts a 

molecular diagnosis was achieved in about one third of the patients and stratified cohorts 

allowed detection in up to half of the patients depending on the investigated disease [96]. For 

mitochondrial disorders, in 2014, Taylor et al. reported a success rate of 53% for patients with 

combined OXPHOS defects hinting at impaired mitochondrial translation [97]. In another 

study in 2015, Wortmann et al. could diagnose 39% of a heterogeneous group of suspected 

mitochondrial disease patients whereas a success rate of 57% was achieved taking additional 

clinical, histochemical, biochemical, and neuroradiological information into account [56]. In a 

Japanese mitochondrial disease patient cohort, Ohtake et al. identified the molecular cause in 

43% of the cases [98]. Taken together, the diagnostic outcome of WES leaves roughly half of 

the patients undiagnosed. 

1.3.  Complementary approaches for inconclusive WES 

Inconclusive WES can originate from the incapability to capture the causative variant or the 

incapability to prioritize the causative variant. As WES is the sequencing of the coding 

genome solely, non-coding variants are not captured. But even coding variants might evade 

detection due to technical limitations mainly arising from the exon enrichment step. The 

insufficient capture of variants by WES can be overcome by WGS, which enables a complete 

coverage of the whole genome. As sequencing costs further decrease, WGS is becoming more 

widely used. However, WGS does not resolve the incapability to prioritize a variant. Quite the 

opposite, the incomplete understanding of the non-coding genome and vast number of 

detected variants by WGS render molecular diagnosis even more difficult. RNA sequencing 

(RNA-seq), the sequencing of the entire transcriptome, on the other hand, allows direct 

probing of the effect of variants, non-coding and coding, on RNA abundance and sequence. 

Variants in non-coding regulatory regions as promoters, enhancers, and suppressors but also 

variants in coding regions can result in aberrant expression of a gene which can be computed 

as expression outliers. Notably, expression outliers can also result from degradation of the 

RNA due to nonsense-mediated decay (NMD). Variants affecting splice sites or splice motifs 

can result in splicing defects detected as aberrant splice isoforms. Besides the direct detection 

of aberrant splicing, aberrant splicing can also result in expression outliers if the splice defect 

leads to the generation of a premature stop codon hence provoking NMD. If only one allele is 
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affected by aberrant expression or aberrant splicing, this can result in mono-allelic expression 

(MAE) of the other allele. So far, no systematic study was performed for the detection of 

aberrant expression, aberrant splicing, and MAE. 

1.4.  Treatment of mitochondrial disorders 

Treatment of mitochondrial disorders has only been shown for a subset of mitochondrial 

disorders mostly comprising cofactor deficiencies and defects resulting in the accumulation of 

toxic metabolites [99]. For cases of cofactor deficiencies a beneficial effect of vitamin 

supplementation has been shown. For example, disease progression in Brown-Vialetto-Van 

Laere syndrome, a neurometabolic disorder caused by defects in biotin transporters, can be 

delayed or even stopped by riboflavin supplementation [100]. Accumulation of toxic 

metabolites on the other hand can be prevented by restricting substrate availability. 

Preliminary studies propose benefit of valine-restricted diet for defects in the valine catabolic 

pathway caused by mutations in HIBCH and ECHS1 probably provoking secondary OXPHOS 

deficiency due to accumulation of toxic metabolites [101, 102]. For most patients though, 

therapeutic options are unfortunately limited to supportive care. To select cases amenable to 

treatment, molecular diagnosis is crucial. Nevertheless, also for the remainder, molecular 

diagnosis is necessary as living without diagnosis and recurrent cycles of genetic represent a 

major obstacle to patients. Furthermore, molecular diagnosis is fundamental for genetic 

counseling and prenatal testing. Finally, the development of new therapeutic strategies is 

mainly guided by treatment trials requiring patient stratification according to their molecular 

diagnosis [62].  

1.5.  Objectives 

OMIM (Online Mendelian Inheritance in Man; http://www.ncbi.nlm.nih.gov/omim) 

catalogued 4951 disease-associated genetic loci by February 2017. With a rate of 300 new 

disease-associated genes per year and estimate of at least 7750 and probably 15300 potential 

disease-associated genes among the 25000-30000 genes in humans, there are still many 

disease-associations awaiting discovery [51]. For the genetic and phenotypic heterogeneous 

group of mitochondrial disorders, more than 250 disease-associated genes are reported but 

more than 1000 genes are predicted to encode mitochondrial proteins whose disruption could 

possibly cause disease [11]. Despite the tremendous success of WES as a diagnostic tool, 

around half of the suspected mitochondrial disease patients lack a molecular diagnosis. To 

http://www.ncbi.nlm.nih.gov/omim
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point out obstacles encountered when performing WES on suspected mitochondrial disease 

patients and provide solutions how to overcome these hurdles I pursued the following cases: 

i. WES revealed homozygous variants in two genes encoding mitochondrial proteins, MTO1 

and LYRM7. It was unclear whether both variants were pathogenic and whether the patient 

possibly suffered from two distinct or overlapping diseases. Therefore, the causality of the 

variants had to be investigated. 

ii. WES identified variants in a gene, TANGO2, previously not associated with any disease in 

several patients encoding a protein with unclear cellular localization and function. 

Functional assays needed to be developed to shed light onto the protein function and the 

respective pathomechansism. 

iii. WES was not successful to provide a molecular diagnosis. As this could have been 

attributed to insufficient capture or prioritization of variants, the applicability of 

complementing approaches like WGS and RNA-seq was tested. 
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2. Material and Methods 

2.1.  Material 

2.1.1. Nucleic acids 

2.1.1.1. DNA 

Genomic DNA of patients with suspected mitochondrial disorders belong to the DNA 

collection of IHG (Helmholtz Zentrum München, Munich, Germany). For all samples, 

informed consent was obtained.  

2.1.1.2. cDNA 

LYRM7 and TIMMDC1 cDNA was purchased from DNASU Plasmid Repository (Tempe, 

AZ, USA) (Clone ID HsCD00514704 and Clone ID HsCD00442370, respectively). MTO1 

cDNA was purchased from GeneCopoeia (Rockville, MD, USA) (Cat# EX-H0858-Lv21). 

2.1.2. Oligonucleotides 

Oligonucleotides were synthesized by Metabion (Martinsried, Germany). 

TIMMDC1_cDNA_forward 5’-CGCCATGGAGGTGCCG-3’ 

TIMMDC1_cDNA_reverse 5’-TCAGTCCTTGTCTTGTTTATCTATTA-3’ 

LYRM7_cDNA_forward 5’-CCACCATGGGACGGGCAGTCAAGGTTTTAC-3’ 

LYRM7_cDNA_reverse 5’-TCATTGCTTCTGAGTTGGTGCATCACA-3’ 

TIMMDC1_Intron5_forward 5’-GGGCATAATATATTCACAGTTGAGG-3’ 

TIMMDC1_Intron5_reverse 5’-ACAACAAAAGCAATGGCAGCA-3’ 

ALDH18A1_Exon14-15_forward 5’-TGTAAAACGACGGCCAGTTCTGTAAAAGGGA 

AGCTGCTG-3’ 

ALDH18A1_Exon14-15_reverse 5’-CAGGAAACAGCTATGACCGCTGTGCCTGGTC 

TAATTCC-3’ 

ALDH18A1_Exon16_forward 5’- TGTAAAACGACGGCCAGTTTGGGCTGTGGTT 

TTACAGG-3’ 
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ALDH18A1_Exon16_reverse 5’- CAGGAAACAGCTATGACCGCAGGATCAGAA 

AGCAGC-3’ 

2.1.3. Cell lines 

Primary patient fibroblast cell lines were derived from fresh skin biopsies. Normal human 

dermal fibroblasts (NHDF) from neonatal tissue (Lonza, Basel, Switzerland), and 293FT cells 

(Thermo Fisher Scientific, Waltham, MA, USA) were purchased. 

2.1.4. Antibodies 

Antibody Manufacturer Ordering number 

CLPP Abcam, Cambridge, UK  ab56455 

MCOLN1 Abcam, Cambridge, UK ab28508 

NDUFA13 Abcam, Cambridge, UK ab110240 

NDUFB3 Abcam, Cambridge, UK ab55526 

NDUFB8 Abcam, Cambridge, UK  ab110242 

MT-ND5 Abcam, Cambridge, UK ab92624 

TIMMDC1 Abcam, Cambridge, UK ab171978 

UQCRC2 Abcam, Cambridge, UK ab14745 

anti-rabbit HRP-

conjugated Ab 

Jackson Immuno Research Laboratories, West 

Grove, PA, USA 

111-036-045 

anti-mouse HRP-

conjugated Ab 

Jackson Immuno Research Laboratories, West 

Grove, PA, USA 

115-036-062 

anti-Giantin Abcam, Cambridge, UK ab80864 

Alexa Fluor 568 Invitrogen, Eugene, OR, USA A-11011 

WGA-AF488 

conjugate 

Thermo Fisher Scientific, Waltham, MA, USA W6748 
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2.1.5. Chemicals and solutions 

Unless stated differently, chemicals and solutions were obtained either from Sigma-Aldrich 

(St. Louis, MO, USA) or Merck (Darmstadt, Germany). 

2.2.  Methods 

2.2.1. Sequencing 

2.2.1.1. Exome sequencing 

Exonic regions from human DNA samples were enriched using the SureSelect Human All 

Exon kit from Agilent (Agilent Technologies, Santa Clara, CA, USA) and subsequently 

sequenced as 100 bp paired-end runs on a Illumina HiSeq2000 and Illumina HiSeq2500 

(AG_50MB_v4 and AG_50MB_v5 exome kit samples) or as 76 bp paired-end runs on the 

Illumina GAIIx (AG_38MB_v1 and AG_50MB_v3 exome kit samples) (Illumina, San Diego, 

CA, USA). Reads were aligned to the human reference genome (UCSC Genome Browser 

build hg19) using Burrows-Wheeler Aligner (BWA, v.0.7.5a) and single nucleotide variants 

(SNVs) as well as small insertions and deletions (indels) were detected with SAMtools 

(version 0.1.19). On average, 22,500 SNVs were detected per individual. For further analysis, 

only non-synonymous SNVs with a minor allele frequency of less than 0.1% in our in-house 

database were considered. Assuming a recessive type of inheritance, on average 250 SNVs 

per individual were detected. Prioritization of variants in genes encoding mitochondrial 

proteins was eased by highlighting genes which are: 1) known mitochondrial disease-

associated genes [11]; 2) encoding reported mitochondrial proteins [103]; 3) encoding 

predicted mitochondrial proteins [104].  

