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CHAPTER 1

General introduction:

Neurodegenerative and Mitochondrial diseases



NEURODEGENERATIVE DISEASES

The term “neurodegeneration” is defined as “anyhglaigical
condition primarily affecting neurons” or “diseapeocess in which
neurons are selectively and gradually destroyeaddihg to a
progressive loss of nervous system structure andctifn”
(Przedborski Set al., 2003; Deuschl G and Elbl2(R9).

It is currently estimated that the number of neegmherative diseases
is approximately a few hundred. Their classificatie based on the
predominant clinical feature or the topographyha principal lesion,
or often on a combination of both. Accordingly, redegenerative
disorders of the central nervous system (CNS) rfayexample, be
first grouped into diseases affecting the cereloratex, the basal
ganglia, the brainstem and cerebellum, or the $pora. Then, within
each group, a given disease may be further cledsliased on its
main clinical features (Przedborski S et al. 2003).

However, clinical and pathological features amongfeent
neurodegenerative disorders often overlap, makimgr tpractical
classification quite demanding.

One of the main debates about the aetiology ofethdisorders
concerns the relative roles of genetic and envimal factors in the
initiation of these diseases. Some cases have ar dhamilial
occurrence suggesting a genetic basis, but ottrerdargest amount,
are essentially sporadic. For example, this clais tiue for
Parkinson’s disease (PD), Alzheimer disease (AR) aAmyotrophic
Lateral Sclerosis (ALS).



Despite numerous progresses in understanding ti@patogenesis
of neurodegenerative diseases have been donerebeseg pathway
that firstly leads to neuronal dysfunction and therdeath isn’t yet
known. However, there are several hypothesis iklatgpathogenesis
of these diseases: accumulation of misfolded prsieproteasomal
and autophagy dysfunction, oxidative stress, ingghircalcium
homeostasis, axonal transport deficits, mitochahddysfunction,
inflammation, and white matter alterations arstplated to play a
role in almost every neurodegenerative disorderyway, many of
these mechanisms are likely to be connected, sacatlki@fect in one
cellular pathway will have a “domino effect” leadirto multiple

stresses for the cell.

In the following paragraphs | have reported the nmaathogenetic
mechanisms related to neurodegenerative disordétsa final focus
on amyotrophic lateral sclerosis; leukodystrophi@s particular
Alexander disease), and mitochondrial disorders dha the subjects

of my PhD projects

Misfolded proteins

Many neurodegenerative diseases are caused by aletiom of
specific protein aggregates in the brain with aaeal pattern specific
to each disease. AD is characterized by extraeelldeposition of
amyloidf3 (AB) protein in the form of senile plagues and by
intraneuronal accumulation of hyperphosphorylatedu t as



neurofibrillary tangles.(Hardy, 2006; Selkoe, 2004). In PD, the
synaptic proteimi-synuclein accumulates in neuronal cell bodies and
axons; these aggregates are referred to as Lewedhahd Lewy
neuritis, respectively (Goedert, 2001). In Huntorgs disease (HD)
and other diseases with the expansion of triple¢ats, proteins with
expanded polyglutamine (polyQ) accumulate in thecleus and
cytoplasm (Ross and Poirier, 2004). Accumulatiomedfolded prion
proteins also occurs in Creutzfeldt—Jakob dise&#D) (Prusiner,
2001). The proteins that accumulate in neurodegémerdiseases are
typically misfolded and yield &3-sheet structure that promotes
aggregation and fibril formation (Soto C 2003; RGsset al. 2004).
Genetic factors, including gene mutations, genee dmsd promoter
polymorphisms, may affect protein levels and comfation. In the
same way environmental factors, such as oxidativemetabolic
stress, can increase the production of misfoldeteprs.

In eukaryotic cells there are two main pathwayspoesible for
protein and organelle clearance: the ubiquitingasbme system
(UPS) and the autophagy-lysosome system.

Proteasome are Dbarrel-shaped multiprotein complexbst
predominantly degrade short-lived nuclear and ojiogroteins after
their C-terminal ubiquitination.

Autophagy, literally “self-eating”, describes a aablic process in
which cell constituents such as organelles ancepretare delivered to
the lysosomal compartment for degradation.

Increasing evidences suggest that impairment in BiRSautophagy

is a common feature in several brain diseases (MgMaKS et al.



2001; Keller JN et al. 2000). These dysfunctionsy nba caused
directly by mutations in genes that encode protém®lved these
pathways; for example, mutations in tRARK2/PARKIN gene, that
encode an E3 ubiquitin ligase, one of the threeg/es involved in
the conjugation of ubiquitin to proteins targetetd UPS, caused
inherited forms of PD (Kitada T et al., 1998). Anet possibility is
that the abnormal protein accumulation may furtleerwhelm
degradative systems and, as a result, even morinmsostart
accumulating within the cells (Bence NF et al. 2001

If unfolded proteins cannot be refolded and tamgdte degradation,
they may be sequestered into a specific cellul@ tai generate an
intracellular inclusion body, as an aggresome (Stwm JA et al.,
1998). According to current knowledge, the formatiof this
aggresome would have a protective function, redudhe random
accumulation of potential toxic protein oligomersgdaaggregates and
preventing abnormal interactions of these aberspaties with other

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

Calcium homeostasis

Neurons are excitable cells that process and tri&rikeninformation
through an electrochemical signal in highly con@olspatio-temporal
manner. Calcium, as €acation, is the major intracellular messenger
that mediates the physiological response of neutorchemical and
electrical stimulation. Under resting conditionseef cytosolic C&
levels in neurons are maintained around 200 nM, thair

concentration can rise to low micromolar values rugbectrical or
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receptor-mediated stimulation. Calcium can be seda from
intracellular stores or influx from extracellulapaxe, where the
concentrations are several magnitudes higher cadptar cytosolic
calcium levels.

C&"* can influx into the cell through voltage-dependeinannels and
ligand-gated channels such as glutamate and akeliyle receptors
(Berridge MJ et al. 2003). The main intracellulatcoum store is the
endoplasmic reticulum (ER) from where calcium canrédleased into
the cytosol via activation of inositol 1,4,5-trigphate receptors
(InsP3Rs) or ryanodine receptors (RyRs). Basalsojim C&* levels
are maintained partly by powerful calcium-bindingdacalcium-
buffering proteins (e.g. calbindin or parvalbumamd partly by an
active uptake into internal stores by the SarcoffaRium-ATPase
(SERCA) at the ER membrane or by the mitochonduigiporter
(Berridge MJ et al. 2003).

Usually, this finely tuned control of &afluxes and C& load is
compromised in normal aging and even more in patjicdl states.
The major factor responsible for impairment of mea C&"
homeostasis is oxidative stress. This situation @sakeurons
vulnerable to a form of G&mediated death, called excitotoxicity, in
which glutamate receptors are over activated lepdm rise of
intracellular C&" concentrations beyond tolerable levels (Arundine M
and Tymianski M, 2003). Mitochondria play an imt role in the
regulation of C& levels. It has been demonstrated that both genetic

manipulations and pharmacological treatments, esihgn



mitochondrial C& sequestration, can protect neurons against
excitotoxicity (Duchen MR, 2000).

Alterations of C& homeostasis are observed in several
neurodegenerative diseases including PD, AD, ALB HD. Rare
examples support a direct role offC&omeostasis deregulation as the
first hit towards neurodegeneration, however traeeevidences that
highlights the presence and the importance of walaleregulation in
progression of several neurodegenerative procesgd@MVU et al.
2008).

Oxidative stress

Oxygen is necessary for the normal function of eydddc organisms,
but paradoxically, as a result of its metabolisnpribdduces reactive
oxygen species (ROS), which can be extremely ttxicells. ROS
include both free radicals, such as superoxidé€)(@itric oxide (NO)
and hydroxyl (OH radicals and other molecular species, such as
hydrogen peroxide (¥D,) and peroxynitrite (ONOQ® ROS can
interact with different substrates in the cell, Isws proteins, lipids
and DNA. Oxidation of proteins may involve structiualterations or
destroy the active sites of enzymes. Other examplegprotein
modifications caused by ROS are nitration, carbatnyh, and
protein-protein cross linking, generally leading pootein loss of
function and accumulation into cytoplasmic inclusiavith alterations

of degradation systems (Dalle-Donne et al., 2005).



Oxidative modification of unsaturated fatty acidmaesult in lipid
peroxides, which in some cases disrupt both thenpamembrane
and membranes of subcellular organelles, such @xinoindria.
Oxidation of DNA may lead to mutations. In factjstknown that the
frequency of mtDNA mutations is higher that nDNAechuse it is
exposed to the action of ROS produced by oxidgiivesphorylation
(OXPHQOS), the metabolic pathway in which the mimatiria
produce energy in the form of ATP.

The cell has evolved several defense and repaihamégsms against
oxidized species based on antioxidant enzymes,dirgy superoxide
dismutase (SOD), glutathione peroxidase, and c#ala

SOD plays a crucial role in scavenging .('hree distinct isoforms of
SOD are indentified: copper-zinc-containing cytgpiéc SOD
(SOD1), manganese-containing mitochondrial SOD (30&nd
extracellular SOD (SOD3).

Glutathione peroxidase is the general name fomalyaof multiple
isoenzymes that catalyze the reduction ofOH or organic
hydroperoxides in water or corresponding alcohalisigi glutathione
(GSH) as an electron donor.

Catalase, a ferriheme-containing enzyme, is resplendor the
conversion of hydrogen peroxide to water and libcglized especially
in peroxisomes.

In addition there are non enzymatic antioxidant gouonds, such as
GSH and vitamin E. GSH is the most abundant smatl protein
molecule in cells and it is the main antioxidanCINS. Reduced GSH

can interact directly with free radicals for theamoval. Vitamin E



appears to neutralize the effect of peroxide andorevent lipid
peroxidation in membranes.

The brain is considered to be particularly susbéptito ROS
damaging. In fact, even if it represents only ~2#4he total body
weight, the brain accounts over than 20% of thal tmbnsumption of
oxygen (Halliwell B. et al., 2006). Therefore, oaitve stress can be
important in aetiology of various neurodegeneratiigeases. In fact
postmortem  brain  tissues from patients with différe
neurodegenerative diseases demonstrated incred38&dirR affected
brain regions. A clear example from genetics ispgtesence ofSOD1

mutations in 20% of familial cases of ALS.

Mitochondrial dysfunction

Mitochondria play a central role in many functiomgluding ATP
generation, intracellular €& homeostasis, ROS formation and
apoptosis. Therefore, decrease of ATP synthesigau@tochondrial
respiratory chain deficiency, increase of oxidativstress,
accumulation of mitochondrial DNA (mtDNA) mutatignand C&"
homeostasis deregulation can be considered as signgochondrial
dysfunction.

Mitochondria produce more than 90% of our cell@aergy (ATP) by
OXPHOS which occurs at the level of mitochondredpiratory chain
(MRC), composed of five enzymatic multi-heteromer@mnplexes (I,
I, M, 1V, V) embedded in the inner membrane ofitochondria.

Mutations in genes encoding MRC subunits or assegrfdutors of



mitochondrial complexes result in ATP synthesigaileficy. But also
drugs can inhibit complex activities. For examptes first evidence
for complex | dysfunction in PD was the observatioat drug abusers
who were accidentally exposed to 1-methyl 4-phedy?,3,6-
tetrahydropyridine (MPTP) developed PD (LangstonehVal., 1983).
The proper functioning of mitochondria is essential fact, energy
metabolism plays a decisive role in life/death bk tcells. In
particular, neuronal function and survival depend a continuous
supply of glucose and oxygen, used to generate AfABugh
glycolysis and mitochondria respiration. A pertuita in energy
metabolism, for instance after stroke, ischemigb@in trauma can
lead to irreversible neuronal injury. An age-rethtiecline in energy
metabolism also may contribute to neuronal lossndunormal aging,
as well as in neurodegenerative diseases (Bedb)199

Damage to mitochondria is caused primarily by R@Begated by the
mitochondria themselves (Wei et al., 1998; Duch2904). It is
currently believed that the majority of ROS are ayated by
complexes | and Il (Harper et al., 2004).

Amongst all the interconnected mitochondrial patysyat is often
difficult to distinguish between causes and coneeqas. For
instance, oxidative stress induces mtDNA mutatio@PHOS
dysfunction, alteration of membrane potential, peability transition
pore activation, and calcium uptake; but, convgrssbme inherited
MtDNA mutations lead to respiratory chain deficignar directly
cause increased ROS production.
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Faulty mitochondria have been thought to contribtae several
ageing-related neurodegenerative diseases, sueh,asD and ALS.

A lot of genes associated with PD code protein$ wwnitochondrial
localization and/or influence on mitochondrial ftina, for example
mutations of parkin, an ubiquitin E3 ligase invalvenainly in UPS,
cause oxidative stress and mitochondrial impairment

The exact role of mitochondria in the pathogenetiD is less clear,
but there are several observations that suppost lthk. Amyloid
precursor protein (APP), when overexpressed inscahd mice,
clogged mitochondrial import machinery, causing atlitondrial

dysfunction and impairment of energy metabolism.

Axonal transport

Neurons are cells responsible for the receptionth@dransmission of
nerve impulses to and from the CNS. Typically, oesgr are
composted of a cell body, multiple dendrites aisthgle axon.
Dendrites and cell bodies play a role in collectaord processing of
information, and the axon is responsible for thansmission of
information to other neurons via synapses.

Unlike dendrites, that are in close proximity witte neuronal cell
body, axons can extend from a few millimeters te areter or more.
Being axons devoid of a specific apparatus for g@notsynthesis,
axonal proteins are synthesized in the cell bodied subsequently
transported into axons and synapses. This processllied axonal

transport and occurs along the cellular cytoskelelthere are three
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major components of the neuronal cytoskeleton: ohitiules, actin
and intermediate filaments.

Microtubules are formed from the dynamic polymei@a of of-

tubulin  dimers. Microtubules polymerize outward nfro the
centrosome, then undergo a stochastic transitesylting in a very
rapid depolymerization. This dynamic behavior iguieed for the
normal outgrowth of axons and growth cones, speidlends of
growing axons (or dendrites) that generate the veoforce for
elongation.

Also the cytoskeletal actin provides both dynanaicd stability to this
structure. Actin monomers assemble into a flexiddical polymer
with two distinct ends: one fast growing extremégd one with a
slower growth.

The third major component of the cellular cytoskahe includes
intermediate filaments, the most common of whidh ragurofilaments
In mature motor neurons. Once assembled, thesmeiits lack
overall polarity, and do not undergo the dramatemaedeling
characteristic of actin and microtubules. Neurofiésts primarily
provide structural stabilization to the cell, aregulate the radial
growth of axons. It is interesting to note that raggtion of
neurofilaments is a common marker of neurodegenerdisease (Liu
Q etal., 2004)

Molecular motors, specialized enzymes that use Aiy@rolysis
energy to move along the cellular cytoskeleton, rasgponsible for
active transport in neurons. Long distance travihiw the motor

neuron is driven primarily by microtubule-based angiroteins, while
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actin filament-based motors drive shorter distanc@s dispersive
movements. Microtubules motors include members hef kinesin
superfamily and cytoplasmic dynein; myosin drivensport of
vesicles and organelles along actin filamefsnventional kinesins
are the major species of plus-end directed moleaulators in the
brain (Wagner et al., 1989), being involved in amgeade transport
(from cell body to synapses) of various membranasded
organelles, including mitochondria, synaptic ves=schnd axolemmal
precursors, among others (Leopold et al., 1992r&let al., 1995).
Conventional kinesin is a heterotetramer composedwo heavy
chains (kinesin-1s, KHCs) and two light chains (K)GDeBoer et
al., 2008). Retrograde transport (from axonal emccell body) is
carried out by the multisubunit motor protein coexplcytoplasmic
dynein (CDyn) (Susalka and Pfister, 2000). Thisigport consists
mainly of endosomal/lysosomal organelles that cacorrupted
proteins back to the cell bodies for degradationdiso neurotrophic
factors required for neuronal survival.

A lot of evidence suggests that neurodegeneraiseades may be a
direct consequence of axonal transport alteratidvhstations have
been found in various subunits of conventional &ingReid et al.,
2002) and CDyn (Hafezparast et al., 2003; Farreralet 2009)
resulting in selective degeneration of specific roaal subtypes.
Moreover other mechanisms, such as abnormal activaf protein
kinases and aberrant patterns of protein phospdtoogl that are not
associated with mutations in molecular motors, espnt major

hallmarks in neurodegenerative diseases (Wage¥daader, 1998).
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Inflammation

The immune system plays important roles in the teasnce of tissue
homeostasis and in the response to infection gndyinThe CNS has
developed strategies to limit the entry of immuferents as well as
to limit the emergence of immune activation withine tissue itself.
This phenomenon is called ‘immune privilege’ angastially reliable

on the blood-brain barriel (BBB), which is desigrtedimit the entry

of solutes and ions into the CNS (Amor S et al1(®0

Microglial cells are the major resident immune ek the brain,

where they constantly survey the microenvironmemdl @roduce

factors that influence surrounding astrocytes (a@otype of glial cell

with support functions) and neurons.

While an acute neuroinflammatory response is gdgdvaneficial to

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

repair of damaged tissue, a chronic neuroinflamwnais always

detrimental. In fact, chronic neuroinflammation, a®ll as the

standing activation of microglia and the releaseimdfammatory

mediators, increase oxidative and nitrosative st(€ansey MG et al.,
2007).

Generally, inflammation is not a trigger factor fegurodegenerative
diseases, but emerging evidence suggests thatredsiaflammatory

responses, involving microglia and astrocytes, neaptribute to

disease progression.
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AMYOTROPHIC LATERAL SCLEROSIS

ALS is a neurodegenerative disease characterizedjlry and death
of lower motor neurons in the brainstem and sptoatl, and of upper
motor neurons in the motor cortex, resulting ingoessive muscle
wasting and weakness. Generally, patients sunbegita3 years from
the onset of symptoms and death is typically assedi with
respiratory failure. Incidence of ALS is 2 per 1@@) individuals, the
mean age of onset is 55-60 years and the disedsetsaimore
frequently men than women.

ALS is commonly a sporadic disease (SALS), only0Selof cases are
familial (FALS), usually with an autosomal dominaniheritance. The
identification of mutations in genes associate#Ad.S has helped to
understand some key pathogenic mechanisms fodigease.
Mutations in at least 15 different genes have kaaibuted to FALS
(table 1), the most common beingd0D1, TARDBP andFUS,
Biological samples from patients witBOD1 mutations, including
cerebrospinal fluid, serum and urine, show ROSatiem (Simpson E
P, 2004; Mitsumoto H et al., 2008). Moreover, pastiem tissues
from SALS and FALS patients presented high levdlsoxidative
damage of proteins, lipids and DNA and show abnoties in
mitochondrial structure, number, localization, anunpaired
respiratory chain complex activity. SOD1 is mairdycytoplasmic
protein, but several studies have demonstratedotitatwt SOD1 and
its mutant form localize to mitochondria in affedtetissues
(Vijayvergiya C et al. 2005). The interaction betneSOD1 and

mitochondria suggests a number of mechanisms bychwhi
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mitochondrial function and cell survival may be eafied. For
example, SOD1 aggregates on the outer mitochondeahbrane may
impair protein import and increase ROS product@ausing oxidative
damage to mitochondrial proteins and lipids (Mattiav et al. 2002).
These aggregates may also contribute to apoptaits aeath
promoting the release of cytochromérakeuchi H et al. 2002) and/or

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

Geneticsubtype  Chromosomal  Gene Onset/ Reference
locus inheritance
Oxidative stress
ALS1 21qg22 Supercxide dismutase 1 (SOD1) Adult/AD Rosen (1993)"
RNA processing
ALS4 9q34 Senatexin (SETX) Juvenile/AD Chen et al. (2004)184
ALSE 16p11.2 Fused in sarcoma (FUS) Adult/AD Kwiatkowski et al. (20092
Vance et al. (2009)i92
ALS9 14q11.2 Angjogenin (ANG) Adult/AD Greenway ot al. (2006%
ALS10 1p36.2 TAR DNA-binding protein (TARDEP) Adult/AD Sreedharan ot al. (2008)*
Endosomal trafficking and cell signaling
ALS2 2q33 Alsin (ALS2) Juvenile/AR Yang et al. (2001)*%2
ALS11 68q21 Polyphosphoinositide phosphatase Adult/AD Chow ot al. (2009
(FIG4)
ALSS 20qg13.2 Vesicle-associated membrane Adult/AD Nishimura et al. (2004)*%4
protein-associated protein B (VAPB)
ALS12 10p13 Optineurin (OPTN) Adult/AD Maruyama et al. (2010)t%¢
and AR

Glutamate excitotoxicity

ND 12q24 o-amino acid oxidase (DAC) Adult/AD Mitchell ot al. (2010)7®
Ubiguitin/protein degradation
ND 9p13-p12 Valosin-containing protein (VCF) Adult/AD Johnson at al. (2010)*
ALSX Xp11 Ubiquilin 2 (UBQLN2) Adult/Xdinked Deng at al. (2011104
Cytoskeleton
ALS—dememtia—PD 17921 Microtubule-associated protein tau Adult/AD Hutton et al. (1998)*®
(MAPT)
Other genes
ALSS 15q15-g21 Spatacsin (SPG11) Juvenile/AR Orlacchio et al. (2010)**
ALS-FTD 9p13.3 a Norvopioid receptor 1 (SIGMAR1) Adult/AD Luty et al. (2010)2%
Juvenile/AR AlSalf ot al, (2011
ALS-FTD 9q21-q22 Chromosome 9 open reading frame 72 Adult/AD Hosler ot al. (2000F*
(CO0RFT2) Renton et al. (201195
De Jesus-Hernandez et al.
(2011y%
Unknown genes
ALSZ 18q21 Unknown Adult/AD Hand ot al. (2002)*™
ALST 20ptel-p13 Unknown Adult/AD Sapp et al. [2003)1%
Abbreviations: AD, autesomal ALS, amyotrophic kateral sche AR, FID, P PD, Parkineen disease.

Table 1.Genes associated with familial ALS (Ferraiuolo lakt 2011)
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TARDBP encodes for TDP-43, an essential nuclear RNA-bopdi
protein involved in transcriptional repression, xaplicing inhibition

and mRNA stabilization. TDP43 is a major constituaicytoplasmic

ubiquitin-positive inclusions that accumulate ine tllegenerating
motor neuron of ALS patients and individuals witiiquitine-positive

fronto-temporal lobar degeneration.

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

alternative splicing, genomic maintenance, andstraption factor

regulation. FUS cytosolic aggregates have beendf@ulegenerating
neurons of FALS patients.

The precise pathogenic mechanism of ALS is notyfditermined,

but protein misfolding and aggregation, defectiw®ral transport,

mitochondrial dysfunction and excitotoxicity haveen related to

motor neuron dysfunction and death.

Matar neuron

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

Leukodystrophies are diseases characterized by ilrefain
myelination or hypomyelination of the white matter CNS, and
sometimes also in peripheral nerves. The term lengephalopathy
usually refers to defects causing secondary mylsimage.

Although each leukodystrophy has distinctive clhicbiochemical,
pathological and radiological features (table 2)pstnof these
genetically inherited disorders can be classifiedhree categories,
according to the subcellular compartment mainleetd: lysosomal
storage diseases, peroxisomal disorders, and dseesused by
mitochondrial dysfunction.

Leukodystrophies can manifest in childhood or irulddod, are
generally incurable with a progressive course, itepdo premature
death.

