
 

 

 

 

 

LAURA MELCHIONDA 

Matr. N°. 067170 

 

 

New genes involved in mitochondrial and 
neurodegenerative diseases identified by whole 

exome  sequencing 

 

 

 

 

 

Coordinator: Prof. Andrea Biondi 

Tutor: Dr. Massimo Zeviani 



 

ii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

iii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

iv 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

v 

 

Table of Contents 

 

Chapter 1: general introduction 1 

 

NEURODEGENERATIVE DISEASES 2 

Misfolded protein  3 

Calcium homeostasis 5 

Oxidative stress 7 

Mitochondrial dysfunction 9 

Axonal transport 11 

Inflammation 14 

AMYOTROPHIC LATERAL SCLEROSIS 15 

LEUKODYSTROPHIES 18 

    Alexander disease 20 

MITOCHONDRIAL DISEASES 21 

Genetics of mitochondrial diseases 23 

mtDNA mutations 23 

nDNA mutations 28 

Treatment of mitochondrial diseases 38 

NEXT GENERATION SEQUENCING 40 

Scope of the thesis 46 



 

vi 

 

References 48 

Chapter 2: 57 

Adult-onset Alexander disease, associated with a mutation in an 
alternative GFAP transcript, may be phenotypically modulated by 
a non-neutral HDAC6 variant 

 

Chapter 3: 87 

Mutations of the Mitochondrial-tRNA Modifier MTO1 Cause 
Hypertrophic Cardiomyopathy and Lactic Acidosis 

 

Chapter 4: 123 

MTO1 Mutations are Associated with Hypertrophic 
Cardiomyopathy and Lactic Acidosis and Cause Respiratory 
Chain Deficiency in Humans and Yeast  

 

Chapter 5: Summary, conclusions and future perspectives 163 

Summary 165 

Discussion and conclusions 171 

Future perspectives 176 

References 180 

 



  

1 

 

CHAPTER 1 

 

 

General introduction:  

Neurodegenerative and Mitochondrial diseases 
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NEURODEGENERATIVE DISEASES 

 

The term “neurodegeneration” is defined as “any pathological 

condition primarily affecting neurons” or “disease process in which 

neurons are selectively and gradually destroyed, leading to a 

progressive loss of nervous system structure and function” 

(Przedborski Set al., 2003; Deuschl G and Elble R, 2009). 

It is currently estimated that the number of neurodegenerative diseases 

is approximately a few hundred. Their classification is based on the 

predominant clinical feature or the topography of the principal lesion, 

or often on a combination of both. Accordingly, neurodegenerative 

disorders of the central nervous system (CNS) may, for example, be 

first grouped into diseases affecting the cerebral cortex, the basal 

ganglia, the brainstem and cerebellum, or the spinal cord. Then, within 

each group, a given disease may be further classified based on its 

main clinical features (Przedborski S et al. 2003). 

However, clinical and pathological features among different 

neurodegenerative disorders often overlap, making their practical 

classification quite demanding.  

One of the main debates about the aetiology of these disorders 

concerns the relative roles of genetic and environmental factors in the 

initiation of these diseases. Some cases have a clear familial 

occurrence suggesting a genetic basis, but others, the largest amount, 

are essentially sporadic. For example, this claim is true for 

Parkinson’s disease (PD), Alzheimer disease (AD) and Amyotrophic 

Lateral Sclerosis (ALS). 
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Despite numerous progresses in understanding the aetiopathogenesis 

of neurodegenerative diseases have been done, the precise pathway 

that firstly leads to neuronal dysfunction and then to death isn’t yet 

known. However, there are several hypothesis related to pathogenesis 

of these diseases: accumulation of misfolded proteins, proteasomal 

and autophagy dysfunction, oxidative stress, impaired calcium 

homeostasis, axonal transport deficits, mitochondrial dysfunction, 

inflammation,  and  white matter alterations are postulated to play a 

role in almost every neurodegenerative disorder. Anyway, many of 

these mechanisms are likely to be connected, so that a defect in one 

cellular pathway will have a “domino effect” leading to multiple 

stresses for the cell. 

 

In the following paragraphs I have reported the main pathogenetic 

mechanisms related to neurodegenerative disorders, with a final focus 

on amyotrophic lateral sclerosis; leukodystrophies (in particular 

Alexander disease), and mitochondrial disorders that are the subjects 

of my PhD projects 

 

Misfolded proteins 
 
Many neurodegenerative diseases are caused by accumulation of 

specific protein aggregates in the brain with a regional pattern specific 

to each disease. AD is characterized by extracellular deposition of 

amyloid-β (Aβ) protein in the form of senile plaques and by 

intraneuronal accumulation of hyperphosphorylated tau as 



  

4 

 

neurofibrillary tangles. (Hardy, 2006; Selkoe, 2004). In PD, the 

synaptic protein α-synuclein accumulates in neuronal cell bodies and 

axons; these aggregates are referred to as Lewy bodies and Lewy 

neuritis, respectively (Goedert, 2001). In Huntington’s disease (HD) 

and other diseases with the expansion of triplet repeats, proteins with 

expanded polyglutamine (polyQ) accumulate in the nucleus and 

cytoplasm (Ross and Poirier, 2004). Accumulation of misfolded prion 

proteins also occurs in Creutzfeldt–Jakob disease (CJD) (Prusiner, 

2001). The proteins that accumulate in neurodegenerative diseases are 

typically misfolded and yield a β-sheet structure that promotes 

aggregation and fibril formation (Soto C 2003; Ross Ca et al. 2004).  

Genetic factors, including gene mutations, gene dose and promoter 

polymorphisms, may affect protein levels and conformation. In the 

same way environmental factors, such as oxidative or metabolic 

stress, can increase the production of misfolded proteins. 

In eukaryotic cells there are two main pathways responsible for 

protein and organelle clearance: the ubiquitin-proteasome system 

(UPS) and the autophagy-lysosome system. 

Proteasome are barrel-shaped multiprotein complexes that 

predominantly degrade short-lived nuclear and cytosolic proteins after 

their C-terminal ubiquitination. 

Autophagy, literally “self-eating”, describes a catabolic process in 

which cell constituents such as organelles and proteins are delivered to 

the lysosomal compartment for degradation.  

Increasing evidences suggest that impairment in UPS and autophagy 

is a common feature in several brain diseases (McNaught KS et al. 
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2001; Keller JN et al. 2000). These dysfunctions may be caused 

directly by mutations in genes that encode proteins involved these 

pathways; for example, mutations in the PARK2/PARKIN gene, that 

encode an E3 ubiquitin ligase, one of the three enzymes involved in 

the conjugation of ubiquitin to proteins targeted  to UPS, caused  

inherited forms of PD (Kitada T et al., 1998). Another possibility is 

that the abnormal protein accumulation may further overwhelm 

degradative systems and, as a result, even more proteins start 

accumulating within the cells (Bence NF et al. 2001). 

If unfolded proteins cannot be refolded and targeted for degradation, 

they may be sequestered into a specific cellular site to generate an 

intracellular inclusion body, as an aggresome (Johnston JA et al., 

1998). According to current knowledge, the formation of this 

aggresome would have a protective function, reducing the random 

accumulation of potential toxic protein oligomers and aggregates and 

preventing abnormal interactions of these aberrant species with other 

proteins or cell organelles (Chen B et al., 2011). 

 

Calcium homeostasis 
 
Neurons are excitable cells that process and transmit the information 

through an electrochemical signal in highly controlled spatio-temporal 

manner. Calcium, as Ca2+ cation, is the major intracellular messenger 

that mediates the physiological response of neurons to chemical and 

electrical stimulation. Under resting conditions, free cytosolic Ca2+ 

levels in neurons are maintained around 200 nM, but their 

concentration can rise to low micromolar values upon electrical or 
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receptor–mediated stimulation. Calcium can be released from 

intracellular stores or influx from extracellular space, where the 

concentrations are several magnitudes higher compared to cytosolic 

calcium levels. 

Ca2+ can influx into the cell through voltage-dependent channels and 

ligand-gated channels such as glutamate and acetylcholine receptors 

(Berridge MJ et al. 2003). The main intracellular calcium store is the 

endoplasmic reticulum (ER) from where calcium can be released into 

the cytosol via activation of inositol 1,4,5-triphosphate receptors 

(InsP3Rs) or ryanodine receptors (RyRs). Basal cytosolic Ca2+ levels 

are maintained partly by powerful calcium-binding and calcium-

buffering proteins (e.g. calbindin or parvalbumin) and partly by an 

active uptake into internal stores by the Sarco/ER calcium-ATPase 

(SERCA) at the ER membrane or by the mitochondrial uniporter 

(Berridge MJ et al. 2003). 

Usually, this finely tuned control of Ca2+ fluxes and Ca2+  load is 

compromised in normal aging and even more in pathological states. 

The major factor responsible for impairment of neuronal Ca2+ 

homeostasis is oxidative stress. This situation makes neurons 

vulnerable to a form of  Ca2+-mediated death, called excitotoxicity, in 

which glutamate receptors are over activated leading to rise of 

intracellular Ca2+ concentrations beyond tolerable levels (Arundine M 

and Tymianski M, 2003). Mitochondria play an important role in the 

regulation of Ca2+ levels. It has been demonstrated that both genetic 

manipulations and pharmacological treatments, enhancing 
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mitochondrial Ca2+ sequestration, can protect neurons against 

excitotoxicity (Duchen MR, 2000). 

Alterations of Ca2+  homeostasis are observed in several 

neurodegenerative diseases including PD, AD, ALS and HD. Rare 

examples support a direct role of Ca2+  homeostasis deregulation as the 

first hit towards neurodegeneration, however there are evidences that 

highlights the presence and the importance of calcium deregulation in 

progression of several neurodegenerative process (Wojda U et al. 

2008). 

 

Oxidative stress  
 
Oxygen is necessary for the normal function of eukaryotic organisms, 

but paradoxically, as a result of its metabolism it produces reactive 

oxygen species (ROS), which can be extremely toxic to cells. ROS 

include both free radicals, such as superoxide (O2
.-), nitric oxide (NO.) 

and hydroxyl (OH.) radicals and other molecular species, such as 

hydrogen peroxide (H2O2) and peroxynitrite (ONOO-). ROS can 

interact with different substrates in the cell, such as proteins, lipids 

and DNA. Oxidation of proteins may involve structural alterations or 

destroy the active sites of enzymes. Other examples of protein 

modifications caused by ROS are nitration, carbonylation, and 

protein-protein cross linking, generally leading to protein loss of 

function and accumulation into cytoplasmic inclusions with alterations 

of degradation systems (Dalle-Donne et al., 2005).  
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Oxidative modification of unsaturated fatty acids can result in lipid 

peroxides, which in some cases disrupt both the plasma membrane 

and membranes of subcellular organelles, such as mitochondria. 

Oxidation of DNA may lead to mutations. In fact, it is known that the 

frequency of mtDNA mutations is higher that nDNA, because it is 

exposed to the action of ROS produced by oxidative phosphorylation 

(OXPHOS), the metabolic pathway in which the mitochondria 

produce energy in the form of ATP. 

The cell has evolved several defense and repair mechanisms against 

oxidized species based on antioxidant enzymes, including superoxide 

dismutase (SOD), glutathione peroxidase, and catalase.  

SOD plays a crucial role in scavenging O2
.-. Three distinct isoforms of 

SOD are indentified: copper-zinc-containing cytoplasmic SOD 

(SOD1), manganese-containing mitochondrial SOD (SOD2) and 

extracellular SOD (SOD3). 

Glutathione peroxidase is the general name for a family of multiple 

isoenzymes that catalyze the reduction of H2O2 or organic 

hydroperoxides in water or corresponding alcohols using glutathione 

(GSH) as an electron donor.  

Catalase, a ferriheme-containing enzyme, is responsible for the 

conversion of hydrogen peroxide to water and it is localized especially 

in peroxisomes.  

In addition there are non enzymatic antioxidant compounds, such as 

GSH and vitamin E. GSH is the most abundant small non protein 

molecule in cells and it is the main antioxidant in CNS. Reduced GSH 

can interact directly with free radicals for their removal. Vitamin E 
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appears to neutralize the effect of peroxide and to prevent lipid 

peroxidation in membranes. 

The brain is considered to be particularly susceptible to ROS 

damaging. In fact, even if it represents only ~2% of the total body 

weight, the brain accounts over than 20% of the total consumption of 

oxygen (Halliwell B. et al., 2006). Therefore, oxidative stress can be 

important in aetiology of various neurodegenerative diseases. In fact 

postmortem brain tissues from patients with different 

neurodegenerative diseases demonstrated increased ROS in affected 

brain regions. A clear example from genetics is the presence of  SOD1 

mutations in 20% of familial cases of ALS. 

 

Mitochondrial dysfunction 
 
Mitochondria play a central role in many functions including ATP 

generation, intracellular Ca2+ homeostasis, ROS formation and 

apoptosis. Therefore, decrease of ATP synthesis due to mitochondrial 

respiratory chain deficiency, increase of oxidative stress, 

accumulation of mitochondrial DNA (mtDNA) mutations, and Ca2+ 

homeostasis deregulation can be considered as signs of mitochondrial 

dysfunction.  

Mitochondria produce more than 90% of our cellular energy (ATP) by 

OXPHOS which occurs at the level of mitochondrial respiratory chain 

(MRC), composed of five enzymatic multi-heteromeric complexes (I, 

II, III, IV, V) embedded in the inner membrane of mitochondria. 

Mutations in genes encoding MRC subunits or assembly factors of 
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mitochondrial complexes result in ATP synthesis deficiency. But also 

drugs can inhibit complex activities. For example, the first evidence 

for complex I dysfunction in PD was the observation that drug abusers 

who were accidentally exposed to 1-methyl 4-phenyl 1,2,3,6-

tetrahydropyridine (MPTP) developed PD (Langston JW et al., 1983). 

The proper functioning of mitochondria is essential. In fact, energy 

metabolism plays a decisive role in life/death of the cells. In 

particular, neuronal function and survival depend on a continuous 

supply of glucose and oxygen, used to generate ATP through 

glycolysis and mitochondria respiration. A perturbation in energy 

metabolism, for instance after stroke, ischemia or brain trauma can 

lead to irreversible neuronal injury. An age-related decline in energy 

metabolism also may contribute to neuronal loss during normal aging, 

as well as in neurodegenerative diseases (Beal, 1995). 

Damage to mitochondria is caused primarily by ROS generated by the 

mitochondria themselves (Wei et al., 1998; Duchen, 2004). It is 

currently believed that the majority of ROS are generated by 

complexes I and III (Harper et al., 2004).  

Amongst all the interconnected mitochondrial pathways, it is often 

difficult to distinguish between causes and consequences. For 

instance, oxidative stress induces mtDNA mutations, OXPHOS 

dysfunction, alteration of membrane potential, permeability transition 

pore activation, and calcium uptake; but, conversely, some inherited 

mtDNA mutations lead to respiratory chain deficiency or directly 

cause increased ROS production. 
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Faulty mitochondria have been thought to contribute to several 

ageing-related neurodegenerative diseases, such as PD, AD and ALS. 

A lot of genes associated with PD code proteins with mitochondrial 

localization and/or influence on mitochondrial function, for example 

mutations of parkin, an ubiquitin E3 ligase involved mainly in UPS, 

cause oxidative stress and mitochondrial impairment.  

The exact role of mitochondria in the pathogenesis of AD is less clear, 

but there are several observations that support this link. Amyloid 

precursor protein (APP), when overexpressed in cells and mice, 

clogged mitochondrial import machinery, causing mitochondrial 

dysfunction and impairment of energy metabolism.  

 

Axonal transport  
 
Neurons are cells responsible for the reception and the transmission of 

nerve impulses to and from the CNS. Typically, neurons are 

composted of a cell body, multiple dendrites and a single axon.  

Dendrites and cell bodies play a role in collection and processing of 

information, and the axon is responsible for the transmission of 

information to other neurons via synapses. 

Unlike dendrites, that are in close proximity with the neuronal cell 

body, axons can extend from a few millimeters to one meter or more. 

Being axons devoid of a specific apparatus for protein synthesis, 

axonal proteins are synthesized in the cell bodies and subsequently 

transported into axons and synapses. This process is called axonal 

transport and occurs along the cellular cytoskeleton. There are three 
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major components of the neuronal cytoskeleton: microtubules, actin 

and intermediate filaments. 

Microtubules are formed from the dynamic polymerization of αβ-

tubulin dimers. Microtubules polymerize outward from the 

centrosome, then undergo a stochastic transition, resulting in a very 

rapid depolymerization. This dynamic behavior is required for the 

normal outgrowth of axons and growth cones, specialized ends of 

growing axons (or dendrites) that generate the motive force for 

elongation. 

Also the cytoskeletal actin provides both dynamics and stability to this 

structure. Actin monomers assemble into a flexible helical polymer 

with two distinct ends: one fast growing extremity and one with a 

slower growth.  

The third major component of the cellular cytoskeleton includes 

intermediate filaments, the most common of which are neurofilaments 

in mature motor neurons. Once assembled, these filaments lack 

overall polarity, and do not undergo the dramatic remodeling 

characteristic of actin and microtubules. Neurofilaments primarily 

provide structural stabilization to the cell, and regulate the radial 

growth of axons. It is interesting to note that aggregation of 

neurofilaments is a common marker of neurodegenerative disease (Liu 

Q et al., 2004) 

Molecular motors, specialized enzymes that use ATP hydrolysis 

energy to move along the cellular cytoskeleton, are responsible for 

active transport in neurons. Long distance travel within the motor 

neuron is driven primarily by microtubule-based motor proteins, while 
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actin filament-based motors drive shorter distances, or dispersive 

movements. Microtubules motors include members of the kinesin 

superfamily and cytoplasmic dynein; myosin drive transport of 

vesicles and organelles along actin filaments. Conventional kinesins 

are the major species of plus-end directed molecular motors in the 

brain (Wagner et al., 1989), being involved in anterograde transport 

(from cell body to synapses) of various membrane-bounded 

organelles, including mitochondria, synaptic vesicles and axolemmal 

precursors, among others (Leopold et al., 1992; Elluru et al., 1995). 

Conventional kinesin is a heterotetramer composed of two heavy 

chains (kinesin-1s, KHCs) and two light chains (KLCs) (DeBoer et 

al., 2008). Retrograde transport (from axonal end to cell body) is 

carried out by the multisubunit motor protein complex cytoplasmic 

dynein (CDyn) (Susalka and Pfister, 2000). This transport consists 

mainly of endosomal/lysosomal organelles that carry corrupted 

proteins back to the cell bodies for degradation but also neurotrophic 

factors required for neuronal survival. 

A lot of evidence suggests that neurodegenerative diseases may be a 

direct consequence of axonal transport alterations. Mutations have 

been found in various subunits of conventional kinesin (Reid et al., 

2002) and CDyn (Hafezparast et al., 2003; Farrer et al., 2009) 

resulting in selective degeneration of specific neuronal subtypes. 

Moreover other mechanisms, such as abnormal activation of protein 

kinases and aberrant patterns of protein phosphorylation, that are not 

associated with mutations in molecular motors, represent major 

hallmarks in neurodegenerative diseases (Wagey and Krieger, 1998).  
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Inflammation  
 
The immune system plays important roles in the maintenance of tissue 

homeostasis and in the response to infection and injury. The CNS has 

developed strategies to limit the entry of immune elements as well as 

to limit the emergence of immune activation within the tissue itself. 

This phenomenon is called ‘immune privilege’ and is partially reliable 

on the blood-brain barriel (BBB), which is designed to limit the entry 

of solutes and ions into the CNS (Amor S et al., 2010). 

Microglial cells are the major resident immune cells in the brain, 

where they constantly survey the microenvironment and produce 

factors that influence surrounding astrocytes (another type of glial cell 

with support functions) and neurons.  

While an acute neuroinflammatory response is generally beneficial to 

the CNS, tending to minimize further injury and contributing to the 

repair of damaged tissue, a chronic neuroinflammation is always 

detrimental. In fact, chronic neuroinflammation, as well as the 

standing activation of microglia and the release of inflammatory 

mediators, increase oxidative and nitrosative stress (Tansey MG et al., 

2007). 

Generally, inflammation is not a trigger factor for neurodegenerative 

diseases, but emerging evidence suggests that sustained inflammatory 

responses, involving microglia and astrocytes, may contribute to 

disease progression. 
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AMYOTROPHIC LATERAL SCLEROSIS 
 
ALS is a neurodegenerative disease characterized by injury and death 

of lower motor neurons in the brainstem and spinal cord, and of upper 

motor neurons in the motor cortex, resulting in progressive muscle 

wasting and weakness. Generally, patients survive about 3 years from 

the onset of symptoms and death is typically associated with 

respiratory failure. Incidence of ALS is 2 per 100,000 individuals, the 

mean age of onset is 55-60 years and the disease affects more 

frequently men than women.   

ALS is commonly a sporadic disease (SALS), only 5-10% of cases are 

familial (FALS), usually with an autosomal dominant inheritance. The 

identification of mutations in genes associated to FALS has helped to 

understand some key pathogenic mechanisms for this disease.  

Mutations in at least 15 different genes have been attributed to FALS 

(table 1), the most common being in SOD1, TARDBP and FUS. 

Biological samples from patients with SOD1 mutations, including 

cerebrospinal fluid, serum and urine, show ROS elevation (Simpson E 

P, 2004; Mitsumoto H et al., 2008). Moreover, postmortem tissues 

from SALS and FALS patients presented high levels of oxidative 

damage of proteins, lipids and DNA and show abnormalities in 

mitochondrial structure, number, localization, and impaired 

respiratory chain complex activity. SOD1 is mainly a cytoplasmic 

protein, but several studies have demonstrated that both wt SOD1 and 

its mutant form localize to mitochondria in affected tissues 

(Vijayvergiya C et al. 2005). The interaction between SOD1 and 

mitochondria suggests a number of mechanisms by which 
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mitochondrial function and cell survival may be affected. For 

example, SOD1 aggregates on the outer mitochondrial membrane may 

impair protein import and increase ROS production, causing oxidative 

damage to mitochondrial proteins and lipids (Mattiazzi M et al. 2002). 

These aggregates may also contribute to apoptotic cells death 

promoting the release of cytochrome c (Takeuchi H et al. 2002) and/or 

sequestering the anti-apoptotic protein Bcl-2 (Pasinelli P et al. 2004). 

 

 
Table 1. Genes associated with familial ALS (Ferraiuolo L et al., 2011) 
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TARDBP encodes for TDP-43, an essential nuclear RNA-binding 

protein involved in transcriptional repression, exon splicing inhibition 

and mRNA stabilization. TDP43 is a major constituent of cytoplasmic 

ubiquitin-positive inclusions that accumulate in the degenerating 

motor neuron of ALS patients and individuals with ubiquitine-positive 

fronto-temporal lobar degeneration. 

FUS protein resembles TDP-43, and it has been implicated in 

alternative splicing, genomic maintenance, and transcription factor 

regulation. FUS cytosolic aggregates have been found in degenerating 

neurons of FALS patients.  

The precise pathogenic mechanism of ALS is not fully determined, 

but protein misfolding and aggregation, defective axonal transport, 

mitochondrial dysfunction and excitotoxicity have been related to 

motor neuron dysfunction and death. 

