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Chapter 1

General Introduction






MITOCHONDRIA AND MITOCHONDRIAL
MEDICINE

Mitochondria

Mitochondria are subcellular organelles, ubiquitpugound in
eukaryotes, originated from a bacteria-like organitat colonized
primitive eukaryotic cells and created an endoswtnbirelationship
with them (Margulis, 1976). The bacteria evolvetbimitochondria,
thus endowing the host cells with aerobic metabglia much more
efficient way to produce energy than anaerobic @lsis. During
evolution, they lost their genetic independence amukt of their
original bacterial proteome, relying on the impaiicytosolic protein
for several functions (Lister, 2005). Thereforeartks to their capacity
to support aerobic respiration and to generate agiea triphosphate
(ATP), mitochondria became the principal intradaltusource of
energy. In addition to their primary function, thatthe production of
ATP by oxidative phosphorylation (OXPHOS), mitocdoa have a
primary role in different metabolic pathways: thearboxylic acid
cycle (TCA) andp-oxidation, the metabolism of carbohydrates and
fats, the porphyrin, lipid and steroid hormone bsis. Moreover,
mitochondria have been shown to be involved in sgjhaling, in
particular they play an important role in the ajpgp, and in calcium
homeostasis.

The first observations of mitochondria by electroicroscope noted a
basic morphology of a matrix enclosed by the inmetochondrial

membrane and the inner membrane space betweenntiieand outer



mitochondrial membrane. The term cristae was cofoethe folds of
inner mitochondrial membrane, which add to theltotambrane area
of the mitochondrion (Scheffler, 2001). Neverthsldhey can be
divided into 4 compartments: the outer membrane Ok inter-
membrane space (IMS), the inner membrane (IM) ahd t
mitochondrial matrix. The OM is a porous membrahat tallows
passage of small substances between the cytosthanlS. The IM
contains the complexes of the mitochondrial respiyachain (MRC)
and functions also as a barrier to ionic diffusialiowing the creation
of the proton gradient necessary to produce ATRe iatrix hosts
several enzymes involved in different pathways €A cycle and3
-oxidation) and the mitochondrial deoxyribonuclatd (mtDNA).

Inner
Membrane

Figure 1. Mitochondrial structure
Schematic representation of the double membrane structure of

mitochondria.



They are present in hundreds/thousands copies ényesell, the

amount depending on the cell type. Although tradaily considered
as isolated organelles, the maintenance of a sariticpool of

mitochondria during cell division and proliferatias assured by the
process of fusion and fission (Bereiter-Hahn anthy994). Cellular
distribution and function of mitochondria is basesh protein

interactions located on the outer mitochondriafsie as well as on
mitochondrial membrane interactions with the cyabstal elements
such as actin filaments, intermediate filamentsgd anicrotubules
(Scheffler, 2001).

Mitochondrial genetics

Mitochondria contain a circular double-strand DNA 16568 base
pairs. MtDNA contains no introns and small non-ogdregions; it
codes for 13 protein of the OXPHOS system and fab@omal and
22 transfer RNAs, necessary for the mitochondrratgin synthesis
(Fig.2). However mitochondria depend upon the rugfer supplying
of all the other OXPHOS proteins and the enzymesessary for
replication, repair, transcription, translation, ima@nance and many
structural proteins. Each human cell has thousafdsitochondria
and every mitochondrion typically has at least aupy of the
mitochondrial genome, and a single mitochondriam carry as many

as ten copies.
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Figure 2. Map of the human mtDNA.
Genes coding for OXPHOS proteins: complex | genes = blue; complex Ill
cytb (cytochrome b) gene = green; complex IV genes = orange; complex V

genes = yellow. Genes coding for RNAs: reran genes = red.