The diagnosis of childhood-onset leukodystrophsegery difficult. In
fact, symptoms usually progress slowly with possilpleriods of
stagnation. Patients are generally non dysmorphid, avith the
exception of infantile cases, exhibit normal ealgvelopment before
losing skills as myelin deteriorates. Personalibiarges and subtle
cognitive decline may be the earliest sign andnofieecede the loss of
previously acquired motor skills. More focal cliaicsigns may then
appear, such as lower limb spasticity, ataxia, lomahg function,
movement disorders, optic atrophy.

The ‘typical’ adult with leukodystrophy present®g@ressive cognitive
or neuropsychiatric difficulties, often associateth pseudobulbar

palsy or progressive lower limb spasticity. Cerelagsfunction is

18



typically characterized by impaired attention andrgétfulness,

psychomotor slowing, impaired executive and visatigp skills,

changes in personality,

subcortical dementia.

and emotional disturbantgsical of

A very valuable instrument for leukodystrophy diagis is the

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

identification, localization, and characterizatioh underlying white

matter abnormalities in affected patients.

Clinical Features

Distinct Imaging
Features

-

ic Tests

Disease Inheritance

Adrenoleukodystrophy  X-linked recessive

Metachromatic Autosomal recessive
Ieukodystrophy

Globoid cell Autosomal recessive
leukodystrophy

(Krabbe disease)
Vanmishing white matter
iscase

Autosomal recessive
inheritance with
age-dependent
penctrance

De novo mutations
in majority

Alexander discasc

Canavan discase Autosomal recessive

Leukodystrophy with Unclear- most cases

neuroax sporadic but

sphervids familial
inheritance
described

Pelizacus Merzbacher  X-linked recessive

discase

Pelizacus-Merzbacher-  Unclear, but
hike discase probably
autosomal
recessive
Megalencephalic Unclear, but
leukoencephalopathy  probably
with subcortical sutosomal
oysis rovessive
Leukoencophalopathy  Autosomal recessive

with bramsiem and
spinal cord
involvement and
elevated white
matter lactate
AicardiGoutieres
syndrome

Predomirantly
autosomal
recessive, except
subtype 5 which is
autosomal
dominant

Cercbral: behavioral changes,
motor regression, acute
progression AMN: chronic
progressive spastic
paraparesis

Rehavioral changes, pyramidal

signs, ataxia

Developmental rezression,
spasticity, opisthotonus; |ate-
onset milder

Ataa, spasticity. detenoration
following minor head trauma
and febrile illness

Megalencephaly, psychomotar
regression, ataxia and
scizures; adults with bulbar
symploms

Megalencephaly, hypotonia,
psychomotor regression

Adult onset disease may
masquerade as MS or
dementia

Infantile onset in majonty:
nystagmus, impaired vision,
ataxia, seizures

Indistinguishable from PMD

Megalencephaly, showly
ata

In carly adulthood cerebellar
ataxia, spasticity, cognitive
impairment

Neonatal form presents with
microcephaly, spasticity,
dystonia, marked
developmental delay and
regression; later-onset
variants with milder
phenotype

Cercbral: predominantly
poslerior-
periventricular, contrast
enhancement AMN:
corticospinal tract
mvolvement

Diffuse white matter
abnormalities with

spanng of U-fibers

Posterior-predominant
periveniricular; no
enhancement

Progressive rarefaction
and cystic degeneration
of white matier

Diffuse white matter
abnormalities, often
with amterior
predominance

Diffuse subcortical signal
abnormalities; increased
NAA on MRS

Symmetric confluent or
multifocal white matter
signal abnormalitics

Symmetric confluent
white matter signal
abnormalities

Symmetric conflucnt
abnormalitics

Subcortical cysts in
temporal poles and
frontoparietal regions

Brainstem and spinal cord
imvolvement and
elevated lactate on

MRS

Extensive calcification,
al hypoplasia,
white matter signal

abnormalities

Plasma very long
chain fatty
acids; ABCDI
mutation

Arylsulfatase A in
leukocytes;
high urnary
excretion of
sulfatides

Galactosylceramide
B-galsctosidase
n kukocytes

Mutation in ¢lF2B
@B,y 8 o0re

GFAP gene
‘mutation

Aspanoacy lase
gene mutation

Neurcaxonal
spheroids and
pigmenicd gha
on brain biopsy

PLPI gene

mutation

GIAI? gene
mutation in

MCLI gene
mutation

DARS? gene
mutanon

TREXT and
RNASEN24-C
gene mutations

Cerebral: brain
inflammation
AMN: oxidative
stress?

Accumulation of
sulfatides within
lipid membrancs

Psychosine
cytotoxic 1o
ohgodendroglia?

Abnormal unfolded
prolein response?

Toxic aggregates of
GFAW?
Poorly understood

Poorly understood

Peorly formed
myelin

Peorly understood
Peorly understood

Poorly understood

Dysfinctiomal DNA
repair?

AR indicates autosomal recessive, AD, autosomal dommant, AMN, adresom yeloncusvpathy, ABCDI, ATP-bindmg cassciic, sublamily D, member |, ¢lF, cubaryotsc translation

nitiation factor; GFAP, Glial fibrillary scic
disease. PP, proteol otein: GIA 12, gap
TREX-3-primofirepair cxonucleass 1; RNASEH2A-C

Table 2. Typical clinical, imaging, and pathophysiologidalatures of the
leuokodystrophies (Castell.e2009).

commonly recognized

19

n; NAA, N-acetylaspartic acid, MRS, magnetic resonance specroscopy. MS, multiple sclerosss; PMD, Pelizacus-Merzbacher
ton peotern: MCT, Megaleacephalic leukoencepha lopathy with subcortical cyste. [IARS?, mitec hondrial asparty LR NA synthetase
aspartyLtANA synihctase.
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Alexander disease

Alexander disease (AxD) is a rare and usually fetakodystrophy
due to mutations in glial fibrillary acidic proteifGGFAP), the main
intermediate filament protein of astrocyte. Thdrhatk of the disease
is the abundant presence of Rosenthal's fibersteproaggregates
within astrocytes containing GFARyp-crystallin, and heat shock
protein 27.

Frequently AxD affects young children before 2 geaf age with
motor and mental retardation, bulbar dysfunctioejziee and
megalencephaly, leading to death by 10 years of. aQjee
neuropathology of the infantile form is characteddy the absence of
myelin in the frontal lobes.

In the juvenile form the onset is between 2 andygadrs of age.
Patients have difficulties with coordination, spgeswallowing, but
both myelin and mental ability can be relativelyaict. This form has
a slow progression and patients can reach thefagfe o

The adult form, with onset from teens to middle,ag be similar to
the juvenile form or may mimic multiple sclerosisabbrain tumor. A
typical sign is palatal myoclonus. Both juveniledaadult forms,
unlike the infantile form, primarily involve the d&nstem and
cerebellum.

All AxD forms are associated with heterozygous rtiates in GFAP,
acting in an autosomal dominant fashion; often thuta arisede
novo, explaining the lack of familiarity. Most mutatioase missense,
but recently insertions or deletions at the C-tewmiof GFAP have

been described.
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MITOCHONDRIAL DISEASES

Mitochondria, from the Greetitos (thread-like) andhondros (grain

or granule), are bacterium-sized organelles foumdall nucleated
cells. In addition to their central role in ATP ¢lyesis through the
OXPHOS system, mitochondria host central metalmditiways, like
the Krebs cycle and thgoxidation of fatty acids, but are also crucial

for other cellular processes like programmed celitd (apoptosis)
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Figure 2. (A — B) Mitochondrial structure (Werner JH et al., 201@) Energy
metabolism in a typical mammalian cell (Werner Jbbldman et al., 2013).

Mitochondrial diseases are a group of disorders s&@u by

dysfunctional mitochondria, in particular affectitige mitochondrial
respiratory chain and Oxidative Phosphorylation EBIOS).

The prevalence of mitochondrial diseases is apprately 1 in 5,000
live births and their clinical manifestations arextremely

heterogeneous. They may occur in infancy or adalh@nd can be
either multisystemic or highly tissue-specific. Hower, patients with
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a mitochondrial disease display a number of cambridcochemical

and morphological features. Firstly, often theydaefects in one or
more complexes of the respiratory chain, usuallfected by

enzymatic assays on muscle biopsies or culturdd (fédroblasts or

myoblasts). Frequently there is an increase oingsactic acid levels

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

2003), reflecting a block in the import of pyruvateide impaired

mitochondria with its consequent transformatiotartate. A common
morphological feature of OXPHOS diseases is thegiree of ragged
red fibers (RRF) in muscle, due to a compensatorgssine

proliferation of OXPHOS-defective mitochondria (MlitS. et al.,

1989). Moreover, clinical signature trait can irddu skeletal

myopathy, deafness, blindness, intestinal dysmtilisubacute

neurodegeneration and peripheral neuropathy; tleeofigadiologic

(RMN, PET) and electrophysiologic (EMG) tests halpthe correct

definition of the disease.

Patients with late-onset usually show signs of naylop associated
with variable involvement of the central nervousstsyn (CNS),

although some of them complain only of muscle weakror wasting
with exercise intolerance.

In early childhood the most common clinical and nepathological

presentation is the Leigh syndrome (LS). LS cacdesed by defects
in structural subunits (either mtDNA or nDNA encdiler assembly
factors of mitochondrial OXPHOS complexes, but afso example,

by disturbances in Co@metabolism or dysregulation in RNA/DNA

maintenance. Other frequent early-onset presengatianclude
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different encephalopathies with variable involvemeof brain
structures (leukodystrophies, cerebral or cerebefiaophy, thin
corpus callosum, brainstem alterations), but alaamdiomyopathies
and hepatopathies, although often with CNS invokeim

Genetics of mitochondrial diseases

Mitochondria contain their own DNA (mtDNA), whicls maternally

inherited. Every eukaryotic cell contains thousantisnitochondria,

each containing 2 to 10 mtDNA molecules. The numloér

mitochondria depends on the specific energy denwndach cell

type. For example, tissues with high capacity tefquen aerobic

metabolic functions, like kidney, liver, heart askletal muscle, have
a large number of mitochondria.

Mitochondrial diseases can occur from mutationsitBNA, but also

in nuclear DNA. In fact, nDNA encode for ~ 1,50(&ins that are
targeted to mitochondria and are fundamental faeirthproper

function, including complex subunits, assembly dastand proteins

involved in mitochondrial replication and transc¢iom.

mMtDNA mutations

Human mtDNA is a 16,569 base pair double strandedular

molecule constituted by two strands, the light redrdlL-strand) and
the heavy strand (H-strand). mtDNA contains onlyg&nhes, 13 of
which encode for OXHOPS subunits. In particulasthgenes encode

for seven subunits (ND1,2,3,4,4L,5,6) of complexcytochromeb
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(cytb), that is the only mitochondrially encoded subwiicomplex
[ll; three subunits (COXI, COXIl, COXIIl) of compk IV and two
subunits (ATP6, ATP8) of complex V. Besides OXPH&®Dunits,
MtDNA encodes a large and a small ribosomal RNAS(IRNA and
16S rRNA) and 22 transfer RNAs (tRNAs). It is irgsting to note
that mtDNA doesn’t own introns, so all the codinggsences are

contiguous to each other (Anderson etl8B1; Montoya et &981).

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

The mitochondrial genotype of a normal individuahsists of a single
MtDNA species, a condition known Bsemoplasmy. On the contrary,
most patients with mtDNA mutations dneteroplasmic, which means
that their mitochondrial genotype is constitutedthg coexistence of
wildtype and mutated mtDNA species. The majorityneteroplasmic
mutations don’t cause clinical phenotypes. In f#icts necessary to
reach a threshold level, which has been shown tg fa different

types of mutation, from 50-60% for deleted mtDNAIleroles (Mita

S et al., 1990; Moraes CT et al., 1992) to >90%sfame tRNA point
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mutations (Boulet L et al., 1992; Chomyn A et 4B92), in order to
produce a cell damage and a phenotypic manifeatatio

The understanding of mitochondrial diseases is dicatpd by the

fact that mtDNA is highly polymorphic, with severdifferences in

sequence between individuals from the same ethmoigpgand more
between those in different groups. mtDNA haplotypes based upon
specific patterns of polymorphisms that allow tHassification of

each mtDNA sequence into main haplogroups. mtDNpldgroups

seem to influence ageing, susceptibility to somseeakes, and
phenotypic expression/penetrance of some mtDNA tiouis (Torroni

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

Mutations of mtDNA are divided in large-scale reamgements and

inherited point mutations.

Large-scale rearrangements of mtDNA

Single, large-rearrangements of mMtDNA can be singhrtial

deletions, or partial duplications. mtDNA deletionsre the first
mutations to be described and associated with hudisaase. (Holt 1J
et al.,, 1988). Most mtDNA deletions are sporadieyt are located
almost everywhere in the genome and their size lmanvariable.
Despite that, all mtDNA deletions cause one of fillowing three

pathological disorders:

Kearns-Sayre syndrome (KSSgharacterized by an onset in the

second decade of life with opthalmoplegia, ptogmgmentary
retinopathy and at least one of the following: betkar ataxia,

complete block heart, or elevated cerebrospina fhuotein.
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Progressive external ophthalmoplegia (PE&aracterized by a late-

onset progressive external ophthalmoplegia, ptasigopathy and
exercise intolerance.

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

marrow and pancreas abnormalities with sideroldastemia.

Point mutations of mtDNA

Since 1988, when the first disease-causing mtDNAatians were
reported, more than 270 point mutations have besaoribed. mtDNA
point mutations are maternally inherited and cdrecafeither one of
13 complex subunits genes, leading to an isolaiehieimical defect,
or genes involved in mitochondrial protein syntegdRNAS, rRNAS),
which may cause a general impairment of respiratbgin. Notably,
more than half of these mutations are located MARenes, although
tRNAs represent only 10% of the whole genome. @nctimtrary, the
polypeptide-coding genes constitute almost 70%hef genome, but
they account for only about 40% of the mutationealy, only about
2% of the mtDNA mutations affect the two rRNA genekich
constitute 15% of coding capacity.

The majority of the mtDNA point mutations are asated to few,
highly defined, syndromes.

Mitochondrial encephalopathy with lactic acidosisd astroke-like

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

muscle and endocrine system are predominantly wedploften with a
fatal outcome in childhood or in young adulthooc#mann P et al.,
2011). This disorder is defined by the presencstrake-like episodes
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due to infarcts in the temporal and occipital IQb@sgiopathy, lactic
acidosis and/or RRFs. Biochemically, complex | isqlently
affected, while complex IV is often normal.

The most common causal mutation is m.32483 in tRNA®(VUR)
but many other point mutations have been identified

Myoclonic epilepsy with ragged red fibres (MEERE)a maternally

inherited neuromuscular disorder characterized byoatonus,
epilepsy, muscle weakness and wasting with RRFspe#lar ataxia,
deafness, dementia and cervical lipomas. The nashmn mutation
is M.8344A>G in the tRNA® gene (Wallace DC et al., 1988a). The
main biochemical sign is CIV deficiency, althougtmplex | can be
affected too, and COX-depleted RRFs are invariaeiected in the
muscle biopsy.

Neurogenic weakness, ataxia and retinitis pigment@$ARP) is

maternally inherited and characterized by ataxiagmpntary
retinopathy and peripheral neuropathy (Holt 1J1gt1®90). RRFs are
consistently absent in the muscle biopsy. Thisrdeois associated
with the heteroplasmic mutation m.8993G or less frequently with
m.8993T>C in the ATP synthase &{P6) gene. Patients with NARP
harbor ~ 70% mutant mtDNA.

Leigh syndrome (LS)s maternally inherited condition, characterized

by a severe development delay, pyramidal signmitistpigmentosa,
ataxia, cerebellar and brainstem atrophy. It isseduby the same
mutation m.8993P G responsible for NARP, but in this case the
mutation loads is over 90%.
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Leber's hereditary optic neuropathy (LHOMN) the most common
mitochondrial disorder, causing subacute loss aftraé vision in

young adults, predominantly men. The retinal gamglcells are
affected selectively. This disease is usually doehbmoplasmic
mutations in one of three genes encoding complegubunits:
m.11778G>A in ND4, m.3460G>A in ND1 and m.14484%C in

ND6 (Wallace DC et al., 1988b; Howell et al., 1991 ;i@ery et al.,
2001).

nDNA mutations

Human nDNA-encoded mutations are generally inhegrite an
autosomal recessive manner (Smeitink et al., 2@@t) the clinical
manifestation is very heterogeneous.

They can affect: structural OXPHOS subunits; OXPH&Sembly
factors; Fe-S biogenesis enzymes; enzymes invadlvelde synthesis
of CoQyp and Cyt-c; mtDNA repair enzymes; mtDNA replication,
transcription and translation factors; enzymes Ivew in the
maintenance of the mitochondrial dNTP pool; mitoulraal
ribosomal proteins; mt-tRNA synthetases; nucleasieaiated

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

Disorders due to defects in nuclear gene encodirghostructural or
assembly factors of OXPHOS subunits

Only 13 subunits of mitochondrial complexes areoelec! by mtDNA,
other 72 are encoded by nDNAranslated on cytoribosomes and

transported to the mitochondrion.
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Figure 5. Oxidative phosphorylation complexes (Schon EAe2@12).

The respiratory chain is composed of five enzymatidti-heteromeric complexes
(1, 1, 1, 1v, V) embedded in the inner membramé mitochondria.Complex |
oxidizes nicotinamide adenine dinucleotide (NADIdgrived by the oxidation of
fatty acid, pyruvate and aminoacids, to NABnd transfers the electrons extracted
from NADH to CoQq. Complex Il oxidizes flavin adenine dinucleotide (FADH2),
derived from fatty acid and the Krebs’ cycle, tolFAnd also transfers the released
electrons to CoQ. Complex Il transfers electrons from reduced GgQo
cytochromec. Complex IV catalyses the last step of electron transferrdédection

of oxygen to water. Complexes I-IV pump NADH- andDH2-derived protons
from the mitochondria matrix to the mitochondriatermembrane space (IMS),
generate an electrochemical gradiex,.{) used bycomplex Vto convert ADP and
phosphate to ATP.

NDNA mutations in structural genes have been desdrfor each of
the five complexes, but remarkably they accountdialy a minority
of the OXPHOS complex deficiency cases. This olz@n can be
explained by their incompatibility with life.

Biochemical OXPHOS abnormalities due to mutatiomsassembly
factors are more common. Defects of CIV activite dhe most
frequent; in particular mutations associated wittoaomal recessive
COX deficiency have been reported for the followiagsembly
factors: SURF1, SCO1, SCO2, COX10, COX15. Patieritis these
mutations have usually an early onset with LS, nayop,
encephalopathy, lactic acidosis, and a rapidly rgsgjve course with
early death.
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Mutations have been found also in assembly factdrshe other
complexes: NDUFAF2, NDUFAF3, NDUFAF4, C200RF7,
C8ORF38, NUBPL, FOXRED1, ACAD9 for CI; SDHAF1 and
SDHAF2 for CIl; BCS1L, TTC19 and LYRM?7 for Clll; TEM70
and ATPAF2 for CV.

Disorders due to gene defects altering the stapitit mtDNA

MtDNA replication occurs in the mitochondrial matrand it is
independent from cell cycle and nuclear DNA replarg

(Bogenhagen & Clayton, 1977). mtDNA replication uggs a
specific mitochondrial DNA polymerase, the DNA poland many
other factors: the mtDNA helicase TWINKLE, the mtABN
topoisomerase | (TOPImt), a single-strand bindingtgn (MtSSB),
the mtDNA ligase Ill, mitochondrial transcriptiofactors (i.e.
mtTFA) and enzymes important for the supply of demcleotides,
such as thymidine kinase 2 (TK2) and deoxy-guamodimase
(dGUOK).

Typically, defects of the DNA-processive enzymes rasponsible for
qualitative alterations of mtDNA, such as multipitDNA deletions.
On the contrary, mutations in genes assigned toter@nce of dNTP
pools cause quantitative alterations of mtDNA, sbecalled mtDNA
depletion syndrome (MDS), where there is a reduactd mtDNA

copy numbers.

Qualitative alterations of mtDNA arausually associated with

autosomal dominant or recessive forms of progressxternal
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ophtalmoparesis (PEO) and autosomal recessive
myoneurogastrointestinal encephalomyopathy (MNGIE).

Typical signs of PEO are progressive muscle weakngmst most
severely affected the external eye muscle, RRFsaamdd reduction
in the activities of respiratory chain enzymes. Wddal features,
present in some families, are ataxia, depressigpodonadism,
hearing loss, peripheral neuropathy and cataraetvigi S et al.,
1991). Mutations associated with autosomal domir@ntecessive
forms of PEO, have been found in five genédNT1l (adenine
nucleotide translocatqgr)Twinkle, POLG1 and POLG2, and OPA1l
(optic atrophy protein 1).

MNGIE is a devastating disorder with juvenile onsétaracterized by
ophtalmoparesis, peripheral neuropathy, leucoeraiepathy,
gastrointestinal symptoms  with intestinal dismgjli and
histologically abnormal mitochondria in muscle @ et al., 1994).
This disorder is associated with mutations in theneg encoding
thymidine phosphorylase (TP). TP is involved in tla¢abolism of the
pyrimidine nucleoside and alterations of its fuastlead to imbalance
of the dNTPs pool.

MtDNA depletion syndromeare a heterogeneous group of disorders

and can clinically be divided in three classesalfatfantile congenital
myopathy with or without DeToni-Fanconi renal syore; fatal
infantile hepatopathy leading to rapidly progressiiver failure; late
infantile or childhood encephalomyopathy.
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These diseases are mainly due to alterations iesgending proteins
involved in the maintenance of dNTP pools: thymédkinase 2 (TK2)
a deoxyribonucleoside kinase that phosphorylategymittine,
deoxycytidine and deoxyuridine; p53 controlled Rp53R2), the
major ribonucleotide reductase regulator of de nagyathesis of
dNTPs; deoxyguanosine kinase (dGUOK) that carries the
phosphorylation of purine deoxyribonucleosides itoahondria; the
a (SUCLA2) and b (SUCLG1) subunits of the succil@gA ligase, a
Krebs cycle enzyme with a yet unexplained role ifDNA

metabolism.

Disorders due to gene defects altering mitochondlriprotein
synthesis

The mitochondrial transcription machinery requieespecific RNA
polymerase (Tirantt al. 1997) and at least three transcription factors
(TFAM, TFB1M, TFB2M; Fisher & Clayton, 1985, 1988),
responsible for initiation and termination of tranption. The absence
of introns in MtDNA originates polycistronic prinyartranscripts,
eventually cut by specific endonucleases to geearature rRNAS,
MRNAs and tRNAs. tRNA genes, distributed amongdtier genes,
function as a signal driving endonucleolytic clegeaOjalaet al.
1981; Montoyaet al. 1983). Then other enzymes are in charge of
polyadenylation for rRNAs and mRNAs, the additidnttee CCA to
the tRNA 3’ end, or other processes that stabiliee corresponding
RNA species.
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Protein synthesis deficiency can be caused by rootatin any
components of translation machinery that, excepttlie 22 tRNAs
and 12S rRNA and 16S rRNA, are all encoded by nDNAually,
these mutations have maternal (for tRNAs and rRN&sjutosomal
recessive (for nDNA genes) transmission and caaréhieally affect

all complexes containing mitochondrial encoded sitsisparing CII.

Abnormal tRNA modification

Maturation of tRNAs is a central event of mammalmitochondria
gene expression. It involves several modificatinasessary for their
proper functioning, including structure stabilizatj amino-acylation
and codon recognition.

Mitochondrial tRNAs are processed and matured bwyseR and
RnaseZ, respectively involved in the processingbofand 3’ end
(Vilardo E et al., 2012), as well as editing enzgmsuch as MTO1,
PUS1, TRMU and MTFMT.