 
Figure 1. Molecular mechanisms of motor neuron injury in ALS (Ferraiuolo L et al., 
2011) 
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LEUKODYSTROPHIES 
 

Leukodystrophies are diseases characterized by a failure in 

myelination or hypomyelination of the white matter in CNS, and 

sometimes also in peripheral nerves. The term leukoencephalopathy 

usually refers to defects causing secondary myelin damage. 

Although each leukodystrophy has distinctive clinical, biochemical, 

pathological and radiological features (table 2), most of these 

genetically inherited disorders can be classified in three categories, 

according to the subcellular compartment mainly affected: lysosomal 

storage diseases, peroxisomal disorders, and diseases caused by 

mitochondrial dysfunction. 

Leukodystrophies can manifest in childhood or in adulthood, are 

generally incurable with a progressive course, leading to premature 

death. 

The diagnosis of childhood-onset leukodystrophies is very difficult. In 

fact, symptoms usually progress slowly with possible periods of 

stagnation. Patients are generally non dysmorphic and, with the 

exception of infantile cases, exhibit normal early development before 

losing skills as myelin deteriorates. Personality changes and subtle 

cognitive decline may be the earliest sign and often precede the loss of 

previously acquired motor skills. More focal clinical signs may then 

appear, such as lower limb spasticity, ataxia, swallowing function, 

movement disorders, optic atrophy. 

The ‘typical’ adult with leukodystrophy presents progressive cognitive 

or neuropsychiatric difficulties, often associated with pseudobulbar 

palsy or progressive lower limb spasticity. Cerebral dysfunction is 
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typically characterized by impaired attention and forgetfulness, 

psychomotor slowing, impaired executive and visuospatial skills, 

changes in personality, and emotional disturbances typical of 

subcortical dementia. 

A very valuable instrument for leukodystrophy diagnosis is the 

magnetic resonance (MR) imaging, as it plays an important role in the 

identification, localization, and characterization of underlying white 

matter abnormalities in affected patients.  

 

       
 
Table 2. Typical clinical, imaging, and pathophysiological features of the most 
commonly recognized   leuokodystrophies (Castello et al., 2009). 
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Alexander disease 

Alexander disease (AxD) is a rare and usually fatal leukodystrophy 

due to mutations in glial fibrillary acidic protein (GFAP), the main 

intermediate filament protein of astrocyte. The hallmark of the disease 

is the abundant presence of Rosenthal’s fibers: protein aggregates 

within astrocytes containing GFAP, αβ-crystallin, and heat shock 

protein 27. 

Frequently AxD affects young children before 2 years of age with 

motor and mental retardation, bulbar dysfunction, seizure and 

megalencephaly, leading to death by 10 years of age. The 

neuropathology of the infantile form is characterized by the absence of 

myelin in the frontal lobes. 

In the juvenile form the onset is between 2 and 12 years of age. 

Patients have difficulties with coordination, speech, swallowing, but 

both myelin and mental ability can be relatively intact. This form has 

a slow progression and patients can reach the age of 40. 

The adult form, with onset from teens to middle age, can be similar to 

the juvenile form or may mimic multiple sclerosis or a brain tumor. A 

typical sign is palatal myoclonus. Both juvenile and adult forms, 

unlike the infantile form, primarily involve the brainstem and 

cerebellum. 

All AxD forms are associated with heterozygous mutations in GFAP, 

acting in an autosomal dominant fashion; often mutations arise de 

novo, explaining the lack of familiarity. Most mutations are missense, 

but recently insertions or deletions at the C-terminus of GFAP have 

been described.  
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MITOCHONDRIAL DISEASES 

Mitochondria, from the Greek mitos (thread-like) and khondros (grain 

or granule), are bacterium-sized organelles found in all nucleated 

cells. In addition to their central role in ATP synthesis through the 

OXPHOS system, mitochondria host central metabolic pathways, like 

the Krebs cycle and the β-oxidation of fatty acids, but are also crucial 

for other cellular processes like programmed cell death (apoptosis) 

and signaling. 

 
Figure  2. (A – B) Mitochondrial structure (Werner JH  et al., 2012). (C)  Energy 
metabolism in a typical mammalian cell (Werner JH Koopman et al., 2013).            
 

Mitochondrial diseases are a group of disorders caused by 

dysfunctional mitochondria, in particular affecting the mitochondrial 

respiratory chain and Oxidative Phosphorylation (OXPHOS). 

The prevalence of mitochondrial diseases is approximately 1 in 5,000 

live births and their clinical manifestations are extremely 

heterogeneous. They may occur in infancy or adulthood, and can be 

either multisystemic or highly tissue-specific. However, patients with 
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a mitochondrial disease display a number of canonical biochemical 

and morphological features. Firstly, often they have defects in one or 

more complexes of the respiratory chain, usually detected by 

enzymatic assays on muscle biopsies or cultured cells (fibroblasts or 

myoblasts). Frequently there is an increase of resting lactic acid levels 

in blood and/or cerebrospinal fluid (DiMauro, S. & Schon, E. A., 

2003), reflecting a block in the import of pyruvate inside impaired 

mitochondria with its consequent transformation in lactate. A common 

morphological feature of OXPHOS diseases is the presence of ragged 

red fibers (RRF) in muscle, due to a compensatory massive 

proliferation of OXPHOS-defective mitochondria (Mita, S. et al., 

1989). Moreover, clinical signature trait can include skeletal 

myopathy, deafness, blindness, intestinal dysmotility, subacute 

neurodegeneration and peripheral neuropathy; the use of radiologic 

(RMN, PET) and electrophysiologic (EMG) tests help in the correct 

definition of the disease. 

Patients with late-onset usually show signs of myopathy associated 

with variable involvement of the central nervous system (CNS), 

although some of them complain only of muscle weakness or wasting 

with exercise intolerance. 

In early childhood the most common clinical and neuropathological 

presentation is the Leigh syndrome (LS). LS can be caused by defects 

in structural subunits (either mtDNA or nDNA encoded) or assembly 

factors of mitochondrial OXPHOS complexes, but also, for example, 

by disturbances in CoQ10 metabolism or dysregulation in RNA/DNA 

maintenance. Other frequent early-onset presentations include 
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different encephalopathies with variable involvement of brain 

structures (leukodystrophies, cerebral or cerebellar atrophy, thin 

corpus callosum, brainstem alterations), but also cardiomyopathies 

and hepatopathies, although often with CNS involvement. 

 

Genetics of mitochondrial diseases 

 

Mitochondria contain their own DNA (mtDNA), which is maternally 

inherited. Every eukaryotic cell contains thousands of mitochondria, 

each containing 2 to 10 mtDNA molecules. The number of 

mitochondria depends on the specific energy demand of each cell 

type. For example, tissues with high capacity to perform aerobic 

metabolic functions, like kidney, liver, heart and skeletal muscle, have 

a large number of mitochondria.  

Mitochondrial diseases can occur from mutations in mtDNA, but also 

in nuclear DNA. In fact, nDNA encode for ~ 1,500 proteins that are 

targeted to mitochondria and are fundamental for their proper 

function, including complex subunits, assembly factors and proteins 

involved in mitochondrial replication and transcription.  

 

mtDNA mutations 

Human mtDNA is a 16,569 base pair double stranded circular 

molecule constituted by two strands, the light strand (L-strand) and 

the heavy strand (H-strand). mtDNA contains only 37 genes, 13 of 

which encode for OXHOPS subunits. In particular these genes encode 

for seven subunits (ND1,2,3,4,4L,5,6) of complex I; cytochrome b 
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(cytb), that  is the only mitochondrially encoded subunit of complex 

III;  three subunits (COXI, COXII, COXIII) of complex IV and two 

subunits (ATP6, ATP8) of complex V. Besides OXPHOS subunits, 

mtDNA encodes a large and a small ribosomal RNA (12S rRNA and 

16S rRNA) and 22 transfer RNAs (tRNAs). It is interesting to note 

that mtDNA doesn’t own introns, so all the coding sequences are 

contiguous to each other (Anderson et al. 1981; Montoya et al.1981). 

 
Figure 3. Human mitochondrial genome. (Schon EA et al., 2012) 

The mitochondrial genotype of a normal individual consists of a single 

mtDNA species, a condition known as homoplasmy. On the contrary, 

most patients with mtDNA mutations are heteroplasmic, which means 

that their mitochondrial genotype is constituted by the coexistence of 

wildtype and mutated mtDNA species. The majority of heteroplasmic 

mutations don’t cause clinical phenotypes. In fact, it is necessary to 

reach a threshold level, which has been shown to vary for different 

types of mutation, from 50–60% for deleted mtDNA molecules (Mita 

S et al., 1990; Moraes CT et al., 1992) to >90% for some tRNA point 



  

25 

 

mutations (Boulet L et al., 1992; Chomyn A et al., 1992), in order to 

produce a cell damage and a phenotypic manifestation. 

The understanding of mitochondrial diseases is complicated by the 

fact that mtDNA is highly polymorphic, with several differences in 

sequence between individuals from the same ethnic group and more 

between those in different groups. mtDNA haplotypes are based upon 

specific patterns of polymorphisms that allow the classification of 

each mtDNA sequence into main haplogroups. mtDNA haplogroups 

seem to influence ageing, susceptibility to some diseases, and 

phenotypic expression/penetrance of some mtDNA mutations (Torroni 

A et al., 1997; Wallace DC et al., 1999). 

Mutations of mtDNA are divided in large-scale rearrangements and 

inherited point mutations.  

 

Large-scale rearrangements of mtDNA 

Single, large-rearrangements of mtDNA can be single partial 

deletions, or partial duplications. mtDNA deletions were the first 

mutations to be described and associated with human disease. (Holt IJ 

et al., 1988). Most mtDNA deletions are sporadic; they are located 

almost everywhere in the genome and their size can be variable. 

Despite that, all mtDNA deletions cause one of the following three 

pathological disorders: 

Kearns-Sayre syndrome (KSS), characterized by an onset in the 

second decade of life with opthalmoplegia, ptosis, pigmentary 

retinopathy and at least one of the following: cerebellar ataxia, 

complete block heart, or elevated cerebrospinal fluid protein. 
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Progressive external ophthalmoplegia (PEO), characterized by a late-

onset progressive external ophthalmoplegia, ptosis, myopathy and 

exercise intolerance. 

Pearson’s syndrome, a rare disorder of early infancy characterized by 

marrow and pancreas abnormalities with sideroblastic anemia. 

 

Point mutations of mtDNA 

Since 1988, when the first disease-causing mtDNA mutations were 

reported, more than 270 point mutations have been described. mtDNA 

point mutations are maternally inherited and can affect either one of 

13 complex subunits genes, leading to an isolate biochemical defect, 

or genes involved in mitochondrial protein synthesis (tRNAs, rRNAs), 

which may cause a general impairment of respiratory chain. Notably, 

more than half of these mutations are located in tRNA genes, although 

tRNAs represent only 10% of the whole genome. On the contrary, the 

polypeptide-coding genes constitute almost 70% of the genome, but 

they account for only about 40% of the mutations. Finally, only about 

2% of the mtDNA mutations affect the two rRNA genes which 

constitute 15% of coding capacity. 

The majority of the mtDNA point mutations are associated to few, 

highly defined, syndromes. 

Mitochondrial encephalopathy with lactic acidosis and stroke-like 

episodes (MELAS) is a multisystem disorder in which the brain, 

muscle and endocrine system are predominantly involved, often with a 

fatal outcome in childhood or in young adulthood (Kaufmann P et al., 

2011). This disorder is defined by the presence of stroke-like episodes 
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due to infarcts in the temporal and occipital lobes, angiopathy, lactic 

acidosis and/or RRFs. Biochemically, complex I is frequently 

affected, while complex IV is often normal. 

The most common causal mutation is m.3243A�G in tRNAleu(UUR), 

but many other point mutations have been identified.  

Myoclonic epilepsy with ragged red fibres (MEERF) is a maternally 

inherited neuromuscular disorder characterized by myoclonus, 

epilepsy, muscle weakness and wasting with RRFs, cerebellar ataxia, 

deafness, dementia and cervical lipomas. The most common mutation 

is m.8344A�G in the tRNAlys gene (Wallace DC et al., 1988a). The 

main biochemical sign is CIV deficiency, although complex I can be 

affected too, and COX-depleted RRFs are invariably detected in the 

muscle biopsy. 

Neurogenic weakness, ataxia and retinitis pigmentosa (NARP) is 

maternally inherited and characterized by ataxia, pigmentary 

retinopathy and peripheral neuropathy (Holt IJ et al., 1990). RRFs are 

consistently absent in the muscle biopsy. This disorder is associated 

with the heteroplasmic mutation m.8993T�G or less frequently with 

m.8993T�C in the ATP synthase 6 (ATP6) gene. Patients with NARP 

harbor ~ 70% mutant mtDNA. 

Leigh syndrome (LS) is maternally inherited condition, characterized 

by a severe development delay, pyramidal signs, retinitis pigmentosa, 

ataxia, cerebellar and brainstem atrophy. It is caused by the same 

mutation m.8993T�G responsible for NARP, but in this case the 

mutation loads is over 90%. 
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Leber’s hereditary optic neuropathy (LHON) is the most common 

mitochondrial disorder, causing subacute loss of central vision in 

young adults, predominantly men. The retinal ganglion cells are 

affected selectively. This disease is usually due to homoplasmic 

mutations in one of three genes encoding complex I subunits: 

m.11778G�A in ND4, m.3460G�A in ND1 and m.14484T�C in 

ND6 (Wallace DC et al., 1988b; Howell et al., 1991; Chinnery et al., 

2001).  

 

nDNA mutations 

Human nDNA-encoded mutations are generally inherited in an 

autosomal recessive manner (Smeitink et al., 2001) and the clinical 

manifestation is very heterogeneous.  

They can affect: structural OXPHOS subunits; OXPHOS assembly 

factors; Fe-S biogenesis enzymes; enzymes involved in the synthesis 

of CoQ10 and Cyt-c; mtDNA repair enzymes; mtDNA replication, 

transcription and translation factors; enzymes involved in the 

maintenance of the mitochondrial dNTP pool; mitochondrial 

ribosomal proteins; mt-tRNA synthetases; nucleoid-associated 

proteins. 
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Figure 4. Biogenesis and neurodegeneration-associated mutations of the OXPHOS 
system. (Koopman JH et al., 2013) 

 

 

Disorders due to defects in nuclear gene encoding both structural or 

assembly factors of OXPHOS subunits 

Only 13 subunits of mitochondrial complexes are encoded by mtDNA, 

other 72 are encoded by nDNA, translated on cytoribosomes and 

transported to the mitochondrion. 

 



  

30 

 

 
 
Figure 5. Oxidative phosphorylation complexes (Schon EA et al, 2012). 
The respiratory chain is composed of five enzymatic multi-heteromeric complexes 
(I, II, III, IV, V) embedded in the inner membrane of mitochondria. Complex I 
oxidizes nicotinamide adenine dinucleotide (NADH), derived by the oxidation of 
fatty acid, pyruvate and aminoacids, to NAD+ and transfers the electrons extracted 
from NADH to CoQ10. Complex II oxidizes flavin adenine dinucleotide (FADH2), 
derived from fatty acid and the Krebs’ cycle, to FAD and also transfers the released 
electrons to CoQ10. Complex III  transfers electrons from reduced CoQ10 to 
cytochrome c. Complex IV catalyses the last step of electron transfer: the reduction 
of oxygen to water. Complexes I–IV pump NADH- and FADH2-derived protons 
from the mitochondria matrix to the mitochondrial intermembrane space (IMS), 
generate an electrochemical gradient (∆pm) used by complex V to convert ADP and 
phosphate to ATP. 

nDNA mutations in structural genes have been described for each of 

the five complexes, but remarkably they account for only a minority 

of the OXPHOS complex deficiency cases. This observation can be 

explained by their incompatibility with life.  

Biochemical OXPHOS abnormalities due to mutations in assembly 

factors are more common. Defects of CIV activity are the most 

frequent; in particular mutations associated with autosomal recessive 

COX deficiency have been reported for the following assembly 

factors: SURF1, SCO1, SCO2, COX10, COX15. Patients with these 

mutations have usually an early onset with LS, myopathy, 

encephalopathy, lactic acidosis, and a rapidly progressive course with 

early death.  
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Mutations have been found also in assembly factors of the other 

complexes: NDUFAF2, NDUFAF3, NDUFAF4, C20ORF7, 

C8ORF38, NUBPL, FOXRED1, ACAD9 for CI; SDHAF1 and 

SDHAF2 for CII; BCS1L, TTC19 and LYRM7 for CIII; TMEM70 

and ATPAF2 for CV. 

 

Disorders due to gene defects altering the stability of mtDNA 

mtDNA replication occurs in the mitochondrial matrix and it is 

independent from cell cycle and nuclear DNA replication, 

(Bogenhagen & Clayton, 1977). mtDNA replication requires a 

specific mitochondrial DNA polymerase, the DNA pol γ, and many 

other factors: the mtDNA helicase TWINKLE, the mtDNA 

topoisomerase I (TOPImt), a single-strand binding protein (mtSSB), 

the mtDNA ligase III, mitochondrial  transcription factors (i.e. 

mtTFA) and enzymes important for the supply of deoxynucleotides, 

such as thymidine kinase 2 (TK2) and deoxy-guanosine kinase 

(dGUOK).  

Typically, defects of the DNA-processive enzymes are responsible for 

qualitative alterations of mtDNA, such as multiple mtDNA deletions. 

On the contrary, mutations in genes assigned to maintenance of dNTP 

pools cause quantitative alterations of mtDNA, the so-called mtDNA 

depletion syndrome (MDS), where there is a reduction of mtDNA 

copy numbers. 

 

Qualitative alterations of mtDNA are usually associated with 

autosomal dominant or recessive forms of progressive external 
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ophtalmoparesis (PEO) and autosomal recessive 

myoneurogastrointestinal encephalomyopathy (MNGIE). 

Typical signs of PEO are progressive muscle weakness, that most 

severely affected the external eye muscle, RRFs and a mild reduction 

in the activities of respiratory chain enzymes. Additional features, 

present in some families, are ataxia, depression, hypogonadism, 

hearing loss, peripheral neuropathy and cataract (Servidei S et al., 

1991). Mutations associated with autosomal dominant or recessive 

forms of PEO, have been found in five genes: ANT1 (adenine 

nucleotide translocator), Twinkle, POLG1 and POLG2, and OPA1 

(optic atrophy protein 1). 

MNGIE is a devastating disorder with juvenile onset, characterized by 

ophtalmoparesis, peripheral neuropathy, leucoencephalopathy, 

gastrointestinal symptoms with intestinal dismotility, and 

histologically abnormal mitochondria in muscle (Hirano et al., 1994). 

This disorder is associated with mutations in the gene encoding 

thymidine phosphorylase (TP). TP is involved in the catabolism of the 

pyrimidine nucleoside and alterations of its function lead to imbalance 

of the dNTPs pool. 

 

mtDNA depletion syndromes are a heterogeneous group of disorders 

and can clinically be divided in three classes: fatal infantile congenital 

myopathy with or without DeToni-Fanconi renal syndrome; fatal 

infantile hepatopathy leading to rapidly progressive liver failure; late 

infantile or childhood encephalomyopathy.  
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These diseases are mainly due to alterations in genes coding proteins 

involved in the maintenance of dNTP pools: thymidine kinase 2 (TK2) 

a deoxyribonucleoside kinase that phosphorylates thymidine, 

deoxycytidine and deoxyuridine; p53 controlled RR (p53R2), the 

major ribonucleotide reductase regulator of de novo synthesis of 

dNTPs; deoxyguanosine kinase (dGUOK) that carries out the 

phosphorylation of purine deoxyribonucleosides in mitochondria; the 

a (SUCLA2) and b (SUCLG1) subunits of the succinyl-CoA ligase, a 

Krebs cycle enzyme with a yet unexplained role in mtDNA 

metabolism. 

 
 
Disorders due to gene defects altering mitochondrial protein 

synthesis  

The mitochondrial transcription machinery requires a specific RNA 

polymerase (Tiranti et al. 1997) and at least three transcription factors 

(TFAM, TFB1M, TFB2M; Fisher & Clayton, 1985, 1988), 

responsible for initiation and termination of transcription. The absence 

of introns in mtDNA originates polycistronic primary transcripts, 

eventually cut by specific endonucleases to generate mature rRNAs, 

mRNAs and tRNAs. tRNA genes, distributed among the other genes, 

function as a signal driving endonucleolytic cleavage (Ojala et al. 

1981; Montoya et al. 1983). Then other enzymes are in charge of 

polyadenylation for rRNAs and mRNAs, the addition of the CCA to 

the tRNA 3’ end, or other processes that stabilize the corresponding 

RNA species.  
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Protein synthesis deficiency can be caused by mutations in any 

components of translation machinery that, except for the 22 tRNAs 

and 12S rRNA and 16S rRNA, are all encoded by nDNA. Usually, 

these mutations have maternal (for tRNAs and rRNAs) or autosomal 

recessive (for nDNA genes) transmission and can theoretically affect 

all complexes containing mitochondrial encoded subunits sparing CII. 

 

Abnormal tRNA modification 

Maturation of tRNAs is a central event of mammalian mitochondria 

gene expression. It involves several modifications necessary for their 

proper functioning, including structure stabilization, amino-acylation 

and codon recognition.   

Mitochondrial tRNAs are processed and matured by RnaseP and 

RnaseZ, respectively involved in the processing of 5’ and 3’ end 

(Vilardo E et al., 2012), as well as editing enzymes, such as MTO1, 

PUS1, TRMU and MTFMT. 

MTFMT is a methionyl-tRNA formyltransferase, which is required 

for the initiation of translation in mitochondria. MTFMT mutations 

have been associated with LS and combined OXPHOS deficiency 

(Tucker et al., 2011). Few mutations have been found in PUS1, coding 

a pseudouridine synthase that converts uridine into pseudouridine after 

the nucleotide has been incorporated into tRNA. PUS1 patients show 

myopathy, lactic acidosis and sideroblastic anemia (MLASA; 

Bykhovskaya et al., 2004). TRMU is responsible for the 2-thiolation 

of the wobble U in tRNALys, tRNAGlu, tRNAGln, TRMU mutations 
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have been found in patients with acute infantile liver failure (Zeharia 

A et al., 2009) 

Recently, mutations have been found in MTO1, coding the enzyme 

that catalyzes the 5-carboxymethylation (mnm5s2U34) of the wobble 

uridine base in mt-tRNAGln, mt-tRNAGlu and mt-tRNALys. MTO1 

patients show variability in reduction of respiratory chain activities 

and hypertrophic cardiomyopathy with lactic acidosis (Ghezzi D et al., 

2012; see chapter 3).  

 

Abnormal aminoacyl-tRNA synthetases 
 
Aminoacyl-tRNA synthetases (AARSs) catalyze the ligation of 

specific amino acids to their cognate tRNAs. AARSs are all encoded 

by nDNA and then imported into the mitochondria. Mitochondria use 

20 different AARSs, three of them also acting in the cytosol (GARS, 

KARS, QARS). Typically, mutations in mitochondrial AARSs are 

associated with infantile autosomal recessive diseases. These disorders 

are widely heterogeneous. For example, mutations in YARS2 present 

as myopathy and sideroblastic anaemia, EARS2 mutations as 

leukoenchephalopathy and high cerebrospinal fluid, AARS2 mutations 

as hypertrophic cardiomyopathy, SARS2 mutations as pulmonary 

hypertension and renal failure. 