2.2.1.2. RNA sequencing  

RNA was isolated from whole-cell lysates using the AllPrep RNA Kit (Qiagen, Hilden, 

Germany) according to the manufacturer’s protocol. Determination of the RNA integrity 

number (RIN) was performed using the Agilent 2100 BioAnalyzer (RNA 6000 Nano Kit, 

Agilent Technologies, Santa Clara, CA, USA). Starting with 1 µg of RNA, the library was 

prepared by poly(A) selection, followed by fragmentation and reverse transcription with the 

Elute, Prime, Fragment Mix (Illumina, San Diego, CA, USA). The resulting double-stranded 

cDNA was subjected to end repair, A-tailing, adaptor ligation, and subsequent library 
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enrichment according to the Low Throughput protocol of the TruSeq RNA Sample Prep 

Guide (Illumina, San Diego, CA, USA). Quality and quantity of the RNA libraries were 

assessed with the Agilent 2100 BioAnalyzer and the Quant-iT PicoGreen dsDNA Assay Kit 

(Life Technologies, Carlsbad, CA, USA). Sequencing was performed as as 100 bp paired-end 

runs on an Illumina HiSeq2500 platform. RNA-seq reads were mapped to the hg19 genome 

assembly (UCSC Genome Browser build) using STAR (version 2.4.2a). FPKM were 

calculated as described [105]. For initial analysis, only transcripts detected in 95% of the 

samples were considered. Z-scores of log-transformed FPKM values were computed using 

Perseus (version Perseus_1.5.4.1.) [106] and ranked from lowest to highest for each patient. 

This set-up was used to generate and optimize algorithms allowing a systematic analysis 

performed by the group of Julien Gagneur as described elsewhere [107]. 

2.2.1.3. Sanger sequencing 

DNA sequences were amplified by PCR using the Qiagen Taq DNA Polymerase Kit (Qiagen, 

Hilden, Germany) and a PeqStar thermal cycler (PeqLab Biotechnology, Erlangen, Germany). 

PCR reactions were performed in a 25 µL PCR reaction containing 25 ng gDNA, 0.5 U Taq 

DNA Polymerase, 1x PCR Buffer, 0.2 mM dNTPs, 1x Q-Solution, and 0.2 µM of each, 

forward and reverse primer using the following amplification conditions: 

Step Temperature [°C] Time 

Heat Lid 110  

Denature 95 5 min 

Start Cycle (40x)   

Denature 95 30 s 

Anneal primer Tm - 5 30 s 

Extend 72 1 min/kb 

End Cycle   

Extend 72 10 min 

 

1 µL of the PCR product was subjected to agarose gel electrophoresis to access quality and 

product size. The remainder was purified using the MultiScreen® PCRµ96 Filter Plate 

(Merck Millipore, USA) according to the manufacturer’s protocol. The purified PCR product 

was used for subsequent cycle sequencing using the ABI BigDye Terminator v.3.1 Cycle 

Sequencing kit (Life Technologies, Carlsbad, CA, USA) as follows: 

Sequencing reaction: 

Component 5 µL reaction Final concentration 

BigDye Terminator v.3.1 Ready Reaction mix 1 µL - 

BigDye Terminator 5x Sequencing Buffer 1 µL 1x 
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10 µM forward or reverse primer 1 µL 2 μM 

PCR product 1 µL - 

Ultrapure H2O 1 µL - 

Sequencing program: 

Step Temperature [°C] Time 

Heat Lid 110  

Denature 96 1 min 

Start Cycle (25x)   

Denature 96 10 s 

Anneal 50 5 s 

Extend 60 1 min 30 sec 

End cycle   

 

For purification, the sequencing reaction was precipitated with 25 µL 100% ethanol for 15 

min in the dark followed by centrifugation at 3000 g for 30 min at RT. The pellet was washed 

with 125 µL 70% ethanol, centrifuged at 2000 g for 10 min, and left to dry at RT in the dark. 

Subsequently, the pellet was resuspended in 25 µL ultrapure H2O, transferred to a microtiter 

plate, and placed into the automated ABI 3730 sequencer. Resulting sequences were analysed 

using Staden Package (http://staden.sourceforge.net). 

2.2.2. Cell culture 

Primary patient fibroblast cell lines, NHDF, and 293FT cells were cultured in growth medium 

consisting of high glucose DMEM supplemented with 10% FBS, 1% penicillin/streptomycin, 

and 200 μM uridine (all Life Technologies, Carlsbad, CA, USA) at 37 °C and 5% CO2. All 

fibroblast cell lines have been tested negative for mycoplasma contamination using the 

MycoAlert Mycoplasma detection kit (Lonza, Basel, Switzerland). 

2.2.3. Transduction and Transfection 

Full-length LYRM7 and TIMMDC1 cDNA was overexpressed in fibroblast cell lines using the 

ViraPower HiPerform Lentiviral TOPO Expression Kit (Thermo Fisher Scientific, Waltham, 

MA, USA) as described previously [108]. In brief, both constructs were first cloned into the 

pLenti6.3 expression vector. The purchased cDNA was amplified by PCR using the 

Platinum® Taq DNA Polymerase High Fidelity Kit (Thermo Fisher Scientific, Waltham, MA, 

USA) in a 10 µL PCR reaction containing 5 ng cDNA, 0.2 U Platinum® Taq DNA 

Polymerase High Fidelity, 1x High Fidelity PCR Buffer, 0.2 mM dNTPs, 2 mM MgSO4, and 

0.2 µM of each, forward and reverse primer using the following amplification conditions: 
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Step Temperature [°C] Time 

Heat Lid 110  

Denature 95 2 min 

Start Cycle (30x)   

Denature 95 30 s 

Anneal 60 30 s 

Extend 68 1 min/kb 

End Cycle   

Extend 68 10 min 

The PCR product was analyzed using agarose gel electrophoresis and 1 µL was subsequently 

cloned into the pLenti6.3/V5-TOPO expression vector and transformed into One Shot® 

Stbl3™ Competent E. coli cells according to the manufacturer’s instructions. 10 colonies 

were selected for Miniprep plasmid isolation using the QIAprep Spin Miniprep Kit (Qiagen, 

Hilden, Germany) according to the manufacturer’s instructions and further Sanger 

sequencing. For subsequent transfection reactions, one sequence validated clone was 

subjected to Midiprep plasmid isolation using the QIAGEN Plasmid Midi Kit (Qiagen, 

Hilden, Germany) according to the manufacturer’s instructions. 

Full-length MTO1 cDNA was directly obtained in the suitable expression vector and therefore 

immediately amplified using a Midiprep as described above. The MTO1 cDNA was 

subsequently overexpressed in fibroblast cell lines using the Lenti-Pac™ FIV Expression 

Packaging Kit (GeneCopoeia, Rockville, MD, USA) as described below according to 

previous studies [55, 109]. 

For both systems, the expression vector was cotransfected with the respective packaging 

plasmid mix into 293FT cells using Lipofectamine 2000. The transfection mix was replaced 

with high glucose DMEM supplemented with 10% FBS 24 h after transfection. After an 

additional 72 h, the supernatant containing the viral particle was collected and used to 

subsequently transduce the fibroblast cell lines. Cells stably expressing the gene of interest 

were selected using 5 µg/mL Blasticidin (Thermo Fisher Scientific, Waltham, MA, USA), or 

0.1 mg/mL G418 (Carl Roth, Karlsruhe, Germany), or a combination of both depending on 

the respective selection marker for 2 weeks.  
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2.2.4. Biochemical measurements 

2.2.4.1. Seahorse 

Cellular oxygen consumption can be used as a read-out of the mitochondrial fitness as the 

mitochondrial respiratory chain depicts the biggest oxygen consumer in the cell. Electron 

donors can derive from glucose, fatty acids and glutamine. In the following, two protocols are 

described, one to access the glucose-driven respiration, one to exploit respiration driven by 

the oxidation of fatty acids by ß-oxidation. 

2.2.4.1.1. Mito Stress test – glucose-dependent respiration 

The day before the assay, 20,000 fibroblasts/well were seeded in 80 µL of growth medium 

(see 2.2.2) in a XF 96-well cell culture microplate (Seahorse Bioscience, Agilent 

Technologies, Santa Clara, CA, USA) and incubated at 37 °C and 5% CO2 ON. The sensor 

cartridge was rehydrate in the XF96 utility plate by adding 200 µl of XF calibrant solution per 

well. On the day of assay, cells were carefully washed once with and subsequently incubated 

in 180 µL bicarbonate-free DMEM (Life Technologies, Carlsbad, CA, USA) at 37 °C for 30 

min prior measurement. The oxygen consumption rate (OCR) was measured using the XF96 

Extracellular Flux Analyzer (Seahorse Biosciences). After an initial calibration step of 20 

min, OCR was measured in repetitive cycles of 2 min mixing, 2 min waiting, 3 min 

measuring, 2 min mixing, 3 min measuring, 2 min mixing, and 3 min measuring. This 

measurement cycle was performed with no additions; after addition of oligomycin (1 µM) 

loaded in Port A; after addition of FCCP (0.4 μM) loaded in Port B; and after addition of 

rotenone (2 µM) loaded in Port C.  

Following the measurement, cells were washed in PBS and subjected to cell number 

quantification using the CyQuant Cell Proliferation Kit (Thermo Fisher Scientific, Waltham, 

MA, USA) according to the manufacturer’s protocol.  

2.2.4.1.2. ß-oxidation – palmitate-dependent respiration 

Before the assay a solution of 1 mM pamitate/0.17 mM FAF-BSA was prepared as follows. A 

44 mL solution of 2 mM palmitate in 150 mM sodium chloride was heated to 65 ºC to 70 ºC 

until the solution clarified. The solution was added to 50 mL of 0.34 mM FAF-BSA in 150 

mM sodium chloride, pH 7.4, filtered. The combined solution was stirred for 1 h at 37 ºC, 

adjusted to pH 7.4 and aliquots were stored at -20 ºC. A 0.17 mM FAF-BSA solution was 
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prepared by mixing 50 mL of 0.34 mM FAF-BSA in 150 mM sodium chloride with 50 mL 

150 mM NaCl. The solution was subsequently adjusted to pH 7.4, filtered, aliquoted, and 

stored at -20 ºC.  