MTFMT is a methionyl-tRNA formyltransferase, whidd required
for the initiation of translation in mitochondri TFMT mutations
have been associated with LS and combined OXPHGOSiatey
(Tucker et al., 2011). Few mutations have beendonPUSL, coding
a pseudouridine synthase that converts uridinegasudouridine after
the nucleotide has been incorporated into tRRASL patients show
myopathy, lactic acidosis and sideroblastic anenfMLASA,;
Bykhovskaya et al., 2004). TRMU is responsible tfug 2-thiolation
of the wobble U in tRNA®, tRNA®", tRNA®", TRMU mutations
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have been found in patients with acute infantNerifailure (Zeharia
A et al., 2009)

Recently, mutations have been foundMiOl, coding the enzyme
that catalyzes the 5-carboxymethylation (msfitd34) of the wobble
uridine base in mMt-tRNA", mt-tRNA" and mt-tRNAYS. MTO1
patients show variability in reduction of respirgtachain activities
and hypertrophic cardiomyopathy with lactic acida$shezzi D et al.,
2012; see chapter 3).

Abnormal aminoacyl-tRNA synthetases

Aminoacyl-tRNA synthetases (AARSs) catalyze theatign of
specific amino acids to their cognate tRNAs. AARfs all encoded
by nDNA and then imported into the mitochondriatddhondria use
20 different AARSSs, three of them also acting ie tytosol (GARS,
KARS, QARS). Typically, mutations in mitochondri&dlARSs are
associated with infantile autosomal recessive deseal hese disorders
are widely heterogeneous. For example, mutationéARRS2 present
as myopathy and sideroblastic anaemBARS2 mutations as
leukoenchephalopathy and high cerebrospinal flA&ERS2 mutations
as hypertrophic cardiomyopathfgARS2 mutations as pulmonary
hypertension and renal failure.

Abnormal ribosomal proteins and translation factors

The 55S mitochondrial ribosome is constituted by $imall subunit
(28S), containing the 12S rRNA and 30 proteins, thiedarge subunit
(39S), containing the 16S rRNA and 48 proteins.
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Mutations have been found in the following ribosbnpaoteins:
MRPS16, associated with agenesis of the corpusstati, muscle
hypotonia and hyperlactatemia (Miller C et al., 200MRPS22,
associated with hypotonia, cardiomyopathy and mbathy (Smits P
et al. 2007); MRPL3, associated to hypertrhophrdicanyopathy and
psychomotor retardation (Galmiche L et al., 201hy aMRPL44,
associated to cardiomyopathy (Carroll CJ et alL320

Mitochondrial translation is a four-step processoiwing nuclear
encoded translation initiation (IF2, 1F3), elongati(EF-Tu, EF-Ts,
EF-G1 and EF-G2), termination (RF1) and ribosonegaking factors.
In particular, elongation consists of the sequérmttilition of amino
acids to the growing polypeptide chain directediNA codons.
Mutations have been described in the elongatiotofacEFG1; EF-
Ts; EF-Tu.

Defects of mitochondrial protein import

Proteomic analysis indicates that mitochondria @ontbout 1500
proteins, but only 1% are encoded by mtDNA and Isgsized in the
matrix. The other proteins are encoded by nDNA symthesized in
the cytosol as precursors or preproteins, then iamgorted into
mitochondria by a specific protein import machinery

Two diseases have been associated with mutationsidlear genes
encoding for proteins involved in mitochondrial iamp The first is
the deafness-dystonia syndrome (Mohr—Tranebjaengreyne) a X-
linked neurodegenerative disorder caused by mustal theDDP
gene, which encodes TIMMS8A. This protein mediates import and
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insertion of hydrophobic membrane proteins into téM. The
second is an autosomal recessive disorder chaescteby dilated
cardiomyopathy with ataxia. It is due to mutatiamNAJC19 gene,
encoding a putative mitochondrial import proteimigar to yeast
TIM14 (Davey et al., 2006).

Fe—S protein defects

Assembly factors, chaperones, and enzyme involvad the
biosynthesis and incorporation of prosthetic groapes necessary for
the correct assembly and function of mitochondt@hplexes. Fe-S-
clusters are important for their electron transietivity.

Abnormalities in Fe-S cluster biosynthesis have nbaarely
associated with clinical conditions. This suggesi®e extreme
importance of this prosthetic group and its incotiigilgly with
embryonic development and extrauterine life.

Mutations in ATP-binding cassette member 7 (ABCBiiyolved in
the maturation of cytosolic Fe—S cluster-containprgteins, have
been found in families with X-linked sideroblastinemia with ataxia
syndrome (Zeviani, 2001).

Friedreich ataxia (FRDA) is an inherited recessidesorder
characterized by progressive neurological disgbiland heart
abnormalities that may be fatal. This disorderug do mutations in
FRDA gene, encoding frataxin, an iron chaperon involwedthe

biosynthesis of Fe-S cluster and heme moieties
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CoQy deficiency

CoQy is a lypophilic component of the electron transponain
involved in the transfer of electrons derived fr@and CllI to CIII.
Disorders associated with Ce@fQ deficiency in muscle are
characterized by recurrent myoglobinuria, brain olmement
(seizures, ataxia and mental retardation) and chgeg fibers/lipid
storage in muscle. In addition, several patientsh winexplained
cerebellar ataxia, pyramidal signs and seizured, With only
unspecific myopathic change and no myoglobinuraaehbeen found
to have very low levels of Ca@in muscle (26—35% of normal).
Interestingly, all patients responded to GeQsupplementation
(Musumeci et al., 2001).

Treatment of mitochondrial diseases

Therapies for mitochondrial diseases remain urfaat®y and
usually the treatment is only focused on maintgnoptimal health
and on mitigating symptoms. However, new treatnsénategies based
on genetic or metabolic/cell biological intervemisoare in the early
stages of development. They are focused on: prexgetransmission
of mMtDNA and nDNA gene defects; altering the batarbetween
wild-type and mutated mtDNA; replacing mutant spseci(gene
therapy); controlled regulation of specific trangtional regulators;

metabolic manipulation.
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Among these, metabolic therapy is the most usdtientreatment of
mitochondrial diseases. This approach is based hen use of
compounds, such as vitamins or cofactors, to premattical
enzymatic reactions, increase ATP production, reduadative stress.
Examples of currently used compounds are: Coenz@ne an
electron carrier and antioxidant that has been cygol for the
treatment of Friedreich’s ataxia (Bénit P et aD1@); Creatine, the
substrate for the synthesis of phosphocreatine,ntibst abundant
energy storage compound in muscle, heart and hibagiloroacetate
(DCA), a potent lactate-lowering drug.

Recently, several clinical trials, using dichloretate, vitamins, and a
cocktail of specific food components, have beemlistll (Stacpoole
PW et al., 2011). In spite of positive effects ofre trials, none led to
the filing of a New Drug Application by the Food darDrug

Administration.
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NEXT-GENERATION SEQUENCING IN INHERITED
DISORDERS

The number of monogenic diseases is estimated >&000or half of
them the underlying gene is unknown (McKusick VA)12). The
identification of the gene responsible for an iiteer disease
represents the first step towards the understandfngathological
mechanisms, which in turn may be useful to devedlograpeutic
interventions.

Until a few years ago the identification of Mendelidisease genes
was carried out by Sanger sequencing of candidatesy Candidate
gene association studies require anpriori hypothesis for the
selection of the gene to be studied. However, #pgroach is
critically dependent on previous knowledge and amlfew disease
genes have been identified with this approach.

Another traditional approach that has been usegdars with several
positive results is linkage analysis. However ih dge applied only
when large families with multiple affected indiviala (and unaffected
individuals) are available. The aim of this appitoacs the
identification of genetic markers, such as panelsgenetically
variable DNA sequences (microsatellites or SNPs)h wknown
chromosomal locations, that could be used to deternvhich alleles
are present only in the affected individuals. Otinée analysis leads to
the identification of a specific genomic regionngs located inside
this region are analyzed by Sanger sequencingrnjpopit the actual

mutation.
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The main limitation of linkage analysis is the ndedhave large,
multi-generational pedigrees (possibly with bothfeetied and
unaffected individuals to increase the power arsbltgion of this
analysis), besides the fact that this approachdyieinly regions of
linkage and not the causative gene.

Homozygous mapping is another good strategy forosaumal
recessive diseases in case of suspected consapguini fact,
assuming that the disease is caused by a homozygaast inherited
from both parents, this method can allow the idesatiion of the
genomic regions that are homozygous only in aftectelividuals.
Nonetheless this strategy is not applicable totilenausative genes
in autosomal dominant diseases or for recessiveasés caused by

compound heterozygous mutations.

In the last years, next generation sequencing (N@8hnologies
(figure 6) have changed the research for disease: gehole-exome
sequencing (WES) and whole-genome sequencing (W@®GS),
interrogating the entire exome or genome, move floypothesis-
based approaches to studies that are largely hgpisthfree.
Conversely, targeted NGS, i.e. the parallel segngnaf hundreds of
genes related to a peculiar disease, dramaticalstefied the
mutational screening of candidate genes. FinalllgSNdoes not

require large pedigrees and can also be applisohgeton patients.
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Figure 6. Simplified workflows for whole-exome and wholergene sequencing.

The initial sample preparation is identical for bb@thole-exome and whole-genome
sequencing. Genomic DNA is broken up into smallgfnants and sequence
adaptors, which allow each fragment to be hybrilize the flowcell where the

sequencing occurs, are added. Whole-exome seqgepimitocols proceed with the
hybridization of the fragments to probes that asenglimentary to all the known

exons in the genome, which are then captured wwthderemaining DNA is washed

away, leaving a pool of fragments containing exdihole-genome sequencing
requires no extra steps following the addition d&ators and the library is ready to
be sequenced at that point (Bras J et al., 2012).

In NGS studies, after DNA sequencing, in-depth ridmimatics
analysis is required, usually based on three gensteps: (1)
alignment of the short reads to the right positmm a reference
genome sequence; (2) variant calling, which congpatgned with
known sequences to determine which positions devieam the

reference position; (3) filtering, which permitsreduce thousands of
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variants to a smaller set of probably relevant eotitle changes, and
annotation, with search of known information abeath variant that

is detected.

. Variant Filtering / P .
e ‘- i [ g smouion [ 4 Gumtvera
Y ™ -

* Process: * Process: Aligning = Process: Observe * Process: Database e Process:
Identifying the most
promising candidate
variants

Sequencing signal the reads to the differences of lookup of variants &
to nucleotides reference genomes sample from filtering

* Result: FASTQ—  Result: SAM/BAM reference * Result: Small
large number of —alignment file *Result: VCF—list of annotated list of

| short reads | | variants . | variants
\_ J \. \

* Result: Causal
variant

Figure 7. Next-generation sequencing bioinformatics workfl®olled-Filhart MP
et al., 2012)

Nonetheless, NGS is not free of limitations andbpems: for instance
coverage of regions of interest is not completepycaumber
variations are difficult to detect; GC-rich regionause difficulties
during sample preparation due to polymerase cheaction PCR
artifacts. But the real challenge of NGS is theciiptetation step,
because of the huge amount of variants presentch endividual,

almost all without any clinical relevance.

Whole-exome sequencingWES) allows sequencing all of the known
coding portions of the genome. The exome conss$itietes than 1% of
the whole genome, but it is estimated to contaioual85% of the
disease-causing mutations of monogenic disordens¢céh WES is at
the moment the preferred option amongst NGS amslyseause with

a relatively small amount of sequenced regions libwa the
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identification of most of the mutations responsilfi@ genetic
diseases.

A typical WES experiment identifjpetween 20,000 and 50,000
variants per sequenced exome, but only one (or Exp)ains the
Mendelian disease. In order to identify the disege®e, prioritization
of variants is crucial.

Primarily, variants outside the coding regions asyghonymous
variants (assuming they have a minimal effect ootgan) can be
filtered out. This reduces the number of variaots $,000. A further
reduction takes place excluding known variantsnifidoSNP or other
public databases, such as Exome Variant Serveiroor published
studies; Durbin RM et al., 2010) with a frequenay control
population >1% or even lower for extremely rareedies. With this
passage 90-95% variants are removed and the remairii50-500
non-synonymous or splice-site variants are furfiilesred to select
possible pathogenic variants (Ng SB et al., 20T0g hypothesized
mode of inheritance of the disease has clearlyeaimahe selection of
candidate gene: for recessive traits, only genés inomozygous or
compound heterozygous variants are taken into atcfmu further
validation. Additional strategies include removal ariants not
segregating with disease within the family (whemiadnal family
members are available), and prioritization of waisaaccording to
their computationally predicted consequences imgeiof protein
structure. However, it is important to underlinattta too rigorous

prioritization may discard the pathogenic variant.
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Moreover, a functional validation is necessary tonfcm the
bioinformatic prediction. Complementation in patg@rfibroblasts, in
order to evaluate phenotype rescue, or creatioggtinyation of other
models (knock-down cell lines, yeast...) is fundaraksteps for the
identification of the true genetic defect.

The identification of additional unrelated patientsth different
mutations in the same gene will further indicate ¢husative role of a
given candidate gene and provide preliminary infstron on both

disease frequency and genotype-phenotype cornegatio
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SCOPE OF THE THESIS

The scope of my thesis was the identification afegeresponsible for:
1) an adult-onset neurological syndrome, with lalysdrophy and
motor-neuron disease, in two half-siblings;

2) an infantile hypertrophic cardiomyopathy witlctia acidosis and
mitochondrial respiratory chain defects.

Since all genetic screenings performed on the basi<linical
manifestations did not provide a diagnosis for ¢h@smtients, we

carried out whole exome sequencing.

My work contributed to the publications of threepes.

In the second chapter of this thesis, there isattiele concerning the
identification and characterization of the fir&FAP-¢ mutation,
causing an adult form of Alexander disease in tifected siblings.
The male presented a severe motor-neuron diseaseaghhis sister
showed a mild movement disorder with cognitive impant. In
addition to theGFAP-¢ mutation, we found a variant iHDAC6 on
chromosome X present only in the male patientjDAC6 is a
candidate MND susceptibility gene and the iderdifieissense variant
is probably responsible for his different phenoty@ellular models
were used to experimentally prove the altered fonatity of mutant
GFAP-£ and HDACS.
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The third chapter contains the paper reportingfifs¢ mutations in
MTO1, responsible for a mitochondrial disorder assedatvith
hypertrophic cardiomyopathy, lactic acidosis andtoohondrial
respiratory chain defects. Then chapter four cossi$ the article
where we described and characterized Néw®1 mutations found in
other patients. In both articles characterizatidntiee identified
mutations and validation of their deleterious efewere assessed in
patients’ specimens (fibroblasts) and in yedaccharomyces

cerevisiae.
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Abstract

Background: We studied a family including two half-siblings,
sharing the same mother, affected by slowly praives adult-onset
neurological syndromes. In spite of the diversitly tbe clinical
features, characterized by a mild movement disovddr cognitive
impairment in the elder patient, and severe moturon disease
(MND) in her half-brother, the brain Magnetic Reanoe Imaging
(MRI) features were compatible with adult-onsetxsdeder’'s disease
(AOAD), suggesting different expression of the sargenetically
determined, condition.

Methods. Since mutations in the alpha isoform of glialrifiary
acidic protein, GFARy, the only cause so far known of AOAD, were
excluded, we applied exome Next Generation Sequgn@®GS) to
identify gene variants, which were then functiopallalidated by
molecular characterization of recombinant and pé&iierived cells.
Results: Exome-NGS revealed a mutation in a previously exgd
GFAP isoform, GFAR; which disrupts the GFAP-associated
filamentous cytoskeletal meshwork of astrocytombsc&o shed light
on the different clinical features in the two patge we sought for
variants in other genes. The male patient had ationt absent in his
half-sister, in X-linked histone deacetylase 6, andidate MND
susceptibility gene.

Conclusions Exome-NGS is an unbiased approach that not only
helps identify new disease genes, but may alsaiboié to elucidate

phenotypic expression.
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Background

Alexander’s disease (AD, OMIM #203450) is a rarauroigical
disorder characterized by a peculiar form of leysbtbphy, with
infantile, juvenile and adult forms manifesting hvidifferent clinical
and pathological signs [1]. AD is a sporadic orogotmal dominant
condition associated in most of the cases withrbeygous mutations
in the gene encoding the glial fibrillary acidicopgin, GFAP, an
intermediate filament component of the cytoskelebérseveral cell
types [2]. GFAP mutations frequently ocale novo, particularly in
infantile cases, while in Adult-onset AD (AOAD) Iotde novo
mutations and autosomal dominant transmission baea described
[3]. GFAP-containing eosinophil aggregates, knows Rosenthal
fibers, distributed in the white matter of the CN&nstitute the
morphological hallmark of the disease [2]. Whilse tinfantile form
shows extensive white matter lesions and usualtgl fautcome,
AOAD is characterized by predominant brainstem imement and
survival into adulthood [4].

We here report the results of exome next-gener&idA sequencing
(NGS) conducted on a family with two maternal halflings, affected
by two distinct adult onset neurological syndromestd cognitive
deterioration and movement disorder in a femaldepit motor-
neuron disease (MND) in her half-brother. The tatignts shared the
same mother, but had different, unrelated fathsrggesting either an
X-linked or an autosomal dominant condition withiighle penetrance
and expressivity. In spite of the diversity of ttlaical features, the

brain MRI features were compatible with AOAD. Howeystandard
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sequence analysis of the nine canonical exons ergothe
predominant isoform, GFAR; had previously ruled out mutations in
both patients.

NGS is a holistic, unbiased approach that generadegprehensive
information on gene variance [5]. Exome NGS analysiour family
revealed a heterozygous missense mutation in amative exon of
the GFAP gene (exon 7A), which has not previously been uetlin
the diagnostic screening of AOAD. Additional vat&m other genes
included a private mutation in the X-linked geneaing histone
deacetylase &IDAC6, which was present in the male, but absent in
the female, patients. HDAC6 was suggested to hawedulating role
in different processes related to neurodegeneratimeluding
authophagy, proteosomal degradation, aggresomeafanm[6,7]. We
demonstrated that the mutant HDACG6 variant hasaedliuleacetylase
activity, which could contribute to the differenhgnotypes of our
patients.

Patients and methods

Case reports

Patient 1, Ptl (subject II-2 in Figure 1A) is no® gears old. Her
insidious disease onset started at 55 years, asdisacharacterized
by psychiatric symptoms, initially as a bipolar atder with
depression alternated by hypomanic behavior (cosnmigambling),
and eventually as a cognitive deterioration wittathp, neglect of
personal care, and memory loss. Shortly thereafter,manifested an

ataxic gait with frequent falls, followed by progséve dysarthria,
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dysphagia to liquids, drooling, and fluctuatinggial myoclonus. An
Electroencephalography at 61 showed unspecific taiive
abnormalities; visual evoked potentials were attefide neurological
examination disclosed a moderate ataxic gait reguira can,
dysarthria, palatal myoclonus, and hypotonia (riglft), increased
tendon reflexes, a positive Babinski sign at thghtrifoot, mild
dyskinesias, mild distal dystonia. Eye movementsewaormal. A
Mini Mental State Examination scored 16/30. Thedsgme slowly
progressed, with worsening of cognitive deteriamtidysarthria and
dysphagia, and onset of wurinary incontinence. Sver
Electromyography (EMG) examinations have consiteriieen
normal over time.

Pt2 (1I-4 in Figure 1A), now 60 years old, was ffirsferred to us at
52, for insidiously progressive walking difficulsig initiated at 46
years with stiffness and weakness at the right iolmeb, followed
within 3-5 years by involvement of the right uppand then left lower
and upper limbs. He also reported symptoms comsigtith nocturnal
lower-limb myoclonus. The neurological examinatiah 52 years
showed spastic tetraparesis, more prominent onrighg side and
lower limbs, bilateral pes equinovarus, normal rejth, bilateral
Babinski sign. His gait was paraparetic with bitatehigh adduction;
however he could still walk unassisted. He showedscle wasting,
with the exception of bilateral atrophy of the tearglis muscle. He
was diagnosed as having “primary lateral sclerosigtl started
riluzole and baclofen, with no tangible benefit.
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Figure 1 Pedigree and radiological features of theatients. A: Pedigree
of the family. Black symbols indicate affected pats 1 and 2 (Ptl, Pt2).
Genotypes of each tested individual are indicatedet the corresponding
symbols (GFAP G: wt; GFAP A: mutant; HDAC6 C: wt;DAC6 T:
mutant). 1-3 died of colon cancer at 62 years df;dgldied of unknown
causes when he was over 80; 1I-3 died of a ceralknalte at 60 years of age.
B: Brain MRI findings of Ptl (a-f) and Pt2 (g). Aploy of the medulla is
present, with signal abnormalities of the pyramidedct and medial
lemniscus (a, arrows). In the cerebellum, the hytidrthe dentate nucleus is
bilaterally hyperintense (a, thick arrows). At midin level (b,c), substantia
nigra and medial lemniscus are hyperintense (lowa), a sub-pial rim of
high signal intensity is present in the FLAIR imag® Symmetrical signal
abnormalities involve the pallida, particularly tte interface with the
posterior limb of the internal capsule (d, arrowdyperintensitiy is present
in the periventricular white matter, pre- and posttral gyri (e, arrows on
the right) and subcortical frontobasal areas (fpwas). The typical tadpole
appearance of the brainstem and cervical spinal isoseen in the midline
sagittal section of Pt2 (g).
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Over the subsequent two years he developed mikstisgga/pophonia,
and moderate dysphagia for liquids, with worsenofgthe limb
spasticity.

At 56 he became wheelchair-bound, severely dysghoand
dysphagic, with severe tetraspasticity, flexed pastbilateral ankle
clonus, bilateral Babinski, bilateral hypotrophy démporalis,
interosseus and tibialis anterior muscles. Sensory examination and
neurovegetative tests were normal, as were them@xements. The
EMG showed neurogenic abnormalities, without spoedas
fibrillation. Nerve conduction studies showed mot@xonal
neuropathy at the lower limbs, whereas the pergheensory
conduction was normal. Taken together, these fogglindicate severe
motor-neuron disease (MND) of limb and bulbar disst Symptoms
have slowly progressed over time. The patient hascognitive
deterioration.

The MRI findings of these patients were very simdad consistent
with the diagnosis of AOAD (Figure 1B). Atrophy tiie medulla
oblongata and cervical spinal cord (“tadpole” appeee) and signal
abnormalities were present in the brainstem, dentaiclei and
supratentorial periventricular white matter. Adaoital findings,
peculiar to our patients, were mild atrophy of th&lbrain with T2
hyperintensity of the substantia nigra and meddatrliscus, pallida,
and subcortical white matter in the pre- and pesti@al gyri and
frontobasal areas. Interestingly, Pt1l, who had nmoaeked cognitive
impairment, had slightly more extensive suprateatarhite matter

involvement. To quantitatively express the diffdrehinical features
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of the two siblings, we used the Kurtzke scale(f&]ditional file 1),
that scores several functional systems (motor,bedle, brainstem,
urinary, visual, and cognitive) usually involved imhite matter

disease, including leukodystrophies.

Table 1 Clinical and instrumental assessments

Pt1 Pt2
Cument age B8 60
Age at onset 55 a5
Disease duration at the time of examinations, years 13 14
Instrumental assessment *
Cognitive: MMSE score 16/30 3030

Mild motor axonal neuropathy (1)

NA/O/O 1173

4] on
NA NA
Autonomic testing
Clinical scoring **
Dysarthria/dysphagia
Gait abnormalities 1 3
Spasticity 0 3
Axial Ataxia 1 0
Musxcle wasting 0 1

Sphincter function

* For neurophysiological assessments, values are graded as 0 (nomal), 1 (abnormality not exceeding 25% of upper/Jower normal ranges), 2 (between 25 and
50%), and 3 (beyond 50%).