 
Abnormal ribosomal proteins and translation factors 
 

The 55S mitochondrial ribosome is constituted by the small subunit 

(28S), containing the 12S rRNA and 30 proteins, and the large subunit 

(39S), containing the 16S rRNA and 48 proteins. 
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Mutations have been found in the following ribosomal proteins: 

MRPS16, associated with agenesis of the corpus callosum, muscle 

hypotonia and hyperlactatemia (Miller C et al., 2004); MRPS22, 

associated with hypotonia, cardiomyopathy and tubulopathy (Smits P 

et al. 2007); MRPL3, associated to hypertrhophic cardiomyopathy and 

psychomotor retardation (Galmiche L et al., 2011) and MRPL44, 

associated to cardiomyopathy (Carroll CJ et al., 2013). 

Mitochondrial translation is a four-step process involving nuclear 

encoded translation initiation (IF2, IF3), elongation (EF-Tu, EF-Ts, 

EF-G1 and EF-G2), termination (RF1) and ribosome recycling factors. 

In particular, elongation consists of the sequential addition of amino 

acids to the growing polypeptide chain directed by mRNA codons.  

Mutations have been described in the elongation factors: EFG1; EF-

Ts; EF-Tu. 

 

 

Defects of mitochondrial protein import 

Proteomic analysis indicates that mitochondria contain about 1500 

proteins, but only 1% are encoded by mtDNA and synthesized in the 

matrix. The other proteins are encoded by nDNA and synthesized in 

the cytosol as precursors or preproteins, then are imported into 

mitochondria by a specific protein import machinery. 

Two diseases have been associated with mutations in nuclear genes 

encoding for proteins involved in mitochondrial import. The first is 

the deafness-dystonia syndrome (Mohr–Tranebjaerg syndrome) a X-

linked neurodegenerative disorder caused by mutations of the DDP 

gene, which encodes TIMM8A. This protein mediates the import and 
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insertion of hydrophobic membrane proteins into the MIM. The 

second is an autosomal recessive disorder characterized by dilated 

cardiomyopathy with ataxia. It is due to mutations in DNAJC19 gene, 

encoding a putative mitochondrial import protein similar to yeast 

TIM14 (Davey et al., 2006). 

 

Fe–S protein defects 

Assembly factors, chaperones, and enzyme involved in the 

biosynthesis and incorporation of prosthetic groups are necessary for 

the correct assembly and function of mitochondrial complexes. Fe-S-

clusters are important for their electron transfer activity. 

Abnormalities in Fe–S cluster biosynthesis have been rarely 

associated with clinical conditions. This suggests the extreme 

importance of this prosthetic group and its incompatibility with 

embryonic development and extrauterine life. 

Mutations in ATP-binding cassette member 7 (ABCB7), involved in 

the maturation of cytosolic Fe–S cluster-containing proteins, have 

been found in families with X-linked sideroblastic anemia with ataxia 

syndrome (Zeviani, 2001). 

Friedreich ataxia (FRDA) is an inherited recessive disorder 

characterized by progressive neurological disability and heart 

abnormalities that may be fatal. This disorder is due to mutations in 

FRDA gene, encoding frataxin, an iron chaperon involved in the 

biosynthesis of Fe–S cluster and heme moieties 
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CoQ10 deficiency 

CoQ10 is a lypophilic component of the electron transport chain 

involved in the transfer of electrons derived from CI and CII to CIII. 

Disorders associated with CoQ10 deficiency in muscle are 

characterized by recurrent myoglobinuria, brain involvement 

(seizures, ataxia and mental retardation) and ragged-red fibers/lipid 

storage in muscle. In addition, several patients with unexplained 

cerebellar ataxia, pyramidal signs and seizures, but with only 

unspecific myopathic change and no myoglobinuria, have been found 

to have very low levels of CoQ10 in muscle (26–35% of normal). 

Interestingly, all patients responded to CoQ10 supplementation 

(Musumeci et al., 2001). 

 

 
Treatment of mitochondrial diseases 

 

Therapies for mitochondrial diseases remain unsatisfactory and 

usually the treatment is only focused on maintaining optimal health 

and on mitigating symptoms. However, new treatment strategies based 

on genetic or metabolic/cell biological interventions are in the early 

stages of development. They are focused on: preventing transmission 

of mtDNA and nDNA gene defects; altering the balance between 

wild-type and mutated mtDNA; replacing mutant species (gene 

therapy); controlled regulation of specific transcriptional regulators; 

metabolic manipulation.  
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Among these, metabolic therapy is the most used in the treatment of 

mitochondrial diseases. This approach is based on the use of 

compounds, such as vitamins or cofactors, to promote critical 

enzymatic reactions, increase ATP production, reduce oxidative stress. 

Examples of currently used compounds are: Coenzyme Q10, an 

electron carrier and antioxidant that has been approved for the 

treatment of Friedreich’s ataxia (Bénit P et al., 2010); Creatine, the 

substrate for the synthesis of phosphocreatine, the most abundant 

energy storage compound in muscle, heart and brain; Dichloroacetate 

(DCA), a potent lactate-lowering drug. 

Recently, several clinical trials, using dichloroacetate, vitamins, and a 

cocktail of specific food components, have been studied (Stacpoole 

PW et al., 2011). In spite of positive effects of some trials, none led to 

the filing of a New Drug Application by the Food and Drug 

Administration. 
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NEXT-GENERATION SEQUENCING IN INHERITED 

DISORDERS 

 

The number of monogenic diseases is estimated >5000 and for half of 

them the underlying gene is unknown (McKusick VA, 2011). The 

identification of the gene responsible for an inherited disease 

represents the first step towards the understanding of pathological 

mechanisms, which in turn may be useful to develop therapeutic 

interventions. 

Until a few years ago the identification of Mendelian disease genes 

was carried out by Sanger sequencing of candidate genes. Candidate 

gene association studies require an a priori hypothesis for the 

selection of the gene to be studied. However, this approach is 

critically dependent on previous knowledge and only a few disease 

genes have been identified with this approach. 

Another traditional approach that has been used for years with several 

positive results is linkage analysis. However it can be applied only 

when large families with multiple affected individuals (and unaffected 

individuals) are available. The aim of this approach is the 

identification of genetic markers, such as panels of genetically 

variable DNA sequences (microsatellites or SNPs) with known 

chromosomal locations, that could be used to determine which alleles 

are present only in the affected individuals. Once this analysis leads to 

the identification of a specific genomic region, genes located inside 

this region are analyzed by Sanger sequencing to pinpoint the actual 

mutation.  
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The main limitation of linkage analysis is the need to have large, 

multi-generational pedigrees (possibly with both affected and 

unaffected individuals to increase the power and resolution of this 

analysis), besides the fact that this approach yields only regions of 

linkage and not the causative gene. 

Homozygous mapping is another good strategy for autosomal 

recessive diseases in case of suspected consanguinity. In fact, 

assuming that the disease is caused by a homozygous variant inherited 

from both parents, this method can allow the identification of the 

genomic regions that are homozygous only in affected individuals. 

Nonetheless this strategy is not applicable to identify causative genes 

in autosomal dominant diseases or for recessive diseases caused by 

compound heterozygous mutations. 

 

In the last years, next generation sequencing (NGS) technologies 

(figure 6) have changed the research for disease gene: whole-exome 

sequencing (WES) and whole-genome sequencing (WGS), by 

interrogating the entire exome or genome, move from hypothesis-

based approaches to studies that are largely hypothesis free. 

Conversely, targeted NGS, i.e. the parallel sequencing of hundreds of 

genes related to a peculiar disease, dramatically fastened the 

mutational screening of candidate genes. Finally, NGS does not 

require large pedigrees and can also be applied to singleton patients. 
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Figure 6.  Simplified workflows for whole-exome and whole-genome sequencing. 
The initial sample preparation is identical for both whole-exome and whole-genome 
sequencing. Genomic DNA is broken up into small fragments and sequence 
adaptors, which allow each fragment to be hybridized to the flowcell where the 
sequencing occurs, are added. Whole-exome sequencing protocols proceed with the 
hybridization of the fragments to probes that are complimentary to all the known 
exons in the genome, which are then captured while the remaining DNA is washed 
away, leaving a pool of fragments containing exons. Whole-genome sequencing 
requires no extra steps following the addition of adaptors and the library is ready to 
be sequenced at that point (Bras J et al., 2012). 
  
 
In NGS studies, after DNA sequencing, in-depth bioinformatics 

analysis is required, usually based on three general steps: (1) 

alignment of the short reads to the right position on a reference 

genome sequence; (2) variant calling, which compares aligned with 

known sequences to determine which positions deviate from the 

reference position; (3) filtering, which permits to reduce thousands of 



  

43 

 

variants to a smaller set of probably relevant nucleotide changes, and 

annotation, with search of known information about each variant that 

is detected. 

 

 
 
Figure 7. Next-generation sequencing bioinformatics workflow (Dolled-Filhart MP 
et al., 2012) 

 
 
 

Nonetheless, NGS is not free of limitations and problems: for instance 

coverage of regions of interest is not complete; copy number 

variations are difficult to detect; GC-rich regions cause difficulties 

during sample preparation due to polymerase chain reaction PCR 

artifacts. But the real challenge of NGS is the interpretation step, 

because of the huge amount of variants present in each individual, 

almost all without any clinical relevance. 

 

Whole-exome sequencing (WES) allows sequencing all of the known 

coding portions of the genome. The exome constitutes less than 1% of 

the whole genome, but it is estimated to contain about 85% of the 

disease-causing mutations of monogenic disorders; hence WES is at 

the moment the preferred option amongst NGS analyses because with 

a relatively small amount of sequenced regions it allows the 



  

44 

 

identification of most of the mutations responsible for genetic 

diseases. 

A typical WES experiment identify between 20,000 and 50,000 

variants per sequenced exome, but only one (or few) explains the 

Mendelian disease. In order to identify the disease gene, prioritization 

of variants is crucial.  

Primarily, variants outside the coding regions and synonymous 

variants (assuming they have a minimal effect on protein) can be 

filtered out. This reduces the number of variants to ~ 5,000. A further 

reduction takes place excluding known variants (from dbSNP or other 

public databases, such as Exome Variant Server, or from published 

studies; Durbin RM et al., 2010) with a frequency in control 

population >1% or even lower for extremely rare diseases. With this 

passage 90-95% variants are removed and the remaining ~150-500 

non-synonymous or splice-site variants are further filtered to select 

possible pathogenic variants (Ng SB et al., 2010). The hypothesized 

mode of inheritance of the disease has clearly a role in the selection of 

candidate gene: for recessive traits, only genes with homozygous or 

compound heterozygous variants are taken into account for further 

validation. Additional strategies include removal of variants not 

segregating with disease within the family (when additional family 

members are available), and prioritization of variants according to 

their computationally predicted consequences in terms of protein 

structure. However, it is important to underline that a too rigorous 

prioritization may discard the pathogenic variant. 
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Moreover, a functional validation is necessary to confirm the 

bioinformatic prediction. Complementation in patients’ fibroblasts, in 

order to evaluate phenotype rescue, or creation/investigation of other 

models (knock-down cell lines, yeast…) is fundamental steps for the 

identification of the true genetic defect. 

The identification of additional unrelated patients with different 

mutations in the same gene will further indicate the causative role of a 

given candidate gene and provide preliminary information on both 

disease frequency and genotype-phenotype correlations. 
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SCOPE OF THE THESIS 

 

The scope of my thesis was the identification of genes responsible for: 

1) an adult-onset neurological syndrome, with leukodystrophy and 

motor-neuron disease, in two half-siblings;  

2) an infantile hypertrophic cardiomyopathy with lactic acidosis and 

mitochondrial respiratory chain defects. 

Since all genetic screenings performed on the basis of clinical 

manifestations did not provide a diagnosis for these patients, we 

carried out whole exome sequencing. 

 

My work contributed to the publications of three papers. 

In the second chapter of this thesis, there is the article concerning the 

identification and characterization of the first GFAP-ε mutation, 

causing an adult form of Alexander disease in two affected siblings. 

The male presented a severe motor-neuron disease whereas his sister 

showed a mild movement disorder with cognitive impairment. In 

addition to the GFAP-ε mutation, we found a variant in HDAC6 on 

chromosome X, present only in the male patient; HDAC6 is a 

candidate MND susceptibility gene and the identified missense variant 

is probably responsible for his different phenotype. Cellular models 

were used to experimentally prove the altered functionality of mutant 

GFAP-ε and HDAC6.  
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The third chapter contains the paper reporting the first mutations in 

MTO1, responsible for a mitochondrial disorder associated with 

hypertrophic cardiomyopathy, lactic acidosis and mitochondrial 

respiratory chain defects. Then chapter four consists of the article 

where we described and characterized news MTO1 mutations found in 

other patients. In both articles characterization of the identified 

mutations and validation of their deleterious effects were assessed in 

patients’ specimens (fibroblasts) and in yeast Saccharomyces 

cerevisiae. 
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Abstract 

Background: We studied a family including two half-siblings, 

sharing the same mother, affected by slowly progressive, adult-onset 

neurological syndromes. In spite of the diversity of the clinical 

features, characterized by a mild movement disorder with cognitive 

impairment in the elder patient, and severe motor-neuron disease 

(MND) in her half-brother, the brain Magnetic Resonance Imaging 

(MRI) features were compatible with adult-onset Alexander’s disease 

(AOAD), suggesting different expression of the same, genetically 

determined, condition. 

Methods: Since mutations in the alpha isoform of glial fibrillary 

acidic protein, GFAP-α, the only cause so far known of AOAD, were 

excluded, we applied exome Next Generation Sequencing (NGS) to 

identify gene variants, which were then functionally validated by 

molecular characterization of recombinant and patient-derived cells. 

Results: Exome-NGS revealed a mutation in a previously neglected 

GFAP isoform, GFAP-ε, which disrupts the GFAP-associated 

filamentous cytoskeletal meshwork of astrocytoma cells. To shed light 

on the different clinical features in the two patients, we sought for 

variants in other genes. The male patient had a mutation, absent in his 

half-sister, in X-linked histone deacetylase 6, a candidate MND 

susceptibility gene. 

Conclusions: Exome-NGS is an unbiased approach that not only 

helps identify new disease genes, but may also contribute to elucidate 

phenotypic expression. 
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Background 

Alexander’s disease (AD, OMIM #203450) is a rare neurological 

disorder characterized by a peculiar form of leukodystrophy, with 

infantile, juvenile and adult forms manifesting with different clinical 

and pathological signs [1]. AD is a sporadic or autosomal dominant 

condition associated in most of the cases with heterozygous mutations 

in the gene encoding the glial fibrillary acidic protein, GFAP, an 

intermediate filament component of the cytoskeleton of several cell 

types [2]. GFAP mutations frequently occur de novo, particularly in 

infantile cases, while in Adult-onset AD (AOAD) both de novo 

mutations and autosomal dominant transmission have been described 

[3]. GFAP-containing eosinophil aggregates, known as Rosenthal 

fibers, distributed in the white matter of the CNS, constitute the 

morphological hallmark of the disease [2]. Whilst the infantile form 

shows extensive white matter lesions and usually fatal outcome, 

AOAD is characterized by predominant brainstem involvement and 

survival into adulthood [4]. 

We here report the results of exome next-generation DNA sequencing 

(NGS) conducted on a family with two maternal half-siblings, affected 

by two distinct adult onset neurological syndromes: mild cognitive 

deterioration and movement disorder in a female patient, motor-

neuron disease (MND) in her half-brother. The two patients shared the 

same mother, but had different, unrelated fathers, suggesting either an 

X-linked or an autosomal dominant condition with variable penetrance 

and expressivity. In spite of the diversity of the clinical features, the 

brain MRI features were compatible with AOAD. However, standard 
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sequence analysis of the nine canonical exons encoding the 

predominant isoform, GFAP-α, had previously ruled out mutations in 

both patients. 

NGS is a holistic, unbiased approach that generates comprehensive 

information on gene variance [5]. Exome NGS analysis in our family 

revealed a heterozygous missense mutation in an alternative exon of 

the GFAP gene (exon 7A), which has not previously been included in 

the diagnostic screening of AOAD. Additional variants in other genes 

included a private mutation in the X-linked gene encoding histone 

deacetylase 6, HDAC6, which was present in the male, but absent in 

the female, patients. HDAC6 was suggested to have a modulating role 

in different processes related to neurodegeneration, including 

authophagy, proteosomal degradation, aggresome formation [6,7]. We 

demonstrated that the mutant HDAC6 variant has reduced deacetylase 

activity, which could contribute to the different phenotypes of our 

patients. 

 

Patients and methods 

Case reports 

Patient 1, Pt1 (subject II-2 in Figure 1A) is now 68 years old. Her 

insidious disease onset started at 55 years, and was first characterized 

by psychiatric symptoms, initially as a bipolar disorder with 

depression alternated by hypomanic behavior (compulsive gambling), 

and eventually as a cognitive deterioration with apathy, neglect of 

personal care, and memory loss. Shortly thereafter, she manifested an 

ataxic gait with frequent falls, followed by progressive dysarthria, 
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dysphagia to liquids, drooling, and fluctuating palatal myoclonus. An 

Electroencephalography at 61 showed unspecific irritative 

abnormalities; visual evoked potentials were altered. The neurological 

examination disclosed a moderate ataxic gait requiring a can, 

dysarthria, palatal myoclonus, and hypotonia (right >left), increased 

tendon reflexes, a positive Babinski sign at the right foot, mild 

dyskinesias, mild distal dystonia. Eye movements were normal. A 

Mini Mental State Examination scored 16/30. The syndrome slowly 

progressed, with worsening of cognitive deterioration, dysarthria and 

dysphagia, and onset of urinary incontinence. Several 

Electromyography (EMG) examinations have consistently been 

normal over time. 

Pt2 (II-4 in Figure 1A), now 60 years old, was first referred to us at 

52, for insidiously progressive walking difficulties, initiated at 46 

years with stiffness and weakness at the right lower limb, followed 

within 3-5 years by involvement of the right upper, and then left lower 

and upper limbs. He also reported symptoms consistent with nocturnal 

lower-limb myoclonus. The neurological examination at 52 years 

showed spastic tetraparesis, more prominent on the right side and 

lower limbs, bilateral pes equinovarus, normal strength, bilateral 

Babinski sign. His gait was paraparetic with bilateral thigh adduction; 

however he could still walk unassisted. He showed no muscle wasting, 

with the exception of bilateral atrophy of the temporalis muscle. He 

was diagnosed as having “primary lateral sclerosis” and started 

riluzole and baclofen, with no tangible benefit.  
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Figure 1 Pedigree and radiological features of the patients. A: Pedigree 
of the family. Black symbols indicate affected patients 1 and 2 (Pt1, Pt2). 
Genotypes of each tested individual are indicated under the corresponding 
symbols (GFAP G: wt; GFAP A: mutant; HDAC6 C: wt; HDAC6 T: 
mutant). I-3 died of colon cancer at 62 years of age; I-1died of unknown 
causes when he was over 80; II-3 died of a cerebral stroke at 60 years of age. 
B: Brain MRI findings of Pt1 (a-f) and Pt2 (g). Atrophy of the medulla is 
present, with signal abnormalities of the pyramidal tract and medial 
lemniscus (a, arrows). In the cerebellum, the hylum of the dentate nucleus is 
bilaterally hyperintense (a, thick arrows). At midbrain level (b,c), substantia 
nigra and medial lemniscus are hyperintense (b, arrows); a sub-pial rim of 
high signal intensity is present in the FLAIR image (c). Symmetrical signal 
abnormalities involve the pallida, particularly at the interface with the 
posterior limb of the internal capsule (d, arrows). Hyperintensitiy is present 
in the periventricular white matter, pre- and post-central gyri (e, arrows on 
the right) and subcortical frontobasal areas (f, arrows). The typical tadpole 
appearance of the brainstem and cervical spinal cord is seen in the midline 
sagittal section of Pt2 (g). 
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Over the subsequent two years he developed mild spastic hypophonia, 

and moderate dysphagia for liquids, with worsening of the limb 

spasticity.  

At 56 he became wheelchair-bound, severely dysphonic and 

dysphagic, with severe tetraspasticity, flexed posture, bilateral ankle 

clonus, bilateral Babinski, bilateral hypotrophy of temporalis, 

interosseus and tibialis anterior muscles. Sensory examination and 

neurovegetative tests were normal, as were the eye movements. The 

EMG showed neurogenic abnormalities, without spontaneous 

fibrillation. Nerve conduction studies showed motor axonal 

neuropathy at the lower limbs, whereas the peripheral sensory 

conduction was normal. Taken together, these findings indicate severe 

motor-neuron disease (MND) of limb and bulbar districts. Symptoms 

have slowly progressed over time. The patient has no cognitive 

deterioration. 

The MRI findings of these patients were very similar and consistent 

with the diagnosis of AOAD (Figure 1B). Atrophy of the medulla 

oblongata and cervical spinal cord (“tadpole” appearance) and signal 

abnormalities were present in the brainstem, dentate nuclei and 

supratentorial periventricular white matter. Additional findings, 

peculiar to our patients, were mild atrophy of the midbrain with T2 

hyperintensity of the substantia nigra and medial lemniscus, pallida, 

and subcortical white matter in the pre- and post-central gyri and 

frontobasal areas. Interestingly, Pt1, who had more marked cognitive 

impairment, had slightly more extensive supratentorial white matter 

involvement. To quantitatively express the different clinical features 
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of the two siblings, we used the Kurtzke scale [8] (Additional file 1), 

that scores several functional systems (motor, cerebellar, brainstem, 

urinary, visual, and cognitive) usually involved in white matter 

disease, including leukodystrophies.  

 

 
 

The scores were obtained 13 years after disease onset for Pt1 and 14 

years after onset for Pt2. The global functional impairment, as 

assessed by the final EDSS score, [9] was 3/10 for Pt1 (able to walk, 

moderate ataxia and cognitive impairment, not requiring 

institutionalization) and 8.5/10 for Pt2 (confined to bed but with some 

residual upper limb function). For Pt2, the source of the severe 

disability was predominantly due to pyramidal dysfunction: we thus 

assessed both patients by also using the ALS-Severity scale, [10] 
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which scored 33/40 for pt1 (speech 7, deglutition 6, upper limbs 10, 

lower limbs 10), and 17/40 for pt2 (speech 3, deglutition 8, upper 

limbs 4, lower limbs 2). The results of instrumental examinations are 

reported in Table 1. 

 

Molecular analyses 

Informed consent for participation in this study was obtained from all 

family members, in agreement with the Declaration of Helsinki and 

approved by the Ethical Committee of the Fondazione Istituto 

Neurologico –IRCCS, Milan, Italy. 