2 days before the assays, fibroblasts were seeded at a density of 20,000 cells/well in 80 µL 

growth medium (see 2.2.2.). The following day, cells were washed once and incubated in 160 

µL MEM-Minimal Essential Medium supplemented with 1% pen/strep, 0.4 mM L-carnitine, 

and 0.4 % BSA at 37 °C and 5% CO2. Carnitine and BSA were always added fresh the day of 

the medium change followed by filtration of the supplemented medium. The sensor cartridge 

was rehydrate in the XF96 utility plate by adding 200 µl of XF calibrant solution per well. On 

the day of assay, cells were carefully washed once and incubated in 180 µL KHB assay 

medium (111 mM NaCl, 4.7 mM KCl, 1.25 mM CaCl2, 2 mM MgSO4, 1.2 mM NaH2PO4 

supplemented with 2.5 mM glucose, 0.4 mM carnitine, and 5 mM HEPES on the day of the 

assay, adjusted to pH 7.4 at 37 °C) at 37°C for 30 min prior measurement. After an initial 

calibration step of 20 min, OCR was measured with no additions in 4 cycle of 2 min mixing 

and 2 min waiting, followed by 3 cycles of 3 min measuring interspersed by 2 min mixing. 

The OCR was determined after addition of either Palmitate-BSA conjugate (181 µM 

pamitate/31 µM FAF-BSA) or BSA (31 µM FAF-BSA) as control loaded in Port A in 8 

cycles of 2 min mixing, 2 min waiting, and 3 min measuring; after the addition of ETO (50 

µM) loaded in Port B in one cycle of 2 min mixing, 2 min waiting, 3 min measuring, 2 min 

mixing, 3 min measuring, 2 min mixing, and 3 min measuring. 

Following the measurement, cells were washed in PBS and subjected to cell number 

quantification using the CyQuant Cell Proliferation Kit (Thermo Fisher Scientific, Waltham, 

MA, USA) according to the manufacturer’s protocol.  

2.2.5. Protein analytics 

2.2.5.1. Immunofluorescence 

Fibroblasts were plated at a density of 7500 cells/well on permanox slides (Lab-Tek Chamber 

®Slides, Sigma-Aldrich Chemie GmbH Munich, Germany) and incubated overnight at 37 °C 

in 5% CO2. Subsequently the cells were washed with PBS twice and fixed in 4% PFA. For 

staining the Golgi with anti-Giantin (1:200), the fixed cells were permeabilized with 0.1% 

NP40 and stained with primary antibodies diluted in 2% BSA. As secondary antibody, anti-
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rabbit Alexa Fluor 568 (1:500) was used. For trans-Golgi staining using WGA, the fixed cells 

were washed in HBSS, labelled with 5.0 μg/mL WGA-AF488 conjugate for 10 minutes, and 

washed twice in HBSS buffer. For both stainings, slides were mounted in ProLong Antifade 

Reagent containing DAPI (Invitrogen, Eugene, OR, USA). The Golgi area was analyzed 

using the image processing package Fiji (Schindelin J et al., 2012).  

2.2.5.2. Immunoblotting 

Cell lysates were prepared by resuspension of fresh or frozen fibroblast pellets in 100 µL 

RIPA buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% (v/v) NP-40, 0.1% (w/v) SDS, 

0.5% (w/v) deoxycholate) supplemented with 1:100 Protease Inhibitor Cocktail Set III, 

Animal-free (Calbiochem, an affiliated of Merck, Darmstadt, Germany). Samples were 

incubated on a rotating wheel for 1h at 4°C and subsequently disrupted by 10 strokes with a 

0.30 x 8 mm syringe (Becton, Dickinson and Company, Franklin Lakes, NJ, USA). The 

mixture was centrifuged for 10 min at 15000 g at 4 °C and whole protein amount of the 

recovered supernatant was quantified using the Bradford method [110]. Subsequently, 

samples were adjusted to 1.5 µg protein/µL in 1x Laemmli buffer (5% (w/v) SDS, 250 mM 

Tris-HCl pH 6.8, 50% (v/v) glycerol, 500 mM ß-mercaptoethanol, 0.025% (w/v) bromphenol 

blue) and heated for 10 min at 50 °C. 30 µg of proteins per sample were loaded on 4-12% 

precast gels (Lonza, Basel, Switzerland). Electrophoresis in 1x ProSieve EX Running buffer 

(Lonza, Basel, Switzerland) was started at 40 V for 30 min and continued at 120 V for 60 

min. Proteins were subsequently transferred semi-dry to PVDF membranes (GE Healthcare 

Life Sciences, Chalfont St. Giles, UK) using 1x ProSieve EX Western Blot Transfer buffer 

(Lonza, Basel, Switzerland) at a constant voltage of 25V for 10 min. The membranes were 

blocked in 5% non-fat milk (Bio Rad) in TBS-T (150 mM NaCl, 30 mM Tris base, pH 7.4, 

0.1% Tween 20) for 1 h and immunoblotted using primary antibodies (1:1000) for 1 h at RT 

or ON at 4°C. Signals were detected by incubation with HRP-conjugated goat anti-rabbit and 

goat anti-mouse secondary antibodies (1:5000, Jackson Immuno Research Laboratories) for 1 

h and visualized using ECL (GE Healthcare Life Sciences, Chalfont St. Giles, UK).  

2.2.5.3. Blue native PAGE (BN-PAGE) 

For each fibroblast cell line, a fresh pellet derived from three 175 cm
2
 tissue culture flasks 

was resuspended in PBS supplemented with 0.25 mM PMSF and 10 U/mL DNAse I followed 

by solubilisation using 2 mg digitonin/mg protein. The solution was incubated on ice for 15 
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min upon which 1 mL PBS added. The sample was centrifugation for 10 min at 10000 × g 

and 4 °C and the pellet was subsequently resuspended in 1x MB (750 mM ε-aminocaproic 

acid, 50 mM bis-Tris, 0.5 mM EDTA, pH 7.0) followed by whole protein quantification. 

Solubilisation of membrane proteins was performed using 0.5% (v/v) n-dodecyl-β-d-

maltoside (DDM) for 1 h on ice at a protein concentration of 2 µg/µL. The mixture was 

centrifuged for 30 min at 10000 g at 4°C and whole protein amount of the recovered 

supernatant was quantified. SBG was added to a final concentration of 0.25% (v/v). 60 µg 

protein was loaded on NativePAGE 4-16% Bis-Tris gels (Thermo Fisher Scientific, Waltham, 

MA, USA). Anode buffer was comprised of 50 mM Bis-Tris, pH 7.0, blue cathode buffer was 

comprised of 15 mM Bis-Tris, 50 mM Tricine, pH 7.0, 0.02% SBG. Electrophoresis was 

started at 40 V for 30 min and followed by 130 V until the front line proceeded 2/3 of the gel. 

Thereafter, the blue cathode buffer was replaced by clear cathode buffer not containing SBG 

(15 mM Bis-Tris, 50 mM tricine, pH 7.0). Proteins were wet transferred to PVDF membranes 

and immunoblotted with primary antibodies (1:1000) against NDUFB8 (complex I) and 

UQCRC2 (complex III). The blots were incubated with HRP-conjugated goat anti-rabbit and 

goat anti-mouse secondary antibodies (1:5000, Jackson Immuno Research Laboratories) for 1 

h and the signal was visualized using ECL. 

2.2.5.4. Mass spectrometry 

In parallel to RNA sequencing, a second aliquot of the fibroblast cell pellet was sent for 

quantitative mass spectrometry performed by Garwin Pichler and Matthias Mann at the Max-

Planck Institute of Biochemistry, Martinsried. Sample preparation, data acquisition and 

processing have been described in detail previously [107]. Label free quantification (LFQ) 

values were visualized using Perseus (version Perseus_1.5.4.1.) [106]. Proteins which were 

not covered in at least 50% of the samples were discarded, hierarchical clustering was 

performed, and results were inspected manually. This set-up was used to generate and 

optimize algorithms allowing a systematic analysis performed by the group of Julien Gagneur 

as described in detail previously [107]. 

2.2.6. Metabolomics 

Plasma samples of 143 patients with suspected mitochondrial disease as well as 97 age-

matched controls were collected and prepared for a non-targeted metabolomics experiment 

conducted by the Genome Analysis Center of the Helmholtz Zentrum München (GAC). A 
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metabolomics platform based on mass spectrometry coupled to liquid chromatography 

established by Metabolon Inc. was used. Analytical protocols, identification of metabolites, 

and processing of the raw ion counts have been described in detail previously [107].  
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3. Results 

3.1.  Summary of publication 1 

Severe respiratory complex III defect prevents liver adaptation to prolonged fasting 

Kremer LS, L'hermitte-Stead C, Lesimple P, Gilleron M, Filaut S, Jardel C, Haack TB, 

Strom TM, Meitinger T, Azzouz H, Tebib N, Ogier de Baulny H, Touati G, Prokisch H, 

Lombès A. J Hepatol. 2016 Aug;65(2):377-85. doi: 10.1016/j.jhep.2016.04.017. Epub 2016 

May 2. PubMed PMID: 27151179. 

Through analysis of WES data of a patient suffering from recurrent metabolic crisis leading to 

death at 20 months of age homozygous variants in two genes encoding mitochondrial 

proteins, MTO1 and LYRM7, were detected. MTO1 is crucial for proper mitochondrial 

translation and patients with MTO1 mutations present with hypertrophic cardiomyopathy, 

lactic acidosis, and a combined RCCI and RCCIV defect. LYRM7 is a RCCIII assembly 

factor and at the time of the study only one patient harboring variants in LYRM7 was reported 

suggesting an association with severe encephalopathy. In contrast, our patient showed strong 

involvement of the liver. Since an evaluation of the pathological relevance of the variants 

based on the clinical symptoms was not elusive, we investigated the role of the variants using 

functional validation assays. 

As the nonsense mutation in MTO1 was predicted to result in removing 27 amino acids of the 

full length 692 amino acids and the frameshift variant in LYRM7 was predicted to result in a 

severe truncation of the protein to only 28 amino acids, we first investigated the expression of 

the proteins by western blot analysis. A complete loss of LYRM7 in the patient derived 

fibroblasts was apparent, while MTO1 levels were normal. Whereas this clearly indicates a 

LYRM7 deficiency, normal levels of MTO1 do not exclude impairment of MTO1 function. 