** For clinical dysfundions, abnormalities are graded as 0 (normal), 1 (only objective signs), 2 (mild dysfunction, not interfering with activities), 3 (severs
dysfunction interfering with waking, feeding, or social interactions)

MMSE: mini-mental state examination; EMG: Electromyography; MEPs: Motor evoked potentials; SEPs: Sensory evoked patentials; UL/LL: upper/ower limbs; BAEPs:
Brainstem Auditory Evoked Potentiak; VEPs: visual evoked potentials.

The scores were obtained 13 years after diseasd forsPtl and 14
years after onset for Pt2. The global functionalpamment, as
assessed by the final EDSS score, [9] was 3/1@tbr(able to walk,
moderate ataxia and cognitive impairment, not n@ogi
institutionalization) and 8.5/10 for Pt2 (confinedbed but with some
residual upper limb function). For Pt2, the souafethe severe
disability was predominantly due to pyramidal dysftion: we thus
assessed both patients by also using the ALS-3gverale, [10]
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which scored 33/40 for ptl (speech 7, deglutitioru@per limbs 10,
lower limbs 10), and 17/40 for pt2 (speech 3, detiybm 8, upper
limbs 4, lower limbs 2). The results of instrumeérg@aminations are
reported in Table 1.

Molecular analyses

Informed consent for participation in this studysaabtained from all
family members, in agreement with the DeclaratiérHelsinki and
approved by the Ethical Committee of the Fondazidsktuto
Neurologico —IRCCS, Milan, Italy.

Genomic DNA was extracted by standard methods fpampheral
blood samples (I-2, 1I-2, 1I-4, 1I-6, 1I-7, 11I-1]J1I-3) and from skin
fibroblasts (11-2, 11-4). Whole-exome and Sangessquencing were
performed as described [11]. Total RNA was isoldtech fibroblasts
(RNeasy kit, Qiagen) and then transcribed to cDNXAofed AMV
first-strand cDNA synthesis kit, Invitrogen). Quitative Real-time
PCR (QRtPCR) was assayed on an ABI Prism 7000 apsar
(Applied Biosystems). Additional file 2 reports imers and conditions
for PCR amplifications of relevant exons of hum@kAP and
HDACS6 and for QRtPCR dfiDAC6 cDNA.

Additional file 3 reports URLSs for biocomputatioreialysis.

A GFP tagged GFAP cDNA (Origene RG225707) was medliby
using Quick-change Site-directed mutagenesis kita{&ene) to
introduce either the ¢.1289G > A or the c.1288C >nucleotide
change in the RG225707 clone, using primers listefldditional file
2.
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Cellular experiments

Cell culture, transient transfections, western-bkmalysis, and
immunocytochemistry were performed as describe@;1H] using
antibodies against-tubulin (Life Science) and acetylatedtubulin
(Sigma). Patients’ fibroblasts and adult contrbtdblasts were grown
under the same conditions, and analyzed amongreuftassages 5
and 8. As a positive control for tubulin acetylatidibroblasts were
pre-incubated with the specific HDACG6 inhibitor Tadin (0, 0.2uM
and 2.5uM) (Sigma) for 24 h [16]. Immunohistochemistry was
carried out on 2um thick sections from pellets of Pt1, Pt2 and aaintr
fibroblasts, fixed in glutaraldehyde 2.5% (Electrdviicroscopy
Science - EMS), in 0.05 M PBS pH 7.4, dehydrategraded acetone,
and embedded in Spurr (Epoxy resin, EMS).

Transfection of U251-MG by electroporation was perfed in
triplicate according to the manufacturer's proto¢@enePulserll-
Biorad), and about 100 cells were analyzed blinfly each
experiment (a total of 324 cells for GFP-GFAP-and 285 for GFP-
GFAP£™*™ in a first experiment, and 460 cells for either FGF
GFAP<£" or GFP-GFAR®*°Cin a second experiment).

Results

Mutational screening ruled out mutations in t8eG4 and SPG7
genes in Pt2, due to the presence of spastic seaparesis; in the
HTT gene in Ptl, due to the subtle onset of symptomsist@nt with

an affective disorder, together with cognitive dysftion; 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, butmatation was
detected in the nine exons encoding the prevabdphd) isoform of
GFAP (GFAPe, NP_002046.1; Figure 2A). All of the known
mutations associated with Alexander’s disease Baviar been found
in this isoform, [17] which is the only one analgzéy standard
screening. However, exome-NGS revealed a heteroByg@riant
(c.1289G > A, p.R430H) in the alternati@-AP exon 7A (ExX7A) in
both patients (Figure 2B). Ex7A is part of the senpt encoding the
GFAP< isoform (NP_001124491.1), which differs from GFARRA
the last 35 amino acids. A third isoform, GFARNP_001229305.1),
which contains a unique exon 7B, has also beenifaeh(Figure 2A)
[18]. The ¢.1289G>A nucleotide change was abserthén healthy
mother and in all other tested family members. Ddd#nples from I-1
and [-3, fathers of Ptl and Pt2, respectively, waravailable.
Haplotype analysis of theFAP genomic region by SNPs array in the
available family members confirmed that the fatluér Pt1 was
different from that of Pt2 and of his siblings, VghiPtl and Pt2 share
the same maternal allele (Additional file 4). Sirthe likelihood that
the same rare variant (<0.01%) may occur indepehdanthe two
patients is negligible, the most probable hypothesi that the
mutation was transmitted by descent to both Pt1Rtdoy maternal
germinal mosaicism, a mechanism that can also exfhe healthy
status of the mother. Since blood was the only cowf DNA

available from the mother, somatic mosaicism aiifigcbther tissues
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of this subject cannot be excluded, as recentipdan an AD patient
with atypical infantile clinical presentation andsentially normal
MRI features [19]. However, we think that the latteypothesis is
unlikely, since no trace of mutation could be detddoy an ad hoc
RFLP analysis carried out in the mother's DNA (sbbwn) and, in
contrast with the case reported by Flint et al],[fl8s lady is now 87

years old and well.

A B
eFaP-w [1-f2HaH4] (6] el Pt

‘
GraPe [ -HaH 4 5 6 7l PR
eFAPx [ 123 4 51 s —{TITET 2

% cells

F F+A A F F+A A

Figure 2 Characterization of the GFAP ¢.1289G>A/p.R30H mutation.

A: Schematic representation of the exonic strucwfrdifferent GFAP
isoforms. Dotted lines indicate the termination @asl The arrows indicate
the position of the ¢.1289G>A variant (Note thaGRAP« the ¢.1289G>A
mutation is part of the'3JTR). B: Electropherograms dBFAP exon 7A
region containing ¢.1289G>A variant, in patientarid 2 (Pt1, Pt2) and in
their mother (I-2).C: The histogram displays the percentages of cells
transfected with GFP-GFAB” (green bars) or GFP-GFAB#™ (purple
bars), classified in filamentous pattern (F), cyasmic aggregates on a
filamentous pattern (F + A), cytoplasmic aggregatéth no filamentous
pattern (A). Scale bars representuth. A total of 324 cells for GFP-GFAP-
¢" and 285 forGFP-GFAP**" from 3 independent experiments, were
blindly analyzed by two different operators. ANOWést for interaction p =
0.001.
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In contrast with a p.R430C SNP (rs 78994946), regbmwith a
frequency of 1% in dbSNP, the p.R430H change faoralr patients
is absent in both dbSNP and the Exome Variant $e(iz&'S)
database, which contains >10000 alleke8000 of European origin).
These data are compatible for p.R430H being a eléels mutation
(Additional file 5).

GFAP is an intermediate filament (IF) protein exgsed mainly by
astrocytes and ependymocytes. Recent data suggistedsFAPe
was unable to form filaments by itself but it coyddrticipate to the
formation of the GFAP network by interacting withF&P-o [20].
Hence we analyzed the IF meshwork in human astogytU251-
MG cells, constitutively expressing both GF&Pand GFAPe, by
expressing GFP-tagged wt and mutated GEABFP-GFAP-£" vs.
GFP-GFAPe®*%_ Cells were assigned to three patterns: [14] (i)
exclusively filamentous pattern (F), (ii) cytoplasnaggregates on a
filamentous pattern (F + A), (iii) cytoplasmic aggates with no
filamentous pattern (A). The expression of GFP-GRAPled to a
distribution among the three groups similar to ttegtorted for GFP-
GFAP-" [14] (Figure 2C) indicating no intrinsic damagiaffect of
recombinant GFP-GFAPY in our experimental conditions.
Contrariwise, expression of mutant GFP-GFAP*" produced
significant decrease in F (43% vs. 58%; test tQa362) and increase
in A (22% vs. 15%; test t p = 0.009) cells (Fig@@), with a distinct
distribution in the three patterns compared to GFRAP<™
expressing cells (ANOVA test for interaction p 9@1).
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Figure 3 Characterization of the HDAC6 ¢.2566C>T/[856S variant.
A: Electropherograms diDAC6 exon 25 region containing the ¢.2566C>T
variant, in patients 1 and 2 (Ptl, Pt2) and thesther (I-2).B: Levels of
HDACS6 transcript, normalized to that of the endogenBA®DH cDNA, in
controls (Ct; mean of five subjects) and patiengnd 2 (Ptl1, Pt2), obtained
from 3 independent experiments. Two-tailed Studebtests showed no
significant differences: Pt2 vs. Ct p = 0.811; #2Ptl p = 0.813; Ptl vs. Ct
p = 0.896.C: Exemplifying Western-blot analysis of fibrobldgsates from
control subjects (Ct1, Ct2) and patients 1 andt2,(Pt2), using antibodies
against acetylated-tubulin (upper panel)g-tubulin (middle panel) and-
GAPDH, as loading control (lower panel). The grappresents the ratio
acetylatedo-tubulinfo-tubulin obtained by densitometric analysis from 3
independent experiments: 100% corresponds to thannwalue of four
control subjects. Two-tailed Student’s t-test P420t p = 0.002, Ptl vs Ct p
= 0.33.D: Immunocytochemistry on fibroblasts from a contsabject (Ct)
and patients 1 and 2 (Ptl, Pt2), using antibodgesnat a-tubulin and
acetylateda-tubulin. Scale bars are reported on the righteach row.E:
Percentages of multilobated nuclei in control, &dfi and Patient2. A total
of 15 digital images (at least 600 cells for eaahgmt) representative of the
whole sections were collected and analyzed for eshple; the arrow
indicates a typical multilobated nucleus. Two-tditudent’s t-test between
Control vs. Ptl showed no significant differences= 0.4970); Pt2 vs.
Control p = 0.000099; Pt2 vs. Ptl p = 0.000018Htaghly significant).
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Notably, the expression of GFP-tagged GFAP carryimgy R430C
variant (GFP-GFARF*%9 led to a distribution amongst the three
different patterns similar to that obtained with FISEFAP<", i.e.
non-significant (ANOVA test for interaction p = @3). These results
indicate that GFARR**"is inefficiently incorporated, and is likely to
perturb the GFAP network in GFAP-expressing astauogn cells,
whereas the GFAER***variant is functionally wt, but we cannot
exclude the possibility that variations in the lew# expression
contributed to this result.

To test whether additional genes could influenceenglype
expression, 18 genes with variants in Pt2 wereripged by the
Endeavour software, [21] using “training genes” casated with
MND (Additional file 6). The highest score was amled byHDACS,
on chromosome Xpll.23, encoding a member of theortes
deacetylase family (NP_006035.2); Pt2 was hemizygtar a c.
2566C>T/p.P856S, variant, whereas Ptl, II-6 and \Were wt, and
the mother, I-2, was heterozygous (Figure 3A). BtHhihe variants in
the other genes were all relatively frequent SNiR¥@ present also
in Ptl (Additional file 6), the P856S change waseath in all available
databases, including EVS. The amountHIDAC6 transcripts was
similar in fibroblasts from Pt2 vs. Ptl or contsulbjects, indicating
that neither HDACG6 expression nor stability is sgvaffected by the
mutation (Figure 3B). However, acetylated alphaitu) a HDACG6
substrate, [22] was consistently increased (Fi€¢, treatment of
fibroblasts with tubacin, a selective HDACG6 inhdrit clearly
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increased the acetylation of alpha-tubulin, coningnthe specificity
of this assay to detect impaired HDACG6 activity @fnal file 7).
Densitometric analysis of immunoreactive bands froimree
independent experiments, showed that the ratiylatet a-tubulin/o-
tubulin was significantly augmented to 213% in Ri@mpared to the
mean value of four control subjects, but was ungkdr(87%) in Ptl
(Figure 3C). Moreover, immunocytochemical stainirghowed
abnormal clumps of acetylatedtubulin in the perinuclear region of
Pt2 fibroblasts (Figure 3D).

Interestingly HDACE%°°® fibroblasts showed a significantly higher
number of multilobated nuclei, compared to contetlls, which could
be consequent to altered physical connection betweeclear
membrane and cytoskeletal network (Figure 3E). makgether these
results suggest dysregulation of the microtubuggnizing center
(MTOC), associated with reduced HDACG6 activity [23]

Discussion

A substantial fraction of AOAD patients are spocadihe most
frequent symptoms being related to bulbar dysfonctipyramidal
involvement and cerebellar ataxia. Palatal myocdoisufrequent in,
and highly suggestive of, AOAD [4]. Other findinglude cognitive
deterioration, sleep disorders, and dysautonontia.cburse is slowly
progressive and fluctuations may occur. Ultimatéhe diagnosis is
strongly suggested by a typical MRI pattern, andficmed by GFAP

gene analysis. In our family, Ptl has been sufferaf slowly
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progressive cognitive impairment and mild movemaeli$order,
whereas her younger half-brother (Pt2) has sevé®M

In spite of clinical diversity, the cardinal MRIdrires of AOAD [24]
were present in both. The absence of mutation @& @FAPe
encoding gene prompted us to perform exome-NGS exedtually
identify a unique mutation in alternativ&~AP ex7A, not present in
the healthy mother tested DNAs and with a deletsrioutcome in a
cellular model. These are in fact the first casssoeiated with a
mutation in the GFAR- variant (GFAPe™*3°H). Whilst this finding
supports the idea that AOAD is almost invariablygaasated with
abnormalities ofGFAP, it also expands the spectrum of variants that
should be included in the diagnostic screening. Ruéhe pedigree
structure, the mutation has very likely been trattsoh by maternal
germinal mosaicism, since it was absent in othexilabie family
members, including the healthy mother of the twiepés.

The clinical diversity in our two half-siblings was remarkable as to
suggest that differential segregation of other gemegants could
influence phenotypic expression. A prioritized waati found by in-
silico data mining was inHDAC6. A hemizygous HDAC®>®
change, found in Pt2, and absent in Ptl, was agsdcivith decreased
tubulinspecific deacetylase activity [22]. Throudéacetylation ofi-
tubulin, HSP90, and other substrates, and bindmgliquitinated
proteins that are then transported into, and degrady, the
aggresome, HDAC6 plays a role in a number of ingurt
homeostatic and signaling pathways, including aktraasport, redox

signaling, misfoldedprotein response, and autophdgp,26].
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Interestingly, the RNA-binding modulator factors A3 and
FUS/TLS, whose mutations are associated with faiméimyotrophic
lateral sclerosis (ALS), haveDAC6 mRNA as a specific substrate
[27]. A Drosophila model in which TDP-43 is silenceshows
decreasedHDACG6 expression, [28] andHDAC6 overexpression is
able to rescue the phenotype of a Drosophila motiepinobulbar
muscular atrophy [6].

Taken together, these observations indicate HDAG6aamaster
regulator of different neuroprotective mechanispasily mediated by
controlling MTOC biogenesis and function, [23] gmedict a role for
defective HDACG6 in neurodegeneration, particulamiyND [26]. As
for mammalian models, although a first strainHIDAC6 knockout
(KO) mice presented no sign of neurodegenerati@9] [altered
emotional behaviors suggested a contribution of [@BA0 maintain
proper neuronal activity [30]. Moreover, a second KDACS6 strain
displayed ubiquitin-positive aggregates and in@daapoptosis of
brain nerve cells, both hallmarks of neurodegermarastarting from 6
months of age [31]. These and other results sugoestiDAC6 a
complex role in contributing to either neuroprotect or
neurodegeneration, depending on the specific pagieal condition
[7,26,32]. These opposite effects can indeed hartiy@edevelopment
of therapeutic strategies based on HDAC6 moduld#ign

Albeit preliminary, our own results support theeirgsting hypothesis
that the HDACE®°®® protein variant may be acting synergistically
with the GFAPe****" mutation, conditioning the development of the

severe MND phenotype of Pt2.
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The mechanisms underlying the diverse etiology exypressivity of
many inherited neurodegenerative disorders arel giborly
understood. Exome-NGS is an unbiased approacmthainly helps
identify new disease genes, but may also contriliateslucidate
phenotypic expression and penetrance.

Additional file 1
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Clinical involvement on specific functional systerii$ie bars represent the
score on the Kurtzke scale of the two patients (BtlLbars; Pt2 blue bars),
13 and 14 years after the onset of the diseasefhiggores express higher
disability).

* Brainstem involvement consisted of spastic dys@a and fluids
dysphagia for both patients

P: Pyramidal ; C Cerebellar; B Brainstem; S Sensdririnary; V Visual,
Co Cognitive.
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Additional file 2

Primers sequences and amplification conditions

Amplicon Forward primer |Reverse primer |PCR conditions

GFAP exon 7A AGATCCCTGAGCAAGCA | CTGGGAAGAGGGAACTC | Ta: 58°C; GoTaq Promega
CTG AGG

GFAP exon 7B CCCTCTCCCTCTGCTTTCT | CGGCGTTCCATTTACAAT | Ta: 58°C; GoTaq Promega
T cT

HDACE exon 25 GGGAACCCAGGGAAGG | GAGTGAGGGCCACCACA | Ta: 58°C; GoTaq Promega
AG G

HDACE cDNA TCGCTGCGTGTCCTTTCA | GCTGTGAACCAACATCA | Quantitative PCR (ABI

(nt556-616) G GCTCTT Prism7000)

HDAC6E cDNA TGGGTGTGTCTCTCTTGC | CCATGGTGTTGGAGCAT | Quantitative PCR (ABI

(nt3605-3675) TATCA GTG Prism7000)

Mutagenesis

GFAP c.1288C>T GAACGCCGCCGGCTTGC | GCGTACGCGTACCGCAA | Quick-change Site-directed
GGTACGCGTACGC GCCGGCGGCGTTC mutagenesis kit (Stratagene)

GFAP ¢.1289G>A GAACGCCGCCGGCTCAC | GCGTACGCGTACCGTGA | Quick-change Site-directed
GGTACGCGTACGC GCCGGCGGCGTTC mutagenesis kit (Stratagene)

Ta: Annealing temperature

Additional file 3

URLSs 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
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Public databases for SNPs

dbSNP http://www.ncbi.nlm.nih.gov/projects/SNP
Exome Variant http://evs.gs.washington.edu/EVS

Server (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

O OO

12 13 I
RS11078506 426 1 1 1 2 0 1
RS4790618 427 1 1 2 2 0 1
RS4790619 4.27 1 1 2 q 0 2
RS12601473 427 1 1 1 1 0 1
RS4239045 428 1 1 2 2 0 2
RS9889598 428 1 1 1 1 0 2
RS87216025 429 1 1 1 1 0 1
RS884250 430 1 1 1 1 0 1
R$12601416 430 1 2 1 1 0 1

114 115 -7 12
RS11078506 4.26 1 1 2 1 2 1 1 1
RS4790618 427 2 1 2 1 2 1 1 1
RS4790619 4.27 ) 1 1 1 1 1 2 1
RS12601473 4.27 1 1 1 1 1 1 1 1
RS4239045 4.28 2 1 2 1 2 1 2 1
R$9889598 4,28 1 1 1 1 T 1 2 1
R87216025 4.29 1 1 1 1 ;| 1 1 1
RS884250 4.30 1 1 1 1 i 1 1 1
RS12601416 4,30 1 2 1 1 1 1 1 2
aQ ) aQ T 9

Haplotype analysis of theGFAP genomic region by SNPs array
(ILLUMINA HumanCytoSNP-12 BeadChip). In the siblinghe symbold
indicates the paternal allele arid 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 chang

Prediction result

Software

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

Tubacin

0.2uM 2.5uM

55kDa - e s SR Acetylated

a-tubulin

55kDa - S e bin

Western-blot analysis of control fibroblasts, usimgtibodies against
acetylated a-tubulin (upper panel), andi-tubulin (lower panel), after
treatment for 24h with a specific inhibitor of HDACtubacin, at different

concentrations (0, OuM and 2.5uM). Note that thex-tubulin antibody(Life
Science) showed preferential immunoreactivity feacketylated.-tubulin.
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Dysfunction of mitochondrial respiration is an increasingly
recognized cause of isolated hypertrophic cardiomymathy. To
gain insight into the genetic origin of this condiibn, we used next-
generation exome sequencing to identify mutationsni MTOL,
which encodes mitochondrial translation optimizatim 1. Two
affected siblings carried a maternal ¢.1858dup (p.A620Lysfs*8)
frameshift and a paternal ¢.1282G>A (p.Ala428Thr) nssense
mutation. A third unrelated individual was homozygaus for the
latter change. In both humans and yeast, MTOL1 incrases the
accuracy and efficiency of mtDNA translation by cadlyzing the 5-
carboxymethylaminomethylation of the wobble uridine base in
three mitochondrial tRNAs (mt-tRNAs). Accordingly, mutant
muscle and fibroblasts showed variably combined ragttion in
MtDNA-dependent respiratory chain activities. Redued
respiration in mutant cells was corrected by expresng a wild-
type MTO1 cDNA. Conversely, defective respiration of a yeast

fr0622*

mtold strain failed to be corrected by an Mto variant,

1Ar9620 Lysfs*8

equivalent to human MTO , Whereas incomplete

Mto 1a431Thr

correction was achieved by an variant,

corresponding to human MTO1\a428Thr

. The respiratory yeast
phenotype was dramatically worsened in stress cortdins and in
the presence of a paromomycin-resistant (B mitochondrial
rRNA mutation. Lastly, in vivo mtDNA translation wa s impaired

in the mutant yeast strains.
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Infantile hypertrophic cardiomyopathy and lacticidasis are key
clinical features in an increasing number of mitutirial disorders
associated with severe dysfunction of oxidative spihorylation
(OXPHOS), the main energy supply pathway of cargiocytes. The
advent of exome analysis by next-generation sequgn@NGS)
technology has begun to elucidate the genetic tief@ederpinning
this condition. Recently, exome-NGS allowed usdentify mutations
in ACAD9 (MIM 611103), which encodes mitochondrial flavin
adenine dinucleotide (FAD)-dependent acyl-coenzyme-
dehydrogenase 9, in several children affected bly-easet, isolated
hypertrophic cardiomyopathy (MIM 611126)The role of ACAD9
seems to be marginal for fatty-acid beta oxidatibt,essential for the
assembly of mitochondrial respiratory chain (MR@nplex | (C1)*~3
Another recent example is mutationsAGK (MIM 610345), which
encodes acylglycerol kinase, a mitochondrial enzymelved in the
biosynthesis of cardiolipin; these mutations arspoasible for
hypertrophic cardiomyopathy and congenital catara¢bengers
syndrome [MIM 212350]f.Cardiolipin is an essential component of
the lipid milieu of the inner mitochondrial membeathat participates
in the integrity and optimization of the activity both the MRC
complexes and the skeletal-muscle- and heart-spesofute carrier
family 25 (adenine nucleotide translocator 1), SBE&2. Likewise,
rare, recessive mutations 8.C25A4 (MIM 103220) also cause
hypertrophic cardiomyopathy (MIM 192600), and yetother X-
linked recessive condition, Barth syndrome, halkedr by severe
mitochondrial cardiomyopathy (MIM 302060), is cadisdy a
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mutation inTAZ (MIM 300394), which encodes Tafazzin, an acyl-
transferase, specific to cardiolipin, that optinsizés fatty-acid
composition to the structural and functional neeflthe MRC. Other
children with severe, isolated cardiomyopathy andti¢ acidosis
harbor recessive mutations iMMEM70 (MIM 612418), which
encodes a bona fide assembly factor of MRC CV (A¥fthase].
Syndromic cardiomyopathy, in combination with erta@ppathy,
myopathy, or both, is also associated with a nunabenutations of
mtDNA or nuclear genes that affect MRC activifidsevertheless, a
substantial proportion of cases characterized byPB®&S-related
severe hypertrophic cardiomyopathy remains gerigticadiagnosed.
Through exome-NGS analysis of a selected cohortaibécted
individuals, we identified pathogenic mutations IMTO1l
(NC_000006.11), which encodes an enzyme involved in
posttranscriptional modification of mitochondriRNAs (mt-tRNAS).
Affected person 1 (Ptl) was the first child of nonsanguineous,
healthy parents from northern Italy. He was born2atweeks of
gestational age, by caesarean section becausegohydiramnios and
reduced fetal growth. His birth weight was 790 ig, langth was 34.5
cm, and his head circumference was 25.5 cm. Imrteddiafter birth
he had an episode of metabolic failure with sevsggoglycemia (25
mg%), metabolic acidosis (pH 7.17, base excess [RE]7 mEg/l),
and high blood lactate (13 mM, normal values [nvR<®). In the
subsequent days, blood glucose levels were codditehe infusion
of dextrose, whereas plasma lactate remained H@H1S mM), with

mild hyperammonemia (195 mg%, nv < 80). Electrophedogram
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(EEG) and cerebral echography results were norasalyere those of
a liver and spleen ultrasound examination. Inten@mar septum
hypertrophy was detected on thé"lday (6.4 mm, nv < 3). He died
on the 18 day of sudden bradycardia unresponsive to restigzit
procedures. MRC activities in digitonin-permealatizskin fibroblasts
showed a reduction of CIIl normalized to citratentiyase (CS)
(CHI/CS = 60% of the controls’ mean) and of CIV/C3%%), whereas
the other activities were within the controls’ randgTable 1).
Sequence analysis of muscle mtDNA revealed a norimat

haplogroup common in Europeans.