Genomic DNA was extracted by standard methods from peripheral 

blood samples (I-2, II-2, II-4, II-6, II-7, III-1, III-3) and from skin 

fibroblasts (II-2, II-4). Whole-exome and Sanger’s sequencing were 

performed as described [11]. Total RNA was isolated from fibroblasts 

(RNeasy kit, Qiagen) and then transcribed to cDNA (Cloned AMV 

first-strand cDNA synthesis kit, Invitrogen). Quantitative Real-time 

PCR (QRtPCR) was assayed on an ABI Prism 7000 apparatus 

(Applied Biosystems). Additional file 2 reports primers and conditions 

for PCR amplifications of relevant exons of human GFAP and 

HDAC6 and for QRtPCR of HDAC6 cDNA. 

Additional file 3 reports URLs for biocomputational analysis.  

A GFP tagged GFAP cDNA (Origene RG225707) was modified by 

using Quick-change Site-directed mutagenesis kit (Stratagene) to 

introduce either the c.1289G > A or the c.1288C > T nucleotide 

change in the RG225707 clone, using primers listed in Additional file 

2. 
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Cellular experiments 

Cell culture, transient transfections, western-blot analysis, and 

immunocytochemistry were performed as described, [12-15] using 

antibodies against α-tubulin (Life Science) and acetylated α-tubulin 

(Sigma). Patients’ fibroblasts and adult control fibroblasts were grown 

under the same conditions, and analyzed among culture passages 5 

and 8. As a positive control for tubulin acetylation, fibroblasts were 

pre-incubated with the specific HDAC6 inhibitor Tubacin (0, 0.2 µM 

and 2.5 µM) (Sigma) for 24 h [16]. Immunohistochemistry was 

carried out on 2 µm thick sections from pellets of Pt1, Pt2 and control 

fibroblasts, fixed in glutaraldehyde 2.5% (Electron Microscopy 

Science - EMS), in 0.05 M PBS pH 7.4, dehydrated in graded acetone, 

and embedded in Spurr (Epoxy resin, EMS). 

Transfection of U251-MG by electroporation was performed in 

triplicate according to the manufacturer’s protocol (GenePulserII-

Biorad), and about 100 cells were analyzed blindly for each 

experiment (a total of 324 cells for GFP-GFAP-εwt and 285 for GFP-

GFAP-εR430H in a first experiment, and 460 cells for either GFP-

GFAP-εwt or GFP-GFAP-εR430C in a second experiment). 

 

Results 

Mutational screening ruled out mutations in the SPG4 and SPG7 

genes in Pt2, due to the presence of spastic tetraparaparesis; in the 

HTT gene in Pt1, due to the subtle onset of symptoms consistent with 

an affective disorder, together with cognitive dysfunction; and in the 
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UBQLN2 and C9orf72 genes, recently associated to ALS/FTD, in 

both. 

The MRI features were consistent with AOAD, but no mutation was 

detected in the nine exons encoding the prevalent (alpha) isoform of 

GFAP (GFAP-α, NP_002046.1; Figure 2A). All of the known 

mutations associated with Alexander’s disease have so far been found 

in this isoform, [17] which is the only one analyzed by standard 

screening. However, exome-NGS revealed a heterozygous variant 

(c.1289G > A, p.R430H) in the alternative GFAP exon 7A (Ex7A) in 

both patients (Figure 2B). Ex7A is part of the transcript encoding the 

GFAP-ε isoform (NP_001124491.1), which differs from GFAP-α in 

the last 35 amino acids. A third isoform, GFAP-κ (NP_001229305.1), 

which contains a unique exon 7B, has also been identified (Figure 2A) 

[18]. The c.1289G>A nucleotide change was absent in the healthy 

mother and in all other tested family members. DNA samples from I-1 

and I-3, fathers of Pt1 and Pt2, respectively, were unavailable. 

Haplotype analysis of the GFAP genomic region by SNPs array in the 

available family members confirmed that the father of Pt1 was 

different from that of Pt2 and of his siblings, whilst Pt1 and Pt2 share 

the same maternal allele (Additional file 4). Since the likelihood that 

the same rare variant (<0.01%) may occur independently in the two 

patients is negligible, the most probable hypothesis is that the 

mutation was transmitted by descent to both Pt1 and Pt2 by maternal 

germinal mosaicism, a mechanism that can also explain the healthy 

status of the mother. Since blood was the only source of DNA 

available from the mother, somatic mosaicism affecting other tissues 
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of this subject cannot be excluded, as recently found in an AD patient 

with atypical infantile clinical presentation and essentially normal 

MRI features [19]. However, we think that the latter hypothesis is 

unlikely, since no trace of mutation could be detected by an ad hoc 

RFLP analysis carried out in the mother’s DNA (not shown) and, in 

contrast with the case reported by Flint et al. [19], this lady is now 87 

years old and well. 

 

 

Figure 2 Characterization of the GFAP c.1289G>A/p.R430H mutation. 
A: Schematic representation of the exonic structure of different GFAP 
isoforms. Dotted lines indicate the termination codons. The arrows indicate 
the position of the c.1289G>A variant (Note that in GFAP-κ the c.1289G>A 
mutation is part of the 3′-UTR). B: Electropherograms of GFAP exon 7A 
region containing c.1289G>A variant, in patients 1 and 2 (Pt1, Pt2) and in 
their mother (I-2). C: The histogram displays the percentages of cells 
transfected with GFP-GFAP-εwt (green bars) or GFP-GFAP-εR430H (purple 
bars), classified in filamentous pattern (F), cytoplasmic aggregates on a 
filamentous pattern (F + A), cytoplasmic aggregates with no filamentous 
pattern (A). Scale bars represent 15 µm. A total of 324 cells for GFP-GFAP-
εwt and 285 for GFP-GFAP-εR430H, from 3 independent experiments, were 
blindly analyzed by two different operators. ANOVA test for interaction p = 
0.001. 
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In contrast with a p.R430C SNP (rs 78994946), reported with a 

frequency of 1% in dbSNP, the p.R430H change found in our patients 

is absent in both dbSNP and the Exome Variant Server (EVS) 

database, which contains >10000 alleles (≈7000 of European origin). 

These data are compatible for p.R430H being a deleterious mutation 

(Additional file 5).  

GFAP is an intermediate filament (IF) protein expressed mainly by 

astrocytes and ependymocytes. Recent data suggested that GFAP-ε 

was unable to form filaments by itself but it could participate to the 

formation of the GFAP network by interacting with GFAP-α [20]. 

Hence we analyzed the IF meshwork in human astrocytoma U251-

MG cells, constitutively expressing both GFAP-α and GFAP-ε, by 

expressing GFP-tagged wt and mutated GFAP-ε (GFP-GFAP- εwt vs. 

GFP-GFAP-εR430H). Cells were assigned to three patterns: [14] (i) 

exclusively filamentous pattern (F), (ii) cytoplasmic aggregates on a 

filamentous pattern (F + A), (iii) cytoplasmic aggregates with no 

filamentous pattern (A). The expression of GFP-GFAP-εwt led to a 

distribution among the three groups similar to that reported for GFP-

GFAP-αwt [14] (Figure 2C) indicating no intrinsic damaging effect of 

recombinant GFP-GFAP-εwt in our experimental conditions. 

Contrariwise, expression of mutant GFP-GFAP-εR430H produced 

significant decrease in F (43% vs. 58%; test t p = 0.002) and increase 

in A (22% vs. 15%; test t p = 0.009) cells (Figure 2C), with a distinct 

distribution in the three patterns compared to GFP-GFAP-εwt 

expressing cells (ANOVA test for interaction p = 0.001). 
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Figure 3 Characterization of the HDAC6 c.2566C>T/p.P856S variant. 
A: Electropherograms of HDAC6 exon 25 region containing the c.2566C>T 
variant, in patients 1 and 2 (Pt1, Pt2) and their mother (I-2). B: Levels of 
HDAC6 transcript, normalized to that of the endogenous GAPDH cDNA, in 
controls (Ct; mean of five subjects) and patients 1 and 2 (Pt1, Pt2), obtained 
from 3 independent experiments. Two-tailed Student’s t-tests showed no 
significant differences: Pt2 vs. Ct p = 0.811; Pt2 vs. Pt1 p = 0.813; Pt1 vs. Ct 
p = 0.896. C: Exemplifying Western-blot analysis of fibroblast lysates from 
control subjects (Ct1, Ct2) and patients 1 and 2 (Pt1, Pt2), using antibodies 
against acetylated α-tubulin (upper panel), α-tubulin (middle panel) and α-
GAPDH, as loading control (lower panel). The graph represents the ratio 
acetylated α-tubulin/α-tubulin obtained by densitometric analysis from 3 
independent experiments: 100% corresponds to the mean value of four 
control subjects. Two-tailed Student’s t-test Pt2 vs Ct p = 0.002, Pt1 vs Ct p 
= 0.33. D: Immunocytochemistry on fibroblasts from a control subject (Ct) 
and patients 1 and 2 (Pt1, Pt2), using antibodies against α-tubulin and 
acetylated α-tubulin. Scale bars are reported on the right for each row. E: 
Percentages of multilobated nuclei in control, Patient1 and Patient2. A total 
of 15 digital images (at least 600 cells for each patient) representative of the 
whole sections were collected and analyzed for each sample; the arrow 
indicates a typical multilobated nucleus. Two-tailed Student’s t-test between 
Control vs. Pt1 showed no significant differences (p = 0.4970); Pt2 vs. 
Control p = 0.000099; Pt2 vs. Pt1 p = 0.000018 (both highly significant). 
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Notably, the expression of GFP-tagged GFAP carrying the R430C 

variant (GFP-GFAP-εR430C) led to a distribution amongst the three 

different patterns similar to that obtained with GFP-GFAP-εwt, i.e. 

non-significant (ANOVA test for interaction p = 0.333). These results 

indicate that GFAP-εR430H is inefficiently incorporated, and is likely to 

perturb the GFAP network in GFAP-expressing astrocytoma cells, 

whereas the GFAP-εR430C variant is functionally wt, but we cannot 

exclude the possibility that variations in the level of expression 

contributed to this result.  

To test whether additional genes could influence phenotype 

expression, 18 genes with variants in Pt2 were prioritized by the 

Endeavour software, [21] using “training genes” associated with 

MND (Additional file 6). The highest score was achieved by HDAC6, 

on chromosome Xp11.23, encoding a member of the histone 

deacetylase family (NP_006035.2); Pt2 was hemizygous for a c. 

2566C>T/p.P856S, variant, whereas Pt1, II-6 and II-7 were wt, and 

the mother, I-2, was heterozygous (Figure 3A). Whilst the variants in 

the other genes were all relatively frequent SNPs and/or present also 

in Pt1 (Additional file 6), the P856S change was absent in all available 

databases, including EVS. The amount of HDAC6 transcripts was 

similar in fibroblasts from Pt2 vs. Pt1 or control subjects, indicating 

that neither HDAC6 expression nor stability is severly affected by the 

mutation (Figure 3B). However, acetylated alpha-tubulin, a HDAC6 

substrate, [22] was consistently increased (Figure 3C); treatment of 

fibroblasts with tubacin, a selective HDAC6 inhibitor, clearly 
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increased the acetylation of alpha-tubulin, confirming the specificity 

of this assay to detect impaired HDAC6 activity (Additional file 7). 

Densitometric analysis of immunoreactive bands from three 

independent experiments, showed that the ratio acetylated α-tubulin/α-

tubulin was significantly augmented to 213% in Pt2, compared to the 

mean value of four control subjects, but was unchanged (87%) in Pt1 

(Figure 3C). Moreover, immunocytochemical staining showed 

abnormal clumps of acetylated α-tubulin in the perinuclear region of 

Pt2 fibroblasts (Figure 3D).  

Interestingly HDAC6P856S fibroblasts showed a significantly higher 

number of multilobated nuclei, compared to control cells, which could 

be consequent to altered physical connection between nuclear 

membrane and cytoskeletal network (Figure 3E). Taken together these 

results suggest dysregulation of the microtubule-organizing center 

(MTOC), associated with reduced HDAC6 activity [23]. 

 

Discussion 

A substantial fraction of AOAD patients are sporadic, the most 

frequent symptoms being related to bulbar dysfunction, pyramidal 

involvement and cerebellar ataxia. Palatal myoclonus is frequent in, 

and highly suggestive of, AOAD [4]. Other findings include cognitive 

deterioration, sleep disorders, and dysautonomia. The course is slowly 

progressive and fluctuations may occur. Ultimately, the diagnosis is 

strongly suggested by a typical MRI pattern, and confirmed by GFAP 

gene analysis. In our family, Pt1 has been suffering of slowly 
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progressive cognitive impairment and mild movement disorder, 

whereas her younger half-brother (Pt2) has severe MND. 

In spite of clinical diversity, the cardinal MRI features of AOAD [24] 

were present in both. The absence of mutation in the GFAP-α 

encoding gene prompted us to perform exome-NGS and eventually 

identify a unique mutation in alternative GFAP ex7A, not present in 

the healthy mother tested DNAs and with a deleterious outcome in a 

cellular model. These are in fact the first cases associated with a 

mutation in the GFAP-ε variant (GFAP-εR430H). Whilst this finding 

supports the idea that AOAD is almost invariably associated with 

abnormalities of GFAP, it also expands the spectrum of variants that 

should be included in the diagnostic screening. Due to the pedigree 

structure, the mutation has very likely been transmitted by maternal 

germinal mosaicism, since it was absent in other available family 

members, including the healthy mother of the two patients.  

The clinical diversity in our two half-siblings was as remarkable as to 

suggest that differential segregation of other gene variants could 

influence phenotypic expression. A prioritized variant found by in-

silico data mining was in HDAC6. A hemizygous HDAC6P856S 

change, found in Pt2, and absent in Pt1, was associated with decreased 

tubulinspecific deacetylase activity [22]. Through deacetylation of α-

tubulin, HSP90, and other substrates, and binding to ubiquitinated 

proteins that are then transported into, and degraded by, the 

aggresome, HDAC6 plays a role in a number of important 

homeostatic and signaling pathways, including axonal transport, redox 

signaling, misfoldedprotein response, and autophagy [25,26]. 
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Interestingly, the RNA-binding modulator factors TDP-43 and 

FUS/TLS, whose mutations are associated with familial amyotrophic 

lateral sclerosis (ALS), have HDAC6 mRNA as a specific substrate 

[27]. A Drosophila model in which TDP-43 is silenced shows 

decreased HDAC6 expression, [28] and HDAC6 overexpression is 

able to rescue the phenotype of a Drosophila model of spinobulbar 

muscular atrophy [6].  

Taken together, these observations indicate HDAC6 as a master 

regulator of different neuroprotective mechanisms, partly mediated by 

controlling MTOC biogenesis and function, [23] and predict a role for 

defective HDAC6 in neurodegeneration, particularly in MND [26]. As 

for mammalian models, although a first strain of HDAC6 knockout 

(KO) mice presented no sign of neurodegeneration, [29] altered 

emotional behaviors suggested a contribution of HDAC6 to maintain 

proper neuronal activity [30]. Moreover, a second KO HDAC6 strain 

displayed ubiquitin-positive aggregates and increased apoptosis of 

brain nerve cells, both hallmarks of neurodegeneration, starting from 6 

months of age [31]. These and other results suggest for HDAC6 a 

complex role in contributing to either neuroprotection or 

neurodegeneration, depending on the specific pathological condition 

[7,26,32]. These opposite effects can indeed hamper the development 

of therapeutic strategies based on HDAC6 modulation [7].  

Albeit preliminary, our own results support the interesting hypothesis 

that the HDAC6P856S protein variant may be acting synergistically 

with the GFAP-εR430H mutation, conditioning the development of the 

severe MND phenotype of Pt2.  
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The mechanisms underlying the diverse etiology and expressivity of 

many inherited neurodegenerative disorders are still poorly 

understood.  Exome-NGS is an unbiased approach that not only helps 

identify new disease genes, but may also contribute to elucidate 

phenotypic expression and penetrance. 

 

 

Additional file 1 

 
Clinical involvement on specific functional systems. The bars represent the 
score on the Kurtzke scale of the two patients (Pt1 red bars; Pt2 blue bars), 
13 and 14 years after the onset of the disease(higher scores express higher 
disability). 
* Brainstem involvement consisted of spastic  dysarthria  and fluids  
dysphagia for both patients.  
P: Pyramidal ; C Cerebellar; B Brainstem; S Sensory; U Urinary; V Visual; 
Co Cognitive. 
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Additional file 2 

Primers sequences and amplification conditions 

Ta: Annealing temperature 

 

Additional file 3 

URLs for biocomputational analysis 

Prediction softwares for mutation pathogenicity 

MutPred http://mutpred.mutdb.org 

PMUT http://mmb.pcb.ub.es/PMut 

Polyphen2 http://genetics.bwh.harvard.edu/pph2 

Sorting Intolerant 

From Tolerant (SIFT) 

http://sift.bii.a-star.edu.sg 

Amplicon Forward primer Reverse primer PCR conditions 

GFAP exon 7A AGATCCCTGAGCAAGCA

CTG 

CTGGGAAGAGGGAACTC

AGG 

Ta: 58°C; GoTaq Promega 

GFAP exon 7B CCCTCTCCCTCTGCTTTCT

T 

CGGCGTTCCATTTACAAT

CT 

Ta: 58°C; GoTaq Promega 

HDAC6 exon 25 GGGAACCCAGGGAAGG

AG 

GAGTGAGGGCCACCACA

G 

Ta: 58°C; GoTaq Promega 

HDAC6 cDNA 

(nt556-616) 

TCGCTGCGTGTCCTTTCA

G 

GCTGTGAACCAACATCA

GCTCTT 

Quantitative PCR (ABI 

Prism7000) 

HDAC6 cDNA 

(nt3605-3675) 

TGGGTGTGTCTCTCTTGC

TATCA 

CCATGGTGTTGGAGCAT

GTG 

Quantitative PCR (ABI 

Prism7000) 

Mutagenesis    

GFAP c.1288C>T GAACGCCGCCGGCTTGC

GGTACGCGTACGC 

GCGTACGCGTACCGCAA

GCCGGCGGCGTTC 

Quick-change Site-directed 

mutagenesis kit (Stratagene) 

GFAP c.1289G>A  GAACGCCGCCGGCTCAC

GGTACGCGTACGC 

GCGTACGCGTACCGTGA

GCCGGCGGCGTTC 

Quick-change Site-directed 

mutagenesis kit (Stratagene) 
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Public databases for SNPs 

dbSNP http://www.ncbi.nlm.nih.gov/projects/SNP 

Exome Variant 

Server (EVS) 

http://evs.gs.washington.edu/EVS 

HapMap http://hapmap.ncbi.nlm.nih.gov/ 

Computational prioritization of candidates genes 

Endeavour http://homes.esat.kuleuven.be/~bioiuser/en

deavour/index.php 

 

Additional file 4 

 
 
Haplotype analysis of the GFAP genomic region by SNPs array 
(ILLUMINA HumanCytoSNP-12 BeadChip). In the siblings the symbol ♂ 
indicates the paternal allele and ♀ the maternal allele. Individuals are 
numbered according to the pedigree in Figure 1A.  
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Additional file 5  

Predictions of pathogenicity for GFAP p.R430H change 

 

Software 

Prediction result 

MutPred Probability of deleterious mutation: 

0.240 

PMUT Pathological 

Polyphen2 Probability of deleterious mutation: 

0.564;  

Possibly damaging 

Sorting Intolerant From 

Tolerant (SIFT) 

Probability that the amino acid change is 

tolerated: 0.01 

 

Additional file 7 

 

Western-blot analysis of control fibroblasts, using antibodies against 
acetylated α-tubulin (upper panel), and α-tubulin (lower panel), after 
treatment for 24h with a specific inhibitor of HDAC6, tubacin, at different 
concentrations (0, 0.2µM and 2.5 µM). Note that the α-tubulin antibody (Life 
Science) showed preferential immunoreactivity for deacetylated α-tubulin. 
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Dysfunction of mitochondrial respiration is an increasingly 

recognized cause of isolated hypertrophic cardiomyopathy. To 

gain insight into the genetic origin of this condition, we used next-

generation exome sequencing to identify mutations in MTO1, 

which encodes mitochondrial translation optimization 1. Two 

affected siblings carried a maternal c.1858dup (p.Arg620Lysfs*8) 

frameshift and a paternal c.1282G>A (p.Ala428Thr) missense 

mutation. A third unrelated individual was homozygous for the 

latter change. In both humans and yeast, MTO1 increases the 

accuracy and efficiency of mtDNA translation by catalyzing the 5-

carboxymethylaminomethylation of the wobble uridine base in 

three mitochondrial tRNAs (mt-tRNAs). Accordingly, mutant 

muscle and fibroblasts showed variably combined reduction in 

mtDNA-dependent respiratory chain activities. Reduced 

respiration in mutant cells was corrected by expressing a wild-

type MTO1 cDNA. Conversely, defective respiration of a yeast 

mto1∆ strain failed to be corrected by an Mto1Pro622* variant, 

equivalent to human MTO1Arg620Lysfs*8, whereas incomplete 

correction was achieved by an Mto1Ala431Thr variant, 

corresponding to human MTO1Ala428Thr. The respiratory yeast 

phenotype was dramatically worsened in stress conditions and in 

the presence of a paromomycin-resistant (PR) mitochondrial 

rRNA mutation. Lastly, in vivo mtDNA translation wa s impaired 

in the mutant yeast strains. 
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Infantile hypertrophic cardiomyopathy and lactic acidosis are key 

clinical features in an increasing number of mitochondrial disorders 

associated with severe dysfunction of oxidative phosphorylation 

(OXPHOS), the main energy supply pathway of cardiomyocytes. The 

advent of exome analysis by next-generation sequencing (NGS) 

technology has begun to elucidate the genetic defects underpinning 

this condition. Recently, exome-NGS allowed us to identify mutations 

in ACAD9 (MIM 611103), which encodes mitochondrial flavin 

adenine dinucleotide (FAD)-dependent acyl-coenzyme-A 

dehydrogenase 9, in several children affected by early-onset, isolated 

hypertrophic cardiomyopathy (MIM 611126)1. The role of ACAD9 

seems to be marginal for fatty-acid beta oxidation, but essential for the 

assembly of mitochondrial respiratory chain (MRC) complex I (CI).1–3 

Another recent example is mutations in AGK (MIM 610345), which 

encodes acylglycerol kinase, a mitochondrial enzyme involved in the 

biosynthesis of cardiolipin; these mutations are responsible for 

hypertrophic cardiomyopathy and congenital cataracts (Sengers 

syndrome [MIM 212350]).4 Cardiolipin is an essential component of 

the lipid milieu of the inner mitochondrial membrane that participates 

in the integrity and optimization of the activity of both the MRC 

complexes and the skeletal-muscle- and heart-specific solute carrier 

family 25 (adenine nucleotide translocator 1), SLC25A4. Likewise, 

rare, recessive mutations in SLC25A4 (MIM 103220) also cause 

hypertrophic cardiomyopathy (MIM 192600), and yet another X-

linked recessive condition, Barth syndrome, hallmarked by severe 

mitochondrial cardiomyopathy (MIM 302060), is caused by a 
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mutation in TAZ (MIM 300394), which encodes Tafazzin, an acyl-

transferase, specific to cardiolipin, that optimizes its fatty-acid 

composition to the structural and functional needs of the MRC. Other 

children with severe, isolated cardiomyopathy and lactic acidosis 

harbor recessive mutations in TMEM70 (MIM 612418), which 

encodes a bona fide assembly factor of MRC CV (ATP-synthase).5 

Syndromic cardiomyopathy, in combination with encephalopathy, 

myopathy, or both, is also associated with a number of mutations of 

mtDNA or nuclear genes that affect MRC activities.6 Nevertheless, a 

substantial proportion of cases characterized by OXPHOS-related 

severe hypertrophic cardiomyopathy remains genetically undiagnosed. 