Cells with higher demands of ATP typically have mantDNA
copies (St John, 2005). MtDNA is transmitted thioubge maternal
line. This means that only the mother transmitsdoayte mtDNA to
all of her offspring, and her daughters transméirthmtDNA to the
next generation. A single case of paternal inhec#ahas been
published (Schwartz, 2002) but, despite severaliesy further cases

of paternal transmission have never been descrilieareplication of



MtDNA is a continuous process, independent fromleaucDNA
replication, and requires several nuclear encodetbifs such as DNA
polymerase gamma (POLG), mitochondrial transcnptfactor A
(mtTFA), mt single-strand binding protein (mtSSB)daenzymes
important for the supply of deoxynucleotides, suah thymidine
kinase 2 (TK2) and deoxy-guanosine kinase (dGUQWIDNA is
transcribed polycistronically and translated by acitondrial
ribosomes. Usually all the mtDNA copies are ideadtia status known
as homoplasmy. However it is possible that errotsup during
replication or repair of mtDNA, leading to the fation of a mutant
MtDNA molecule. The rate of mutations in mtDNA isegter than
those of genomic DNA probably because of the lackistones and
the presence of high level of free oxygen radicklstant mtDNA
could coexist with wt mtDNA in the same cell. Thigexistence is
called heteroplasmy. This is a dynamic phenomenod the
proportion of mutated vs. wt mtDNA (level of hetplasmy) can
change among cells and tissues, because at evdrydicision
mitochondria are randomly segregated. A bottleredfdct is active in
primordial female germinal cells (primary oogonihpt drastically
reduces the number of segregating units responsibte the
transmission of mMtDNA characters to the subsequgartieration.
Clinical presentations are usually associated wigtteroplasmic
mutations. Only when mutated gene copies accumalate a certain
“threshold”, the deleterious effects of the mutativill not be
counterbalanced by the co-existing wild-type mtDNa%d will be
expressed phenotypically as a cellular dysfunctiod disease. This

threshold is tissue-specific, different for diffatemutations and in



different individuals. Nevertheless there are dissacaused by
homoplasmic mutation, such as Leber’s hereditatyc apeuropathy
(LHON), the first disorder associated to mitochoaldDNA mutation

(Wallace et al. 1988). Recent findings have showat tvarious
MtDNA maintenance proteins specifically co-locazigh mtDNA in

intra-mitochondrial foci designated nucleoids. Maatian nucleoids
are now considered as specialized mtDNA-containgtigictures
within the mitochondrial network, organized as ctemps with a
variety of proteins that protect mtDNA from insulied provide the
appropriate microenvironment for mtDNA maintenareed gene

expression.

Oxidative Phosphorylation

The oxidative phosphorylation is the most importativity of

mitochondria. (Zeviani and DiDonato, 2004). Thisogqess, that
provides the most important source of the cell gnes carried out by
a series of multi-heteromeric complexes, locatethexmitochondrial
inner membrane through sequential reactions of atemlu and

oxidation, which form the so called “cellular respion” and

constitute the mitochondrial respiratory chain (MREollowing the
dehydrogenation of the redox equivalents nicotimEmiadenine
dinucleotide (NADH) and flavin adenine dinucleotid\DH2), they
generate a flow of electrons that results in thieusion of hydrogen
ions from the matrix to the IMS (exploited by pmottranslocating
complexes I, lll and IV and generating a membraptemtial of about

180 mV) and in the production of water from molecubxygen (by



complex 1V). The energy generated during these tima;

corresponding to the proton gradient across theck, be utilized by
Complex V, or ATP synthetase, to condensate inacgaimosphate Pi
and adenosine diphosphate (ADP) to ATP, the “cayeenergy of
the cell (Fig. 3).
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Figure 3. Mitochondrial OXPHOS system
Subunits encoded by mtDNA are shown in different colors in each complex

In addition to the above- mentioned complexes, @lextron carriers
(ubiquinone or CoQ, and cytochron® and a set of accessory
complexes that can supply electrons take part is frocess,
including complex Il (succinate-ubiquinone reduedaghe electron-
transfer  flavoprotein-ubiquinone  reductase  (ETF-QRand
dihydroorotate dehydrogenase (DHODH).