Table 1. Biochemical Analysis of OXPHOS Activities

Muscle cs® (o} SDH al an av v

Ct values 80-210 13-24 10.7-17 4 15-28 60-100 120-220 130-280
Pt2 73 5(27) 16.8 (120) 28.7(133) 95.3 (119) 46.5 (27) 351 (171)
P13 (3 mo) 209 2.2(12) 13.1 (93) nd " nd" 51 (30) nd

Pt3 (17 y1) 147 1.3(7) 13.6 (97) 26.3(122) 75 (94) 59 (35) 144 (70)
Fibroblasts s cl SDH CI cm v v

Ct values 100-200 10.7-26 6.5-14,3 8.6-184 70-120 70-125 65-113
rtl 160 12.5(68) 14.3 (137) 24.6(182) 57 (60) 55 (56) 93 (104)
Pt2 101 10.1 (55) 11 (105) 30.3 (224) 92 (97) 111 (114) 126 (141)
Pt1 + riboflavin 142 11.6(63) nd nd 53 (56) 62 (64) nd

Pt2 + riboflavin 82 6.5 (35) nd nd 71(75) 76 (78) nd

nd, not determined; + riboflavin, fibroblasts cultured for 1 week with Dulbecco’s modified Eagle's medium (DMEM) supplemented with 5.3 uM riboflavin.
Parentheses indicate percentages relative to the mean control (Ct) value. Values below the control range are reported in bold. All enzymatic activities are normal-
ized for CS activity. Two muscle biopsies were analyzed in Pt3; the first taken at 3 months of age (3 mo) and the second at 17 years of age (17 yr).

“Citrate synthase (CS) activity, expressed as nmol min ' mg '.

“In Pt3 muscle, the ratio Cll+Cill (succinate cytochrome ¢ reductase)/CS was 16.6 (105% of the Ctvalue; nomal range 12.2-19.4).

Affected person 2 (Pt2), our index case, was thenger sister of Ptl.
She also was born at 36 weeks of gestational agadsarean section
because of oligohydramnios and reduced fetal growiér birth
weight was 1,380 g, her length was 42 cm, and headh
circumference was 30 cm. At birth, she was mildjpdtonic and had
severe metabolic acidosis (pH 7.21, BE -13 mEw/i)h high blood
lactate (17.9 mM). She was immediately started iotiro(10 mg per
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day), Coenzyme Q10 (14 mg per day), thiamine (1§(er day), and
dichloroacetate (DCA; 30 mg per day). Plasma lactaabilized to
values between 6 and 10 mM. EEG and brain ultratoesults were
normal. On the seventh day, she became tachyc&tdart ultrasound
findings were normal until the 88&day, when septum hypertrophy (7
mm, nv 3.5) and leftventricular-wall hypertrophy rfém, nv 4) were
found. She died on the %@ay of sudden bradycardia unresponsive to
resuscitation procedures. An autopsy showed thesepoe of
cardiomegaly, pleural effusion, and ascites. Bioulal assays,
performed on the 800x g supernatant from the homegeof a
muscle biopsy, showed a reduction of the ratioSI6ES and CIV/CS.
MRC activities in digitonin-permeabilized fibrobtasshowed only the
reduction of CI/CS (Table 1). Sequence analysisnagcle mtDNA
revealed a normal H1t haplogroup, and Sanger sequanalysis of
ACAD9, TMEM70, NDUFS2 (MIM 602985), andNDUFV2 (MIM
600532) showed no mutation.

Affected person 3 (Pt3), a boy, was born at termrdaportedly
nonconsanguineous, healthy parents originating faoemall village
in the alpine region of northeastern Italy. Histiali clinical history
has been reported elsewhefeit the age of 1 month, he developed
hyperpnea, difficulty feeding, weakness, and a lafckicular fixation.
His liver was 5 cm below the costal margin; he badere metabolic
acidosis, with high blood lactate (5.5 mM, nv < )2.0An
electrocardiogram (ECG) showed signs of ischemmal a cardiac
ultrasound examination revealed marked hypertrophic

cardiomyopathy, particularly affecting the postenwall of the left
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ventricle (8.5 mm, nv 4), reduced left-ventricufanction, and mild
pericardial effusion. Biochemical assays on thex8®@upernatant of
the homogenate from a muscle biopsy taken at 3 moonf age
revealed severe reduction of CI/CS (12% of the rodsitmean) and
CIVICS (30%) ratios, whereas succinate dehydroge&OH)/CS
and CII+II/CS ratios as well as CS (Table 1) angrupate

dehydrogenase activities were normal. DCA treatmesulted in
marked improvement of both metabolic acidosis ardiomyopathy.

After 9 months of DCA therapy, a cardiac ultrasowgamination
showed a normal-sized heart, with normal left-vienotar-wall

thickness (5 mm) and function (ejection fractiof4]&ystolic fraction
43%) and low blood lactate values, ranging from th63.1 mM.

During his first years of life, Pt3 had no sevepésede of metabolic
acidosis, even if plasma lactate remained modgrdtiglh, ranging
from 2.5 to 4 mM. His growth rate has been nornvath good

neurological development and a normal brain anataugording to
magnetic resonance imaging. He was put on a pemamatment of
DCA (200 mg per day), carnitine (1 g per day), &u, (100 mg

per day). Because of the possible side effects 6ADhe was
monitored regularly through the evaluation of visaad brainstem
auditory evoked potentials as well as electromyplgyaand nerve
conduction velocities. At the age of 7 years, sikand examination
showed a normal systolic ejection fraction in spite slight dilation

of the left-ventricular chamber. At 12 years, DCAaswvstopped
because of normalization of plasma lactate. A sg&guoascle biopsy,

taken at 17 years, again showed severe reducti@¥/ 66 (7% of the
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controls’ mean) and CIV/CS (35%), whereas the oMBIC activities
were normal (Table 1). Sequence analysis of mtDNwed a
normal H2 haplogroup. He is now 19 years old withn@mal
scholastic performance. A recent ultrasound exaimimaevealed the
presence of hypertrophic cardiomyopathy with awrcteja fraction of
60%. An ECG showed sinus bradycardia (45 beatsnpe) but a
Holter ECG was otherwise normal. A neurological reketion was
normal, except for a reduction of skills in the extson of fine
movements, more evident in the left hand. Ophthatmopic
examination showed moderate bilateral optic atropfigual-evoked
potential showed an increased P100 latency, mor&eman the left
eye. Electromyography and nerve-conduction velogiye normal.
Informed consent for participation in this studyswabtained from the
parents of all individuals involved, in agreemerithwthe Declaration
of Helsinki and approved by the ethics committeethe Fondazione
IRCCS (Istituto di Ricovero e Cura a Carattere Riffieo) Istituto
Neurologico (Milan, Italy).

We first carried out exome-NGS in the index casée TDNA
extracted from fibroblasts was processed with theeSelect Human
All Exon 50 Mb kit (Agilent) and subsequently segoed as 76 base-
pair (bp) paired-end runs to an average coverage 120x,
corresponding to 9-12 Gb of sequence data. Readnadint was
performed with the use of the Burrows-Wheeler Adigr(version
0.5.8) applied to the human genome assembly hgtgleSnucleotide
variants and small insertions and deletions werécatied with

SAMtools (version 0.1.7). Given that mitochonduégorders are rare
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conditions, we excluded variants with a frequency.2% in “in
house” control exomes and public databases. Assyman
autosomal-recessive mode of inheritance, we searclier
homozygous or compound-heterozygous variants, wivete filtered
against (1) variants known to be associated withOWRfects and (2)
novel homozygous or compound-heterozygous variaitecting
genes that encode mitochondrial proteins listedlitoP2 (score >
0.5). This filtering procedure (Table S1 availabtdine) revealed that
our index case was compoundheterozygous for magtroMTOL: a
maternal ¢.1858dup (p.Arg620Lysfs*8) and a patemaR82G>A
(p.-Ala428Thr) (Figure 1A). The same mutations walso found in
her affected brother.

The frameshift mutation is predicted to introducg@ codon after an
aberrant sequence of seven amino acids (aa) (F&lecausing the
loss of the C-terminal 73 aa residued@% of the protein size); the
missense mutation affects an amino-acid residua428, which is
invariant in all available animal, plant, and yeapecies, including
Saccharomyces cerevisiae (Figures S2A and S2B). In addition, the
Ala428Thr change scored very highly for likelihotmdbe deleterious
according to ad-hoc softwares for pathogenicity dmtéon
(deleterious for Polyphen2: p = 0.999; Panther8044; MutPred:
0.903). The exome variant server (EVS) of the NHI®BD Exome
Sequencing Project reports a frequency of 0.0286,420) in the
American population of European origin for the &2&>A change,
whereas the ¢.1858dup change was not present idatadase. We

also excluded the missense mutation from our exdatabase, which
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contains 973 genomes from Europeans (=1,946 3lledesl from a
database of 300 alleles from consecutive controAR¥dmples from
subjects originating from northern lItaly.

To evaluate a possible influence of the two mutegtion the stability
of the transcript, we extracted mRNA from mutarirdblasts of
affected individuals 1 and 2 and retrotranscribednto cDNA.
Quantitative real-time PCR showed that the conbémhutant MTO1
transcripts was similar to that of wild-type (WTdntrol samples
(Figure 1B), and sequence analysis revealed thesepce of
comparable amounts of either mutant transcripta(dait shown),
indicating no RNA decay.

Next, we analyzed MTO1 on isolated mitochondria andtotal cell
lysates obtained from both mutant and control inaized
fibroblasts, using a polyclonal MTO1 antibody (Riatech). MTO1
is predicted by bioinformatic tools (MitoProt, Tat&) to be imported
inside mitochondria after the cleavage of a 25esa@rImitochondrial
targeting sequence. We synthesized the polypeptim@esponding to
the precursor, the mature WT, and the mature p20Qgsfs*8
truncated MTO1 species (TNT Transcription-Transkatbystem Kkit,
Promega). After performing SDS-polyacrylamide eilgghoresis and
electroblotting, we immunovisualized a band reariwith an MTO1
antibody in mitochondria (Figure 1C) and in fibrast lysates (Figure
S3). This band, which comigrates with a band cpoeading to the 74
kDa fulllength, mature in-vitro-synthesized MTO1 Ilyjeptide
(NM_012123, NP_036255), was markedly increased MimO1-

overexpressing fibroblasts (Figure S3).
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Figure 1. MTO1 Mutations

(A) Electropherograms oMTO1 of Pt2 showing the ¢.1282G>A (left) and
€.1858dup (right), both in heterozygosis.

(B) Real-time PCR on retrotranscribed cDNA from fiblasts of individuals 1 (P1)
and 2 (P2). The amount diITO1 transcript (hormalized to GAPDH levels) is
comparable in mutant versus WT control samples, (@djcating no mRNA decay.
Data are represented as mean + SD.

(C) Western-blot analysis of MTO1. Top: schematijgresentation of the precursor
WT MTO1 (isoform a), its mature species after chgey of a predicted 25 aa
mitochondrial targeting sequence in the N terminuand the mature
p.Arg620Lysfs8 mutant species. Bottom: Western-blot analysis isolated
mitochondria. Retic.: reticulocyte lysate usedifevitro protein synthesis; Prec.: in-
vitrotranslated 77 kDa MTOL1 precursor protein (gresrowhead); Ct: isolated
mitochondria from control fibroblasts; P2: isolateitochondria from individual 2
fibroblasts; fs8: in-vitro-translated 67 kDa mature protein camgyithe truncating
p.Arg620Lysfs8 variant (red arrowhead); Mat.: in-vitro-transtht#d4 kDa WT
mature MTO1 (black arrowhead). A faint crossreartyand is visualized in mt P2
sample (red asterisk), corresponding to the mapArg620Lysfs8 truncated
protein. An unspecific signal is present in mt sksg{gray asterisks). The position
of the 72 kDa molecular weight marker protein soahdicated. SDHA was used as
loading control.

(D) MRR measured in immortalized fibroblasts fron2Pin naive condition (P2) or
overexpressing1TO1 (P2+MTQO1), and in control subjects (Ctl, Ct2). MR&ues
are expressed as pMoleg@in/cells. Data are represented as mean 5 SD. t&ilo-
unpaired Student’s t test was applied for staissnificance. : p < 0.001.

98



In mutant mitochondria, the amount of the 74 kDatgin was clearly
reduced, whereas an additional band was detecteld, the same
electrophoretic  mobility of the in-vitrosynthesizedmature
p.Arg620Lysfs*8 MTO1 species, predicted to have aleatular
weight of 67 kDa. This result suggests that the p.Arg620L*@sfs
truncated MTOL is relatively stable (Figure 1C).

In order to prove the causative role of the MTOfiaras found in the
affected siblings of family 1, we first tested winet the expression of
WT MTOL1 cDNA could rescue the biochemical phenotype of muta
cells. Given that the MRC defects in Ptl and Phoblasts were
relatively mild and variable, we immortalized th&2 Fbroblasts using
pBABE-puro SV40 and evaluated the oxygen consumptiwough
microscale oxygraphy (Seahorse Bioscience XF-96)is Tassay,
which depends upon and reflects the cumulativei@enicy of the
whole set of MRC complexes, is more sensitive thdividual assays
of each compleX.We demonstrated a clear reduction of the maximal
respiration rate (MRR) in immortalized Pt2 cellsngmared to
immortalized control fibroblasts, which returned twrmal after
transduction with MTO1" -expressing lentivirus (pLenti6é Gateway
Vector kit, Invitrogen) (Figures 1E and S3). Thesult indicates a
pathogenic role of th®1TO1 variants found in Pt2 mutant cells.
Second, we sequenced the exons and exon-intrordanes ofiMTO1

in DNA samples from 17 individuals with early-ondetpertrophic
cardiomyopathy, lactic acidosis, and defective MREivities. We
found a single individual, Pt3, homozygous for thd282G>A
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(p.Ala428Thr) mutation, identical to that foundtime paternal allele
of family 1.
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Figure 2. Respiratory Phenotypes of Yeast Mutant $ains

(A and B) Respiratory activity of yeasitold strains transformed with
MTO1"" recombinant vector, (empty) vector, amutol*®**'™ and
mto1”"°°** recombinant vectors at 28°C (A) and 37°C (B). Respry rates
were normalized to the WT strain, for which thepiestory rate was 38.2
nmol min* mg* at 28°C and 28.9 nmol mimg* at 37°C. Values are the
mean of at least three independent experiments:t@ilyanpaired 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 humang|TO1 encodes the enzyme that catalyzes
the 5-carboxymethylaminomethylation (mnm5s2U34)tleé wobble
uridine base in mt-tRNA", mt-tRNA®Y, and mt-tRNAY. ° This
modification is usually coupled to the 2-thiolatiohthe same uridine
moiety, a reaction catalyzed by 2-thiouridylase¢cagled byMTO2
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(TRMU in humans [MIM 610230]); both these posttranscoipdi
modifications increase accuracy and efficiency oftDNA
translationt’ In order to further test the pathogenic role of MiEO1
mutations, we used the yeaSaccharomyces cerevisiae. We first
showed that the absence BfTOl (mtolA) was associated with
decreased respiration rate in yeast incubated A ZBigure 2A).
Second, we demonstrated that this phenotype ftolé& corrected by
expression of a recombinant yeddTO1l cDNA encoding protein
variant Pro622 corresponding to the human Arg620Ly8fshange
(Figure S2, Table S2). This result suggests tH#tpagh present in
human mitochondria, the Arg620Lys8s MTO1 variant is
functionally inactive. The respiratory phenotypetlbé mtol4 strain
was only partially corrected by expression of asye@combinant
MTO1 encoding protein variant Ala431Thr, correspondiiogthe
human Ala428Thr change (Figure S2, Table S2), vaseréhe
expression of yead?iTO1"" led to full recovery (Figure 2A). These
results were qualitatively unchanged, but drambyicamplified, in
experiments carried out under temperature-indut@sss conditions;
l.e., at 37°C (Figure 2B). However, neither thevgto of mtol4 nor
that of mto1”"%?%" or mto12***™ strains on oxidative carbon sources
was significantly impaired. The OXPHOS-negativevgio phenotype
of mtol mutants is in fact contingent on the presence @@>&5
transversion at nucleotide 1477 of the 15S rRNANIDNA.'! The
mutation disrupts the 77Gisgz base pairing in a functionally
relevant hairpin structure, which is part of theal#ing site (site A) of

the ribosome, where the codon-anticodon recognitiocurs™> This
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mutation confers resistance to the antibiotic pammrycin (Figure 3)
by destabilizing the hairpin and results in a sghithphenotype with
MTOL1 disruptiont' most likely due to impaired interaction between
unprocesseMTO1-dependent mt-tRNAs with ribosomal site"A.

The normal human mitochondrial 12S rRNA containsharpin
structure that corresponds to the paromomycinteesi®) variant in
yeast, becausei s, and Asss which are equivalent to yeast & and
Gisgz cannot form a pair. Incidentally, the well-knovpathogenic
m.1555A>G mutation of human mtDNA as well as thd484C>T
can establish a GosGisss pairing or the equivalent {bsAisss
pairing, respectively, both of which increase teegth of the hairpin
structure, thus letting paromomycin (and other agiycosides) bind
to site A (Figure 3}* As a consequence, the m.1555A>G and
m.1494C>T both confer aminoglycoside susceptibilioy human
MtDNA, being associated with a specific phenotygainoglycoside-
induced nonsyndromic deafness (MIM 580080%.

Given that human WT 12S RNA site A is structuraignilar to the
yeast B variant of the 15S RNA site A (Figure 3), we exted our
complementation analysis to a m.1477C>G mut&ryeRst strain.

We showed that, in contrast to thol4 paromomycin-sensitive
strain, themtol4 P? strain was unable to grow on oxidative carbon
sources such as glycerol (Figure 4A). The oxidagjxenth remained
abolished with the expression of a cDNA encodingt°?%; clearly
reduced with the expression of a cDNA encoding M&¥™ and
fully restored with the expression of a cDNA encafi
MTO1V (Figure 4A).
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Figure 3. A-Site Structures of Yeast 15S and Humah2S rRNAs
Secondary structure of site A of the WT yeast stfbBS rRNA, of the P
yeast strain 15S rRNA, of the WT human 12S rRNAJ ah the mutant
human 12S rRNA—the last two carrying either the SK6%r the 1494T
mtDNA mutation, both associated with®.PThe pairing of 1477-1583
nucleotides in WT yeast rRNA corresponds to that484-1555 nucleotides
in mutant human rRNA and confers aminoglycosideaspibility.

Likewise, the respiration rate, which was nearlholebhed in the
mtold P} strain, was not corrected by transformation witte t
Mto17"°*_encoding cDNA and only partially corrected by the
Mto142431 ™ encoding cDNA, in contrast to the full recoverytaihed

by expressing a MTOY cDNA (Figure 4B). We observed no
difference between MTOY andmtol mutant strains in the frequency
of “petite” colonies; i.e., respiration-defectivdones caused by large
deletions or loss of mtDNA (data not shown), whiodicates that
mutations infMTOL did not affect mtDNA stability.

Analysis in yeast clearly shows that while both ations are
detrimental for respiratory activity, the deleteiso effects of the
Pro622 protein variant is more severe than the Ala431Thr

replacement.
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Figure 4. PR and PS Yeast Phenotypes

(A) Spot assay ofmtold P? and P strains, transformed withMTO1V'
recombinant vector, (empty) vector, amtol™***'™ and mto1”"°%%*"
recombinant vectors. The assay was performed bytisgpodecreasing
concentrations of yeast cells 1010, 10°, and 16) on a medium
supplemented with either 2% glucose (upper paneB% glycerol (lower
panel). See text for details.

(B) Respiratory activity of yeadTO1""and mutant P strains at 28°C.
Respiratory rates were normalized to the WT strdor, which the
respiratory rate was 26.6 nmol mimg*. Values are the mean of at least
four independent experiments. Two-tail, unpairetedt 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 phgre associated
with the equivalent mutations in humans: the thiffécted individual,
homozygous for thTO1 mutation encoding the Ala428Thr protein

variant, equivalent to the yeast Ala431Thr, is ri@wears old, and in
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relatively well compensated condition, whereas\itlials 1 and 2,
who were compound heterozygous for MEO1 mutations encoding
the Ala428Thr and Arg620Lys® mutations, the latter being
equivalent to the yeast Pro62Xied a few days after birth of
intractable congestive heart failure and severiclacidosis.