Through exome-NGS analysis of a selected cohort of affected 

individuals, we identified pathogenic mutations in MTO1 

(NC_000006.11), which encodes an enzyme involved in 

posttranscriptional modification of mitochondrial tRNAs (mt-tRNAs). 

Affected person 1 (Pt1) was the first child of nonconsanguineous, 

healthy parents from northern Italy. He was born at 29 weeks of 

gestational age, by caesarean section because of oligohydramnios and 

reduced fetal growth. His birth weight was 790 g, his length was 34.5 

cm, and his head circumference was 25.5 cm. Immediately after birth 

he had an episode of metabolic failure with severe hypoglycemia (25 

mg%), metabolic acidosis (pH 7.17, base excess [BE] -11.7 mEq/l), 

and high blood lactate (13 mM, normal values [nv] < 2.0). In the 

subsequent days, blood glucose levels were corrected by the infusion 

of dextrose, whereas plasma lactate remained high (10–15 mM), with 

mild hyperammonemia (195 mg%, nv < 80). Electroencephalogram 
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(EEG) and cerebral echography results were normal, as were those of 

a liver and spleen ultrasound examination. Interventricular septum 

hypertrophy was detected on the 15th day (6.4 mm, nv < 3). He died 

on the 19th day of sudden bradycardia unresponsive to resuscitation 

procedures. MRC activities in digitonin-permeabilized skin fibroblasts 

showed a reduction of CIII normalized to citrate synthase (CS) 

(CIII/CS = 60% of the controls’ mean) and of CIV/CS (56%), whereas 

the other activities were within the controls’ range (Table 1). 

Sequence analysis of muscle mtDNA revealed a normal H1t 

haplogroup common in Europeans.  

 

 

 

Affected person 2 (Pt2), our index case, was the younger sister of Pt1. 

She also was born at 36 weeks of gestational age by caesarean section 

because of oligohydramnios and reduced fetal growth. Her birth 

weight was 1,380 g, her length was 42 cm, and her head 

circumference was 30 cm. At birth, she was mildly hypotonic and had 

severe metabolic acidosis (pH 7.21, BE -13 mEq/l), with high blood 

lactate (17.9 mM). She was immediately started on biotin (10 mg per 
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day), Coenzyme Q10 (14 mg per day), thiamine (150 mg per day), and 

dichloroacetate (DCA; 30 mg per day). Plasma lactate stabilized to 

values between 6 and 10 mM. EEG and brain ultrasound results were 

normal. On the seventh day, she became tachycardic. Heart ultrasound 

findings were normal until the 38th day, when septum hypertrophy (7 

mm, nv 3.5) and leftventricular-wall hypertrophy (6 mm, nv 4) were 

found. She died on the 40th day of sudden bradycardia unresponsive to 

resuscitation procedures. An autopsy showed the presence of 

cardiomegaly, pleural effusion, and ascites. Biochemical assays, 

performed on the 800x g supernatant from the homogenate of a 

muscle biopsy, showed a reduction of the ratios of CI/CS and CIV/CS. 

MRC activities in digitonin-permeabilized fibroblasts showed only the 

reduction of CI/CS (Table 1). Sequence analysis of muscle mtDNA 

revealed a normal H1t haplogroup, and Sanger sequence analysis of 

ACAD9, TMEM70, NDUFS2 (MIM 602985), and NDUFV2 (MIM 

600532) showed no mutation. 

Affected person 3 (Pt3), a boy, was born at term to reportedly 

nonconsanguineous, healthy parents originating from a small village 

in the alpine region of northeastern Italy. His initial clinical history 

has been reported elsewhere. 7 At the age of 1 month, he developed 

hyperpnea, difficulty feeding, weakness, and a lack of ocular fixation. 

His liver was 5 cm below the costal margin; he had severe metabolic 

acidosis, with high blood lactate (5.5 mM, nv < 2.0). An 

electrocardiogram (ECG) showed signs of ischemia, and a cardiac 

ultrasound examination revealed marked hypertrophic 

cardiomyopathy, particularly affecting the posterior wall of the left 
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ventricle (8.5 mm, nv 4), reduced left-ventricular function, and mild 

pericardial effusion. Biochemical assays on the 800x g supernatant of 

the homogenate from a muscle biopsy taken at 3 months of age 

revealed severe reduction of CI/CS (12% of the controls’ mean) and 

CIV/CS (30%) ratios, whereas succinate dehydrogenase (SDH)/CS 

and CII+III/CS ratios as well as CS (Table 1) and pyruvate 

dehydrogenase activities were normal. DCA treatment resulted in 

marked improvement of both metabolic acidosis and cardiomyopathy. 

After 9 months of DCA therapy, a cardiac ultrasound examination 

showed a normal-sized heart, with normal left-ventricular-wall 

thickness (5 mm) and function (ejection fraction 76%, systolic fraction 

43%) and low blood lactate values, ranging from 1.6 to 3.1 mM. 

During his first years of life, Pt3 had no severe episode of metabolic 

acidosis, even if plasma lactate remained moderately high, ranging 

from 2.5 to 4 mM. His growth rate has been normal, with good 

neurological development and a normal brain anatomy, according to 

magnetic resonance imaging. He was put on a permanent treatment of 

DCA (200 mg per day), carnitine (1 g per day), and CoQ10 (100 mg 

per day). Because of the possible side effects of DCA, he was 

monitored regularly through the evaluation of visual and brainstem 

auditory evoked potentials as well as electromyography and nerve 

conduction velocities. At the age of 7 years, ultrasound examination 

showed a normal systolic ejection fraction in spite of a slight dilation 

of the left-ventricular chamber. At 12 years, DCA was stopped 

because of normalization of plasma lactate. A second muscle biopsy, 

taken at 17 years, again showed severe reduction of CI/CS (7% of the 
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controls’ mean) and CIV/CS (35%), whereas the other MRC activities 

were normal (Table 1). Sequence analysis of mtDNA showed a 

normal H2 haplogroup. He is now 19 years old with a normal 

scholastic performance. A recent ultrasound examination revealed the 

presence of hypertrophic cardiomyopathy with an ejection fraction of 

60%. An ECG showed sinus bradycardia (45 beats per min) but a 

Holter ECG was otherwise normal. A neurological examination was 

normal, except for a reduction of skills in the execution of fine 

movements, more evident in the left hand. Ophthalmoscopic 

examination showed moderate bilateral optic atrophy. Visual-evoked 

potential showed an increased P100 latency, more marked in the left 

eye. Electromyography and nerve-conduction velocity were normal. 

Informed consent for participation in this study was obtained from the 

parents of all individuals involved, in agreement with the Declaration 

of Helsinki and approved by the ethics committees of the Fondazione 

IRCCS (Istituto di Ricovero e Cura a Carattere Scientifico) Istituto 

Neurologico (Milan, Italy). 

We first carried out exome-NGS in the index case. The DNA 

extracted from fibroblasts was processed with the SureSelect Human 

All Exon 50 Mb kit (Agilent) and subsequently sequenced as 76 base-

pair (bp) paired-end runs to an average coverage of 120x, 

corresponding to 9–12 Gb of sequence data. Read alignment was 

performed with the use of the Burrows-Wheeler Aligner (version 

0.5.8) applied to the human genome assembly hg19. Single-nucleotide 

variants and small insertions and deletions were detected with 

SAMtools (version 0.1.7). Given that mitochondrial disorders are rare 
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conditions, we excluded variants with a frequency > 0.2% in ‘‘in 

house’’ control exomes and public databases. Assuming an 

autosomal-recessive mode of inheritance, we searched for 

homozygous or compound-heterozygous variants, which were filtered 

against (1) variants known to be associated with MRC defects and (2) 

novel homozygous or compound-heterozygous variants affecting 

genes that encode mitochondrial proteins listed in MitoP2 (score > 

0.5). This filtering procedure (Table S1 available online) revealed that 

our index case was compoundheterozygous for mutations in MTO1: a 

maternal c.1858dup (p.Arg620Lysfs*8) and a paternal c.1282G>A 

(p.Ala428Thr) (Figure 1A). The same mutations were also found in 

her affected brother. 

The frameshift mutation is predicted to introduce a stop codon after an 

aberrant sequence of seven amino acids (aa) (Figure S1), causing the 

loss of the C-terminal 73 aa residues (≈10% of the protein size); the 

missense mutation affects an amino-acid residue, Ala428, which is 

invariant in all available animal, plant, and yeast species, including 

Saccharomyces cerevisiae (Figures S2A and S2B). In addition, the 

Ala428Thr change scored very highly for likelihood to be deleterious 

according to ad-hoc softwares for pathogenicity prediction 

(deleterious for Polyphen2: p = 0.999; Panther: 0.88041; MutPred: 

0.903). The exome variant server (EVS) of the NHLBI GO Exome 

Sequencing Project reports a frequency of 0.028% (2/7,020) in the 

American population of European origin for the c.1282G>A change, 

whereas the c.1858dup change was not present in the database. We 

also excluded the missense mutation from our exome database, which 
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contains 973 genomes from Europeans (=1,946 alleles), and from a 

database of 300 alleles from consecutive control DNA samples from 

subjects originating from northern Italy. 

To evaluate a possible influence of the two mutations on the stability 

of the transcript, we extracted mRNA from mutant fibroblasts of 

affected individuals 1 and 2 and retrotranscribed it into cDNA. 

Quantitative real-time PCR showed that the content of mutant MTO1 

transcripts was similar to that of wild-type (WT) control samples 

(Figure 1B), and sequence analysis revealed the presence of 

comparable amounts of either mutant transcript (data not shown), 

indicating no RNA decay. 

Next, we analyzed MTO1 on isolated mitochondria and on total cell 

lysates obtained from both mutant and control immortalized 

fibroblasts, using a polyclonal MTO1 antibody (Proteintech). MTO1 

is predicted by bioinformatic tools (MitoProt, TargetP) to be imported 

inside mitochondria after the cleavage of a 25-aa-long mitochondrial 

targeting sequence. We synthesized the polypeptides corresponding to 

the precursor, the mature WT, and the mature p.Arg620Lysfs*8 

truncated MTO1 species (TNT Transcription-Translation System kit, 

Promega). After performing SDS-polyacrylamide electrophoresis and 

electroblotting, we immunovisualized a band reacting with an MTO1 

antibody in mitochondria (Figure 1C) and in fibroblast lysates (Figure 

S3). This band, which comigrates with a band corresponding to the 74 

kDa fulllength, mature in-vitro-synthesized MTO1 polypeptide 

(NM_012123, NP_036255), was markedly increased in MTO1-

overexpressing fibroblasts (Figure S3).  
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Figure 1. MTO1 Mutations 
(A) Electropherograms of MTO1 of Pt2 showing the c.1282G>A (left) and 
c.1858dup (right), both in heterozygosis. 
(B) Real-time PCR on retrotranscribed cDNA from fibroblasts of individuals 1 (P1) 
and 2 (P2). The amount of MTO1 transcript (normalized to GAPDH levels) is 
comparable in mutant versus WT control samples (Ct), indicating no mRNA decay. 
Data are represented as mean ± SD. 
(C) Western-blot analysis of  MTO1. Top: schematic representation of the precursor 
WT MTO1 (isoform a), its mature species after cleavage of a predicted 25 aa 
mitochondrial targeting sequence in the N terminus, and the mature 
p.Arg620Lysfs*8 mutant species. Bottom: Western-blot analysis on isolated 
mitochondria. Retic.: reticulocyte lysate used for in-vitro protein synthesis; Prec.: in-
vitrotranslated 77 kDa MTO1 precursor protein (green arrowhead); Ct: isolated 
mitochondria from control fibroblasts; P2: isolated mitochondria from individual 2 
fibroblasts; fs*8: in-vitro-translated 67 kDa mature protein carrying the truncating 
p.Arg620Lysfs*8 variant (red arrowhead); Mat.: in-vitro-translated 74 kDa WT 
mature MTO1 (black arrowhead). A faint crossreacting band is visualized in mt P2 
sample (red asterisk), corresponding to the mature p.Arg620Lysfs*8 truncated 
protein. An unspecific signal is present in mt samples (gray asterisks). The position 
of the 72 kDa molecular weight marker protein is also indicated. SDHA was used as 
loading control. 
(D) MRR measured in immortalized fibroblasts from Pt 2, in naive condition (P2) or 
overexpressing MTO1 (P2+MTO1), and in control subjects (Ct1, Ct2). MRR values 
are expressed as pMolesO2/min/cells. Data are represented as mean 5 SD. Two-tail, 
unpaired Student’s t test was applied for statistical significance. *** : p < 0.001. 
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In mutant mitochondria, the amount of the 74 kDa protein was clearly 

reduced, whereas an additional band was detected, with the same 

electrophoretic mobility of the in-vitrosynthesized mature 

p.Arg620Lysfs*8 MTO1 species, predicted to have a molecular 

weight of ≈67 kDa. This result suggests that the p.Arg620Lysfs*8 

truncated MTO1 is relatively stable (Figure 1C). 

In order to prove the causative role of the MTO1 variants found in the 

affected siblings of family 1, we first tested whether the expression of 

WT MTO1 cDNA could rescue the biochemical phenotype of mutant 

cells. Given that the MRC defects in Pt1 and Pt2 fibroblasts were 

relatively mild and variable, we immortalized the Pt2 fibroblasts using 

pBABE-puro SV40 and evaluated the oxygen consumption through 

microscale oxygraphy (Seahorse Bioscience XF-96). This assay, 

which depends upon and reflects the cumulative proficiency of the 

whole set of MRC complexes, is more sensitive than individual assays 

of each complex.8 We demonstrated a clear reduction of the maximal 

respiration rate (MRR) in immortalized Pt2 cells compared to 

immortalized control fibroblasts, which returned to normal after 

transduction with a MTO1WT-expressing lentivirus (pLenti6 Gateway 

Vector kit, Invitrogen) (Figures 1E and S3). This result indicates a 

pathogenic role of the MTO1 variants found in Pt2 mutant cells. 

Second, we sequenced the exons and exon-intron boundaries of MTO1 

in DNA samples from 17 individuals with early-onset hypertrophic 

cardiomyopathy, lactic acidosis, and defective MRC activities. We 

found a single individual, Pt3, homozygous for the c.1282G>A 
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(p.Ala428Thr) mutation, identical to that found in the paternal allele 

of family 1.  
 

 

 

Figure 2. Respiratory Phenotypes of Yeast Mutant Strains 
(A and B) Respiratory activity of yeast mto1∆ strains transformed with 
MTO1WT recombinant vector, (empty) vector, and mto1Ala431Thr and 
mto1Pro622* recombinant vectors at 28°C (A) and 37°C (B). Respiratory rates 
were normalized to the WT strain, for which the respiratory rate was 38.2 
nmol min-1 mg-1 at 28°C and 28.9 nmol min-1 mg-1 at 37°C. Values are the 
mean of at least three independent experiments. Two-tail, unpaired t test was 
applied for statistical significance. *: p < 0.05; ** p < 0.01; *** : p < 0.001. Data 
are represented as mean ± SD. 
 
In both yeast and humans, MTO1 encodes the enzyme that catalyzes 

the 5-carboxymethylaminomethylation (mnm5s2U34) of the wobble 

uridine base in mt-tRNAGln, mt-tRNAGlu, and mt-tRNALys. 9 This 

modification is usually coupled to the 2-thiolation of the same uridine 

moiety, a reaction catalyzed by 2-thiouridylase, encoded by MTO2 



  

101 

 

(TRMU in humans [MIM 610230]); both these posttranscriptional 

modifications increase accuracy and efficiency of mtDNA 

translation.10 In order to further test the pathogenic role of the MTO1 

mutations, we used the yeast Saccharomyces cerevisiae. We first 

showed that the absence of MTO1 (mto1∆) was associated with 

decreased respiration rate in yeast incubated at 28°C (Figure 2A). 

Second, we demonstrated that this phenotype failed to be corrected by 

expression of a recombinant yeast MTO1 cDNA encoding protein 

variant Pro622*, corresponding to the human Arg620Lysfs*8 change 

(Figure S2, Table S2). This result suggests that, although present in 

human mitochondria, the Arg620Lysfs*8 MTO1 variant is 

functionally inactive. The respiratory phenotype of the mto1∆ strain 

was only partially corrected by expression of a yeast recombinant 

MTO1 encoding protein variant Ala431Thr, corresponding to the 

human Ala428Thr change (Figure S2, Table S2), whereas the 

expression of yeast MTO1WT led to full recovery (Figure 2A). These 

results were qualitatively unchanged, but dramatically amplified, in 

experiments carried out under temperature-induced stress conditions; 

i.e., at 37°C (Figure 2B). However, neither the growth of mto1∆ nor 

that of mto1Pro622* or mto1Ala431Thr strains on oxidative carbon sources 

was significantly impaired. The OXPHOS-negative growth phenotype 

of mto1 mutants is in fact contingent on the presence of a C>G 

transversion at nucleotide 1477 of the 15S rRNA in mtDNA.11 The 

mutation disrupts the C1477-G1583 base pairing in a functionally 

relevant hairpin structure, which is part of the decoding site (site A) of 

the ribosome, where the codon-anticodon recognition occurs.12 This 
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mutation confers resistance to the antibiotic paromomycin (Figure 3) 

by destabilizing the hairpin and results in a synthetic phenotype with 

MTO1 disruption,11 most likely due to impaired interaction between 

unprocessed MTO1-dependent mt-tRNAs with ribosomal site A.13 

The normal human mitochondrial 12S rRNA contains a hairpin 

structure that corresponds to the paromomycin-resistant (PR) variant in 

yeast, because C1494 and A1555, which are equivalent to yeast C1477 and 

G1583, cannot form a pair. Incidentally, the well-known pathogenic 

m.1555A>G mutation of human mtDNA as well as the m.1494C>T 

can establish a C1494-G1555 pairing or the equivalent U1494-A1555 

pairing, respectively, both of which increase the length of the hairpin 

structure, thus letting paromomycin (and other aminoglycosides) bind 

to site A (Figure 3).14 As a consequence, the m.1555A>G and 

m.1494C>T both confer aminoglycoside susceptibility to human 

mtDNA, being associated with a specific phenotype, aminoglycoside-

induced nonsyndromic deafness (MIM 580000).15,16  

Given that human WT 12S RNA site A is structurally similar to the 

yeast PR variant of the 15S RNA site A (Figure 3), we extended our 

complementation analysis to a m.1477C>G mutant PR yeast strain. 

We showed that, in contrast to the mto1∆ paromomycin-sensitive (PS) 

strain, the mto1∆ PR strain was unable to grow on oxidative carbon 

sources such as glycerol (Figure 4A). The oxidative growth remained 

abolished with the expression of a cDNA encoding Mto1Pro622*, clearly 

reduced with the expression of a cDNA encoding Mto1Ala431Thr, and 

fully restored with the expression of a cDNA encoding 

MTO1WT(Figure 4A). 
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Figure 3. A-Site Structures of Yeast 15S and Human 12S rRNAs 
Secondary structure of site A of the WT yeast strain 15S rRNA, of the PR 
yeast strain 15S rRNA, of the WT human 12S rRNA, and of the mutant 
human 12S rRNA—the last two carrying either the 1555G or the 1494T 
mtDNA mutation, both associated with PS. The pairing of 1477–1583 
nucleotides in WT yeast rRNA corresponds to that of 1494-1555 nucleotides 
in mutant human rRNA and confers aminoglycoside susceptibility. 
 
Likewise, the respiration rate, which was nearly abolished in the 

mto1∆ PR strain, was not corrected by transformation with the 

Mto1Pro622*-encoding cDNA and only partially corrected by the 

Mto1Ala431Thr-encoding cDNA, in contrast to the full recovery obtained 

by expressing a MTO1WT cDNA (Figure 4B). We observed no 

difference between MTO1WT and mto1 mutant strains in the frequency 

of ‘‘petite’’ colonies; i.e., respiration-defective clones caused by large 

deletions or loss of mtDNA (data not shown), which indicates that 

mutations in MTO1 did not affect mtDNA stability. 

Analysis in yeast clearly shows that while both mutations are 

detrimental for respiratory activity, the deleterious effects of the 

Pro622* protein variant is more severe than the Ala431Thr 

replacement. 

 



  

104 

 

 

 

Figure 4. PR and PS Yeast Phenotypes 
(A) Spot assay of mto1∆ PR and PS strains, transformed with MTO1WT 

recombinant vector, (empty) vector, and mto1Ala431Thr and mto1Pro622* 

recombinant vectors. The assay was performed by spotting decreasing 
concentrations of yeast cells (105, 104, 103, and 102) on a medium 
supplemented with either 2% glucose (upper panel) or 2% glycerol (lower 
panel). See text for details. 
(B) Respiratory activity of yeast MTO1WTand mutant PR strains at 28°C. 
Respiratory rates were normalized to the WT strain, for which the 
respiratory rate was 26.6 nmol min-1 mg-1. Values are the mean of at least 
four independent experiments. Two-tail, unpaired t test was applied for 
statistical significance. *: p < 0.05; ** p < 0.01; *** : p < 0.001.  
Data are represented as mean ± SD. 
 
These results are concordant with the clinical phenotype associated 

with the equivalent mutations in humans: the third affected individual, 

homozygous for the MTO1 mutation encoding the Ala428Thr protein 

variant, equivalent to the yeast Ala431Thr, is now 19 years old, and in 
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relatively well compensated condition, whereas individuals 1 and 2, 

who were compound heterozygous for the MTO1 mutations encoding 

the Ala428Thr and Arg620Lysfs*8 mutations, the latter being 

equivalent to the yeast Pro622*, died a few days after birth of 

intractable congestive heart failure and severe lactic acidosis. 

MTO1 encodes a FAD-containing enzyme involved in 

posttranscriptional modification of specific mt-tRNAs, thus 

contributing to the optimization of mtDNA-dependent protein 

synthesis. However, similar to a recent report on the effects on in-vivo 

mtDNA translation of TRMU (MTO2) mutations,17 we failed to show 

consistent alterations of mtDNA-dependent protein synthesis in Pt2 

mutant fibroblasts assayed in standard conditions18 (Figure S4). 