To probe effects of the variants on OXPHOS, I generated two lentiviral expression vectors 

encoding wild-type LYRM7 and wild-type MTO1 respectively using two different selection 

markers. By lentiviral transduction, I subsequently generated patient and control cell lines 

expressing wild-type LYRM7, MTO1, and both in combination. By accessing the overall 

cellular oxygen consumption, I could not clarify the implications of the variants. 

Measurement of isolated respiratory chain complex III (RCCIII) activity performed by our 

collaborators showed rescue of the RCCIII defect present in the patient fibroblasts upon 
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LYRM7 transduction, no complementing effect was seen upon MTO1 transduction. This 

clearly demonstrates the pathogenicity of the variants detected in LYRM7. Biochemical 

measurements revealed slightly decreased RCCIV activity in the patient fibroblasts which was 

not rescued upon MTO1 transduction and could hence be an artefact. Together with the 

normal RCCI activity, this indicates that the variant in MTO1 most likely does not have a 

negative impact on protein function and is benign.  

In conclusion, we present a strategy to evaluate the causality of variants aiding to distinguish 

whether a patient possibly suffers from two distinct or overlapping diseases. For our patient, 

we could show a clear link between the LYRM7 mutation and the RCCIII deficiency. In 

contrast, we could not detect any effect of the MTO1 variant in patient derived fibroblasts. 

However, I cannot fully exclude a negative effect of the MTO1 mutation as the effect might 

be tissue specific or develop at a later age. 

Personal contribution: 

• Experimental design of experiments (25%) together with co-authors. 

• Generation of patient cell lines expressing wild-type cDNAs (100%). 

• Data analysis and interpretation (25%) together with co-authors. 

• Drafting and revising of the manuscript (25%) together with co-authors. 
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3.2.  Summary of publication 2 

Biallelic Truncating Mutations in TANGO2 Cause Infancy-Onset Recurrent Metabolic 

Crises with Encephalocardiomyopathy 

Kremer LS, Distelmaier F, Alhaddad B, Hempel M, Iuso A, Küpper C, Mühlhausen C, 

Kovacs-Nagy R, Satanovskij R, Graf E, Berutti R, Eckstein G, Durbin R, Sauer S, Hoffmann 

GF, Strom TM, Santer R, Meitinger T, Klopstock T, Prokisch H, Haack TB. Am J Hum 

Genet. 2016 Jan 19. pii: S0002-9297(15)00504-2. doi: 10.1016/j.ajhg.2015.12.009. [Epub 

ahead of print] PubMed PMID: 26805782. 

As part of the Transnational Access project of the European Sequencing and Genotyping 

Infrastructure (ESGI), I selected and prepared DNA samples of 125 patients with suspected 

mitochondrial disorders for WES and subsequently analyzed the data. In one of these patients 

WES analysis yielded 14 genes carrying rare bi-allelic variants. None of the 14 genes was 

reported to be associated with any disease or predicted to encode a mitochondrial protein. By 

a joined analysis with other suspected mitochondrial disorder cases, we identified two 

additional patients with rare bi-allelic variants in one of these 14 genes, TANGO2. Strikingly, 

all 3 patients showed a consistent phenotype and metabolic findings of ketonuria and lactic 

acidosis hinting at impaired ß-oxidation.  

Little was known about TANGO2. A role of TANGO2 in the distribution of the Golgi 

membrane was proposed based on genome-wide RNA-mediated interference screen in a 

Drosophila cell line. Immunostaining in several studies suggested localization in the cytosol, 

the Golgi, or the mitochondria. To ascertain the localization of the endogenous TANGO2, I 

performed cell fractionation followed by immunostaining of TANGO2 in fibroblast cell lines 

from patients and controls. Due to insufficient antibody functionality, these experiments were 

inconclusive. I subsequently investigated the postulated role of TANGO2 in the distribution 

of the Golgi membrane. Immunostaining the Golgi using Giantin and wheat germ agglutinin 

(WGA) did however not reveal a difference in organization of the Golgi between patient and 

control cells. As the patients presented with a metabolic profile indicating an impaired, I 

established and employed a ß-oxidation assay which supported the metabolic suspicion of a 

defect in ß-oxidation. However, more studies are needed to pinpoint the precise role of 

TANGO2 in ß-oxidation. 
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The diagnosis of ß-oxidation defects, depicting non-classical, secondary mitochondrial 

disorders, has strong implications for possible therapeutic options. For patients suffering from 

classical mitochondrial disorders a ketogenic diet, which is low on carbohydrates but rich on 

fats, can be beneficial as their pyruvate oxidation is disturbed. In contrast, patients with defect 

in ß-oxidation should receive nutrition low fats and rich on carbohydrates. 

Personal contribution: 

• Experimental design of experiments (65%) together with co-authors. 

• Localization experiments of TANGO2 (100%). 

• Golgi immunostaining (75%) together with co-authors. 

• ß-oxidation measurements (100%). 

• Data analysis and interpretation (50%) together with co-authors. 

• Drafting and revising of the manuscript (25%) together with co-authors. 
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3.3.  Summary of publication 3 

Genetic diagnosis of Mendelian disorders via RNA sequencing 

Kremer LS, Bader DM, Mertes C, Kopajtich R, Pichler G, Iuso A, Haack TB, Graf E, 

Schwarzmayr T, Terrile C, Konarikova E, Repp B, Kastenmüller G, Adamski J, Lichtner P, 

Leonhardt C, Funalot B, Donati A, Tiranti V, Lombes A, Jardel C, Gläser D, Taylor RW, 

Ghezzi D, Mayr JA, Rötig A, Freisinger P, Distelmaier F, Strom TM, Meitinger T, Gagneur J, 

Prokisch H (2017). Nat Commun. 2017 Jun 12;8:15824. doi: 10.1038/ncomms15824. 

PubMed PMID: 28604674. 

In accordance with published data, our WES analysis successfully identifies the causative 

variant in about half of the suspected mitochondrial disease cases [17, 56, 97, 98, 111]. By 

implication, half of the patients do not receive a genetic diagnosis after WES. We reasoned 

that the inconclusive WES can be attributed to the incomplete capture of variants, especially 

non-coding variants, or the failure to prioritize the causative variants. Whereas the former can 

be overcome by whole genome sequencing (WGS), the vast number of variants generated by 

WGS and the poor understanding of the non-coding genome further obscure the prioritization 

of the causative variant. RNA sequencing (RNA-seq), in turn, might ease the prioritization of 

variants by unravelling their effects on RNA abundance and sequence. I therefore selected 

105 patient derived fibroblast cell lines from solved and unsolved cases for RNA-seq. By 

manual inspection of the RNA-seq data I could detect aberrant expression of the RCCI 

assembly factor TIMMDC1, a gene previously not annotated with disease risk. I subsequently 

identified a deep intronic variant probably creating a novel splice site resulting in aberrant 

splicing and finally nonsense-mediated decay (NMD). Using BN-PAGE, I identified a defect 

in RCCI assembly in patient derived fibroblasts. Quantitative proteomics further confirmed a 

loss of TIMMDC1 and degradation of RCCI subunits due to the assembly defect. By western 

blot and BN-PAGE analysis, I demonstrated rescue of the assembly defect upon 

overexpression of wt-TIMMDC1 cDNA. I subsequently identified 3 additional patients 

harboring the same variant presenting with an overlapping phenotype. I thus established 

TIMMDC1 as a novel disease-associated gene. My findings guided a systematic analysis 

performed in close collaboration with computational biology department of the Technische 

Universität München. We detected a median of one aberrantly expressed gene, five aberrant 

splicing events, and six mono-allelically expressed rare variants. This small number of events 
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allowed manual inspection and validation providing a diagnosis for 10% (5 of 48) of 

previously unsolved cases. Importantly, our pipeline enabled the identification of causative 

non-coding variants in genes not previously associated with any disease as well as 

identification of causative variants in genes implicated in diseases other than mitochondrial 

disorders.  

Personal contribution: 

• Design of experiments (30%) together with co-authors. 

• Growth and preparation of samples for RNA-seq, WGS, quantitative proteomics, 

metabolomics (100%). 

• Prioritization of pathogenic variants using the RNA-seq and WES pipeline (90%) together 

with co-authors. 

• Functional validation of disease-association of TIMMDC1 (100%). 

• Functional validation of variants in ALDH18A1 and CLPP (70%) together with co-authors. 

• Drafting and revising of the manuscript (30%) together with co-authors. 
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4. Discussion 

Mitochondrial disorders are an extremely heterogeneous group of inborn errors of metabolism 

presenting with any combination of affected tissues and more than 250 identified disease-

associated genes up to now comprising more than 100 discoveries in the NGS area, many 

more awaiting identification [11]. This broad clinical and genetic presentation of 

mitochondrial disorders makes their molecular diagnosis extremely difficult. Even though 

only in a few cases unraveling of the molecular cause allows therapeutic intervention, the 

identification of the underlying mutation is none the less crucial as it does not only provide 

the patient with a molecular diagnosis, but also is fundamental for genetic counseling and 

prenatal testing. Moreover, it renders additional, possibly more invasive testing redundant, 

might entitle for healthcare benefits, and might allow patient stratification which is the 

prerequisite for treatment trials and hence development of new therapeutic strategies [62].  

 

Figure 5 Mitochondrial disease-associated genes. Genes are grouped according to their implementation in 

mitochondria processes.  Disease-associated genes identified since the report Mayr et al., [11] in 2015 are 

highlighted in bold. Figure is a courtesy of Dr. Johannes Mayr. 
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Diagnosis based on biochemical and metabolic investigations are often only specific for 

certain subgroups (see 1.1). WES, in contrast, has proven to be a comprehensive tool for the 

diagnosis of the overall group of mitochondrial disorders. WES is therefore not anymore used 

for research purposes only, but is on the rise in clinical diagnostics [56]. In the course of this 

PhD, WES was successfully applied to identify novel variants in genes previously associated 

with mitochondrial disease as well as genes not associated with disease. Two examples are 

discussed in 4.1 and 4.2.  

Despite the tremendous impact of WES on molecular diagnosis, the diagnostic yield of WES 

analysis is far from complete. In the case of suspected mitochondrial disease patients, the 

causative variant is only revealed in only about 50% of the cases [56, 97]. This largely reflects 

the outcome at our institute. To scrutinize and elucidate this missing heritability and to 

develop strategies to improve the diagnostic outcome, shortages of WES and the usability of 

RNA-Seq to complement WES are discussed in 4.3. 