MTO1 encodes a FAD-containing enzyme involved in
posttranscriptional modification of specific mt-tRB, thus
contributing to the optimization of mMtDNA-dependemtrotein
synthesis. However, similar to a recent reportheneffects on in-vivo
mtDNA translation offTRMU (MTO2) mutations.’ we failed to show
consistent alterations of mtDNA-dependent protgintisesis in Pt2
mutant fibroblasts assayed in standard conditfoBigure S4).
Hence, we evaluated the effect on mtDNA translation the
expression of cDNAs encoding the MEPP?? and Mtof'431™"
variants, versus MTOY, in the highly sensitivantold P? yeast
model’® Interestingly, the mtDNA protein synthesis in theols
strain expressing a cDNA encoding Mt®$?> was markedly
reduced, particularly for cytochrongeoxidase (Cox) subunits 1 and 2
and for cytochromd, similar to, albeit lesser than, the nuoitolA
strain. The mtDNA translation pattern in thol4 strain expressing a
cDNA encoding Mto2®*3'™ was similar to that of the1TO1""
strain, although some bands, such as those conéspto the Varl
and adenosine triphosphatase (ATPase) 6 polypsptidere slightly
reduced in the mutant versus WT strains (Figure 5).
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Figure 5. In-Vivo Mitochondrial Translation of PR mtold Strain
Transformed with WT or Mutant MTOL1 Alleles

Mitochondrial gene products were labeled witfS] methionine in whole
cells at 30°C in the presence of cycloheximide Tomin!® Equivalent
amounts of total cellular proteins were separate8&bDS-PAGE on a 17.5%
polyacrylamide gel, transferred to a nitrocellulosembrane, and exposed to
X-ray film. The mtol4 strain transformed with the empty vector (vector)
contained 40% of petite cells, thus reducing theeral signal. Cox:
cytochrome ¢ oxidase; Cob: cytochrome b; Atp: AVRtsase; Varl: small
mitochondrial ribosome subunit. In the mtolPro62&4ain, several bands,
particularly Cox1, Cox2, and Cob, are virtually sy, and the overall
pattern is similar to that of the (empty) vecton. the mto1**'™  the
intensity of some bands, including Varl and Atp§, slightly reduced
compared to thTO1"" strain, but the two patterns are similar, suggesti
mild impairment.

As expected, these results confirm that the effettthe Mtof™°%%"

truncating mutation are more deleterious on mtDNXskglation than
those of the Mto1***'™ missense mutation, in agreement with the

results of the respiratory and oxidative-growth rpdtgpes in yeast
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and of the greater severity of the clinical phepetyn individuals 1
and 2 versus that of individual 3.

The function of MTO1 could explain the variabilitpf the
biochemical defects, ranging from isolated CI deficy, as in Pt2
fibroblasts, to combined CI-CIV deficiency in PtAdaPt3 skeletal
muscle, or to combined CIII-CIV deficiency in Ptlbrbblasts.
Among the 13 mtDNA-encoded proteins, seven are ratdwof Cl,
three of CIV, two of CV, and one of Clll. This gedsstribution can
explain why mtDNA translation defects such as thassociated with
mutations ofMTOL can predominantly impair the activity of ClI, but
also that of Clll and CIV. The two mtDNA-encodedsnits of CV
are part of the FO component of this complex, thecfion of which is
not directly measured by the standard CV assayithHadsed on ATP-
hydrolysis, a function carried out by the F1 comganof CV. This
could explain, at least in part, why CV activity svassentially normal
in MTO1 mutant samples.

The presence of a FAD moiety in MTOL1 opens the ipdgyg that, as
observed for other mitochondrial flavo-enzymég? riboflavin
supplementation may be beneficial for correctidnleast in part, of
the biochemicaldefect and improvement of the clinical course.
However, we observed neither correction of MRC beical
activities (Table 1) nor improvement of oxygen ammgtion (data not
shown) by growing Ptl and Pt2 mutant fibroblasts 513 mM
riboflavin for 1 week. Likewise, addition of diffent amounts of
riboflavin (0.53, 2.6, 5.3, 13.3, and 26.6 mM) ta@lscerol medium

had no effect on either growth or respirationnabl mutant yeast
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strains (data not shown). These results indicata tboflavin
supplementation is ineffective, possibly because thuncating
mutation is too drastic and the missense mutataes dot affect the
N-terminal, FAD-binding domain of the proteih.

An additional source of complexity stems from theseence of
transcript variants encoding at least three diffe/dTOL1 isoforms.
Although isoform a is prevalent, being in fact twely one that we
could detect in fibroblasts, the presence of isobb (NM_133645,
NP_598400) and c¢ (NM_001123226, NP_001116698) iso al
predicted, each retaining a different extra-exosulteng in protein
sequences longer than those of isoforff &he existence and
functional significance of these longer variantse apresently
unknown. Notably, both mutations found in this stuaffect the
protein sequence common to all three isoforms, igtiad overall
impairment of the MTO1 function.

MTO1 and MTO2 (TRMU) take part in the same pathuwasplved in
posttranscriptional modification of specific mt-tRB.*° Interestingly,
specific TRMU mutations cause severe and sometifats liver
failure (MIM 613070)* and other mutations in the same gene have
been associated with reversible mitochondrial myfopd Here we
report mutations oMTOL associated with impairment of yet another
target organ, the heart, the severity of which setandepend on the
potential deleteriousness of the mutations. The ha@sms
underlying such diverse tissue and organ spegificit the same
enzyme or in the same enzymatic pathway is a atgdldor future

work in this rapidly expanding field of mitochondrrimedicine.
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Supplemental Data

wt (aa 618-627)
T I B D v 8 L 3 H B
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ACTATCAAGGGATGT GG T CTTP?TTSGTCCCATILGA

Figure S1. Sequence Analysis of ¢.1858dup

Electropherograms of tHdTO1 region around the ¢.1858dup mutation. The
MTO1 cDNA obtained by retro-transcription of RNA fronbfoblasts of
patient 2 was subcloned into pCR2.1 vector (Ingiém) in order to separate
the two alleles: the lower panel shows the alledeying the ¢.1858dup,
p.Arg620Lysfs8 mutation; the upper panel shows a wt sequenandielg

to the allele carrying the ¢.1282G>A, p.Ala431Thotation.
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Figure S2. Comparative Sequence Analysis of MTO1

(A) Interspecies alignment of MTO1 protein sequenadstained by
ClustalW software online.

Accession numbers: NP_598400.Homo sapiens]; XP_527435.2 Pan
troglodytes]; XP_532202.2 Canis familiaris|; NP_001069537.1 Hos
taurus]; NP_080934.1 NMus musculus]; XP_001235453.1 Gallus gallus];
NP_001076478.10anio rerio]; NP_611677.1 [Prosophila melanogaster];
XP_308209.4 Anopheles gambiae str. PEST]; NP_496169.1
[Caenorhabditis elegans]; NP_595531.1 $chizosaccharomyces pombe
972h-]; NP_011278.2 Saccharonmyces cerevisiae S288c]; XP_451040.1
[Kluyveromyces lactis NRRL Y-1140]; XP_956189.2Neurospora crassa
OR74A]; NP_178974.1 Arabidopsis thaliana]; NP_001045465.1 Qryza
sativa Japonica Group].

(B) Clustalw alignment between human (h) and yeastwyand mutant
MTOL1 protein sequences. The conserved human Alaesidue in position
428, which is replaced by a Threonine in our pasieand the corresponding
Alanine in position 431 of the yeast protein, aighlighted in yellow.
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iFbCt1 FbCt2 iFb P2  iFb P2+MTO1

Figure S3. Western-Blot Analysis of MTO1 in Fibrobbst Lysates

Top pand. Primary fibroblasts

Samples obtained from persons 1 and 2 (P1, P2¢@mtdols (Ctl, Ct2, Ct3)
fibroblasts (Fb) were loaded on 10% SDS-PAGE gdbttdd and
immunovisualized with an anti-MTO1 antibody. A btaarrow indicates the
band corresponding to tlie vitro synthesized mature MTOL proteidt).
An unspecific signal is present in fibroblasts fgeesterisks). SDHA was
used as loading control.

Bottom panel. Immortalized fibroblasts and TO1 transduction
Immortalized fibroblast (iFb) lysates of person P2) and controls (Ctl,
Ct2). “iFb P2+MTO1” corresponds to cellular lysatsbtained from
immortalized P2 fibroblasts, overexpressing wildgyMTOL1. A black
arrow indicates the band corresponding to matureOMTAN unspecific
signal is present in fibroblasts (grey asterisE)HA was used as loading
control.
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Figure S4. Mitochondrial Protein Synthesis in Fibrdlasts

The assay was performed in fibroblasts from threstrols (Ct1-Ct3) and
persons P1 and P2. The mitochondrial translati@mdymts on the SDS-
polyacrylamide gel are indicated according to Tef.
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Table S1. Variants Identified in Individual 2 by Exome
Sequencing

Individual ID #55554

Synonymous vartants | 11140
NSV 10196

NSV with frequency
<0.2% m “m-house” +| 331
public databases
=2 NSV / gene 14

known disease allele 0

known MRC subunits

and assembly factors 0
111i’[DL'I‘1101I1{11'i£’11 | (MTOI)
localization

NSV = missense, nonsense, stop-loss, splice-sgeumtion, insertions,
deletions; mitochondrial localization refers to fgins with a MitoP2 score >
0.5.
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Table S2. Primers Used for Yeast Studies*

PCR products and

Name Sequence
notes
MTOI1CFw gogogotegacgettactgecactattagteacg Primers amplifying the
entire yYMTOI gene.
encompassing both
MTOICRv gggggoagetecgacagtgagttgeecttttge promoter and
termination regions
MTO1A431TFw ‘ goatcattgeaggtatcaataceggattactategegecaagaaeg | Primers specific for

the amplification of
the A431T yMTO1

MTO1A431TRv cgttettggegegatagtaatccggtattgatacctgeaatgatee .
= sETETETTS =T = = mutant variant

MTOQ1P6224Fw gattacgattaccgteagttatgatagetitecactgaatgeaaace Primers specitic for
the amplification of
the P622* yMTO1
mutant variant

MTO1P622*Ry gtttgeattcagtggaaagetatcataactgacggtaategtaate

* The yeast strains used in this study are BY4rtdl (MATa his340
leu240 met1540 ura340 mtol::Kan®) (Euroscarf collection) and W303
Pimtol (MAT trpl-1 mtol::URA3). MTO1 PCR-products were cloned in
centromeric plasmids pFL38 or pFL39. Mutagenesis MiTOl was
performed using the overlap extension technique gHal., 1989) by using
external primers MTO1CFw and MTO1CRYv and internatagenic primers.
mtol strains were transformed with plasmids harboringpmwinutantMTO1
alleles by lithium acetate methods (Gietz and Wp2a82).
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Abstract

We report three families presenting with hypertioph
cardiomyopathy, lactic acidosis, and multiple defexf mitochondrial
respiratory chain (MRC) activities. By direct seqoieg of the
candidate gen®ITO1, encoding the mitochondrial-tRNA modifier 1,
or whole exome sequencing analysis, we identifiedeh missense
mutations. AIIMTOL mutations were predicted to be deleterious on
MTOL1 function. Their pathogenic role was experinaéigtvalidated
in a recombinant yeast model, by assessing oxelagivowth,
respiratory activity, mitochondrial protein syntifggsand complex IV
activity. In one case, we also demonstrated thg@ression of wt
MTOL could rescue the respiratory defect in mutant blasts. The
severity of the yeast respiratory phenotypes paxlyelated with the
different clinical presentations observed MTO1 mutant patients,
although the clinical outcome was highly varialsiepatients with the
same mutation and seemed also to depend on tintaly ef
pharmacological treatment, centered on the cowmtirddctic acidosis
by dichloroacetate. Our results indicate tihTOl mutations are
commonly associated with a presentation of hypphi©
cardiomyopathy, lactic acidosis, and MRC deficieranyd that ad hoc
recombinant yeast models represent a useful systentest the
pathogenic potential of uncommon variants, and idewnsight into

their effects on the expression of a biochemicainoitype.

KEYWORDS: MTOL1,; hypertrophic cardiomyopathy; lactcidosis;
mitochondrial disorder; yeast
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Introduction

Mitochondrial disorders are a group of syndromesocigsted with

severe dysfunction of oxidative phosphorylation @30S), the main
energy bioreactor of cells. Cardiomyocytes, withitlextremely high
request of energy, are one of the major targetsOdPHOS

impairment, and infantile hypertrophic cardiomydpatis a key
clinical feature in many mitochondrial disorderseWave recently
reported the first patients affected by hypertropt@ardiomyopathy
and lactic acidosis carrying mutations MTO1 (MIM #614702)

[Ghezzi et al., 2012]. Two were siblings, compotnederozygous for
c.1858dup (p.Arg620Lys#8) and c.1282G>A (p.Ala428Thr)
mutations, who died in their first days of life due sudden
bradycardia. Muscle and fibroblasts showed decteastivities of

mitochondrial respiratory chain (MRC) complex | Y@nd CIV. The
third patient, homozygous for the c¢.1282G>A (p.A8&Z%hr)

mutation, had also early-onset cardiac hypertroptly severe lactic
acidosis, and defective Cl + CIV activities in mleschowever, he
dramatically improved on a permanent treatment ditihloroacetate
(DCA) and cofactors, being now 20 years old withmpensated,
stable hypertrophic cardiomyopathy.

MTO1 (MIM #614667), a gene conserved in all eukaryotes;odes
one of the two subunits of the enzyme that catalyee 5-

carboxymethylaminomethylation (mnm5s2U34) of thebtle uridine

base in the mitochondrial tRNAs specific to GlIn, uGlLys,

Leu(UUR), and possibly Trp [Suzuki et al., 2011;Waat al., 2010].
The other subunit is encoded BYSSL in yeast andGTPBP3 in
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humans (MIM #608536). For mt-tRNAs for GlIn, Glu, 4,ythis
modification is usually coupled to the 2-thiolatiohthe same uridine
moiety, a reaction catalyzed by 2-thiouridylasecasled by yeast
MTO2 or human TRMU (MIM #610230). Both these
posttranscriptional modifications increase accuranyg efficiency of
mitochondrial DNA (mtDNA) translation by influenan tRNA
structure, binding to the ribosome, stabilizatidrthee correct codon-
anticodon pairing [Kurata et al., 2008; Murphy &t 2004; Takai,
2005;Umeda et al., 2005; Urbonavicius et al., 20dng et al., 2010;
Yarian et al., 2000; Yasukawa et al., 2001], andARecognition by
the cognate aminoacyltransferase [Kriger and Senend998;
Sylvers et al., 1993].

In our previous work, we investigated the functioc@nsequences of
the MTO1l mutations in a simple eukaryotic model system,
Saccharomyces cerevisiae [Ghezzi et al., 2012]. The analysis was
performed mainly in a mutant yeast strain harboriag C>G
transversion at nucleotide 1,477 of the 15S rRNADNA gene
[Colby et al., 1998], which results in a synthefibenotype with
MTOL1 disruption. The mutation disrupts the C1477-G15&3eb
pairing in a functionally relevant hairpin struaumhich is part of the
decoding site (site A) of the ribosome, where cedornicodon
recognition takes place [Yan et al., 2005]. Thistation confers
resistance to the antibiotic paromomycin by de$itrabg the hairpin.
We chose this strain because the human mitochdnti2i@ rRNA
contains a hairpin structure that corresponds & ghromomycin-

resistant variant in yeast. We showed that the ty@da431Thr
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change, corresponding to human Ala428Thr, reduc&dchondrial

respiratory activity, whereas the mutation equintléo human
Arg620Lysfs8 behaved as a null allele.

We present here the identification of five addistbMTOl mutant

subjects (two couples of siblings, and a sporadisetr who also
present with hypertrophic cardiomyopathy and laetidosis, thus,
strengthening a consistent genotype/phenotype latme. We

confirm the pathogenic role of the two novel muas in the yeast
model and, for the milder variant, by complemeptatstudies in

mutant fibroblasts.

Materials and Methods

Patients

Informed consent for participation in this studysaabtained from the
parents of all patients, in agreement with the Betion of Helsinki
and approved by the Ethical Committees of the tuntsts participating
in this study, where biological samples were oladin

We studied a first cohort of 30 patients with camlyopathy and a
biochemical defect of the MRC, affecting either aidne or multiple
complexes, and a second small group of four cagbsisolated CIV
deficiency and at least one affected sibling, pestive of their
clinical presentations (ranging from cardiomyopathyo
encephalopathy). Table 1 summarizes the main ealiniaboratory
and biochemical features of five patients from ¢hiamilies (Fig. 1A)
with  MTO1 mutations. All these subjects showed early-onset,

progressive hypertrophic cardiomyopathy, and laatidosis.
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Some did also display neurological features afifigcthe peripheral or
the central nervous system, or both, associatdu watropathological
abnormalities documented by MRI (Fig. 1B and C)tdided case

reports are described in the Supporting Information

Molecular Analysis

Genomic DNA was extracted by standard methods. &xaoal exon—
intron boundaries of humaWTO1 (NM 012123.3; NP 036255) were
amplified using primers listed in Supp. Table Skd analyzed by
Sanger sequencing. Whole-exome next-generatioresemg (WES)
and variant filtering were performed as describ&hdzzi et al.,
2012]. Nucleotide numbering reflects cDNA numberingth +1
corresponding to the A of the ATG translation @titbn codon in the
reference sequence, according to journal guidelines
(Wwww.hgvs.org/mutnomen). The initiation codon isdeo 1. All
variants reported have been submitted to LSDB
(http://www.lovd.nl/MTO1).

Biochemical Assays

The activities of MRC complexes and citrate syn¢thas muscle
homogenates were measured as described [Bugiaai.,eR004].
Microoxygraphy was used to measure maximal respirarate
(MRR), spare respiratory capacity (SRC), respisatoontrol ratio,
and oxygen consumption rate (OCR)/extracelluladification rate
(ECAR) in fibroblasts, using SeaHorse FX-24 or FXfthvernizzi et
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al., 2012]. For transduced cells, Fl4medium (Emme),
supplemented with EGF, FGF, insulin, and uridinaswsed instead
of DMEM.

In Silico Analysis

The pathogenicity of the human mutations was ptediby using five
bioinformatic tools based on heuristic methods: HARR
(http://www.pantherdb.org), SIFT (http://sift.jcerg), PolyPhen-2
(http://genetics.bwh.harvard.edu/pph2), SNPs&GOtp(Hsnps-and-
go.biocomp.unibo.it/snps-and-go), and MutPred
(http://mutpred.mutdb.org). Structural analysis vgesformed using
the structure ofChlorobium tepidum GidA (PDB ID 3CP8 at
http://www.rcsb.org/pdb/home/home.do). Models oftami proteins
were constructed using SwissModel (http://swissregrlpasy.org/)
and superimposed with Swiss-Pdb Viewer Magic fibl.tdProtein

regions were visualized by the RasMol software pgek

Analysis in Yeast

We used the yeast strain W303 ol (MATa« trpl-1 mtol::URA3)
[Colby et al., 1998].MTO1 was cloned in the centromeric vector
pFL39 [Bonneaud et al., 1991] through PCR ampliftca ofMTO1
and digestion withSall andsacl. The mtol mutant alleles were
obtained by site-directed mutagenesis MEOL fragment [Ho et al.,
1989], using suitable primers (Supp. Table S1). avittfragments
were cloned in théval and Sacl cloning sites of pFL3MTOL. The

mtol strain was transformed with pFL39 harboring wt or
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mutanMTOlalleles by lithium-acetate based methods [Gietz and
Woods, 2002]. Respiratory activity and in vitro BWNA protein
synthesis were performed as previously describedrigtos et al.,
2002; Goffrini et al., 2009]. Cytochrome oxidase activity was
measured according to Fontanesi et al., (2008)Bardentos et al.,
(2009) on a mitochondrial-enriched fraction prepaeecording to
Soto et al., (2009).

Lentiviral Transduction

The wtMTO1 cDNA was cloned into the pLenti6.3/V5-TOPO Vector
(Invitrogen, Carlsbad, CA, USA), and virions werdtaned as
previously described [Zhang et al., 2009]. Mutamd avt fibroblasts
were infected with viral supernatant and selecteonuexposure to 2

ug/ml Blasticidin (Invitrogen).

Results

Molecular and Biochemical Analyses in Human Samples

By Sanger sequencing we screen®ifTO1l in a cohort of
mitochondrial defective patients with cardiomyopatand found that
Ptl was compound heterozygous for the previouslgcrized
€.1402G>A/p.Ala428Thr mutation and for a novel naisse
substitution (c.1430G>A/p.Arg477His), whereas sigf Pt2 and Pt3
harbored a homozygous ¢.1232C>T/p.Thr411lle chéhge 1A). By

WES analysis on a second group of familial caseth v@lV
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deficiency (seMaterials and Methods) and no known genetic defect,

we identified an additional case, Pt4, with the sammozygous c.
1232C>T/p.Thr411lle change. Her clinically affectaster (Pt5) was

shown to harbor the identical homozygous variarg. (FA).

A
| |
|\
LAY LV ALY V]

AATCAACNCC T T TCACTGCNCCCTG
e I I
11 | |
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Figure 1. Pedigrees and radiological

electropherograms of theMTOl genomic

featured: Pedigrees and
region encompassing the

nucleotide substitutions in patients and availgideents. Black symbols
designate affected subjecB. Brain MRI of Ptl. Transverse FLAIR image
showing abnormal hyperintensity in the region o€ thlaustrum and

surrounding capsulae (arrow€): Brain MRI of Pt2. Coronal T2-weighted
sequence showing abnormal hyperintense signalshef thalami and

diffusely abnormal signal in the subcortical whitatter. Lesions are also
present in the brainstem. The cerebellar folianarenal.
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Spectrophotometric biochemical assays of the rasply chain
complexes activities revealed defects in Cl, CI¥ both (Table 1).
No clear evidence of CIll deficiency was obtained any tissue
sample of the present study, in contrast with aiptes study [Ghezzi

et al., 2012; #6 in Table 1].A partial but sign#it reduction in MRR,
SRC, and OCR/ECAR was measured by SeaHorse miteosca
oxygraphy in fibroblast cell lines of Pt1 and P&pp. Table S2).

In Silico Analysis

To test the potential deleterious effects of th@hpilllle and
p.Arg4d77His, we first used bioinformatic tools bésen heuristic
methods for predicting pathogenic variants. Thedigt®n of a
putative pathogenic change is based on evolutioranservation,
plus other features, such as predicted structifatte (Polyphen-2,
MutPred), predicted functions (MutPred), and Is®duence and gene
ontology score (SNPs&GO). Both mutations scored paoliably
pathological” prediction by each method (Supp. €&8).

We further tested the pathogenicity of these momstion the basis of
the structure of GidA, the eubacterial orthologMitbl. Its structure
has been resolved ik&scherichia coli, C. tepidum, and Aquifex
aeolicus [Meyer et al., 2008; Osawa et al., 2009; Shi et 2009].
GidA contains four domains: arg FAD-binding domain; a small N-
terminal insertion-domain 1; a largég insertion-domain 2, which
binds NADH; a largex C-terminal domain, which contributes to the
binding of the tRNA and promotes the dimerizatiomhwinmE, the
ortholog of Mss1/Gtpbp3.
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Figure 2. In silico structural analysiA: Alignment of Mtol proteins from
animals, yeasts, plants, and eubacteria aroundtedutamino acids. In
yellow the amino acids corresponding to mutationBhrdlllle and
hArg477His, in green the amino acid correspondingntitation Ala428Thr
[Ghezzi et al., 2012]. The corresponding second#mnycture elements for
the C. tepidum GidA structure are indicated and colored accordinlyleyer
et al. [2008].B: Structure of theC. tepidum GidA region around the FAD
moiety. Amino acids of the motif 2 of GidA whichrioi the FAD group are
indicated. For simplicity, the numbers refer to #nguivalent position in
yeast Mtol.C: Structure of theC. tepidum GidA region around the FAD
moiety superimposed to the model structure of Gitide wt structure of the
amino acids equivalent to threonines 414 (T414) 4ib8l (T415) in yeast
Mtol is in red. The predicted structure of the amacids equivalent to yeast
mutant isoleucine 414 (1414, corresponding to themdin mutation
Thr41llle) and adiacent threonine 415 (T415) iyetiow. For simplicity,
the numbers refer to the position in yeast Mi01 Overall structure of the
C. tepidum GidA with basic amino acids (in red), which fornpacket who
is predicted to bind the D-stem of the incoming BRN'he bacterial Arg436
residue (R436), equivalent to hArg477 and yArg481n magenta.
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Human threonine 411 (hThr4ll) is part of motif 2ghhis highly
conserved from bacteria to eukaryotes (Fig. 2A) Bndontained in
the a/f FAD-binding domain. Motif 2 includes residues frahe C-
terminus of shegt21, the loop betweef1 and the residues from the
N-terminal of helixa9. In C. tepidum GidA, this motif includes three
conserved residues: GIn366 (hGIn407, yeast GIn4XBly372
(hGly413, yGly416), and Glu375 (hGlu416, yGlu 418Ius Ser371,
which is either conserved or substituted consergBtiby threonine
(e.g., hThr412, yThr415). The residues are all ived in FAD
binding through interaction with the FAD ribitol é@rpyrophosphate
moieties (GIn366 and Gly372) or with the isoallox&z ring-
containing active site (Ser371 and Glu375) (Fig).2Boreover, the
side chain of serine 371 is oriented to the cemingl of isoalloxazine,
suggesting a functional role in the catalytic pssceand/or
binding/stabilization of FAD [Meyer et al., 200&}s a matter of fact,
substitution of Thr382 ir\. aeolicus GidA, corresponding to Ser371
in C. tepidum GidA, results in inability of complementing the
methylaminomethylmodification at position 5 of trid (mnn7)
during exponential growth of GidA-deficielid. coli [Osawa et al.,
2009]. We hypothesized that the substitution of rbpdilic
hThr411/yThr414 (corresponding to threonine at tasi 370 of
GidA) with a hydrophobic, bulky isoleucine changbe position of
the adjacent amino-acid residue (hThr412/yThr415 bacterial
Ser371). To support this hypothesis, we construatstluctural model
in which the threonine at position 370 (yThr4l4)swehanged to

isoleucine. This change altered the orientatiothefside chain of the
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adjacent amino acid and increased the distancdiveeldo the
isoalloxazine ring (Fig. 2C).