Hence, we evaluated the effect on mtDNA translation of the 

expression of cDNAs encoding the Mto1Pro622* and Mto1Ala431Thr 

variants, versus MTO1WT, in the highly sensitive mto1∆ PR yeast 

model.19 Interestingly, the mtDNA protein synthesis in the mto1∆ 

strain expressing a cDNA encoding Mto1Pro622* was markedly 

reduced, particularly for cytochrome c oxidase (Cox) subunits 1 and 2 

and for cytochrome b, similar to, albeit lesser than, the null mto1∆ 

strain. The mtDNA translation pattern in the mto1∆ strain expressing a 

cDNA encoding Mto1Ala431Thr was similar to that of the MTO1WT 

strain, although some bands, such as those corresponding to the Var1 

and adenosine triphosphatase (ATPase) 6 polypeptides, were slightly 

reduced in the mutant versus WT strains (Figure 5).  
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Figure 5. In-Vivo Mitochondrial Translation of P R mto1∆ Strain 
Transformed with WT or Mutant MTO1 Alleles  
Mitochondrial gene products were labeled with [35S] methionine in whole 
cells at 30°C in the presence of cycloheximide for 7 min.19 Equivalent 
amounts of total cellular proteins were separated by SDS-PAGE on a 17.5% 
polyacrylamide gel, transferred to a nitrocellulose membrane, and exposed to 
X-ray film. The mto1∆ strain transformed with the empty vector (vector) 
contained 40% of petite cells, thus reducing the overall signal. Cox: 
cytochrome c oxidase; Cob: cytochrome b; Atp: ATP synthase; Var1: small 
mitochondrial ribosome subunit. In the mto1Pro622* strain, several bands, 
particularly Cox1, Cox2, and Cob, are virtually missing, and the overall 
pattern is similar to that of the (empty) vector. In the mto1Ala431Thr, the 
intensity of some bands, including Var1 and Atp6, is slightly reduced 
compared to the MTO1WT strain, but the two patterns are similar, suggesting 
mild impairment. 
 
As expected, these results confirm that the effects of the Mto1Pro622* 

truncating mutation are more deleterious on mtDNA translation than 

those of the Mto1Ala431Thr missense mutation, in agreement with the 

results of the respiratory and oxidative-growth phenotypes in yeast 
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and of the greater severity of the clinical phenotype in individuals 1 

and 2 versus that of individual 3. 

The function of MTO1 could explain the variability of the 

biochemical defects, ranging from isolated CI deficiency, as in Pt2 

fibroblasts, to combined CI-CIV deficiency in Pt2 and Pt3 skeletal 

muscle, or to combined CIII-CIV deficiency in Pt1 fibroblasts. 

Among the 13 mtDNA-encoded proteins, seven are subunits of CI, 

three of CIV, two of CV, and one of CIII. This gene distribution can 

explain why mtDNA translation defects such as those associated with 

mutations of MTO1 can predominantly impair the activity of CI, but 

also that of CIII and CIV. The two mtDNA-encoded subunits of CV 

are part of the F0 component of this complex, the function of which is 

not directly measured by the standard CV assay that is based on ATP-

hydrolysis, a function carried out by the F1 component of CV. This 

could explain, at least in part, why CV activity was essentially normal 

in MTO1 mutant samples. 

The presence of a FAD moiety in MTO1 opens the possibility that, as 

observed for other mitochondrial flavo-enzymes,1,3,20 riboflavin 

supplementation may be beneficial for correction, at least in part, of 

the biochemical defect and improvement of the clinical course. 

However, we observed neither correction of MRC biochemical 

activities (Table 1) nor improvement of oxygen consumption (data not 

shown) by growing Pt1 and Pt2 mutant fibroblasts in 5.3 mM 

riboflavin for 1 week. Likewise, addition of different amounts of 

riboflavin (0.53, 2.6, 5.3, 13.3, and 26.6 mM) to a glycerol medium 

had no effect on either growth or respiration of mto1 mutant yeast 
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strains (data not shown). These results indicate that riboflavin 

supplementation is ineffective, possibly because the truncating  

mutation is too drastic and the missense mutation does not affect the 

N-terminal, FAD-binding domain of the protein.21 

An additional source of complexity stems from the existence of 

transcript variants encoding at least three different MTO1 isoforms. 

Although isoform a is prevalent, being in fact the only one that we 

could detect in fibroblasts, the presence of isoforms b (NM_133645, 

NP_598400) and c (NM_001123226, NP_001116698) is also 

predicted, each retaining a different extra-exon resulting in protein 

sequences longer than those of isoform a.22 The existence and 

functional significance of these longer variants are presently 

unknown. Notably, both mutations found in this study affect the 

protein sequence common to all three isoforms, predicting overall 

impairment of the MTO1 function. 

MTO1 and MTO2 (TRMU) take part in the same pathway involved in 

posttranscriptional modification of specific mt-tRNAs.10 Interestingly, 

specific TRMU mutations cause severe and sometimes fatal liver 

failure (MIM 613070),23 and other mutations in the same gene have 

been associated with reversible mitochondrial myopathy.24 Here we 

report mutations of MTO1 associated with impairment of yet another 

target organ, the heart, the severity of which seems to depend on the 

potential deleteriousness of the mutations. The mechanisms 

underlying such diverse tissue and organ specificity in the same 

enzyme or in the same enzymatic pathway is a challenge for future 

work in this rapidly expanding field of mitochondrial medicine. 
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Supplemental Data 

 

 

 
Figure S1. Sequence Analysis of c.1858dup  
Electropherograms of the MTO1 region around the c.1858dup mutation. The 
MTO1 cDNA obtained by retro-transcription of RNA from fibroblasts of 
patient 2 was subcloned into pCR2.1 vector (Invitrogen) in order to separate 
the two alleles: the lower panel shows the allele carrying the c.1858dup, 
p.Arg620Lysfs*8 mutation; the upper panel shows a wt sequence belonging 
to the allele carrying the c.1282G>A, p.Ala431Thr, mutation. 
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Figure S2. Comparative Sequence Analysis of MTO1  

(A) Interspecies alignment of MTO1 protein sequences, obtained by 
ClustalW software online.  
Accession numbers: NP_598400.1 [Homo sapiens]; XP_527435.2 [Pan 
troglodytes]; XP_532202.2 [Canis familiaris]; NP_001069537.1 [Bos 
taurus]; NP_080934.1 [Mus musculus]; XP_001235453.1 [Gallus gallus]; 
NP_001076478.1 [Danio rerio]; NP_611677.1 [Drosophila melanogaster]; 
XP_308209.4 [Anopheles gambiae str. PEST]; NP_496169.1 
[Caenorhabditis elegans]; NP_595531.1 [Schizosaccharomyces pombe 
972h-]; NP_011278.2 [Saccharomyces cerevisiae S288c]; XP_451040.1 
[Kluyveromyces lactis NRRL Y-1140]; XP_956189.2 [Neurospora crassa 
OR74A]; NP_178974.1 [Arabidopsis thaliana]; NP_001045465.1 [Oryza 
sativa Japonica Group].  
(B) ClustalW alignment between human (h) and yeast (y) wt and mutant 
MTO1 protein sequences. The conserved human Alanine residue in position 
428, which is replaced by a Threonine in our patients, and the corresponding 
Alanine in position 431 of the yeast protein, are highlighted in yellow. 
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Figure S3. Western-Blot Analysis of MTO1 in Fibroblast Lysates  

Top panel. Primary fibroblasts  
Samples obtained from persons 1 and 2 (P1, P2) and controls (Ct1, Ct2, Ct3) 
fibroblasts (Fb) were loaded on 10% SDS-PAGE gel, blotted and 
immunovisualized with an anti-MTO1 antibody. A black arrow indicates the 
band corresponding to the in vitro synthesized mature MTO1 protein (Mat). 
An unspecific signal is present in fibroblasts (grey asterisks). SDHA was 
used as loading control.  
Bottom panel. Immortalized fibroblasts and MTO1 transduction  
Immortalized fibroblast (iFb) lysates of person 2 (P2) and controls (Ct1, 
Ct2). “iFb P2+MTO1” corresponds to cellular lysate obtained from 
immortalized P2 fibroblasts, overexpressing wild-type MTO1. A black 
arrow indicates the band corresponding to mature MTO1. An unspecific 
signal is present in fibroblasts (grey asterisks). SDHA was used as loading 
control. 
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Figure S4. Mitochondrial Protein Synthesis in Fibroblasts  

The assay was performed in fibroblasts from three controls (Ct1-Ct3) and 
persons P1 and P2. The mitochondrial translation products on the SDS-
polyacrylamide gel are indicated according to ref. 7. 
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Table S1. Variants Identified in Individual 2 by Exome 
Sequencing 
 
 

 
 
NSV = missense, nonsense, stop-loss, splice-site disruption, insertions, 
deletions; mitochondrial localization refers to proteins with a MitoP2 score > 
0.5. 
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Table S2. Primers Used for Yeast Studies* 
 
 

 
 

* The yeast strains used in this study are BY4741 mto1 (MATa his3∆0 
leu2∆0 met15∆0 ura3∆0 mto1::KanR) (Euroscarf collection) and W303 
PRmto1 (MAT trp1-1 mto1::URA3). MTO1 PCR-products were cloned in 
centromeric plasmids pFL38 or pFL39. Mutagenesis of MTO1 was 
performed using the overlap extension technique (Ho et al., 1989) by using 
external primers MTO1CFw and MTO1CRv and internal mutagenic primers. 
mto1 strains were transformed with plasmids harboring wt or mutant MTO1 
alleles by lithium acetate methods (Gietz and Woods, 2002).  
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Abstract 

We report three families presenting with hypertrophic 

cardiomyopathy, lactic acidosis, and multiple defects of mitochondrial 

respiratory chain (MRC) activities. By direct sequencing of the 

candidate gene MTO1, encoding the mitochondrial-tRNA modifier 1, 

or whole exome sequencing analysis, we identified novel missense 

mutations. All MTO1 mutations were predicted to be deleterious on 

MTO1 function. Their pathogenic role was experimentally validated 

in a recombinant yeast model, by assessing oxidative growth, 

respiratory activity, mitochondrial protein synthesis, and complex IV 

activity. In one case, we also demonstrated that expression of wt 

MTO1 could rescue the respiratory defect in mutant fibroblasts. The 

severity of the yeast respiratory phenotypes partly correlated with the 

different clinical presentations observed in MTO1 mutant patients, 

although the clinical outcome was highly variable in patients with the 

same mutation and seemed also to depend on timely start of 

pharmacological treatment, centered on the control of lactic acidosis 

by dichloroacetate. Our results indicate that MTO1 mutations are 

commonly associated with a presentation of hypertrophic 

cardiomyopathy, lactic acidosis, and MRC deficiency, and that ad hoc 

recombinant yeast models represent a useful system to test the 

pathogenic potential of uncommon variants, and provide insight into 

their effects on the expression of a biochemical phenotype. 

 

KEYWORDS: MTO1; hypertrophic cardiomyopathy; lactic acidosis; 

mitochondrial disorder; yeast 
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Introduction 

Mitochondrial disorders are a group of syndromes associated with 

severe dysfunction of oxidative phosphorylation (OXPHOS), the main 

energy bioreactor of cells. Cardiomyocytes, with their extremely high 

request of energy, are one of the major targets of OXPHOS 

impairment, and infantile hypertrophic cardiomyopathy is a key 

clinical feature in many mitochondrial disorders. We have recently 

reported the first patients affected by hypertrophic cardiomyopathy 

and lactic acidosis carrying mutations in MTO1 (MIM #614702) 

[Ghezzi et al., 2012]. Two were siblings, compound heterozygous for 

c.1858dup (p.Arg620Lysfs∗8) and c.1282G>A (p.Ala428Thr) 

mutations, who died in their first days of life due to sudden 

bradycardia. Muscle and fibroblasts showed decreased activities of 

mitochondrial respiratory chain (MRC) complex I (CI) and CIV. The 

third patient, homozygous for the c.1282G>A (p.Ala428Thr) 

mutation, had also early-onset cardiac hypertrophy with severe lactic 

acidosis, and defective CI + CIV activities in muscle; however, he 

dramatically improved on a permanent treatment with dichloroacetate 

(DCA) and cofactors, being now 20 years old with compensated, 

stable hypertrophic cardiomyopathy. 

MTO1 (MIM #614667), a gene conserved in all eukaryotes, encodes 

one of the two subunits of the enzyme that catalyzes the 5-

carboxymethylaminomethylation (mnm5s2U34) of the wobble uridine 

base in the mitochondrial tRNAs specific to Gln, Glu, Lys, 

Leu(UUR), and possibly Trp [Suzuki et al., 2011;Wang et al., 2010]. 

The other subunit is encoded by MSS1 in yeast and GTPBP3 in 
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humans (MIM #608536). For mt-tRNAs for Gln, Glu, Lys, this 

modification is usually coupled to the 2-thiolation of the same uridine 

moiety, a reaction catalyzed by 2-thiouridylase, encoded by yeast 

MTO2 or human TRMU (MIM #610230). Both these 

posttranscriptional modifications increase accuracy and efficiency of 

mitochondrial DNA (mtDNA) translation by influencing tRNA 

structure, binding to the ribosome, stabilization of the correct codon-

anticodon pairing [Kurata et al., 2008; Murphy et al., 2004; Takai, 

2005;Umeda et al., 2005; Urbonavicius et al., 2001;Wang et al., 2010; 

Yarian et al., 2000; Yasukawa et al., 2001], and tRNA recognition by 

the cognate aminoacyltransferase [Krüger and Sørensen, 1998; 

Sylvers et al., 1993]. 

In our previous work, we investigated the functional consequences of 

the MTO1 mutations in a simple eukaryotic model system, 

Saccharomyces cerevisiae [Ghezzi et al., 2012]. The analysis was 

performed mainly in a mutant yeast strain harboring a C>G 

transversion at nucleotide 1,477 of the 15S rRNA mtDNA gene 

[Colby et al., 1998], which results in a synthetic phenotype with 

MTO1 disruption. The mutation disrupts the C1477–G1583 base 

pairing in a functionally relevant hairpin structure, which is part of the 

decoding site (site A) of the ribosome, where codon–anticodon 

recognition takes place [Yan et al., 2005]. This mutation confers 

resistance to the antibiotic paromomycin by destabilizing the hairpin. 

We chose this strain because the human mitochondrial 12S rRNA 

contains a hairpin structure that corresponds to the paromomycin-

resistant variant in yeast. We showed that the yeast Ala431Thr 
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change, corresponding to human Ala428Thr, reduced mitochondrial 

respiratory activity, whereas the mutation equivalent to human 

Arg620Lysfs∗8 behaved as a null allele.  

We present here the identification of five additional MTO1 mutant 

subjects (two couples of siblings, and a sporadic case) who also 

present with hypertrophic cardiomyopathy and lactic acidosis, thus, 

strengthening a consistent genotype/phenotype correlation. We 

confirm the pathogenic role of the two novel mutations in the yeast 

model and, for the milder variant, by complementation studies in 

mutant fibroblasts. 

 

Materials and Methods 

Patients 

Informed consent for participation in this study was obtained from the 

parents of all patients, in agreement with the Declaration of Helsinki 

and approved by the Ethical Committees of the Institutes participating 

in this study, where biological samples were obtained. 

We studied a first cohort of 30 patients with cardiomyopathy and a 

biochemical defect of the MRC, affecting either CI alone or multiple 

complexes, and a second small group of four cases with isolated CIV 

deficiency and at least one affected sibling, irrespective of their 

clinical presentations (ranging from cardiomyopathy to 

encephalopathy). Table 1 summarizes the main clinical, laboratory 

and biochemical features of five patients from three families (Fig. 1A) 

with MTO1 mutations. All these subjects showed early-onset, 

progressive hypertrophic cardiomyopathy, and lactic acidosis.  
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Some did also display neurological features affecting the peripheral or 

the central nervous system, or both, associated with neuropathological 

abnormalities documented by MRI (Fig. 1B and C). Detailed case 

reports are described in the Supporting Information. 

 

Molecular Analysis 

Genomic DNA was extracted by standard methods. Exons and exon–

intron boundaries of human MTO1 (NM 012123.3; NP 036255) were 

amplified using primers listed in Supp. Table S1, and analyzed by 

Sanger sequencing. Whole-exome next-generation sequencing (WES) 

and variant filtering were performed as described [Ghezzi et al., 

2012]. Nucleotide numbering reflects cDNA numbering with +1 

corresponding to the A of the ATG translation initiation codon in the 

reference sequence, according to journal guidelines 

(www.hgvs.org/mutnomen). The initiation codon is codon 1. All 

variants reported have been submitted to LSDB 

(http://www.lovd.nl/MTO1). 

 

Biochemical Assays 

The activities of MRC complexes and citrate synthase in muscle 

homogenates were measured as described [Bugiani et al., 2004]. 

Microoxygraphy was used to measure maximal respiration rate 

(MRR), spare respiratory capacity (SRC), respiratory control ratio, 

and oxygen consumption rate (OCR)/extracellular acidification rate 

(ECAR) in fibroblasts, using SeaHorse FX-24 or FX-96 [Invernizzi et 
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al., 2012]. For transduced cells, F14medium (Euroclone), 

supplemented with EGF, FGF, insulin, and uridine, was used instead 

of DMEM. 

 

In Silico Analysis 

The pathogenicity of the human mutations was predicted by using five 

bioinformatic tools based on heuristic methods: PANTHER 

(http://www.pantherdb.org), SIFT (http://sift.jcvi.org), PolyPhen-2 

(http://genetics.bwh.harvard.edu/pph2), SNPs&GO (http://snps-and-

go.biocomp.unibo.it/snps-and-go), and MutPred 

(http://mutpred.mutdb.org). Structural analysis was performed using 

the structure of Chlorobium tepidum GidA (PDB ID 3CP8 at 

http://www.rcsb.org/pdb/home/home.do). Models of mutant proteins 

were constructed using SwissModel (http://swissmodel.expasy.org/) 

and superimposed with Swiss-Pdb Viewer Magic fit tool. Protein 

regions were visualized by the RasMol software package. 

 

Analysis in Yeast 

We used the yeast strain W303 PR mto1 (MATα trp1-1 mto1::URA3) 

[Colby et al., 1998]. MTO1 was cloned in the centromeric vector 

pFL39 [Bonneaud et al., 1991] through PCR amplification ofMTO1 

and digestion with SalI andSacI. The mto1 mutant alleles were 

obtained by site-directed mutagenesis of a MTO1 fragment [Ho et al., 

1989], using suitable primers (Supp. Table S1). Mutant fragments 

were cloned in the AvaI and SacI cloning sites of pFL39-MTO1. The 

mto1 strain was transformed with pFL39 harboring wt or 
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mutantMTO1alleles by lithium-acetate based methods [Gietz and 

Woods, 2002]. Respiratory activity and in vitro mt-DNA protein 

synthesis were performed as previously described [Barrientos et al., 

2002; Goffrini et al., 2009]. Cytochrome c oxidase activity was 

measured according to Fontanesi et al., (2008) and Barrientos et al., 

(2009) on a mitochondrial-enriched fraction prepared according to 

Soto et al., (2009). 

 

Lentiviral Transduction 

The wt MTO1 cDNA was cloned into the pLenti6.3/V5-TOPO Vector 

(Invitrogen, Carlsbad, CA, USA), and virions were obtained as 

previously described [Zhang et al., 2009]. Mutant and wt fibroblasts 

were infected with viral supernatant and selected upon exposure to 2 

µg/ml Blasticidin (Invitrogen). 

 

 

Results 

 

Molecular and Biochemical Analyses in Human Samples 

By Sanger sequencing we screened MTO1 in a cohort of 

mitochondrial defective patients with cardiomyopathy, and found that 

Pt1 was compound heterozygous for the previously described 

c.1402G>A/p.Ala428Thr mutation and for a novel missense 

substitution (c.1430G>A/p.Arg477His), whereas siblings Pt2 and Pt3 

harbored a homozygous c.1232C>T/p.Thr411Ile change (Fig. 1A). By 

WES analysis on a second group of familial cases with CIV 
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deficiency (see Materials and Methods) and no known genetic defect, 

we identified an additional case, Pt4, with the same homozygous c. 

1232C>T/p.Thr411Ile change. Her clinically affected sister (Pt5) was 

shown to harbor the identical homozygous variant (Fig. 1A). 

 

 

 

Figure 1. Pedigrees and radiological features. A: Pedigrees and 
electropherograms of the MTO1 genomic region encompassing the 
nucleotide substitutions in patients and available parents. Black symbols 
designate affected subjects. B: Brain MRI of Pt1. Transverse FLAIR image 
showing abnormal hyperintensity in the region of the claustrum and 
surrounding capsulae (arrows). C: Brain MRI of Pt2. Coronal T2-weighted 
sequence showing abnormal hyperintense signals of the thalami and 
diffusely abnormal signal in the subcortical white matter. Lesions are also 
present in the brainstem. The cerebellar folia are normal. 
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Spectrophotometric biochemical assays of the respiratory chain 

complexes activities revealed defects in CI, CIV, or both (Table 1). 

No clear evidence of CIII deficiency was obtained in any tissue 

sample of the present study, in contrast with a previous study [Ghezzi 

et al., 2012; #6 in Table 1].A partial but significant reduction in MRR, 

SRC, and OCR/ECAR was measured by SeaHorse microscale 

oxygraphy in fibroblast cell lines of Pt1 and Pt2 (Supp. Table S2). 

 
 
In Silico Analysis 

To test the potential deleterious effects of the p.Thr411Ile and 

p.Arg477His, we first used bioinformatic tools based on heuristic 

methods for predicting pathogenic variants. The prediction of a 

putative pathogenic change is based on evolutionary conservation, 

plus other features, such as predicted structural effects  (Polyphen-2, 

MutPred), predicted functions (MutPred), and local sequence and gene 

ontology score (SNPs&GO). Both mutations scored a “probably 

pathological” prediction by each method (Supp. Table S3).  

We further tested the pathogenicity of these mutations on the basis of 

the structure of GidA, the eubacterial ortholog of Mto1. Its structure 

has been resolved in Escherichia coli, C. tepidum, and Aquifex 

aeolicus [Meyer et al., 2008; Osawa et al., 2009; Shi et al., 2009]. 