4.1.  Validating new variants in known disease-associated genes 

We investigated the molecular basis of disease in the following individual: From the age of 6 

months on, the patient suffered from recurrent metabolic crisis presenting with lactic acidosis 

and acute liver dysfunction [112]. At one year of age, she lapsed into coma during a severe 

episode lasting 3 days accompanied by irreversible neurological damage. She died at 20 

months of age. Given the severe course and the presence of lactic acidosis, a mitochondrial 

disorder was suspected. A clear RCCIII defect was evident in biopsies from liver and 

fibroblasts of the patient. WES was performed and very stringent filtering for rare (0.1% of 

5000 in-house controls) recessive variants revealed 22 candidate genes. Amongst these, 2 

genes, LYRM7 and MTO1, both harboring novel homozygous variants, were reported as 

mitochondrial disease-associated genes. The variant detected in LYRM7 was not reported in 

ExAC, the variant in MTO1 was detected in a heterozygous state in 11 out of 121348 

individuals.  

LYRM7 is a RCCIII assembly factor and 8 other patients harboring pathogenic variants in 

LYRM7 were reported by March 2017 [113, 114]. All patients for whom a muscle or skin 

biopsy was available presented with a reduced activity of RCCIII. Most of these patients 

suffered a neurological deterioration in the first years of life followed by recurrent episodes of 

encephalopathy and lactic acidosis. The episodes were partially accompanied by coma and led 
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to severe neurological damage or death. Importantly, MRI in all patients reported by 

Dallabona et al. showed a consistent and distinctive pattern of abnormalities [114].  

In turn, pathogenic variants in the Mitochondrial Translation Optimization Factor 1 (MTO1) 

have been described in more than 10 patients [97, 115-118]. MTO1 is a mitochondrial, tRNA 

modifying enzyme that is crucial for proper mitochondrial translation [119]. Most patients 

with MTO1 mutations present with hypertrophic cardiomyopathy, lactic acidosis, and a 

combined RCCI and RCCIV defect. Disease onset at birth was shown to result in death in the 

first year of life, while patients with disease onset in the first months or even years of live 

were reported to be alive, the oldest patient being 30 years [117, 118]. A mouse model of 

MTO1 deficiency resembles the cardiomyopathy and lactic acidosis seen in MTO1 patients 

[120]. 

Considering the described clinical symptoms for LYRM7 and MTO1 patients, the clinical 

presentation of our patient closely resembled the clinical presentation of the LYRM7 patients. 

As the LYRM7 patients, our patient suffered from recurrent neurological crisis resulting in 

coma and neurological damage. In contrast to the MTO1 patients, our patient did not show 

any heart involvement. Furthermore, biochemical analysis in liver and skin biopsies revealed 

an isolated RCCIII defect, which was also described for the published LYRM7 patients. The 

activity of RCCI was normal and the activity of RCCIV only slightly decreased. While this 

clinical and biochemical data strongly hints at the variants in LYRM7 to be causative, the 

pathogenicity of the VUS in MTO1 cannot be excluded. Disease onset for MTO1 patients can 

vary. It is therefore possible that due to the patient`s early death the MTO1-related symptoms 

were not yet evident. Consequently, we sought to functional investigate the pathogenicity of 

the novel variants in both, LYRM7 and MTO1.  

The homozygous frameshift variant in LYRM7 results in a severe truncation of the protein to 

only 28 amino acids instead of the original 104 amino acids. Out of the 28 remaining amino 

acids only the first 17 are unchanged. The homozygous nonsense mutation in MTO1 results in 

a stop codon at position 666 of the amino acid chain, removing 27 amino acids of the full 

length 692 amino acids. RNA-seq analysis revealed normal transcript levels of LYRM7 and 

MTO1. Western blot analysis in patient fibroblasts revealed complete loss of LYRM7, while 

MTO1 levels were normal. While this clearly indicated a LYRM7 deficiency, normal levels 

of MTO1 do not exclude impairment of MTO1 function. I therefore transduced the patient 
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fibroblast cell line with wild-type copies of LYRM7 and MTO1 and investigated the effect on 

the observed RCCIII defect. Using cellular oxygen consumption measurements, I could not 

distinguish impairment of RCCIII and RCCIV. Measurement of isolated RCC activity by our 

collaborators demonstrated a rescue of the RCCIII defect upon LYRM7 transduction, no 

complementing effect was seen upon MTO1 transduction. This clearly demonstrated the 

pathogenicity of the variants detected in LYRM7. The slightly decreased RCCIV activity 

present in the patient fibroblasts, in contrast, was not rescued upon MTO1 transduction and 

could hence be an artefact. Together with the normal RCCI activity, this indicated that the 

variant in MTO1 most likely does not have a negative impact on protein function and is 

benign. However, this analysis was performed in fibroblast cell line, while mutations in 

MTO1 seem to mainly affect the heart. To fully exclude any tissue dependent effect masking 

the impact of the MTO1 variant, one would need to conduct these experiments in heart tissue 

of the patient. This is limited by availability of heart tissue and technical difficulties in 

performing the transfection procedure. Concordantly, impact of the MTO1 variant on the 

patient’s phenotype cannot fully be ruled out. 

From the 8 published LYRM7 patients, only for 2 patients liver abnormalities were reported, 

where 1 patient had an increased liver volume and 1 patient had elevated ammonia [113, 114]. 

In contrast, liver failure is frequently observed in childhood-onset mitochondrial diseases. 

Combined RCC deficiency is often seen in cases of globally changed liver function, whereas 

isolated RCC deficiencies, mainly RCCIII deficiency, is associated with distinct liver 

alterations [112]. In our patient, the presence of ketonuria despite insulin injection clearly 

hinted at impaired function of the RC in liver. Liver enzymes and coagulation factors, in 

contrast, were normal during the metabolic crisis, contradicting a liver failure. The metabolic 

crisis seemed to be induced by fasting. As described in 1.1.2, during fasting the TCA cycle is 

halted and electrons are derived from ß-oxidation and gluconeogenesis. This metabolic switch 

seems trigger the crisis. It is now tempting to speculate that nutritional care could prevent 

such crisis and hence the neuronal damage. This would be the case if the liver abnormalities 

are directly involved in the harming of the brain. However, normal brain function is reported 

for other CIII deficiency patients presenting with liver abnormalities arguing for a distinct role 

of LYRM7 in the brain [112]. 
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The case presented here exemplifies situations where WES identifies variants in more than 

one likely disease-associated gene. To evaluate the causality of the variants and to distinguish 

whether the patient possibly suffers from two distinct or overlapping diseases, careful 

validation of the pathogenicity of the variants is required. Posey et al. report 4.9% of their 

patients to show phenotypes attributed to multiple loci [121]. Their approach relies on the 

dissection of the clinical presentation based on clinical ontologies. This, however, requires a 

well-established genotype-phenotype correlation which is not readily available for rare 

disorders where only a few or even solely one patient is reported as was the case for LYRM7. 

In these cases, functional assays are absolutely essential.  

This study describes how to validate novel variants in known and suspected disease-

associated genes by performing re-expression of the wild-type copy of a gene in patient 

derived fibroblasts. Prerequisite of the complementation assay using the wild-type copy of the 

gene is the presence of a phenotype whose rescue can be used as a read-out. As a first tier, 

such phenotype can be depicted by a defect in mitochondrial respiration detected by decreased 

oxygen consumption. Rescue experiments assessing oxygen consumption are routinely 

conducted in our laboratory [108, 122]. However, a defect in mitochondrial respiration is only 

apparent in about two thirds of the more than 200 patient fibroblast cells I measured during 

the course of this PhD (data not shown) potentially due to tissue-specific manifestation of the 

defect. Furthermore, measurement of the mitochondrial respiration depicts a very general 

phenotype. For example, for the herein described patient, measurement of the overall oxygen 

consumption did not allow to distinguish between a defect in RCCIII or RCIV and was 

therefore not conclusive (data not shown). Careful evaluation of the specificity of an observed 

rescue is mandatory. Specific rescue of a decreased mitochondrial respiration can be 

ascertained by including control cell lines not harboring mutations in the gene under 

investigation. In the control cell lines, overexpression of the respective gene should not have a 

tremendous effect. Yet, rescue experiments provide stronger evidence if a unique phenotype 

is investigated as for example assembly of RCCI in the case of the TIMMDC1 patients. This is 

also applicable for cases where overall decrease of mitochondrial respiration was not 

detectable whereas more subtle changes might still be evident. For such tailored rescue 

experiments the prior understanding of the protein function is crucial. Especially for new 

disease-associated gene discoveries however, the precise role of the encoded protein might 

not yet be understood. This lack of knowledge in combination with absence of a more general 
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phenotype call for an alternative strategy to validate new disease-associated genes as eluted to 

in the following chapter. 

4.2.  Validating genes not previously associated with disease 

WES was performed in a patient presenting with episodes of impaired gait and muscle 

weakness accompanied by ketonuria from the age of 3 years on [123]. She developed 

cognitive and sensorineural hearing impairment. The episodes gradually worsened and with 

the age of 17 years muscle pain, rhabdomyolysis, and elevated plasma CK activities were 

present. Brain atrophy was evident in MRI taken at 15 years of age. Arrhythmia was detected 

from the age of 17 years on. Metabolic investigations were largely normal, besides repeatedly 

high ketone body levels. A slight elevation of the acylcarnitine C5OH was detected at the age 

of 15 years. RCC activities in muscle were normal. Due to the ketonuria, a defect in ß-

oxidation was suspected. WES analysis yielded 14 genes carrying rare (0.1% of 5000 in-

house controls) bi-allelic variants. None of the 14 genes was reported to be associated with 

any disease or predicted to encode a mitochondrial protein. For one of these genes, TANGO2, 

in another patient a homozygous stop variant had previously been identified but the causality 

remained unclear due to lack of further evidence. In the patient described here a homozygous 

CNV comprising a 34.6 kb deletion in TANGO2 was detected. The frequency of this deletion 

in public databases could not be assessed due to limited annotation. In our in-house database, 

at that time containing 5300 individuals, the CNV was also seen in a heterozygous state 7 

times and in a compound heterozygous state with a frameshift mutation in a third suspected 

mitochondrial disease patient. Strikingly, all 3 patients showed a consistent phenotype 

characterized by infancy-onset episodes of metabolic crisis, rhabdomyolysis, encephalopathy, 

brain atrophy, and arrhythmias. In all 3 patients, the metabolic finding of ketonuria and lactic 

acidosis hinted at impaired ß-oxidation.  