We identified the hArg477 residue in humans as \edent to C.
tepidum Arg436, which is located in a highly conserved |digiween
helicesa10 andall in the C-terminal domain (Fig. 2A). Arg436 takes
part in a cluster of several basic amino acids (lAy, and His),
conserved in bacteria and eukaryotes, and predictedorm a
positively charged pocket, which binds the phosphatf the D-stem
backbone of the incoming tRNA (Fig. 2D) [Meyer &t 2008; Osawa
et al., 2009]. The substitution of the equivalergirsne with alanine
in GidA of E. coli is known to decrease the efficiency of mnm
modification [Shi et al., 2009]. Therefore, we htipesized that
substitution of the fully charged human Arg477 witie partially
charged His477 could also decrease the affinity the incoming
tRNA.

Analysis in Yeast
To confirm the pathogenic role of p.Thr4lllle andirg477His
mutations predicted by in silico analysis, we iduwoed the
corresponding mutant allelesmtp1™* and mto1™*) in the
paromomycin-resistant yeast strain disrupted M@O1 (4mtolP?
strain). The parentaimtol P® strain is unable to grow on oxidative
carbon sources (Fig. 3A) [Colby et al., 1998]; thepression of
mtol™* mutant allele failed to correct this phenotype, mehs the
1R481H

expression ofmto
to a lesser extent than WATO1 (Fig. 3A).

was able to restore oxidative growth, although
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2% glycerol

% respiration rate
@
3

% CIV activity

Figure 3. Yeast studiesA: Growth of4mtol strain transformed witMTO1
wt allele, mo1™¥™ and mto1™* mutant alleles or empty plasmid on YP
medium supplemented with 2% glucose (left panelR%r glycerol (left
panel). Cells were pregrown on YP+glucose and glafeer serial dilutions
to obtain spots of 5 x 05 x 16, 5 x 16, and 5 x 18 cells/spot. Pictures
were taken after 2 days of grow. Respiratory activity oAmtol strains
transformed wittMTO1 wt allele, mto1™*®"", andmto1™* mutant alleles or
empty plasmid. Respiratory rates were normalizeth¢ostrain transformed
with wt MTO1, for which the respiratory rate was 34.7 nmol thimg ™.
Values are the mean of three independent expersmeydach with an
independent clone. Two-tail, pairetitest was applied for statistical
significance.=*P < 0.001.C: In vivo mitochondrial translation ofimtol
strain transformed witMTO1 wt allele, mto1™®*", and mto1™* mutant
alleles or empty plasmid. Mitochondrial gene prdduwere labeled with
[**S]-methionine in whole cells in the presence oflayeximide for 10 min
at 28°C. Cox: cytochrome oxidase; Cob: cytochromé; Atp: ATP
synthase; Varl: small mitochondrial ribosome sububi Cytochromec
oxidase (CIV) activity ofAmtol strain transformed wittMTOL wt allele,
mto1™*, mto1**", mto1™™ and mto1™* mutant alleles or empty
plasmid. Cytochromec oxidase activities were normalized to the strain
transformed with wMTOL, for which the activity was 368.8 units per mg of
mitochondrial proteins. Values are the mean of ehredependent
experiments, each with an independent clone. Twottapairedt-test was
applied for statistical significanceP < 0.01.
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Accordingly, mitochondrial respiration was abolidh@ both Amtol

andmtol™ strains, whereas it was restored by ite1*"

strain to
approximately 60% of the wt strain (Fig. 3B).

Since the p.Thr414lle mutation is predicted torahe position of the
adjacent Ser371, which participates in the catalgtocess involving
FAD and/or in its binding/stabilization, we carriedt a second set of
experiments in the presence of increasing condamiraf riboflavin
(from 1 to 25uM); however, neither defective oxidative growth nor

reduced respiratory activity of thatol™

strain were rescued by
riboflavin, suggesting that the catalytic activigf the mutant
Mto1™*is fully impaired (data not show). An alternatieplanation
is that the mutant Mtd#** is unstable and quickly degraded; the
absence of an antibody against the yeast Mtol ptegteus from
evaluating the levels of Mto1l in different mutatrags.

To analyze the molecular consequences of the plafir4and
p.Arg481His MTO1 mutations, we performed in vivotochondrial
protein synthesis (Fig. 3C). As previously observes detected
radiolabeled bands in theémtol strain corresponding to ribosomal
protein Varl, cytochrome oxidase subunit 3 (Cox3), and Atp
subunits (Atp6, Atp8, Atp9), whose levels were &amto those of the
MTOL strain. However, cytochromeoxidase subunits 1 and 2 (Cox1
and Cox2) and cytochrome(Cob) were absent. Thatol™* strain

behaved like the Amtol strain, whereas mto1™*"

was
indistinguishable from wtMTO1, as previously observed for
mtolA431T. Accordingly, CIV activity of mto1™* and mto17%%

strains was indistinguishable from that dftol strain (4%—7%
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relative toMTOL1 strain), it was 70% imto1***!" relative to the wt,
and identical to the wt imto1™*™" strains (Fig. 3D) (Supp. Table S4).
In mtol™* mutant strain, we measured the CI-ClIl activity
(following the reduction of cytochrome in presence of NADH as
electron donor and KCN as inhibitor of cytochromexidase), to
identify a possible explanation for the respiratphenotype but no

reduction was observed (data not shown).

Complementation in Fibroblasts

To further confirm the pathogenic role of the mildmutation
p.Arg477His, we analyzed the respiration in fibesté from Ptl,
compound heterozygous for p.Arg477His and p.Ala428Tafter
transduction with a recombinant lentiviral constregpressing the wt
MTO1 cDNA. Infected cells were cultured in F14 mediumriehed
in growth factors, to facilitate the recovery aftefection and speed
up cell growth. In our experience, these culturwogditions increase
the values for SRC, an indicator of the bioenecgedserve, in both
control and mutant cells. Infected Ptl fibroblasteowed marked
increase of MRR (+146%) up to normal values. A nMIRR increase
(+34%) was also observed in MT®1cells (Supp. Fig. S1). These
results support a causative role for both p.Argdg@dhd p.Ala428Thr

MTOL variants in defective mitochondrial respiratiaf Pt1.
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Discussion

A quite broad phenotypic spectrum was observe1ifO1 mutant
patients: from severe, rapidly progressive, ultehatatal presentation
in two compound heterozygous children for Arg62dky% and
Ala428Thr mutations [Ghezzi et al., 2012], to fuh@int postnatal
phenotype, or severe, but long-lasting, encephatdiemyopathy in
the two families with a homozygous p.Thr411lle ntiota (this work),
to benign, compensated hypertrophic cardiomyopatitiha modest
neurological abnormalities in patients [Ptl in tisrk; Pt3 in Ghezzi
at al., 2012], bearing two missense mutations.

In silico analysis suggested potential pathogeolie for the missense
MTO1 mutations identified in our patients, but the yeasbdel
allowed us to experimentally confirm their delebes effects,
dissecting the contribution of single allelic vauieand giving an idea
of the severity of each mutation. As summarize®&upp. Table S4,
the severity of the yeast phenotype associated mtibh mutations is:
yArg481His (hArg477His) < yAla431Thr (hAla428Thr) <<
yThr4l4lle (hThr4lllle) = yPro622(hArg620Lysf$8) ~ mtolA. In

1™ mutant is intermediate between

particular, the behavior afto
that of themto1”***" mutant, and that of thkITO1 wt allele as far as
oxidative growth, respiratory activity [Ghezzi dt,#012], and CIV
activity are concerned. A moderate effect of thergd81His
substitution is in agreement with the observatioat the Arg versus
His change is electrostatically conservative, tlgeivalent Arg in
GidA from C. tepidum being predicted to participate in a positively

charged pocket, formed by several Arg, Lys, and tdsdues, that
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binds the phosphates of the D-stem backbone oihtteening tRNA.
This was confirmed by the partial, but significamgluction of oxygen
consumption but virtually normal CIV and CI-Cllitaaties detected
in themto1™" mutant strain. A defect of CV in theto1™*" mutant
is unlikely, owing to the presence of normal amoah®Atp6, Atp8,
Atp9, and the previous observation that yeast reragarrying
mutations in ATP6, 8, or 9 display defective oxidgatgrowth but
normal respiratory activity [Dujon, 1981] or reddceespiratory
activity due to an indirect decrease of CIV [Kudm@k et al., 2009].
Both mto1T4141 and mtolP622X alleles behave as the null allele as
for oxidative growth, respiratory activity, mitoahdrial protein
synthesis [Ghezzi et al., 2012], and CIV activdiheit it is unclear if
this is due to instability or loss of function bt mutant protein.

In some patients wittMTO1 mutations, the clinical presentations
seemed to depend on the genotype and partly to lgomith the
phenotypic observations in yeast. For instance,ptiesence of one
allele expressing the p.Ala428Thr variant, which, yieast, is of
intermediate severity, is probably not sufficient complement the
defects caused by the variant Arg620Ly&fswhich is functionally
null. Contrariwise, patients homozygous for thelpd®8Thr mutation
[Ghezzi et al.,, 2012] or heterozygous with the lessvere
p.Arg477His mutation (Ptl in this report), havedeil symptoms, and
are alive and relatively well at 20 and 14 yearsagé respectively,
although both with compensated hypertrophic cargimpathy.
However, in spite of carrying the same mutant ggmet(Thr411lle),
the disease course was very different for the petief the two

141



families presented in this article. Although Pt2daRnt3 both had
perinatal onset and died very early, Pt4 and Pé&sgnted with the
first symptoms after only a few months of life ayet have reached
adolescence, being now 19 and 12 years old, regplct This

observation highlights the importance of genetied anvironmental
variations in modulating the phenotype in humanss tempting to
speculate that, in addition to protection/risk denefactors

differentially expressed in the two families, théfetent outcome
could be due to the different pharmacological veation, which was
merely supportive in the first family, whereas umbtd timely

correction of lactic acidosis in the second, follogv DCA

administration. Although the number of report®tifTO1 mutant

patients is very low, as a matter of fact all paSethat survived
beyond infancy and are still alive had chronic DE#&atment starting

immediately after the clinical onset. DCA was rekadnly effective

on metabolic acidosis, suggesting that vigorousttnent of this life-
threatening condition allows compensatory mechasigntiake place,
which can mitigate the effects of hypertrophic camdyopathy. DCA

administration should therefore be considered MTO1l mutant

patients. In spite of these encouraging effectssarvival, DCA

treatment could not prevent the development of alegical

symptoms associated with highly deleterious mutatisuch as the
Thr41llle in Pt4 and 5, suggesting that neurodegéioa can

progress independently from the correction of tregaiolic status if
MTO1 function is severely impaired.
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Given the role of MTO1 as an optimizer of mtDNArséation, MTO1
mutations can be associated with any combinatidiRE deficiency,
from isolated CIV deficiency (Family 2 in this aie) to combined CI

+ CIV deficiency, the most common biochemical signa observed

in MTO1 mutant cases, to combined CIV + CIII deficiency, as
previously reported [Ghezzi et al., 2012].

A rather specific genotype/phenotype correlatios ibeen reported

for several mutant factors involved in mtDNA traigin [Rotig,
2011], an observation that still requires a finessdction of the
pathomechanism. Hypertrophic cardiomyopathy seemsbé the
clinical hallmark ofMTO1 mutations, although in the present study
most of the patients were preselected on the bakisardiac
symptoms. In addition to the heart, clinical/radgital signs of brain
involvement were clearly present in sevekéilfOlmutant patients.
Interestingly, a recently reported patient, camyin.Gly59Ala and
p.Thr308Ala MTO1 compound heterozygous changes, showed
refractory infantile spasms and CIV deficiency, bub cardiac
involvement [Vasta et al., 2012].However, the pgtric role of
these very variants remains unproven and the c.8@&2AThr308Ala

iIs reported as a SNP (dbSNP: rs145043138) with momallele

frequency of 0.3%.

1A431T 1R481H

Yeast strains harboringto or mto mutant alleles did show
no evident defects in mitochondrial proteins systie this
observation is concordant with the lack of obvioogairment in

MtDNA translation found in Ala428Thr and Arg620Ly$f mutant
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fibroblasts [Ghezzi et al., 2012], suggesting thatpathogenic effects
of MTO1lmutations are not due to reduced levels of mtDNéoeed
subunits of the respiratory chain. Likewise, mitoatirial protein
synthesis was not reduced in cells carrying det@isrmutations of,
or having been knocked down fdvyTO2TRMU [Sasarman et al.,
2011]. It is possible that amino-acid substitutiotiat is, qualitative
alterations of the primary structure of mtDNA piiate rather than
quantitative decrease of global protein synthasigy play a major
pathogenic role in both MTO1 and MTO2 mutant cellhie 5-
carboxymethylaminomethylation and the 2-thiolatiminthe wobble
uridine increase the accuracy of translation whemgline is the third
base of GIn, Glu or Lys codons, and prevent coddit@don pairing
when the third base is a pyrimidine [Kurata et 2008; Murphy et al.,
2004; Yarian et al.,, 2002]. Accordingly, in Ala42&T and
Arg620Lysfs«8 compound heterozygous fibroblasts, mtDNA-
dependent CI, CIll, and/or CIV showed reduced #gtivn spite of
quantitatively normal mitochondrial protein syntisesuggesting that
errors in translation can determine the synthesisgumlitatively
altered CI,CIll, and CIV mtDNA encoded subunits p2hi et al.,
2012]. Likewise, CIV activity was reduced in tmao1**'" yeast
strain, although the total levels of Cox1, Cox2] &ox3 were similar
to those ofMTOl1l wt. This hypothesis is testable, by systematic
investigation of human or yeast mutant cells, tgloumass
spectrometry and other proteomics approaches. Agngqbssibility is
that MTO1 may play a second role in mitochondrizsithes 5-
carboxymethylaminomethylation of the wobble uridias previously
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reported for other enzymes, which modify tRNA in ctesia
[Nicholson, 1999; Roovers et al., 2008] and, patdyt forMTO2
[Sasarman et al., 2011].Alternatively, the 5-
carboxymethylaminomethylation of the tRNA can haagditional
functions besides the optimization of mitochondticnslation, as
hypothesized for the thiolation of the wobble positcatalyzed by
MTO2 [Sasarman et al., 2011].

This study confirmed thaMTOl1l mutations are associated with a
mitochondrial disorder, characterized by hypertioph
cardiomyopathy, lactic acidosis, and MRC deficienalpeit with a
broad range of severity and frequent involvemenbraiin, possibly
depending on the treatment. Moreover, we showetdthigause of a
suitable recombinant yeast model can validate #tbggenic role of

variants found in human patients.
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SUPPORTING INFORMATION

Case reports

Patient 1

Patient 1 (Ptl) was born at 40 weeks of gestatsotha first child of
non-consanguineous ltalian parents (Figure 1A)thBweight was
3200g (50" percentile), length 52cm (B0 percentile), head
circumference 36¢cm (80percentile), APGAR scores 9-10. On her
second day of life the patient became apnoeic satere metabolic
acidosis and lactic acidemia (8-12mM n.v. <2). Ndetec work-up
showed high plasma alanine ({&0; n.v. 180-400), and increased
urinary lactate, pyruvate, and Krebs cycle interiaited. Metabolic
acidosis failed to respond to intravenous sodiucarionate, thiamine
and biotin, but markedly improvement was obtainedy b
dichloroacetate (DCA 50 mg/kg/day initially, lateswered to 25
mg/kg/day), with dramatic reduction of plasma léet{a3mM).

A muscle biopsy, taken at 15 days after birth, stwbwultiple defects
of MRC complexes, with strong reduction (<5% residactivity) of
Cl and CIV activities. The child was dischargedheat age of 1 month
in good control of blood lactate levels (<3 mM) enahronic DCA
treatment. The clinical course during the followingars was
complicated by feeding difficulties, failure to b and neurological
symptoms, e.g. myoclonic seizures for the first ryeaf life.
Nowadays, aged 14 years, her weight is at th® @ércentile,
neurological development is moderately delayedh wilypotonia,
dystonia and poor speech. Several brain MRIs shoatmtbrmal
bilateral hyperintensities in the capsulae surraundhe claustra
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(Figure 1B). From the age of 8 years she has sdfef hypertrophic
cardiomyopathy, particularly in the posterior wailthe left ventricle
(6 mm, n.v. 4) with reduced systolic fraction (40%]} age 7 years,
DCA treatment was stopped because of abnormabtiegsual and
brainstem evoked potentials and nerve conductiohocites.
Subsequent metabolic follow-up revealed mildly ated blood
lactate but no further episodes of metabolic acglds second muscle
biopsy at 8 years again showed severe reducti@i (£4%) and CIV
(27%) activities, whereas the other MRC activitisre normal.
Oxygen consumption, assessed through micro-oxygrapleultured
fibroblasts, displayed significant reduction of MRFESRC and
OCR/ECAR whereas RCR, an index of mitochondrial GXFS

coupling, was normal (Supp. Table S2).

Patient 2
Patient 2 (Pt2) was born at 37 weeks of gestatiorih( weight of

' 1cousin

2.38kg; &' percentile) as the male first child o
consanguineous Pakistani parents (Family 1; Fig&je On the first
day of life, he developed severe poor feeding aitd nypoglycaemia
and was admitted to the Special Care Baby Unit.rQke first 3
months of life, he developed hypotonia, his weiggih was poor and
an echocardiography (performed at 3 months of agmause of the
detection of a cardiac murmur) demonstrated selefteventricular
hypertrophy with posterior wall thickness (8mm)ctia acidemia was
noted, with blood lactate varying between 9.5 amti6 1mM.
Metabolic work-up showed high plasma alanine (890n.v. <400),

and increased urinary lactate, 3-methylglutaconicid a and
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accumulation of Krebs cycle intermediatAsmuscle biopsy, taken at
6 months of age, showed decreased staining foclkyamec oxidase
(COX) and severe deficiency in both CI and CIV atgs (<10%
residual activities). Brain MRI showed symmetricabjlateral
abnormal signals in fornices, globus pallidus, dhals, subthalamic
nucleus, substantia nigra, dorsal mesencephalog @od to a lesser
extent dentate nuclei of the cerebellum (Figure. l&)actate peak
was detected on [H+]-MR Spectroscopy. The clinibalirse during
the following months was complicated by persisteybotonia and
failure to thrive despite nasogastric feeding. &trionths of age the
child developed pneumonia associated with worsemmggabolic
acidosis and died of irreversible cardiorespirataryest. Oxygen
consumption assessed by micro-oxygraphy in culturbtbblasts
displayed significant reduction of MRR, SRC and @BRAR with
normal RCR (Supp. Table S2). The mtDNA sequencensasal.

Patient 3

Patient 3 (Pt3), the younger brother of Patienwa&s born at 34 weeks
gestation (birth weight of 2.17kg; ®®ercentile). This child was born
with hypospadias and an accessory digit at the bagbe palmar
aspect of the left thumb. In view of the family thiy, plasma lactate
was monitored in the neonatal period and foundetelevated (7-10
mM). An echocardiogram at 1 month of age showedd nhdft
ventricular hypertrophy with a posterior wall thidss of 7mm. His
subsequent clinical course was complicated by fegdifficulties and
failure to thrive. He was admitted for nasogastuige feeding and no

further invasive investigations were performedhat family’s wishes.
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He received palliative care and died suddenly atéat the age of 3

months.

Patient 4

Patient 4 (Pt4) was born at term as the first fenthild of £'cousin
consanguineous Pakistani parents (Family 2; Figée No feeding
or respiratory difficulties occurred in the periaaperiod. At three
months of age, she developed severe metabolic @sidath lactic
acidemia associated with bronchiolitis-like illnebtetabolic work-up
showed increased urinary lactate. A muscle biofad¢en at 3 months
of age, revealed decreased histochemical reactivityCOX and a
severe CIV deficiency (<10% of controls), with Cligity reported as
normal. Echocardiography demonstrated mild biveolar
hypertrophic cardiomyopathy, which improved on aescans over a
number of years and did not require medication. dlivecal course
during the following years was complicated by speand language
delay, failure to thrive and recurrent hospital &hions with lactic
acidosis associated with intercurrent infectionghvein admission to
intensive care at age 2 years due to generalisezliree and
encephalopathy. Nowadays, aged 19 vyears, her wedight3®
percentile, her psychomotor development is mildiagled and she is
in special secondary education. Her menarche asgturormally, at
13 years of age. The frequency and severity of ssions has reduced
gradually with age and her last acute admissionagasl 8 years. She
has persistent fatigue with chronic lactic acidq&$-8.0mM) and

Vitamin D deficiency for which she takes regulagaralciferol and
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sodium bicarbonate supplements. DCA was used mdgudltam the
age of 16 years with a reduction in resting plattate levels to 4.0

mM but has now been stopped.

Patient 5

Patient 5 (Pt5), the younger sister of Patient 4 tn@rn at term (birth
weight of 2890g; 8-25" percentile), with no perinatal respiratory or
feeding difficulties. At five months of age the jeat developed
severe metabolic acidosis and lactic acidemia (r8R®1), associated
with an upper respiratory illness. Echocardiogragtegmonstrated
dilated cardiomyopathy with left ventricular hypeghy and an
electrocardiogram demonstrated a Wolff-Parkinsont&/kyndrome.
Metabolic work-up showed high plasma alanine (885 and
increased urinary lactate with ketonuria and dicaybic aciduria. A
muscle biopsy, taken at 7 months of age, showedasifindings to
her sister, i.e. severe COX defect. She had a durtbevere
decompensation aged 9 months associated with boditishand was
ventilated for 4 weeks with repeated attempts aileation failing due
to rising lactic acidosis and worsening cardiomybpa(fractional
shortening 15%), with pericardial effusion. She uieed drug
treatment for cardiac failure and her lactic acislagas successfully
treated with DCA at 50mg/kg/day with plasma laclateels falling to
3.0 mM. The clinical course during the following aye was
complicated by psychomotor delay, increasing lolab spasticity,
failure to thrive (needing nasogastric feeding) aacurrent hospital
admissions with lactic acidosis associated witkreurrent infections.
Nowadays, aged 12 years of age, her weight anchheig at <%
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percentile and psychomotor development is seveatelstlyed. She is
able to walk independently but has no speech amidell non-verbal

communication; she is also in special educatiore frequency and
severity of admissions has reduced gradually wgd and her last
acute admission was at aged 11 years. Her cardjpatlyp has

gradually improved with a fractional shortening3®6 and she takes
only digoxin and lisinopril. Chronic DCA has beeisantinued. Full

mitochondrial DNA sequencing was negative in tlamily, as was

the diagnostic screening of several COX assembbtofagenes

including COX10 andCOX15.
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Supp. Figure S1.