GidA contains four domains: an α/β FAD-binding domain; a small N-

terminal insertion-domain 1; a large α/β insertion-domain 2, which 

binds NADH; a large α C-terminal domain, which contributes to the 

binding of the tRNA and promotes the dimerization with MnmE, the 

ortholog of Mss1/Gtpbp3.  
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Figure 2. In silico structural analysis. A: Alignment of Mto1 proteins from 
animals, yeasts, plants, and eubacteria around mutated amino acids. In 
yellow the amino acids corresponding to mutations hThr411Ile and 
hArg477His, in green the amino acid corresponding to mutation Ala428Thr 
[Ghezzi et al., 2012]. The corresponding secondary structure elements for 
the C. tepidum GidA structure are indicated and colored according to Meyer 
et al. [2008]. B: Structure of the C. tepidum GidA region around the FAD 
moiety. Amino acids of the motif 2 of GidA which bind the FAD group are 
indicated. For simplicity, the numbers refer to the equivalent position in 
yeast Mto1. C: Structure of the C. tepidum GidA region around the FAD 
moiety superimposed to the model structure of GidA. The wt structure of the 
amino acids equivalent to threonines 414 (T414) and 415 (T415) in yeast 
Mto1 is in red. The predicted structure of the amino acids equivalent to yeast 
mutant isoleucine 414 (I414, corresponding to the human mutation 
Thr411Ile) and adiacent threonine 415 (T415) is in yellow. For simplicity, 
the numbers refer to the position in yeast Mto1. D: Overall structure of the 
C. tepidum GidA with basic amino acids (in red), which form a pocket who 
is predicted to bind the D-stem of the incoming tRNA. The bacterial Arg436 
residue (R436), equivalent to hArg477 and yArg481, is in magenta. 
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Human threonine 411 (hThr411) is part of motif 2,which is highly 

conserved from bacteria to eukaryotes (Fig. 2A) and is contained in 

the α/β FAD-binding domain. Motif 2 includes residues from the C-

terminus of sheet β21, the loop between β21 and the residues from the 

N-terminal of helix α9. In C. tepidum GidA, this motif includes three 

conserved residues: Gln366 (hGln407, yeast Gln410), Gly372 

(hGly413, yGly416), and Glu375 (hGlu416, yGlu 419), plus Ser371, 

which is either conserved or substituted conservatively by threonine 

(e.g., hThr412, yThr415). The residues are all involved in FAD 

binding through interaction with the FAD ribitol and pyrophosphate 

moieties (Gln366 and Gly372) or with the isoalloxazine ring-

containing active site (Ser371 and Glu375) (Fig. 2B). Moreover, the 

side chain of serine 371 is oriented to the central ring of isoalloxazine, 

suggesting a functional role in the catalytic process and/or 

binding/stabilization of FAD [Meyer et al., 2008]. As a matter of fact, 

substitution of Thr382 in A. aeolicus GidA, corresponding to Ser371 

in C. tepidum GidA, results in inability of complementing the 

methylaminomethylmodification at position 5 of uridine (mnm5) 

during exponential growth of GidA-deficient E. coli [Osawa et al., 

2009]. We hypothesized that the substitution of hydrophilic 

hThr411/yThr414 (corresponding to threonine at position 370 of 

GidA) with a hydrophobic, bulky isoleucine changes the position of 

the adjacent amino-acid residue (hThr412/yThr415 or bacterial 

Ser371). To support this hypothesis, we constructed a structural model 

in which the threonine at position 370 (yThr414) was changed to 

isoleucine. This change altered the orientation of the side chain of the 
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adjacent amino acid and increased the distance relative to the 

isoalloxazine ring (Fig. 2C).  

We identified the hArg477 residue in humans as equivalent to C. 

tepidum Arg436, which is located in a highly conserved loop between 

helices α10 and α11 in the C-terminal domain (Fig. 2A). Arg436 takes 

part in a cluster of several basic amino acids (Lys, Arg, and His), 

conserved in bacteria and eukaryotes, and predicted to form a 

positively charged pocket, which binds the phosphates of the D-stem 

backbone of the incoming tRNA (Fig. 2D) [Meyer et al., 2008; Osawa 

et al., 2009]. The substitution of the equivalent arginine with alanine 

in GidA of E. coli is known to decrease the efficiency of mnm5 

modification [Shi et al., 2009]. Therefore, we hypothesized that 

substitution of the fully charged human Arg477 with the partially 

charged His477 could also decrease the affinity for the incoming 

tRNA. 

 

Analysis in Yeast 

To confirm the pathogenic role of p.Thr411Ile and p.Arg477His 

mutations predicted by in silico analysis, we introduced the 

corresponding mutant alleles (mto1T414I and mto1R481H) in the 

paromomycin-resistant yeast strain disrupted in MTO1 (∆mto1PR 

strain). The parental ∆mto1 PR strain is unable to grow on oxidative 

carbon sources (Fig. 3A) [Colby et al., 1998]; the expression of 

mto1T414I mutant allele failed to correct this phenotype, whereas the 

expression of mto1R481H was able to restore oxidative growth, although 

to a lesser extent than wt MTO1 (Fig. 3A).  
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Figure 3. Yeast studies. A: Growth of ∆mto1 strain transformed with MTO1 
wt allele, mto1R481H, and mto1T414I mutant alleles or empty plasmid on YP 
medium supplemented with 2% glucose (left panel) or 2% glycerol (left 
panel). Cells were pregrown on YP+glucose and plated after serial dilutions 
to obtain spots of 5 × 104, 5 × 103, 5 × 102, and 5 × 101 cells/spot. Pictures 
were taken after 2 days of growth. B: Respiratory activity of ∆mto1 strains 
transformed with MTO1 wt allele, mto1R481H, and mto1T414I mutant alleles or 
empty plasmid. Respiratory rates were normalized to the strain transformed 
with wt MTO1, for which the respiratory rate was 34.7 nmol min−1 mg−1. 
Values are the mean of three independent experiments, each with an 
independent clone. Two-tail, paired t-test was applied for statistical 
significance. ∗∗∗P < 0.001. C: In vivo mitochondrial translation of ∆mto1 
strain transformed with MTO1 wt allele, mto1R481H, and mto1T414I mutant 
alleles or empty plasmid. Mitochondrial gene products were labeled with 
[35S]-methionine in whole cells in the presence of cycloheximide for 10 min 
at 28°C. Cox: cytochrome c oxidase; Cob: cytochrome b; Atp: ATP 
synthase; Var1: small mitochondrial ribosome subunit. D: Cytochrome c 
oxidase (CIV) activity of ∆mto1 strain transformed with MTO1 wt allele, 
mto1T414I, mto1A431T, mto1R481H, and mto1P622X mutant alleles or empty 
plasmid. Cytochrome c oxidase activities were normalized to the strain 
transformed with wt MTO1, for which the activity was 368.8 units per mg of 
mitochondrial proteins. Values are the mean of three independent 
experiments, each with an independent clone. Two-tail, unpaired t-test was 
applied for statistical significance. ∗∗P < 0.01. 
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Accordingly, mitochondrial respiration was abolished in both ∆mto1 

and mto1T414I strains, whereas it was restored by the mto1R481H strain to 

approximately 60% of the wt strain (Fig. 3B). 

Since the p.Thr414Ile mutation is predicted to alter the position of the 

adjacent Ser371, which participates in the catalytic process involving 

FAD and/or in its binding/stabilization, we carried out a second set of 

experiments in the presence of increasing concentration of riboflavin 

(from 1 to 25 µM); however, neither defective oxidative growth nor 

reduced respiratory activity of the mto1T414I strain were rescued by 

riboflavin, suggesting that the catalytic activity of the mutant 

Mto1T414I is fully impaired (data not show). An alternative explanation 

is that the mutant Mto1T414I is unstable and quickly degraded; the 

absence of an antibody against the yeast Mto1 prevented us from 

evaluating the levels of Mto1 in different mutant strains. 

To analyze the molecular consequences of the p.Thr414Ilr and 

p.Arg481His MTO1 mutations, we performed in vivo mitochondrial 

protein synthesis (Fig. 3C). As previously observed, we detected 

radiolabeled bands in the ∆mto1 strain corresponding to ribosomal 

protein Var1, cytochrome c oxidase subunit 3 (Cox3), and Atp 

subunits (Atp6, Atp8, Atp9), whose levels were similar to those of the 

MTO1 strain. However, cytochrome c oxidase subunits 1 and 2 (Cox1 

and Cox2) and cytochrome b (Cob) were absent. The mto1T414I strain 

behaved like the ∆mto1 strain, whereas mto1R481H was 

indistinguishable from wt MTO1, as previously observed for 

mto1A431T. Accordingly, CIV activity of mto1T414I and mto1P622X 

strains was indistinguishable from that of ∆mto1 strain (4%–7% 
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relative to MTO1 strain), it was 70% in mto1A431T relative to the wt, 

and identical to the wt in mto1R481H strains (Fig. 3D) (Supp. Table S4). 

In mto1T411H mutant strain, we measured the CI–CIII activity 

(following the reduction of cytochrome c in presence of NADH as 

electron donor and KCN as inhibitor of cytochrome c oxidase), to 

identify a possible explanation for the respiratory phenotype but no 

reduction was observed (data not shown). 

 

Complementation in Fibroblasts 

To further confirm the pathogenic role of the milder mutation 

p.Arg477His, we analyzed the respiration in fibroblasts from Pt1, 

compound heterozygous for p.Arg477His and p.Ala428Thr, after 

transduction with a recombinant lentiviral construct expressing the wt 

MTO1 cDNA. Infected cells were cultured in F14 medium, enriched 

in growth factors, to facilitate the recovery after infection and speed 

up cell growth. In our experience, these culturing conditions increase 

the values for SRC, an indicator of the bioenergetic reserve, in both 

control and mutant cells. Infected Pt1 fibroblasts showed marked 

increase of MRR (+146%) up to normal values. A mild MRR increase 

(+34%) was also observed in MTO1wt cells (Supp. Fig. S1). These 

results support a causative role for both p.Arg477His and p.Ala428Thr 

MTO1 variants in defective mitochondrial respiration of Pt1. 
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Discussion 

A quite broad phenotypic spectrum was observed in MTO1 mutant 

patients: from severe, rapidly progressive, ultimately fatal presentation 

in two compound heterozygous children for Arg620Lysfs∗8 and 

Ala428Thr mutations [Ghezzi et al., 2012], to fulminant postnatal 

phenotype, or severe, but long-lasting, encephalo-cardiomyopathy in 

the two families with a homozygous p.Thr411Ile mutation (this work), 

to benign, compensated hypertrophic cardiomyopathy with modest 

neurological abnormalities in patients [Pt1 in this work; Pt3 in Ghezzi 

at al., 2012], bearing two missense mutations. 

In silico analysis suggested potential pathogenic role for the missense 

MTO1 mutations identified in our patients, but the yeast model 

allowed us to experimentally confirm their deleterious effects, 

dissecting the contribution of single allelic variants and giving an idea 

of the severity of each mutation. As summarized in Supp. Table S4, 

the severity of the yeast phenotype associated with mto1 mutations is: 

yArg481His (hArg477His) < yAla431Thr (hAla428Thr) << 

yThr414Ile (hThr411Ile) = yPro622∗ (hArg620Lysfs∗8) ≈ mto1∆. In 

particular, the behavior of mto1R481H mutant is intermediate between 

that of the mto1A431T mutant, and that of the MTO1 wt allele as far as 

oxidative growth, respiratory activity [Ghezzi et al., 2012], and CIV 

activity are concerned. A moderate effect of the yArg481His 

substitution is in agreement with the observation that the Arg versus 

His change is electrostatically conservative, the equivalent Arg in 

GidA from C. tepidum being predicted to participate in a positively 

charged pocket, formed by several Arg, Lys, and His residues, that 
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binds the phosphates of the D-stem backbone of the incoming tRNA. 

This was confirmed by the partial, but significant, reduction of oxygen 

consumption but virtually normal CIV and CI–CIII activities detected 

in the mto1R481H mutant strain. A defect of CV in the mto1R481H mutant 

is unlikely, owing to the presence of normal amount of Atp6, Atp8, 

Atp9, and the previous observation that yeast strains carrying 

mutations in ATP6, 8, or 9 display defective oxidative growth but 

normal respiratory activity [Dujon, 1981] or reduced respiratory 

activity due to an indirect decrease of CIV [Kucharczyk et al., 2009]. 

Both mto1T414I and mto1P622X alleles behave as the null allele as 

for oxidative growth, respiratory activity, mitochondrial protein 

synthesis [Ghezzi et al., 2012], and CIV activity, albeit it is unclear if 

this is due to instability or loss of function of the mutant protein. 

In some patients with MTO1 mutations, the clinical presentations 

seemed to depend on the genotype and partly to comply with the 

phenotypic observations in yeast. For instance, the presence of one 

allele expressing the p.Ala428Thr variant, which, in yeast, is of 

intermediate severity, is probably not sufficient to complement the 

defects caused by the variant Arg620Lysfs∗8, which is functionally 

null. Contrariwise, patients homozygous for the p.Ala428Thr mutation 

[Ghezzi et al., 2012] or heterozygous with the less severe 

p.Arg477His mutation (Pt1 in this report), have milder symptoms, and 

are alive and relatively well at 20 and 14 years of age respectively, 

although both with compensated hypertrophic cardiomyopathy. 

However, in spite of carrying the same mutant genotype (Thr411Ile), 

the disease course was very different for the patients of the two 
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families presented in this article. Although Pt2 and Pt3 both had 

perinatal onset and died very early, Pt4 and Pt5 presented with the 

first symptoms after only a few months of life and yet have reached 

adolescence, being now 19 and 12 years old, respectively. This 

observation highlights the importance of genetics and environmental 

variations in modulating the phenotype in humans. It is tempting to 

speculate that, in addition to protection/risk genetic factors 

differentially expressed in the two families, the different outcome 

could be due to the different pharmacological intervention, which was 

merely supportive in the first family, whereas included timely 

correction of lactic acidosis in the second, following DCA 

administration. Although the number of reported MTO1 mutant 

patients is very low, as a matter of fact all patients that survived 

beyond infancy and are still alive had chronic DCA treatment starting 

immediately after the clinical onset. DCA was remarkably effective 

on metabolic acidosis, suggesting that vigorous treatment of this life-

threatening condition allows compensatory mechanisms to take place, 

which can mitigate the effects of hypertrophic cardiomyopathy. DCA 

administration should therefore be considered in MTO1 mutant 

patients. In spite of these encouraging effects on survival, DCA 

treatment could not prevent the development of neurological 

symptoms associated with highly deleterious mutations such as the 

Thr411Ile in Pt4 and 5, suggesting that neurodegeneration can 

progress independently from the correction of the metabolic status if 

MTO1 function is severely impaired. 
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Given the role of MTO1 as an optimizer of mtDNA translation, MTO1 

mutations can be associated with any combination of MRC deficiency, 

from isolated CIV deficiency (Family 2 in this article) to combined CI 

+ CIV deficiency, the most common biochemical signature observed 

in MTO1 mutant cases, to combined CIV + CIII deficiency, as 

previously reported [Ghezzi et al., 2012]. 

A rather specific genotype/phenotype correlation has been reported 

for several mutant factors involved in mtDNA translation [Rotig, 

2011], an observation that still requires a finer dissection of the 

pathomechanism. Hypertrophic cardiomyopathy seems to be the 

clinical hallmark of MTO1 mutations, although in the present study 

most of the patients were preselected on the basis of cardiac 

symptoms. In addition to the heart, clinical/radiological signs of brain 

involvement were clearly present in several MTO1mutant patients. 

Interestingly, a recently reported patient, carrying p.Gly59Ala and 

p.Thr308Ala MTO1 compound heterozygous changes, showed 

refractory infantile spasms and CIV deficiency, but no cardiac 

involvement [Vasta et al., 2012].However, the pathogenic role of 

these very variants remains unproven and the c.922A>G/p.Thr308Ala 

is reported as a SNP (dbSNP: rs145043138) with a minor allele 

frequency of 0.3%. 

Yeast strains harboring mto1A431T or mto1R481H mutant alleles did show 

no evident defects in mitochondrial proteins synthesis; this 

observation is concordant with the lack of obvious impairment in 

mtDNA translation found in Ala428Thr and Arg620Lysfs∗8 mutant 
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fibroblasts [Ghezzi et al., 2012], suggesting that the pathogenic effects 

of MTO1mutations are not due to reduced levels of mtDNA encoded 

subunits of the respiratory chain. Likewise, mitochondrial protein 

synthesis was not reduced in cells carrying deleterious mutations of, 

or having been knocked down for, MTO2/TRMU [Sasarman et al., 

2011]. It is possible that amino-acid substitutions, that is, qualitative 

alterations of the primary structure of mtDNA proteins, rather than 

quantitative decrease of global protein synthesis, may play a major 

pathogenic role in both MTO1 and MTO2 mutant cells. The 5-

carboxymethylaminomethylation and the 2-thiolation of the wobble 

uridine increase the accuracy of translation when guanidine is the third 

base of Gln, Glu or Lys codons, and prevent codon-anticodon pairing 

when the third base is a pyrimidine [Kurata et al., 2008; Murphy et al., 

2004; Yarian et al., 2002]. Accordingly, in Ala428Thr and 

Arg620Lysfs∗8 compound heterozygous fibroblasts, mtDNA-

dependent CI, CIII, and/or CIV showed reduced activity, in spite of 

quantitatively normal mitochondrial protein synthesis, suggesting that 

errors in translation can determine the synthesis of qualitatively 

altered CI,CIII, and CIV mtDNA encoded subunits [Ghezzi et al., 

2012]. Likewise, CIV activity was reduced in the mto1A431T yeast 

strain, although the total levels of Cox1, Cox2, and Cox3 were similar 

to those of MTO1 wt. This hypothesis is testable, by systematic 

investigation of human or yeast mutant cells, through mass 

spectrometry and other proteomics approaches. Another possibility is 

that MTO1 may play a second role in mitochondria besides 5-

carboxymethylaminomethylation of the wobble uridine, as previously 
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reported for other enzymes, which modify tRNA in bacteria 

[Nicholson, 1999; Roovers et al., 2008] and, potentially, forMTO2 

[Sasarman et al., 2011].Alternatively, the 5-

carboxymethylaminomethylation of the tRNA can have additional 

functions besides the optimization of mitochondrial translation, as 

hypothesized for the thiolation of the wobble position catalyzed by 

MTO2 [Sasarman et al., 2011]. 

This study confirmed that MTO1 mutations are associated with a 

mitochondrial disorder, characterized by hypertrophic 

cardiomyopathy, lactic acidosis, and MRC deficiency, albeit with a 

broad range of severity and frequent involvement of brain, possibly 

depending on the treatment. Moreover, we showed that the use of a 

suitable recombinant yeast model can validate the pathogenic role of 

variants found in human patients. 
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SUPPORTING INFORMATION 

Case reports  

Patient 1  

Patient 1 (Pt1) was born at 40 weeks of gestation as the first child of 

non-consanguineous Italian parents (Figure 1A). Birth weight was 

3200g (50th percentile), length 52cm (50th percentile), head 

circumference 36cm (50th percentile), APGAR scores 9-10. On her 

second day of life the patient became apnoeic with severe metabolic 

acidosis and lactic acidemia (8-12mM n.v. <2). Metabolic work-up 

showed high plasma alanine (720µM; n.v. 180-400), and increased 

urinary lactate, pyruvate, and Krebs cycle intermediates. Metabolic 

acidosis failed to respond to intravenous sodium bicarbonate, thiamine 

and biotin, but markedly improvement was obtained by 

dichloroacetate (DCA 50 mg/kg/day initially, later lowered to 25 

mg/kg/day), with dramatic reduction of plasma lactate (<3mM).  

A muscle biopsy, taken at 15 days after birth, showed multiple defects 

of MRC complexes, with strong reduction (<5% residual activity) of 

CI and CIV activities. The child was discharged at the age of 1 month 

in good control of blood lactate levels (<3 mM) under chronic DCA 

treatment. The clinical course during the following years was 

complicated by feeding difficulties, failure to thrive and neurological 

symptoms, e.g. myoclonic seizures for the first years of life. 

Nowadays, aged 14 years, her weight is at the 10th percentile, 

neurological development is moderately delayed, with hypotonia, 

dystonia and poor speech. Several brain MRIs showed abnormal 

bilateral hyperintensities in the capsulae surrounding the claustra 
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(Figure 1B). From the age of 8 years she has suffered of hypertrophic 

cardiomyopathy, particularly in the posterior wall of the left ventricle 

(6 mm, n.v. 4) with reduced systolic fraction (40%). At age 7 years, 

DCA treatment was stopped because of abnormalities of visual and 

brainstem evoked potentials and nerve conduction velocities. 

Subsequent metabolic follow-up revealed mildly elevated blood 

lactate but no further episodes of metabolic acidosis. A second muscle 

biopsy at 8 years again showed severe reduction of CI (14%) and CIV 

(27%) activities, whereas the other MRC activities were normal. 

Oxygen consumption, assessed through micro-oxygraphy in cultured 

fibroblasts, displayed significant reduction of MRR, SRC and 

OCR/ECAR whereas RCR, an index of mitochondrial OXPHOS 

coupling, was normal (Supp. Table S2). 

Patient 2  

Patient 2 (Pt2) was born at 37 weeks of gestation (birth weight of 

2.38kg; 4th percentile) as the male first child of 1st cousin 

consanguineous Pakistani parents (Family 1; Figure 1A). On the first 

day of life, he developed severe poor feeding and mild hypoglycaemia 

and was admitted to the Special Care Baby Unit. Over the first 3 

months of life, he developed hypotonia, his weight gain was poor and 

an echocardiography (performed at 3 months of age because of the 

detection of a cardiac murmur) demonstrated severe left ventricular 

hypertrophy with posterior wall thickness (8mm). Lactic acidemia was 

noted, with blood lactate varying between 9.5 and 14.6 mM. 

Metabolic work-up showed high plasma alanine (690µM, n.v. <400), 

and increased urinary lactate, 3-methylglutaconic acid and 
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accumulation of Krebs cycle intermediates. A muscle biopsy, taken at 

6 months of age, showed decreased staining for cytochrome c oxidase 

(COX) and severe deficiency in both CI and CIV activities (<10% 

residual activities). Brain MRI showed symmetrical, bilateral 

abnormal signals in fornices, globus pallidus, thalamus, subthalamic 

nucleus, substantia nigra, dorsal mesencephalon, pons and to a lesser 

extent dentate nuclei of the cerebellum (Figure 1C). A lactate peak 

was detected on [H+]-MR Spectroscopy. The clinical course during 

the following months was complicated by persistent hypotonia and 

failure to thrive despite nasogastric feeding. At 12 months of age the 

child developed pneumonia associated with worsening metabolic 

acidosis and died of irreversible cardiorespiratory arrest. Oxygen 

consumption assessed by micro-oxygraphy in cultured fibroblasts 

displayed significant reduction of MRR, SRC and OCR/ECAR with 

normal RCR (Supp. Table S2). The mtDNA sequence was normal.  

Patient 3  

Patient 3 (Pt3), the younger brother of Patient 2, was born at 34 weeks 

gestation (birth weight of 2.17kg; 25th percentile). This child was born 

with hypospadias and an accessory digit at the base of the palmar 

aspect of the left thumb. In view of the family history, plasma lactate 

was monitored in the neonatal period and found to be elevated (7-10 

mM). An echocardiogram at 1 month of age showed mild left 

ventricular hypertrophy with a posterior wall thickness of 7mm. His 

subsequent clinical course was complicated by feeding difficulties and 

failure to thrive. He was admitted for nasogastric tube feeding and no 

further invasive investigations were performed at the family’s wishes. 
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He received palliative care and died suddenly at home at the age of 3 

months.  

 

Patient 4  

Patient 4 (Pt4) was born at term as the first female child of 1st cousin 

consanguineous Pakistani parents (Family 2; Figure 1A). No feeding 

or respiratory difficulties occurred in the perinatal period. At three 

months of age, she developed severe metabolic acidosis with lactic 

acidemia associated with bronchiolitis-like illness. Metabolic work-up 

showed increased urinary lactate. A muscle biopsy, taken at 3 months 

of age, revealed decreased histochemical reactivity for COX and a 

severe CIV deficiency (<10% of controls), with CI activity reported as 

normal. Echocardiography demonstrated mild biventricular 

hypertrophic cardiomyopathy, which improved on serial scans over a 

number of years and did not require medication. The clinical course 

during the following years was complicated by speech and language 

delay, failure to thrive and recurrent hospital admissions with lactic 

acidosis associated with intercurrent infections with an admission to 

intensive care at age 2 years due to generalised seizures and 

encephalopathy. Nowadays, aged 19 years, her weight is <3rd 

percentile, her psychomotor development is mildly delayed and she is 

in special secondary education. Her menarche occurred normally, at 

13 years of age. The frequency and severity of admissions has reduced 

gradually with age and her last acute admission was aged 8 years. She 

has persistent fatigue with chronic lactic acidosis (5.0-8.0mM) and 

Vitamin D deficiency for which she takes regular ergocalciferol and 
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sodium bicarbonate supplements. DCA was used regularly from the 

age of 16 years with a reduction in resting plasma lactate levels to 4.0 

mM but has now been stopped.  