Little is known about TANGO2. Depletion of TANGO2 as part of a genome-wide RNA-

mediated interference screen in a Drosophila cell line caused a fusion of the Golgi apparatus 

with the endoplasmatic reticulum (ER) [124]. Therefore, a role of TANGO2 in the 

distribution of the Golgi membrane was proposed. Immunostaining of V5-tagged TANGO2 

suggested localization in the cytosol and the Golgi. In another study, bioinformatics 

prediction of localization and immunostaining using EGFP-tagged fusion proteins propose a 

mitochondrial localization of TANGO2 [125]. To study the localization of the endogenous 
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TANGO2, I therefore performed cell fractionation followed by immunostaining of TANGO2 

in fibroblast cell lines from patients and controls. However, I was not able to detect TANGO2 

in any fraction of any sample using 2 different antibodies, indicating insufficient antibody 

functionality. As the localization experiment failed, I investigated the postulated role of 

TANGO2 in the distribution of the Golgi membrane. Immunostaining the Golgi using Giantin 

and wheat germ agglutinin (WGA) did however not reveal a difference in organization of the 

Golgi between patient and control cells. As the patients presented with a metabolic profile 

indicating an impaired ß-oxidation, I measured the palmitate-dependent oxygen consumption 

rate as a read-out for the integrity of the mitochondrial respiration using the Seahorse XF96 

Extracellular Flux Analyzer. Compared to control cell lines, patient cell lines showed a 

decreased oxygen consumption rate upon palmitate supply supporting the clinical suspicion of 

a defect in ß-oxidation. However, more studies are needed to ensure and pinpoint this 

presumed role of TANGO2. 

Critical proof of the causality of the variants found in TANGO2 is given by the repeated 

finding of the disease-associated gene in unrelated individuals sharing the same clinical 

presentation [82]. Simultaneous with our report, a second study provided further evidence as 

they identified 12 additional patients with bi-allelic mutations in TANGO2 [126]. Importantly, 

the clinical presentation comprising episodic metabolic crisis with muscle weakness, 

rhabdomyolysis, brain abnormalities, and arrhythmias fully recapitulated the findings in our 

patients. Moreover, the CNV detected in our patients in a homozygous and a compound 

heterozygous state respectively, was also evident in in a homozygous state in 4 and in a 

compound heterozygous state in 1 patient from the second report. As the investigated subjects 

in both studies were of European origin, this CNV might depict a founder mutation. The CNV 

has been missed previously due to difficulties in the reliable detection of CNVs (see 1.2.2) 

while in this study the implementation of ExomDepth in the analysis pipeline allowed 

improved CNV calling. 

The diagnosis of ß-oxidation defects, depicting non-classical mitochondrial disorders as 

OXPHOS is not directly impaired, has strong implications for possible therapeutic options. 

Patients suffering from classical mitochondrial disorders can potentially benefit from a 

ketogenic diet, which is low on carbohydrates but rich on fats, as their glucose metabolism is 

disturbed. This diet would however be harmful for patients with a defect in ß-oxidation as in 
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these patients the metabolism of fatty acids is hampered. The distinction of ß-oxidation 

defects is therefore crucial. 

In conclusion, this study highlights how a gene previously not described as disease-associated 

can be validated by replication of the finding in additional independent cases presenting with 

identical symptoms. However, as presented above, genotype-phenotype correlation for 

mitochondrial disorders haven been shown to be poor with mutations in the same gene giving 

rise to different symptoms. Along with the rare occurrence with mutations in mitochondrial 

disease-associated genes, identification of additional independent patients might be hampered. 

If additional patients exist, national and international networks and registries of mitochondrial 

disease patients help their identification and joined investigation. Identification of the 

underlying molecular cause and the affected metabolic pathway can have tremendous effects 

on the benefit of possible treatment options. 

4.3.  Shortages of WES analysis 

In accordance with published data, our WES analysis successfully identifies the causative 

variant in about 50% of the suspected mitochondrial disease cases [17, 56, 97, 98, 111]. 

Hence, 50% of the patients still lack a molecular diagnosis after WES analysis. Possible 

reasons for this missing heritability in cases of genetic disorders can be grouped into two 

categories: either the causative variant was not captured by WES due to technical limitations 

of the technique, or the variant was detected but not prioritized due to analytical failure.  

4.3.1. Technical limitations 

Even though WES is, in theory, the sequencing of the complete coding region of the genome, 

we do not fully understand the coding genome yet and the list of coding genes is not definite. 

The baits employed in the enrichment kits can therefore only target regions which have 

already been identified as exonic regions and regions not yet identified as exonic are hence 

missed.  

Furthermore, baits capture target sequences with varying efficiency, with some sequences 

escaping capture entirely. Besides, efficiency of PCR amplification and enrichment of the 

fragments can vary highly, e.g. due to GC-rich regions, hence resulting in differences in the 

coverage of fragments. Even though the manufacturers of the exome enrichment kits steadily 

try to improve these shortcomings, the kits still fail to completely capture the targeted regions. 
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In this study, various versions of the Agilent Sure Select kit were used according to their 

release. The first kit targeted 38 Mb of sequence with 81.5% of the targeted bases covered at 

least 20x, the latest kit targets 50 Mb sequence with 95.6% of the targeted bases covered at 

least 20x [81]. This means that in the samples sequenced by us with the first kit almost 20% 

of the targeted coding sequence was not well covered. Amongst this 20% is, for example, the 

mitochondrial methionyl-tRNA formyl-transferase (MTFMT). MTFMT was not covered at all 

in the 38 Mb kit, in the 50 Mb kit all but exon 1 were covered sufficiently. In a patient 

sequenced using the 50 Mb kit, one heterozygous variant in MTFMT was found and re-

sequencing of exon 1 with Sanger sequencing could identify the second heterozygous variant 

[127]. In the light of the reporting of incidental findings, the American College of Medical 

Genetics and Genomics (ACMG) investigated the performance of clinical exome sequencing 

[128]. They found that out of the 56 investigated actionable disease genes, in 6 different genes 

one exon was inadequately covered. Furthermore, they discovered insufficient coverage of 

more than half of the HGMD variant locations in 7 genes. In another study, Klein and 

colleagues showed that of the exons of genes known to be associated with neuropathy, 7% 

were covered insufficiently and 2% completely missed [129]. The lack of complete capture is 

therefore a drawback in WES analysis. 

Finally, as WES is the sequencing of exonic regions, it is completely blind to variants in non-

coding regions. Even though 85% of the Mendelian disease-causing variants are predicted to 

reside in the exome, this estimation might be biased by the poor understanding of the non-

coding genome and the proceeding incapability of identifying causative variants therein. 

Speculatively, even though recognized as a Mendelian disorder, it is impossible to rule out 

cases of bi- or polygenic inheritance as well as epigenetic mechanisms contributing to the 

occurrence of mitochondrial disorders. To my awareness, no such cases have been reported 

yet. 

4.3.2. Analytical limitations 

After the capture of a variant, sophisticated bioinformatic steps are required for its reliable 

alignment, calling, annotation, and prioritization. These steps are dependent on statistical and 

predictive tools and can hence be incorrect and sensitive to errors, especially in regions of 

repeats and homopolymers.  



4.3. Shortages of WES analysis  

46 

 

One error-prone process is the calling of indels. While the calling of one base pair 

substitutions is more or less trivial as only the base at the very position must be considered, 

the calling of indels requires joint analysis of the adjacent base pairs. This requirement posed 

a problem to previous calling tools which was resolved by the recently developed GATK 

HaplotypeCaller [65, 66]. The superiority of the GATK HaplotypeCaller is based on the 

employed de novo assembly of regions varying from a given reference. Re-analysis using 

GATK HaplotypeCaller of data previously analyzed using SAMtools could therefore reveal 

pathogenic indels in unsolved cases. 

A further hurdle in WES analysis is the detection of CNVs, which are defined as deletions or 

duplications with a size of more than 1 kb. CNVs can result in altered gene dosage due to 

gene disruption or interference with regulatory sequences [130]. In the recent years, the 

association of CNVs with disease has become incrementally evident, e.g. for intellectual 

disability [131], cancer [132], or schizophrenia [133]. According to estimates, CNVs 

contribute to approximately 1% of sequence variation of a personal genome and make up for 

more base pair variations than SNVs [130, 134, 135]. CNVs are detected by computing the 

read depth at a given position. However, for WES data, differences in read depth can also be 

attributed to uneven coverage due to technical limitations rendering reliable detection of 

CNVs difficult [130]. Identification of CNVs in repetitive genomic regions is further 

complicated [136]. ExomDepth was reported to be the most sensitive tool for CNV detection 

and its usefulness in our hands was demonstrated by the successful identification of CNVs in 

TANGO2 [67, 68, 123]. For data previously not analyzed using ExomDepth, CNVs might be 

missed and the analysis should be repeated accordingly. 

The annotation of variants in regard to their genomic location (e.g. UTR, exonic, splice site, 

etc.) and their functional effect (e.g. synonymous, frameshift etc.) is based on predictions 

build upon given gene and transcript definition files. While the information in these files 

reflects the current understanding of genes and transcripts, the knowledge might not be final. 

In our RNA-seq study, we could demonstrate predicted missense mutations to be splice site 

mutations for CLPP and MCOLN1 and therefore highlight how VUS can contribute to 

inconclusive WES analysis. 

Misleading prioritization of variants can be due to a manifold of reasons. In this study, we did 

not perform trio sequencing which is however the prerequisite for the prioritization of 
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previously unknown de novo mutations. De novo mutations are the most deleterious form of 

variants as they have not been subjected to evolutionary selection [137]. Based on estimations 

from WGS studies on average 44 to 82 SNVs occur de novo in an individual´s genome out of 

which 1 to 2 affect the coding region [138]. Causative de novo variants identified by WES 

were first reported in 2010 and 2011 for malformation syndromes [139-141] but have since 

then been implicated in many other genetic diseases, most strikingly neurodevelopmental 

disorders [137, 142]. In 2014, Lee et al. performed clinical exome sequencing on trios of 410 

patients with rare Mendelian disorders providing a diagnosis to 127 of these patients [143]. In 

50% of the diagnosed cases the causative variant was de novo, while in 20% the variants were 

compound heterozygous and in 16% homozygous. In the same journal issue, Yang reported 

on diagnosing 504 patients with suspected genetic disorders by clinical exome sequencing out 

of which 208 cases were diagnosed with de novo mutations [144]. Concordantly, de novo 

mutations were also found as the most frequent cause in a clinical exome study conducted in 

2016 by Posey and coworkers [145]. De novo mutations might therefore account for a 

considerable amount of our inconclusive WES cases. As de novo mutations, dominant 

mutations are difficult to prioritize. The recognition of dominant mutations is tremendously 

facilitated by sequencing of affected distant family members which was not performed in our 

study. As dominant mutations are frequently identified as the molecular cause in adult onset 

mitochondrial disorders, we must assume that dominant mutations might be the molecular 

grounds for certain adult onset unsolved cases. The contribution of dominant mutations on 

infantile-onset patients should be neglectable for cases with healthy parents. Prioritization is 

further hampered with increasing numbers of candidates and the presence of VUS as outlined 

above. Additionally, prioritizing genes based on the assumption of certain disease can prevent 

diagnosis as clinical spectra can overlap or the prevalent symptoms can be secondary. 