0,0120 1
NS
0,0100
*k
0,0080|
% 0,0060
=
0,0040
0,0020
0,0000 4 T T T
ct Ct +MTO1 PE1 Pt1 +MTO1
Pil Ct
naive +MTO1 Fold naive +MTO1 Fold
increase increase
MRR 41 102 25 100 134 13
SRC 52 177 34 100 223 22
RCR 03 132 14 100 130 13

Complementation in fibroblasts. Maximal respiratiate (MRR), measured
in fibroblasts from Patient 1 (Ptl) and a contrabject (Ct), in naive
condition or overexpressing MTO1 (+MTO1). MRR vause expressed as
pMolesO2/min/cells. Data are represented as me&aD.fTwo-tail, unpaired
Student’s t test was applied for statistical sigaifice. ***: p < 0.001; **: p

< 0.01; NS: not significant (p > 0.01).

The percentages of maximal respiration rate (MR&Pare respiratory
capacity (SRC), respiratory control ratio (RCR)pitient 1 (Ptl) compared
to a control subject (Ct), are listed in naive dbood and after
overexpression of MTO1 (+MTO1). The values of untreated control
fibroblasts were considered as 100%
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Supp. Table Sloligonucleotides used in this work

Human MTO1
exon

Forward primer

Reverse primer

1

TCCCTCACCAGGAAAGTAGCTC

CCCCGCTTCAGACCGG

GTAGTATATCTTITCACGTTITCTATIT

TCCTTGAATAAGCAACATATCTCCA

3 TTTATCAT C

3 ATTGCACCACTGCCCTCC TTACAGTACTICCIGCIGIG

5.6 TLASTOICTATIAAAGTCAGTACGTA | 16ACTGTAGCTAAGGCCTCCTCAC

7 TTTTTAAAGGGCATTITAAGGGTAATG | AGCCATCTCCAAACACCCTG

g CAATACTTGCTTICTICCTGTICCe | 4 CTOTOOTTTITAAAGCAAATITITT
5 CAAGAGGATCACTTGAGGCCA AACGGATTTTGAAAAGAAGCCAA

10 i(ﬂ?rﬁemmf\_ncmmmcm TGTAGGTGTTGCAATGCTCTTAGC

i AAAGGGAACACCTACCCAAC GGCCATTATAACCCCAGGTT

12 TCAGTTTCOCATTIGTAAAATGAAGA | STTCAGTTTTAGGTTCACTGTCTCTC

TC

Yeast WTOI

Forward primer

Reverse primer

Cloning® gzzzgGTCGACeettactgccactattagtcacs, gzezgGAGCT Cogacagtzagttgcecttttze
Mutagenesis cttcacttaaatctigagggcatec gragatcigititcagocigiagg

T4141 gecggacaaataaatggtaTtacaggctacgaggaagee | cggeticctegtagoctgtaAtaccatttatttgtoegec
mutagenesis® g

F481H cagaattcagaatcagegtaCATgecgataacgcagact | cigaagtetgegttategge ATGtacgetgatictgaatte
nmitagenesis® ftcag tz

%In upper case the endonuclease restriction sites

® In upper case the bases which are changed todinteothe desired

mutations

Supp. Table S2. oxygen

acidification measurements in fibroblasts from patents 1 and 2 (Pt1 and

consumption

Pt2)
Pi1? Pr2°
% of Ct t-test vs Ct % of Ct mean t-test vs Ct
MER 61 14*10° 46 27107
SRC 50 0.0%107 46 3.6*107
RCR 86 013 06 093
OCRECAR 40 2.1*%10° 26 6.9%107

and extra-cellular

Values are reported as percentages of the con{f@fsmean; unpaired two-
tail Student’s t-test was used for comparison betwgatients and controls.
Measurements were performed in a Seahorse XEp6or( XF24 f)
instrument.
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Supp. Table S3.in silico prediction of pathogenicity for MTO1

mutations
SIFT Polyphen-2 PANTHER SNPs&GO MutPred
hThr4411le
(vThr414Ile)
Probably
Prediction Damaging ) 0.95106/1 Disease 0.892/1
damaging
Low
Confidence Reliability High 5/10
confidence
hArg477His
(vArg481His)
Probably )
Prediction Damaging ) 0.937609/1 Disease 0.7101
damaging
Low
Confidence/Reliability High 4/10
confidence

Supp. Table S4.severity of the phenotypes associated withtol
mutations in yeast

Human Yeast Yeast phenotype”
mutation mutation

Oxidative Respiratory Mitochondrial CIV Severity

growth activity protein activity

svnthesis

Arg47THis Argd8lHis | i = = less severe
Alad28Thr Ala431Thr  [] 1l = 1 infermediate
Thr411lle Thr4141le” ||l 11l L1 Ll most severs
Arg620Lysfs*8 Pro620** [l 1Ll 11 Ll most severe

% Thr414lle and Pro620* behave as the null mutatitwi.
b: “=” indicates that the phenotype is the same canegp toMTOL wt, “| | |”
indicates that the phenotype is the same compartéx thullmtol allele
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CHAPTER 5
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SUMMARY

The scope of my thesis was the identification afegeresponsible for
an adult-onset neurological syndrome occurringwn half-siblings,
and for a hypertrophic cardiomyopathy and lactic@sis in infantile
patients with mitochondrial respiratory chain désec

For both groups, the identification of the corresiog disease gene
was carried out by whole-exome-sequencing (WESIis #@cthnology
has revolutionized biology and medicine, accelegattonsiderably
the discovery of disease genes. The great chall@ig®VES is
represented by the enormous amount of variantstifdeh per
sequenced exome. To reduce the amount of variams,used
appropriate filtering, such as mode of diseaseritdree, segregation
in families, possible correlation with clinical sptoms, and, for
mitochondrial diseases, localization of the coroesjing protein in
the organelle.

When possibly causative variants were identified, second step was
the demonstration of the pathogenic role of mutgtesteins, by
appropriate experimental procedures. In particuldor the
characterization and complementation assays we aekdar models
in both the studies, while the yeast model was ufmd the
mitochondrial disorder.

An additional step, which can increase the relegavicsingle WES
studies, was the screening of the identified desepses in patients
with similar clinical phenotypes. In this sense have obtained good
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results for the screening MTOL, the gene responsible for the above

described mitochondrial cardiomyopathy.

GFAP and HDACG6

We studied a family with two half-siblings, sharitige same mother,
affected by a progressive adult-onset neurologsyaldrome. The
elder patient (P1) had a mild movement disordethwibgnitive
impairment, while her brother (P2) had a severeomogeuron disease
of limb and bulbar district without cognitive dateation. Although
they presented different clinical features, the MRboth patients was
compatible with AOAD. However, the screening of tbanonical
isoform of the gene responsible for this diseadeARsa, ruled out
mutations.

WES analysis revealed a heterozygous variant (6G28, p.R430H)
in GFAP< isoform in both patients. This nucleotide changasw
absent in the healthy mother and in all tested lfamiembers. In
addition, these two patients have a different fatls® the more
consistent hypothesis is that the mutation wasstréited by maternal
germinal mosaicism.

Because GFAR-is an IF protein that participates with GFARA the
formation of the GFAP network, | evaluated the dgmg effect of
the mutation in GFAR-isoform. | transfected astrocytoma U251-MG
cells (expressing endogenous GF&Pwith GFP-GFAP:" or GFP-
GFAP€* and then | analyzed the IF meshwork. The resuk wa
that GFP-GFART*®™ on the contrary of GFP-GFA#, is
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inefficiently incorporated and perturbs the GFAPtwwk in
astrocytoma cells.

Since P2 showed different clinical features, welyaeal further gene
variants present in P2 but not in P1, by a prinaiion software, using
“training genes” associated with MND. The highesiore was
achieved byHDAC6, on chromosome Xpl11.23, encoding deacetylase
6. The P865S change does not alterHIDRACG transcript levels, but
damages its deacetylase activity. In fact, acetglahalpha-tubulin
levels, its main substrate, was consistently irsgda and
immunocytochemical staining showed abnormal cluwipacetylated

alpha-tubulin in the perinuclear region of P2 fitdests.

MTO1

We started this project studying a family with tgiblings affected by
infantile hypertrophic cardiomyopathy and lacticidasis with
mitochondrial respiratory chain deficiency mainlifeating CI and
CIV. Unfortunately, both patients died about 1 niomtfter birth
because of sudden bradycardia unresponsive to cregion
procedures.

First of all, we sequenced known genes associateditochondrial
cardiomyopathy, such asACAD9, AGK, S.C25A4, TAZ and
TMEM70, without any positive results. So we carried ol ESMn one
of these patients. To obtained the causative Vlaoérdisease, we
excluded variants with a frequency >0.2% in pul8iP databases,

being mitochondrial diseases rare conditions, arel censidered

167



homozygous or compound-heterozygous variants, asgunan
autosomal-recessive mode of inheritance. In additi@riants were
prioritized taking into account if 1) they affectpdoteins with a link
to mitochondrial functions and 2) they are compatetlly predicted
to alter protein function. This filtering analysigvealed that our
patients were compound-heterozygous for mutationgMiTOl: a
maternal c¢.1858dup (p.Arg620Lysfs*8) and a patemaR82G>A
(p.Ala428Thr).

MTOL protein is involved in the posttranscriptiomabdification of
the wobble uridine base in mt-tRINA mt-tRNA®", and mt-RNAS,
necessary for accuracy and efficacy of mtRNA tratinsh.

In order to prove the causative role MTOl1 variants, we studied
whether the expression of wWMTOl cDNA could rescue the
biochemical phenotype of mutant immortalized fidesib from P2.
The evaluation of the oxygen consumption showeaduation of
maximal respiration rate (MRR) in immortalized fibfast, which
returned to normal after transduction with MTO1"-expressing
lentivirus.

To test the pathogenic role of tMTO1 mutations we used also the
yeast Saccharomyces cerevisiae, assessing oxidative growth,
respiratory activity, mitochondrial protein syntleesand CIV activity.
In particular, we used atold paramomycin-sensitive (P strain
because human 12S RNA site A is structurally simidathe yeast 15S
RNA site A of the P strain. We showed that the yeast Ala431Thr
change, corresponding to human Ala428Thr, reducB€ Mctivities,
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whereas the mutation equivalent to human Arg62Gi*gsbehaved as
a null allele.

Finally, we tried to treat patients’ fibroblast amol mutant yeast
strains with riboflavin, precursor of FAD, since KT owns a FAD
moiety and for other mitochondrial flavoproteinsor(finstance
ACAD9) the supplementation of riboflavin gave impements in
both cellular models and patients. Unfortunatelg, dwd not see any
positive effect.

After the identification and characterization ok$le mutations, we
sequencedMTOL in DNA samples from 17 individuals with early
onset hypertrophic cardiomyopathy, lactic acidoarsd defective
MRC activities. With this screening we found a $engdividual (P3)
homozygous for the c¢.1282G>A, the identical missensutation
present in the two siblings. But the clinical cdrah of P3, now about
19, is less severe, probably because both hiesl@oduce a partial
functioning protein. Moreover, to counteract metabacidosis, P3
was put on a permanent treatment with Dichloroaee(RCA), a

potent lactate-lowering drug.

After the first paper on MTOL, in a second work reported further
five patients withMTO1 mutations (P1, compound heterozygotes for
p.Arg4d77His and p.Ala428Thr; and two couples oflisgs, P2-P3
and P4-P5, homozygotes for p.Thr4lllle). Besidepettyophic
cardiomyopathy, lactic acidosis and MRC defect,s¢hepatients
showed different neurological symptoms (i.e. myao@oseizures,
hypotonia, dystonia, encephalopathy) and brain MBhormalities.
Moreover, P1, P4 and P5 received early DCA treatmen
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We tested the potential deleterious effect of tlee/ iound MTO1

mutations (p.Thr411lle and p.Arg477His) again inratol P? strain.

The result was that p.Thr4lllle gave the milde&ogf while the
behavior of p.Arg477His is similar to a null allele

For P1, | also performed a complementation assafibioblasts,

demonstrating that the expression of MiTOl could rescue the

respiratory defect in mutant fibroblast.
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DISCUSSION and CONCLUSIONS

Since the release of the first draft of the humanogne in 2001
followed, few years later, by the development ofwn®©NA
sequencing technology, we have been facing a “gerestolution”.
From the mapping of Huntington disease gene tosti@mt arm of
chromosome 4 by using restriction fragment lengthymporphisms
and linkage in a large family in 1983 (Gusella bt 4983) or the
identification of the gene for Duchenne musculastdhphy (DMD)
(Koenig et al., 1987) in 1986-1987, one of thet fijsnes discovered
to be responsible for an inherited disorder, wenegsed numerous
disease gene discoveries, which strongly incredseidg the last ten
years.

Today, a lot of inherited disorders can be diagddsea simple DNA
test on peripheral blood, providing patients witthedinitive diagnosis.
Moreover, the molecular diagnosis allows relatigépatients to ask
for genetic counseling and for preimplantation oenatal genetic

testing.

GFAP-¢ and HDACG6

Alexander disease is a rare disorder of the nerggaem and it is
mainly caused by mutation in GFAR-Probably, the pathogenesis of
disease is linked to toxic gain-of-function of mit&sFAP, perhaps
related to abnormal protein aggregation (Wang lalgt2011). This

observation agrees in principle with our experirmgenvhere the
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expression of mutated GFP-GFAR human astrocytoma cells led to
an increase of cytoplasmic aggregates, perturbiegi meshwork.

All known GFAP mutations are heterozygous and bad¢hnovo
mutations, autosomal dominant transmission and lgermosaicism
have been described.

This is the first report of mutation in GFAPisoform causing an
adult-onset Alexander disease. Till now, all misgemutations,
insertions or deletions identified in AxD patiettave been found in
the canonical isoform GFAR-

Precisely, the lack of mutations in the nine cacahexons encoding
GFAP-, in contrast with a MRI pattern that strongly segigd a
AOAD common to the two half-siblings, prompted ws gerform
WES and to search possibly deleterious variantseghay these
patients.

The identification of GFARS*®" mutation well fitted with the
AOAD but did not clarify the different clinical feares of P2. While
P1 suffered from slowly progressive cognitive inmpent and a mild
movement disorder, a typical pattern of AOAD, P& Bavere MND.
Therefore, we hypothesized that a differential eggtion of other
gene variants could influence the phenotypic exies After a
prioritization analysis, using “training genes” asisited to MND, we
focused orHDAC6. We demonstrated that P2 HDATGE® mutation
Is associated with decrease tubulin-specific dgéass activity.
Several papers suggest a role for HDACG6 in the quahesis of
MND, although its effective role in neurodegenematiis very

controversial.
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It was reported that deletion of Hdac6 in SOD1 (&Pfouse model
of ALS significantly extended the survival of theicen enhancing
axonal transport via hyperacetylation of tubulimés | et al, 2013). In
contrast, other studies found that HDACG6 inhibiti@an have
detrimental effects, for example slowing axonalvgto in cultured
hippocampal neurons (Tapia M, 2010) and reducireyrite
outgrowth in SH-SY5Y cells (Fiesel, F C, 2011). fact, HDAC6
activity is necessary to maintain axonal growtheraind for the
polarized localization of proteins to the axonialisegment.
Moreover, both TDP43 and FUS/TLS, typical proteassociated to
ALS, were found to co-regulatelDAC6 mRNA (Kim SH et al.,
2010).

For these reasons, although the mechanism of adtiomot fully
understood, we think that P856S HDACG6 variant allyeimplicated
in motor neuron disease of P2, acting with the GlARutation to
determine the precise phenotype of this patient.

MTO1

Mitochondrial diseases are rare conditions and rthdinical
manifestations are extremely heterogeneous, mattiegdiagnosis
arduous even in cases with mutations in known deseanes.

These disorders can arise from mutations in MtDNANDNA,
affecting MRC subunits, assembly factors or praeinvolved in
mitochondrial replication transcription or trangbat

Many mitochondrial diseases are associated witheatet

mitochondrial protein synthesis, which can resudinf mutations in
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tRNA, rRNA, aminoacyl-tRNA synthetases, translatidactors,
ribosomal proteins etc. Typical examples of dissadee to tRNA
mutations are MELAS, caused by a tRA'YR mutation, and
MERREF, caused by a tRNX mutation.

One key event for mammalian mitochondria gene esgine is tRNA
maturation, which requires many modifications neaeg for proper
functioning of tRNASs, including structure stabilian, amino-
acylation and codon recognition. Different editinzymes are
involved in post-transcriptional modifications miginaffecting the
first base of the anticodon. Mutations BfJSL, a pseudouridine
synthase, cause mitochondrial myopathy, lactic csigd and
sideroblastic anemia, while mutationsT®MU, responsible for the 2-
thiolation of the wobble U in mt-tRNA®, mt-tRNA®", mt-tRNA®",
are associated with an infantile mitochondrial hepathy (Zeharia A
et al., 2009).

Thanks to WES, we identified the first mutationdMO1 encoding
an optimizer of mtDNA translation, which catalysee mnms’U34
of the wobble uridine base in mt-tRNA mt-tRNA®"Y, mt-tRNAS™,
modification usually coupled to the 2-thiolation thle same uridine
moiety, catalyzed by TRMU.

We noticed a rather specific genotype/phenotypeetadron; in fact
all patients withMTO1 mutations reported in our two papers presented
hypertrophic cardiomyopathy and lactic acidosishwieduction of
mitochondrial respiratory chain. Since MTO1 is iwaa in

mitochondrial protein synthesis, its impairment maiffect each
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complex subunit encoded by mtDNA. However our pasiemainly
showed reduction of Cl and CIV.

Including all described patients, four differéiTO1 mutations have
been found. Interestingly, the severity of the yepbenotype
associated withmtol mutations (hArg477His < hAla428Thr <<
hThr411llle = hArg620Lysfs*8 mtolA) correlated with phenotypic
spectrum observed iIMTO1 mutant patients: from severe, rapidly
progressive, ultimately fatal presentation in twoompound
heterozygous children for Arg620Lysfs*8 and Ala4B8Tnutations,
to fulminant postnatal phenotype, or severe, bubgi@asting,
encephalo-cardiomyopathy in the two families witbmozygous
p.Thr4lllle mutation, to benign, compensated hypphic
cardiomyopathy with modest neurological abnornmeditin the two
patients respectively for Ala428Thr and Arg477His.

In addition, the analysis of our patients suggdbkts, besides the
particularMTO1 mutations, the different outcome could be duehto t
different pharmacological intervention. In fact,| ahe surviving
patients received DCA treatments.

Since the less seveddTO1l mutations did not clearly affect the
MtDNA in vitro translation, it is possible that theathogenic effects
are linked to qualitative alterations of the prignastructure of
mitochondrial proteins (due to lower fidelity inetmecognition of the
correct codon-anticodon pair), rather than quantgadecrease of
global mitochondrial protein synthesis. Moreovarother possibility
is that MTO1 may play a second role in mitochondresides 5-

carboxymethylaminomethylation of the wobble uridine
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FUTURE PERSPECTIVES

Neurological diseases include heterogeneous groupisorders

ranging from pediatric neurodevelopment diseaseterbgeneous
monogenic disorders (i.e. mitochondrial diseaseas) ldte-onset
neurodegenerative diseases, most of which areypaoderstood and
the treatment, since the cure is not available] @il best delay
progression.

Mitochondrial disorders are a group of syndromearatierized by
high genetic and clinical heterogeneity and reddyiv loose

genotype/phenotype correlation. On the contrary tnobdate-onset
neurodegenerative diseases (such as PD, AD and aleSgomplex
neurological diseases where several genes withamdéor common
variants can influence disease risk as well asrenmiental factors
can contribute to disease development.

Thanks to new sequencing technologies many newsgessociated to
inherited conditions, including several neurologickseases, have
been identified in the last few years and will dentified in a more
rapid turnaround time, bypassing many problems cglpiof the

traditional approaches, for example the requireroétdrge pedigrees
(Johnson JO et al., 2010; Zimprich, A. et al., 2011

The rapid progress in this area of biotechnologys Had to

improvement in accuracy and throughput of hardwplaforms,

target-enrichment procedures, and coverage in segualepth.

Marked expansion of biocomputational tools, inahgdipublicly

available or in-house DNA sequence variant datahased the
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development of effective predictive softwares forutation

pathogenicity, has been increasing filtering cayaend accuracy.
NGS is appliable to small families and even sirgletases, allowing
its use in all patients with inherited disorders.orkbver, the
continuous improvement of NGS technology will maken WES of
large collections of samples both feasible andrdéble.

The identification of the disease gene/protein txedunderstanding of
its role is the first step for the development dfeeive cure.

Moreover, the identification of disease gene canirbenediately

translated to diagnostic workup, with improvementrianagement of
patients, counseling of families, and epidemiolabisurvey of
disease.

The identification of mutation in GFAP-isoform opens new
perspectives towards the molecular diagnosis of A€lD far the
molecular diagnosis was based on screening of the Bxons
encoding the predominant isoform GFAP-our data suggest to
extend the spectrum of the GFAP isoforms that shbelincluded in
the diagnostic screening.

Moreover, the identification diDAC6 variant in P2, that we believe
to be the cause of his different phenotype, is réhéu evidence of
HDACSG role in moto-neuron disease. Although theeeraany papers
that give it a controversial role, it is evidentetinvolvement of
HDACSG6 in neurodegenerative diseases, which maylégfied with
further studies on animal models and possibly ifi@ng other
patients with mutation in this gene. In this regata extend the
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research of new patients withIDAC6 mutations, we started a
collaboration with a consortium (ARISLA), that Hasen carrying out
exome sequencing on a large number of familial Ah&ients.

Unfortunately, in the first 50 samples, no mutasiohave been
identified in HDACS.

The identification of the firsMTOL1 mutations and their association
with typical clinical features, characterized by pbkytrophic
cardiomyopathy and lactic acidosis with MRC defebiss permitted
and will permit to provide patients of moleculaaginosis. Moreover,
we obtained preliminary information on the positieffects of
metabolic intervention based on dichloroacetic éDIGA).

Although the number of reportedTO1 patients is very low, as a
matter of fact all patients that survived beyontamey and are still
alive had DCA treatment starting immediately aftes clinical onset.
Therefore, the DCA administration should be congdein MTO1
mutant patients, aware of the fact that neurodegéina can progress
independently from the correction of metabolic waif MTO1
function is severely impaired.

Indeed, the possibility of a second function for ®Tis an interesting
point to investigate, as could explain the absesfcenitochondrial
protein synthesis defects in cellular or yeast nwdmrrying less
severeMTO1 mutations.

Finally, together with a group (Dr. Klopstock in kigh) that has
already created a Mtol KO mouse model, we will toyuse this
mouse as a suitable model for therapy, using chogic adeno-
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associated virus (AAV) vector expressing MTOL in the heart.

AAVs are attractive option for gene therapy foresa¥ reasons: they
are not pathogenic, there are several tissue-spesgfotypes, and
they remain episomal upon infection. Therefore, AlAd/ based gene

replacement seems to be a very promising and &aidé approach

to cure.
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