Patient 5  

Patient 5 (Pt5), the younger sister of Patient 4 was born at term (birth 

weight of 2890g; 9th-25th percentile), with no perinatal respiratory or 

feeding difficulties. At five months of age the patient developed 

severe metabolic acidosis and lactic acidemia (>22.0mM), associated 

with an upper respiratory illness. Echocardiography demonstrated 

dilated cardiomyopathy with left ventricular hypertrophy and an 

electrocardiogram demonstrated a Wolff-Parkinson-White syndrome. 

Metabolic work-up showed high plasma alanine (695µM), and 

increased urinary lactate with ketonuria and dicarboxylic aciduria. A 

muscle biopsy, taken at 7 months of age, showed similar findings to 

her sister, i.e. severe COX defect. She had a further severe 

decompensation aged 9 months associated with bronchiolitis and was 

ventilated for 4 weeks with repeated attempts at extubation failing due 

to rising lactic acidosis and worsening cardiomyopathy (fractional 

shortening 15%), with pericardial effusion. She required drug 

treatment for cardiac failure and her lactic acidosis was successfully 

treated with DCA at 50mg/kg/day with plasma lactate levels falling to 

3.0 mM. The clinical course during the following years was 

complicated by psychomotor delay, increasing lower limb spasticity, 

failure to thrive (needing nasogastric feeding) and recurrent hospital 

admissions with lactic acidosis associated with intercurrent infections. 

Nowadays, aged 12 years of age, her weight and height are at <3rd 
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percentile and psychomotor development is severely delayed. She is 

able to walk independently but has no speech and limited non-verbal 

communication; she is also in special education. The frequency and 

severity of admissions has reduced gradually with age and her last 

acute admission was at aged 11 years. Her cardiomyopathy has 

gradually improved with a fractional shortening of 30% and she takes 

only digoxin and lisinopril. Chronic DCA has been discontinued. Full 

mitochondrial DNA sequencing was negative in this family, as was 

the diagnostic screening of several COX assembly factor genes 

including COX10 and COX15. 
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Supp. Figure S1. 

 

 

Complementation in fibroblasts. Maximal respiration rate (MRR), measured 
in fibroblasts from Patient 1 (Pt1) and a control subject (Ct), in naive 
condition or overexpressing MTO1 (+MTO1). MRR values are expressed as 
pMolesO2/min/cells. Data are represented as mean ± SD. Two-tail, unpaired 
Student’s t test was applied for statistical significance. ***: p < 0.001; **: p 
< 0.01; NS: not significant (p > 0.01).  
The percentages of maximal respiration rate (MRR), spare respiratory 
capacity (SRC), respiratory control ratio (RCR) in patient 1 (Pt1) compared 
to a control subject (Ct), are listed in naive condition and after 
overexpression of MTO1wt (+MTO1). The values of untreated control 
fibroblasts were considered as 100% 
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Supp. Table S1. Oligonucleotides used in this work 
 

 
 
a In upper case the endonuclease restriction sites  
b In upper case the bases which are changed to introduce the desired 
mutations 
 
 

Supp. Table S2. Oxygen consumption and extra-cellular 
acidification measurements in fibroblasts from patients 1 and 2 (Pt1 and 
Pt2) 
 

 
 
Values are reported as percentages of the controls’ (Ct) mean; unpaired two-
tail Student’s t-test was used for comparison between patients and controls. 
Measurements were performed in a Seahorse XF96 (a) or XF24 (b) 
instrument. 
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Supp. Table S3. In silico prediction of pathogenicity for MTO1 
mutations 
 

 
 
 

Supp. Table S4. Severity of the phenotypes associated with Mto1 
mutations in yeast 
 

 
a: Thr414Ile and Pro620* behave as the null mutation mto1∆.  
b: “=” indicates that the phenotype is the same compared to MTO1 wt, “↓↓↓” 
indicates that the phenotype is the same compared to the null mto1 allele 
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CHAPTER  5 

 

 

Summary, conclusions and future perspectives 
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SUMMARY  

 

The scope of my thesis was the identification of genes responsible for 

an adult-onset neurological syndrome occurring in two half-siblings, 

and for a hypertrophic cardiomyopathy and lactic acidosis in infantile 

patients with mitochondrial respiratory chain defects. 

For both groups, the identification of the corresponding disease gene 

was carried out by whole-exome-sequencing (WES). This technology 

has revolutionized biology and medicine, accelerating considerably 

the discovery of disease genes. The great challenge of WES is 

represented by the enormous amount of variants identified per 

sequenced exome. To reduce the amount of variants, we used 

appropriate filtering, such as mode of disease inheritance, segregation 

in families, possible correlation with clinical symptoms, and, for 

mitochondrial diseases, localization of the corresponding protein in 

the organelle.  

When possibly causative variants were identified, the second step was 

the demonstration of the pathogenic role of mutated proteins, by 

appropriate experimental procedures. In particular, for the 

characterization and complementation assays we used cellular models 

in both the studies, while the yeast model was used for the 

mitochondrial disorder. 

An additional step, which can increase the relevance of single WES 

studies, was the screening of the identified disease-genes in patients 

with similar clinical phenotypes. In this sense we have obtained good 
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results for the screening of MTO1, the gene responsible for the above 

described mitochondrial cardiomyopathy. 

 

GFAP and HDAC6 

We studied a family with two half-siblings, sharing the same mother, 

affected by a progressive adult-onset neurological syndrome. The 

elder patient (P1) had a mild movement disorder with cognitive 

impairment, while her brother (P2) had a severe motor-neuron disease 

of limb and bulbar district without cognitive deterioration. Although 

they presented different clinical features, the MRI of both patients was 

compatible with AOAD. However, the screening of the canonical 

isoform of the gene responsible for this disease, GFAP-α, ruled out 

mutations.  

WES analysis revealed a heterozygous variant (c.1289G>A, p.R430H) 

in GFAP-ε isoform in both patients. This nucleotide change was 

absent in the healthy mother and in all tested family members. In 

addition, these two patients have a different father, so the more 

consistent hypothesis is that the mutation was transmitted by maternal 

germinal mosaicism. 

Because GFAP-ε is an IF protein that participates with GFAP-α in the 

formation of the GFAP network, I evaluated the damaging effect of 

the mutation in GFAP-ε isoform. I transfected astrocytoma U251-MG 

cells (expressing endogenous GFAP-α) with GFP-GFAP-εwt or GFP-

GFAP-εR430H and then I analyzed the IF meshwork. The result was 

that GFP-GFAP-εR430H, on the contrary of GFP-GFAP-εwt, is 
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inefficiently incorporated and perturbs the GFAP network in 

astrocytoma cells. 

Since P2 showed different clinical features, we analyzed further gene 

variants present in P2 but not in P1, by a prioritization software, using 

“training genes” associated with MND. The highest score was 

achieved by HDAC6, on chromosome Xp11.23, encoding deacetylase 

6. The P865S change does not alter the HDAC6 transcript levels, but 

damages its deacetylase activity. In fact, acetylated alpha-tubulin 

levels, its main substrate, was consistently increased and 

immunocytochemical staining showed abnormal clumps of acetylated 

alpha-tubulin in the perinuclear region of P2 fibroblasts. 

 

MTO1  

We started this project studying a family with two siblings affected by 

infantile hypertrophic cardiomyopathy and lactic acidosis with 

mitochondrial respiratory chain deficiency mainly affecting CI and 

CIV. Unfortunately, both patients died about 1 month after birth 

because of sudden bradycardia unresponsive to resuscitation 

procedures.  

First of all, we sequenced known genes associated to mitochondrial 

cardiomyopathy, such as ACAD9, AGK, SLC25A4, TAZ and 

TMEM70, without any positive results. So we carried out WES in one 

of these patients. To obtained the causative variant of disease, we 

excluded variants with a frequency >0.2% in public SNP databases, 

being mitochondrial diseases rare conditions, and we considered 
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homozygous or compound-heterozygous variants, assuming an 

autosomal-recessive mode of inheritance. In addition, variants were 

prioritized taking into account if 1) they affected proteins with a link 

to mitochondrial functions and 2) they are computationally predicted 

to alter protein function. This filtering analysis revealed that our 

patients were compound-heterozygous for mutations in MTO1: a 

maternal c.1858dup (p.Arg620Lysfs*8) and a paternal c.1282G>A 

(p.Ala428Thr). 

MTO1 protein is involved in the posttranscriptional modification of 

the wobble uridine base in mt-tRNAGln, mt-tRNAGlu, and mt-RNALys, 

necessary for accuracy and efficacy of mtRNA translation. 

In order to prove the causative role of MTO1 variants, we studied 

whether the expression of wt MTO1 cDNA could rescue the 

biochemical phenotype of mutant immortalized fibroblast from P2. 

The evaluation of the oxygen consumption showed a reduction of 

maximal respiration rate (MRR) in immortalized fibroblast, which 

returned to normal after transduction with a MTO1wt-expressing 

lentivirus. 

To test the pathogenic role of the MTO1 mutations we used also the 

yeast Saccharomyces cerevisiae, assessing oxidative growth, 

respiratory activity, mitochondrial protein synthesis, and CIV activity. 

In particular, we used a mto1∆ paramomycin-sensitive (PR) strain 

because human 12S RNA site A is structurally similar to the yeast 15S 

RNA site A of the PR strain. We showed that the yeast Ala431Thr 

change, corresponding to human Ala428Thr, reduced MRC activities, 
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whereas the mutation equivalent to human Arg620Lysfs*8 behaved as 

a null allele. 

Finally, we tried to treat patients’ fibroblast and mto1 mutant yeast 

strains with riboflavin, precursor of FAD, since MTO1 owns a FAD 

moiety and for other mitochondrial flavoproteins (for instance 

ACAD9) the supplementation of riboflavin gave improvements in 

both cellular models and patients. Unfortunately, we did not see any 

positive effect. 

After the identification and characterization of these mutations, we 

sequenced MTO1 in DNA samples from 17 individuals with early 

onset hypertrophic cardiomyopathy, lactic acidosis and defective 

MRC activities. With this screening we found a single individual (P3) 

homozygous for the c.1282G>A, the identical missense mutation 

present in the two siblings. But the clinical condition of P3, now about 

19, is less severe, probably because both his alleles produce a partial 

functioning protein. Moreover, to counteract metabolic acidosis, P3 

was put on a permanent treatment with Dichloroacetate (DCA), a 

potent lactate-lowering drug. 

After the first paper on MTO1, in a second work we reported further 

five patients with MTO1 mutations (P1, compound heterozygotes for 

p.Arg477His and p.Ala428Thr; and two couples of siblings, P2-P3 

and P4-P5, homozygotes for p.Thr411Ile). Besides hypertrophic 

cardiomyopathy, lactic acidosis and MRC defect, these patients 

showed different neurological symptoms (i.e. myoclonic seizures, 

hypotonia, dystonia, encephalopathy) and brain MRI abnormalities. 

Moreover, P1, P4 and P5 received early DCA treatment. 
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We tested the potential deleterious effect of the new found MTO1 

mutations (p.Thr411Ile and p.Arg477His) again in a ∆mto1 PR strain. 

The result was that p.Thr411Ile gave the mildest effect, while the 

behavior of p.Arg477His is similar to a null allele. 

For P1, I also performed a complementation assay in fibroblasts, 

demonstrating that the expression of wt MTO1 could rescue the 

respiratory defect in mutant fibroblast. 
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DISCUSSION and CONCLUSIONS 

 

Since the release of the first draft of the human genome in 2001 

followed, few years later, by the development of new DNA 

sequencing technology, we have been facing a “genetic revolution”. 

From the mapping of Huntington disease gene to the short arm of 

chromosome 4 by using restriction fragment length polymorphisms 

and linkage in a large family in 1983 (Gusella et al., 1983) or the 

identification of the gene for Duchenne muscular dystrophy (DMD) 

(Koenig et al., 1987) in 1986–1987, one of the first genes discovered 

to be responsible for an inherited disorder, we witnessed numerous 

disease gene discoveries, which strongly increased during the last ten 

years. 

Today, a lot of inherited disorders can be diagnosed by a simple DNA 

test on peripheral blood, providing patients with a definitive diagnosis. 

Moreover, the molecular diagnosis allows relatives of patients to ask 

for genetic counseling and for preimplantation or prenatal genetic 

testing. 

 

GFAP-ε and HDAC6 

Alexander disease is a rare disorder of the nervous system and it is 

mainly caused by mutation in GFAP-α. Probably, the pathogenesis of 

disease is linked to toxic gain-of-function of mutant GFAP, perhaps 

related to abnormal protein aggregation (Wang L et al., 2011). This 

observation agrees in principle with our experiments, where the 
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expression of mutated GFP-GFAP-ε in human astrocytoma cells led to 

an increase of cytoplasmic aggregates, perturbing the IF meshwork.  

All known GFAP mutations are heterozygous and both de novo 

mutations, autosomal dominant transmission and germline mosaicism 

have been described. 

This is the first report of mutation in GFAP-ε isoform causing an 

adult-onset Alexander disease. Till now, all missense mutations, 

insertions or deletions identified in AxD patients have been found in 

the canonical isoform GFAP-α. 

Precisely, the lack of mutations in the nine canonical exons encoding 

GFAP-α, in contrast with a MRI pattern that strongly suggested a 

AOAD common to the two half-siblings, prompted us to perform 

WES and to search possibly deleterious variants shared by these 

patients.  

The identification of GFAP-εR430H mutation well fitted with the 

AOAD but did not clarify the different clinical features of P2. While 

P1 suffered from slowly progressive cognitive impairment and a mild 

movement disorder, a typical pattern of AOAD, P2 had severe MND. 

Therefore, we hypothesized that a differential segregation of other 

gene variants could influence the phenotypic expression. After a 

prioritization analysis, using “training genes” associated to MND, we 

focused on HDAC6. We demonstrated that P2 HDAC6P856S mutation 

is associated with decrease tubulin-specific deacetylases activity.  

Several papers suggest a role for HDAC6 in the pathogenesis of 

MND, although its effective role in neurodegeneration is very 

controversial.  
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It was reported that deletion of Hdac6 in SOD1 (G93A) mouse model 

of ALS significantly extended the survival of the mice enhancing 

axonal transport via hyperacetylation of tubulin (Taes I et al, 2013). In 

contrast, other studies found that HDAC6 inhibition can have 

detrimental effects, for example slowing axonal growth in cultured 

hippocampal neurons (Tapia M, 2010) and  reducing neurite 

outgrowth in SH-SY5Y cells (Fiesel, F C, 2011). In fact, HDAC6 

activity is necessary to maintain axonal growth rate and for the 

polarized localization of proteins to the axon initial segment. 

Moreover, both TDP43 and FUS/TLS, typical proteins associated to 

ALS, were found to co-regulate HDAC6 mRNA (Kim SH et al., 

2010).  

For these reasons, although the mechanism of action is not fully 

understood, we think that P856S HDAC6 variant is really implicated 

in motor neuron disease of P2, acting with the GFAP-ε mutation to 

determine the precise phenotype of this patient. 

 

MTO1  

Mitochondrial diseases are rare conditions and their clinical 

manifestations are extremely heterogeneous, making the diagnosis 

arduous even in cases with mutations in known disease genes. 

These disorders can arise from mutations in mtDNA or nDNA, 

affecting MRC subunits, assembly factors or proteins involved in 

mitochondrial replication transcription or translation. 

Many mitochondrial diseases are associated with defective 

mitochondrial protein synthesis, which can result from mutations in 
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tRNA, rRNA, aminoacyl-tRNA synthetases, translation factors, 

ribosomal proteins etc. Typical examples of diseases due to tRNA 

mutations are MELAS, caused by a tRNALeu(UUR) mutation, and 

MERRF, caused by a tRNALys mutation.  

One key event for mammalian mitochondria gene expression is tRNA 

maturation, which requires many modifications necessary for proper 

functioning of tRNAs, including structure stabilization, amino-

acylation and codon recognition. Different editing enzymes are 

involved in post-transcriptional modifications mainly affecting the 

first base of the anticodon. Mutations of PUS1, a pseudouridine 

synthase, cause mitochondrial myopathy, lactic acidosis and 

sideroblastic anemia, while mutations of TRMU, responsible for the 2-

thiolation of the wobble U in mt-tRNALys, mt-tRNAGlu, mt-tRNAGln, 

are associated with an infantile mitochondrial hepatopathy (Zeharia A 

et al., 2009).  

Thanks to WES, we identified the first mutations in MTO1 encoding 

an optimizer of mtDNA translation, which catalyses the mnm5s2U34 

of the wobble uridine base in mt-tRNALys, mt-tRNAGlu, mt-tRNAGln, 

modification usually coupled to the 2-thiolation of the same uridine 

moiety, catalyzed by TRMU. 

We noticed a rather specific genotype/phenotype correlation; in fact 

all patients with MTO1 mutations reported in our two papers presented 

hypertrophic cardiomyopathy and lactic acidosis with reduction of 

mitochondrial respiratory chain. Since MTO1 is involved in 

mitochondrial protein synthesis, its impairment may affect each 
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complex subunit encoded by mtDNA. However our patients mainly 

showed reduction of CI and CIV.  

Including all described patients, four different MTO1 mutations have 

been found. Interestingly, the severity of the yeast phenotype 

associated with mto1 mutations (hArg477His < hAla428Thr << 

hThr411Ile = hArg620Lysfs*8 ≈ mto1∆) correlated with phenotypic 

spectrum observed in MTO1 mutant patients: from severe, rapidly 

progressive, ultimately fatal presentation in two compound 

heterozygous children for Arg620Lysfs*8 and Ala428Thr mutations, 

to fulminant postnatal phenotype, or severe, but long-lasting, 

encephalo-cardiomyopathy in the two families with homozygous 

p.Thr411Ile mutation, to benign, compensated hypertrophic 

cardiomyopathy with modest neurological abnormalities in the two 

patients respectively for  Ala428Thr and Arg477His.  

In addition, the analysis of our patients suggests that, besides the 

particular MTO1 mutations, the different outcome could be due to the 

different pharmacological intervention. In fact, all the surviving 

patients received DCA treatments. 

Since the less severe MTO1 mutations did not clearly affect the 

mtDNA in vitro translation, it is possible that their pathogenic effects 

are linked to qualitative alterations of the primary structure of 

mitochondrial proteins (due to lower fidelity in the recognition of the 

correct codon-anticodon pair), rather than quantitative decrease of 

global mitochondrial protein synthesis. Moreover, another possibility 

is that MTO1 may play a second role in mitochondria besides 5-

carboxymethylaminomethylation of the wobble uridine.  
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 FUTURE PERSPECTIVES  

 

Neurological diseases include heterogeneous group of disorders 

ranging from pediatric neurodevelopment diseases, heterogeneous 

monogenic disorders (i.e. mitochondrial diseases) to late-onset 

neurodegenerative diseases, most of which are poorly understood and 

the treatment, since the cure is not available, will at best delay 

progression.  

Mitochondrial disorders are a group of syndromes characterized by 

high genetic and clinical heterogeneity and relatively loose 

genotype/phenotype correlation. On the contrary most of late-onset 

neurodegenerative diseases (such as PD, AD and ALS) are complex 

neurological diseases where several genes with rare and/or common 

variants can influence disease risk as well as environmental factors 

can contribute to disease development. 

Thanks to new sequencing technologies many new genes associated to 

inherited conditions, including several neurological diseases, have 

been identified in the last few years and will be identified in a more 

rapid turnaround time, bypassing many problems typical of the 

traditional approaches, for example the requirement of large pedigrees 

(Johnson JO et al., 2010; Zimprich, A. et al., 2011).  

The rapid progress in this area of biotechnology has led to 

improvement in accuracy and throughput of hardware platforms, 

target-enrichment procedures, and coverage in sequence depth. 

Marked expansion of biocomputational tools, including publicly 

available or in-house DNA sequence variant databases, and the 



  

177 

 

development of effective predictive softwares for mutation 

pathogenicity, has been increasing filtering capacity and accuracy. 

NGS is appliable to small families and even singleton cases, allowing 

its use in all patients with inherited disorders. Moreover, the 

continuous improvement of NGS technology will make soon WES of 

large collections of samples both feasible and affordable. 

The identification of the disease gene/protein and the understanding of 

its role is the first step for the development of effective cure. 

Moreover, the identification of disease gene can be immediately 

translated to diagnostic workup, with improvement in management of 

patients, counseling of families, and epidemiological survey of 

disease. 

 

The identification of mutation in GFAP-ε isoform opens new 

perspectives towards the molecular diagnosis of AxD. So far the 

molecular diagnosis was based on screening of the nine exons 

encoding the predominant isoform GFAP-α; our data suggest to 

extend the spectrum of the GFAP isoforms that should be included in 

the diagnostic screening.  

Moreover, the identification of HDAC6 variant in P2, that we believe 

to be the cause of his different phenotype, is a further evidence of 

HDAC6 role in moto-neuron disease. Although there are many papers 

that give it a controversial role, it is evident the involvement of 

HDAC6 in neurodegenerative diseases, which may be clarified with 

further studies on animal models and possibly identifying other 

patients with mutation in this gene. In this regard, to extend the 
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research of new patients with HDAC6 mutations, we started a 

collaboration with a consortium (ARISLA), that has been carrying out 

exome sequencing on a large number of familial ALS patients. 

Unfortunately, in the first 50 samples, no mutations have been 

identified in HDAC6. 

 

The identification of the first MTO1 mutations and their association 

with typical clinical features, characterized by hypertrophic 

cardiomyopathy and lactic acidosis with MRC defects, has permitted 

and will permit to provide patients of molecular diagnosis. Moreover, 

we obtained preliminary information on the positive effects of 

metabolic intervention based on dichloroacetic acid (DCA). 

Although the number of reported MTO1 patients is very low, as a 

matter of fact all patients that survived beyond infancy and are still 

alive had DCA treatment starting immediately after the clinical onset. 

Therefore, the DCA administration should be considered in MTO1 

mutant patients, aware of the fact that neurodegeneration can progress 

independently from the correction of metabolic status if MTO1 

function is severely impaired. 

Indeed, the possibility of a second function for MTO1 is an interesting 

point to investigate, as could explain the absence of mitochondrial 

protein synthesis defects in cellular or yeast models carrying less 

severe MTO1 mutations. 

Finally, together with a group (Dr. Klopstock in Munich) that has 

already created a Mto1 KO mouse model, we will try to use this 

mouse as a suitable model for therapy, using cardiotropic adeno-
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associated virus (AAV) vector expressing wt MTO1 in the heart. 

AAVs are attractive option for gene therapy for several reasons: they 

are not pathogenic, there are several tissue-specific serotypes, and 

they remain episomal upon infection. Therefore, the AAV based gene 

replacement seems to be a very promising and transferable approach 

to cure. 
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