Especially in the case of mitochondrial disorders, non-mitochondrial protein encoding genes 

can cause primary mitochondrial defects as well as giving rising to unexpected secondary 

respiratory chain deficiencies which might impede variant prioritization [87].  

4.4.  Developing complementing strategies for inconclusive WES analysis 

4.4.1. WGS 

Molecular diagnosis using WES analysis fails in cases where the causative variant was not 

captured or not prioritized as outlined above. Insufficient capture can be resolved by 
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performing WGS. WGS, in contrast to WES, does not depend on an enrichment step and 

PCR-free WGS is much less biased due to differences in the GC content. WGS therefore 

provides nearby complete coverage of the entire genome. This not only allows detection of 

variants in non-coding regions but eases detection of structural variants as CNVs or inversions 

[52]. A recent comparison between WES and WGS by Meienberg et al. revealed that WGS 

completely covered the ACMG genes where WES only completely covered 75.56% of the 

genes and that WGS provided 100% coverage of the disease-causing mutations listed in 

HGMD whereas WES only covered 98.22% [146]. As sequencing costs further decrease, 

WGS will replace WES in the near future. Despite WGS allegedly providing the whole 

picture, the absence of the great success of WGS in identifying the molecular cause for the 

missing heritability cases with clear genetic disorders can most likely be attributed to the 

shear plethora of variants encountered during WGS combined with lack of knowledge on how 

to interpret the non-coding genome. WGS on average reveals between 3 and 5 million 

variants per sample mostly comprised on SNVs and small indels but also comprising around 

2,500 structural variants [147, 148]. Analysis of WGS data from 32 of our unsolved WES 

cases did not result in a diagnosis so far. However, the analysis was focused on the coding 

region and CNVs only. 

4.4.2. RNA-seq 

To ease prioritization of candidates obtained by either WES or WGS, we pursued a 

complementing approach, RNA-seq [107]. While WES and WGS provide purely genetic 

information, subsequent RNA-seq allows direct probing of detected variants for their effect on 

RNA abundance and RNA sequence as depicted in Figure 6.  
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Figure 6 Rational of our approach based on the central dogma of molecular biology. Genetic information is 

passed onto distinct biopolymers and biochemical moieties depicted in circles as indicated by the dashed arrows. 

Techniques to investigate the given moiety are depicted in boxes. The diamonds illustrate typical results, where 

the number of variants are derived from WES and WGS analysis on blood or fibroblasts, the number of 

transcripts and proteins is derived from investigations on fibroblasts and the number of metabolites is 

representative for analysis on plasma. The lower part illustrates possible observations derived from the 

respective species and technique. 

First, the impact of a variant on RNA abundance can be assessed by computing expression 

outliers using for example the Z-score or statistical analysis on whole gene sets [149-151]. 

The aberrant expression can be caused by variants in non-coding regulatory regions as 

promoters, enhancers, and suppressors but also variants in coding regions [149, 152]. 

Importantly, expression outliers are not only a consequence of altered transcription itself, but 

can also arise due to changes in RNA degradation, for example by nonsense-mediated decay 

(NMD).  

Second, RNA-seq can disclose differences in RNA sequence in cases of mono-allelic 

expression (MAE). MAE is found upon transcriptional silencing or post-transcriptional 

degradation of one allele [153]. Depending on the tissue, 1.7% to 3.7% of SNVs have been 

found to be allele-specifically expressed [154]. MAE has been shown on genetic as well as 
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epigenetic grounds. In cases of TAR syndrome, allele-specific expression of alleles harboring 

non-coding variants was shown as a consequence of the deletion of the second allele [155]. 

Epigenetically determined MAE can be the result of three distinct processes: parent-of-origin 

imprinting during gametogenesis yields the exclusive expression from either the paternal or 

maternal allele throughout the whole tissue or organism [156]; random MAE is seen for X-

chromosome inactivation, where random selection and silencing of one of the two X-

chromosomes balances gene-dosage [157]; finally, random MAE is also seen for autosomal 

genes [158]. Disease attributed to each of these instances are reviewed by Fahrner and 

Bjornsson [159]. With only few exceptions of X-linked or dominant examples, mitochondrial 

disorders follow a recessive mode of inheritance and hence we did not consider mono-allelic 

variants. MAE of heterozygous variants however mimics the effects of homozygous variants 

and therefore fits the most likely inheritance pattern. Thus, MAE might indicate the 

prioritization of heterozygous variants which would be missed otherwise. 

Third, altered RNA sequence can be attributed to aberrant splicing. Aberrant splicing is a 

well-known cause of Mendelian disorders [160-162]. Nonetheless, prediction of splicing 

defects based on genetic information is not only hampered by the poor understanding of the 

cis-regulatory elements involved in splicing, but also insufficient capture of such elements in 

non-coding regions by WES for example [163]. Direct detection of splice isoforms by RNA-

seq tremendously facilitates the discovery of splicing defects and has helped to identify 

various instances aberrant splicing in Mendelian diseases. Exon skipping and creation of a 

novel exon due to an intronic variant has been reported in DMD [164, 165]. Intron retention 

due to a splice site variant has been shown in LMNA [166]. A variant in a splicing factor 

binding site yielding in exon skipping was seen in SMN1 [167].  

As no systematic study of aberrant expression, MAE, and aberrant splicing had been 

conducted up to then, we assessed its power by performing RNA-seq on 105 fibroblast cell 

lines from suspected mitochondrial disease patients. For benchmarking and increment of 

statistical power, this 105 cell lines included 57 genetically diagnosed patients and 48 patients 

for which WES analysis was inconclusive. To adopt the analysis to a rare and recessive 

disease setting, we applied strict filtering for rare events with strong effect sizes. For aberrant 

expression, we only considered events with a Hochberg adjusted P-value smaller than 0.05 

and a |Z-score| larger than 3. For aberrant splicing, we filtered for events with a Hochberg 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Bjornsson%20HT%5BAuthor%5D&cauthor=true&cauthor_uid=25184531
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adjusted P-value smaller than 0.05. Eventually, for MAE, we filtered for heterozygous SNVs 

with a RNA-seq coverage of more than 10 reads and considered a rare (MAF < 0.001) variant 

mono-allelically expressed when more than 80% of the reads harbored that variant and the 

Hochberg adjusted P-value was smaller than 0.05. Using these criteria the median detection 

per sample for aberrant expression was 1 event, for aberrant splicing 5 events, and for MAE 6 

events. This small number of events makes manual inspection and validation feasible. 

For 40 out of the 57 genetically diagnosed patients WES was available and we investigated 

whether the variants revealed by WES had an effect on the RNA. Stop variants were 

diagnosed in 11 patients, 5 thereof in a homozygous state. Out of these 5 homozygous stop 

variants, our pipeline reported aberrant expression for 3 and aberrant splicing for 1. Upon 

manual inspection, the aberrant splicing was classified as a false positive. Furthermore, a clear 

effect was seen for the remainder variant not detected by our computational pipeline 

prompting us to further optimize the pipeline. For the 6 patients harboring stop variants in a 

compound heterozygous state, 3 showed MAE while 2 reside in the very last exon therefore 

probably not evoking NMD. Unexpectedly, a detectable RNA defect was only apparent for 

one of the 9 frameshift variants. In all other cases the expression level did not change 

significantly. In 7 out of 8 patients with a pathogenic splicing variant our pipeline reported 

aberrant splicing. In the remainder, aberrant splicing was seen by manual inspection and 

revealed intron retention. Intron retention depicts a special instance of aberrant splicing where 

no split reads are generated at the splice junction. As the tool we employed to quantify RNA 

splicing predicts aberrant splicing based on the generation of new split reads, it is blind to 

intron retention. Until this drawback of the tool has not been amended, intron retention 

presents a possible blind spot in our study. As anticipated, no RNA defect was seen for any of 

the disease-associated genes solely carrying bi-allelic missense mutations as missense variants 

more likely impact protein function than RNA expression. 

For 36 out of the 48 undiagnosed patients, the developed pipeline provided a strong candidate 

gene, defined as known disease-associated or mitochondrial protein-encoding gene. Based on 

manual inspection I selected 5 candidates. Validation provided a diagnosis for all 5 patients 

(out of 48, 10%). Amongst these, in two patients a new disease-associated gene (TIMMDC1) 

was identified. In one patient, the suspicion of a mitochondrial disorder was not confirmed but 

mutations in a gene (MCOLN1) involved in mucolipidosis were shown to be causative. This 



4.4. Developing complementing strategies for inconclusive WES analysis  

52 

 

illustrates the global character of our approach as we are not restricted neither by previous 

knowledge on disease-association of a gene nor by the assumption of a certain disease class. 

Interestingly, defective splicing resulting in a loss of function was the predominantly detected 

cause in our newly diagnosed patients. This is in line with the ever increasing recognition of 

splicing defects in both, Mendelian and common disorders [168-170]. The aberrant splicing 

detected in TIMMDC1 was most likely caused by a deep intronic variant (c.596+2146A>G) 

that was not covered by WES. While the variant was called from WGS data, prioritization of 

this variant was only achieved by using the information obtained by RNA-seq analysis. RNA-

seq can therefore provide crucial additional information on intronic positions possibly 

affecting splicing upon mutation. Importantly, the defective splicing seen in the case of 

TIMMDC1 arose from a loci demonstrating weak splicing also in control samples. We could 

show that private exons resulting from such aberrant splicing were often generated at these 

loci with weak splicing of about 1%. Suggestively, variants close to these cryptic splice sites 

therefore more likely affect splicing. Prioritization of such variants could be eased by the 

generation of tissue-specific maps of cryptic splice sites by RNA-seq analysis of multiple 

tissues from healthy donors like GTEx [154]. 

4.4.3. Limitations of RNA-seq 

The 10% success rate of our approach is preliminary and only includes validated variants, 

whereas the pipeline provided good candidates in 36 unsolved cases. During the preparation 

of this thesis, one additional case was solved based on our findings. Validation of further 

candidate variants is ongoing. However, some patients will likely remain without diagnosis 

after our RNA-seq analysis. This can be due to several reasons which I will elute to in the 

following.  

First, we used a standard non-strand specific RNA-seq protocol. During non-strand specific 

RNA-seq library preparation, the information about the strand specific origin of each 

transcript is lost. This information is however crucial especially for overlapping genes as 

without strand information our pipeline cannot distinguish from which of the overlapping 

genes the transcript originated. For our analysis, we could therefore only consider transcripts 

originating from non-overlapping genes leading to the exclusion of transcripts because there 

genetic origin was ambiguous. 
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Second, we used very strict filtering in regard to coverage, frequency, and effect size to adopt 

to a rare and recessive disease setting. Therefore, our approach is only successful in 

identifying the disease cause if the rare variants provoke a strong RNA defect. For only 1 out 

of 9 frameshift mutations a significant effect on RNA was detected. Possibly, some of these 

variants exert a moderate change which could be detected by applying more relaxed filtering 

in combination with larger sample size. 

Third, aberrant splicing was missed by our pipeline in one case due to intron retention, a blind 

spot of the employed prediction tool as LeafCutter computes aberrant splicing based on split 

reads [171]. In the case of intron retention no split reads are generated though and such events 

can therefore not be detected. Speculatively, the pipeline might also have missed intron 

retention events in other undiagnosed patients.  

Forth, the primary affected tissues like heart, liver, brain, or skeletal muscle are rarely 

available. We therefore conducted our experiments in patient derived fibroblasts which are a 

side product of the muscles biopsies performed for biochemical diagnosis of mitochondrial 

disease patients (see 1.1.3). Even though the fibroblast cell lines are usually not a primarily 

affected tissue, the fitness of the fibroblasts’ mitochondria is determined by the same genetic 

background as that of mitochondria from other tissues. While some genes with mitochondrial 

functions might be expressed in a tissue specific manor, many have been reported to be 

expressed in most tissues [172]. Functional consequences of pathogenic variants in these 

genes should hence also been detectable in fibroblasts. Nevertheless, our RNA-seq analysis in 

fibroblast cell lines detected only 12,680 reliably transcribed genes (≥ 10 reads in 5% of the 

samples) which depicts less than two thirds of all genes. We must therefore assume that 

performing RNA-seq in the affected tissue would provide a more complete picture and 

increase our diagnostic output to a certain extend. This is supported by a corroborating study 

for neuromuscular disorders, where the RNA-seq analysis was performed directly in muscle 

tissue yielding a success rate of more than 30% [169]. 

Fifth, as for WES findings, findings from RNA-seq data need to be validated carefully. The 

perpetrator of the observed RNA defect, hence the causal variant, should be identified from 

WES or WGS data to rule out any artefacts. If no variant can be observed in close proximity 

to the aberrant event and a sample swap was excluded, additional evidence from clinical and 

experimental data can provide critical evidence as shown for the MGST1 case. MGST1 has a 
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postulated role in the reactive oxygen species (ROS) defense system. The clinical findings of 

a childhood-onset neurodegenerative closely resembled the symptoms of another patient 

suffering from a perturbation of the ROS defense system and increased ROS in patient 

fibroblasts supported the pathogenicity of the aberrant expression [173]. If no further insight 

can be gained on the functional level, repeated detection of a RNA defect in additional tissue 

as for example blood can ascertain the specificity of the observed event. Conceivable grounds 

beyond variants in close proximity to the gene can include aberrant levels of antisense 

transcripts, miRNAs, altered epigenetics, and many more. 

 

5. Outlook 

WES has proven as a successful tool allowing diagnosis of about half of the patients with 

suspected mitochondrial disorders. Due to this success rate, Wortmann et al. postulated a shift 

in the diagnostic workup of mitochondrial disorders away from biochemical investigations on 

muscle biopsies, the gold standard up to now, towards a first tier genetic testing in blood 

[174]. This paradigm shift not only spares the patients the burden of invasive testing unless 

absolutely necessary but directly leads to profound diagnosis enabling genetic counseling, 

therapeutic means, and prenatal testing amongst others. 

Albeit the tremendous impact of WES, for half of the suspected mitochondrial disease 

patients no diagnosis is achieved. Inconclusive WES can be due to technical or analytical 

limitations. Some of these limitations, as for example the detection of indels and CNVs as 

well as the detection of non-coding variants, can be overcome by WGS. As sequencing costs 

further decrease, WGS will therefore completely replace WES in the near future. However, 

prioritization of variants, especially in the non-coding region, will still remain difficult. By 

directly probing variant effects on RNA, RNA-seq can complement the sole genetic 

information gained from WES or WGS. As part of this PhD study, I laid the foundation of 

RNA-seq analysis as a second tier approach, which provided so far a molecular diagnosis for 

10% of the patients with inconclusive WES or even WGS. While further investigations on the 

herein generated data using improved prioritization pipelines and extended validation 

experiments most likely will yield further diagnoses, RNA-seq on fibroblast cell lines will 

still leave a substantial amount of patients without diagnosis. 
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Remaining diagnostic deficits can partially be attributed to limitations inherent to our 

approach. Due to our strict filtering, we possibly missed to prioritize moderate but 

nevertheless causative events. As we and likely others will continue performing RNA-seq, 

increasing sample size will allow a more sophisticated statistical analysis and therefore ease 

the detection of such moderate events. Furthermore, detection of intron retention was 

hampered by limitations of the analysis tool employed to detect aberrant splicing. Currently 

available tools were designed for the comparison between groups. Our collaborators at the 

computational biology department of the Technische Universität München therefore currently 

develop a prediction tool for aberrant splicing that is first of all adopted to a rare disease 

setting by using different statistical models. Additionally, instead of considering split reads at 

a gene level, the new tool probes each junction at an exon level to allow the detection of 

intron retention. The tool furthermore aims to improve the prioritization of events by 

integrating genetic information from WES or WGS allowing the direct query for causative 

variants. Finally, in this study a standard non-strand specific RNA-seq protocol was used. To 

obtain information on overlapping genes, antisense transcripts, and long non-coding RNAs, 

we will now conduct RNA-seq experiments using a strand-specific RNA-seq protocol.  

RNA-seq is furthermore fruitless if the causative variant does not have an effect on RNA 

abundance and sequence as expected for missense mutations, many de novo mutations, and 

dominant inheritance. In turn, such mutations likely affect protein levels and activity, both of 

which are however challenging to measure globally in large scale. While the yield and 

reproducibility of quantitative protein level measurements by quantitative proteomic 

approaches is constantly improving, the coverage is still not complete. Therefore, quantitative 

proteomics alone does not yet allow systematic detection of causal protein level aberration. 

Nevertheless, by now thousands of proteins can be detected allowing the validation of variant 

effects in the respective genes on protein synthesis, stability, and degradation. In this study, 

quantitative proteomics on 31 fibroblast samples detected 5400 proteins out of which 4000 

were reliably detected in at least 50% of the samples [107]. In the TIMMDC1 patients we 

detected systematic decrease and absence of several RCCI subunits underpinning the role of 

TIMMDC1 as RCCI assembly factor. The instability of macromolecular complexes like 

RCCI and subsequent degradation of subunits caused by mutations in structural proteins 

might be a common mechanism. Such events might be picked up more easily due to the larger 

amount of observable events and more robust statistical models. Notably, quantitative 
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proteomics can also reveal effects of VUS as exemplified by the ALDH18A1 patient carrying 

a VUS compound heterozygous with a nonsense variant in ALDH18A1. As only 2% 

remaining ALDH18A1 can be measured, this argues for an effect not only of the nonsense 

variant but also of the VUS on the protein level. Furthermore, as mitochondrial disorders 

present metabolic disorders, the routine diagnostic process for mitochondrial disorders often 

involves the measurement of a very few metabolites serving as biomarkers (see 1.1.2). These 

biomarkers, however, generally have a poor sensitivity and specificity towards mitochondrial 

disorders as a whole, probably attributed to their diversity in origin and hence manifestation. 

Even though, they can allow the metabolic diagnosis of certain subgroups. Whereas 

comprehensive quantitative metabolomics is not yet used in a routine diagnostic set-up, it has 

been applied successfully in the past to unravel novel biomarkers [175].[175]. While this was 

outside the scope of the herein presented investigations, we could demonstrate the usability of 

quantitative metabolomics for the prioritization of variants in single cases whereby the 

causality of the variants in ALDH18A1, initially rejected due to an at that point incoherent 

phenotype, could be re-evaluated.  

Finally, our yield might be limited by peculiarities of the investigated tissue. While limitations 

attributed to tissue-specific expression might further be circumvented by performing RNA-

seq on the affected tissue, in the majority of the cases the affected tissue probably will not be 

available. To elude this shortage, one could generate induced pluripotent stem cells (iPSC) 

from fibroblasts and differentiate the iPSC into the affected tissue, which is however 

laborious and not yet routinely performed. Further insights might be derived from performing 

RNA-seq on patient blood samples, which are readily available. Performing RNA-seq on 

blood could i) replace RNA-seq on fibroblasts as a less invasive procedure; ii) validate 

moderate events detected in fibroblasts; iii) detect additional tissue-specific events. I therefore 

suggest to investigate the applicability of RNA-seq on blood samples by parallel RNA-seq on 

multiple tissues. 

Conclusively, the era of next generation sequencing continuously provides molecular 

diagnosis for patients. In combination with the clinical presentation of the patients, this allows 

for a better understanding and estimation of genotype-phenotype correlations. While for some 

genes, as for example TANGO2, the overlapping clinical presentation of the patients strongly 

facilitated the discovery of the causal variants, for deficiencies in many other genes, e.g. 
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ALDH18A1, a broadening of the clinical spectrum is evident. Ambiguous genotype-phenotype 

correlations together with the increasing amount of VUS generated by WGS demands for 

comprehensive evaluation and validation of variants in large-scale and high-throughput. 

RNA-seq, quantitative proteomics and quantitative metabolomics will therefore become vital 

to the diagnostic process, initiating the multi-omics era. 
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