In  mammalian mitochondria Complex 1 (NADH-ubiquireon
oxidoreductase) catalyzes the oxidation of NADHriwal from the
oxidation of pyruvate, fatty acids, and amino aclag ubiquinone. It
iIs a macromolecular structure composed-4b subunits with a total
molecular mass of 1000kDa (Carroll, 2006). Sevebusiis are
encoded by mtDNA, the others by nuclear genes. p®mll
(Succinate-ubiquinone reductase) is composed of $ubunits all
encoded by nuclear genome. It catalyzes the oxidatf succinate to
fumarate and transfers electrons to ubiquinone tiesieComplex I
(ubiquinol-cytochrome c¢ reductase) is made up ofsibunits, of
which all but one (cytochrome b) are encoded bylearcDNA.
Human cytochrome c¢ oxidase (COX, complex 1IV) is posed of
thirteen subunits: the three largest ones are @ucbygd mtDNA genes,
while the remaining subunits are encoded by nuctgares. ATP
synthase (complex V) comprises an integral membcangponent FO
and a peripheral moiety F1. All five subunits of @&l b, c, d, €) and
most FO subunits of the ATP synthase are nuclezodad. Only two
FO proteins (ATP6 and 8) are encoded by mitochah@NA (Boyer,
1993). Metabolic fuels feed reducing equivalemtghe respiratory
chain via glycolysis, fatty acid or amino acid cadidn. Pyruvate,
which stands at the crossroads of glycolysis, gleogenesis and
OXPHOS, is a key point in carbohydrate oxidatiod &weds into the
TCA cycle via the pyruvate dehydrogenase compleRH®@) to
generate acetyl-CoA. Fatty acids are oxidized withthe
mitochondrial matrix byp-oxidation, which again generates acetyl-
CoA for the TCA cycle (Fig.4). Reducing equivakergenerated
during the oxidation of the primary substrate amirthe TCA cycle
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are transferred to OXPHOS as NADH (cl), or redud&lins

(entering at cll or clll). Mitochondria accountrfmore than ninety
percent of the energy utilized by our organism. Wiaefailure in
energy supply occurs, due to a defect in mitochah@XPHOS, the
survival of the cell, and as a consequence, the dif our entire
organism, is seriously at risk. Tissues and orgaits the highest
energy demand, including brain, skeletal musclex] heart, are
usually the most affected ones.
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Figure 4. Mitochondrial energy metabolism
Schematic representation of mitochondrial energy metabolism and related
pathways.
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Mitochondrial medicine

Mitochondria are the organelles responsible fordheply of energy
to the cell through the OXPHOS system. For thiseaaany defect or
alteration in this process lead to pathologicalseguences, mainly in
tissues and organs that have a highly energetizestq The
consequences of an impairment of the OXPHOS syatentdecrease
of ATP production and increase of reactive oxygpacges (ROS),
plus their associated up- and downstream effebtere than twenty
years ago, the first evidences of direct link betwenitochondria and
disease arose; in 1988 Wallace et al. found a mtDiNétation
causing Leber’s hereditary optic neuropathy (Wallatal. 1988) and
Holt et al. identified deletions in mtDNA causingyopathy (Holt,
1988). After these papers, there has been a s#rreports about the
clinical, biochemical and genetic characterizatiaismitochondrial
diseases; moreover an involvement of mitochondiés become
evident in many other clinical conditions includingurodegenerative
disorders (Swerdlow, 2009), cancer (Carew and Hu202) and
ageing (Reddy, 2008). All these considerations keathe use of the
term “mitochondrial medicine” to underline the aahtrole of the
mitochondrion not only in the classical mitochoatlirdiseases but

also in a wide and increasing range of illness.

Mitochondrial disorders

Whereas in the past the term "mitochondrial disr'tivas used to

any alterations affecting mitochondria, it is cutig referred to

12



genetic defects of OXPHOS (Zeviani and Lamante@620 Because
OXPHOS is necessary for nearly all cells, any orgam be affected
in mitochondrial disease. In addition, given themeptexity of

mitochondrial genetics and biochemistry, mitochaadinherited

diseases may present with a vast range of sympteensyity, age of
onset and outcome (DiMauro and Davidzon 2005). fiagim “any

tissue, any symptom, any age” well resume all thesacepts
(Munich, 1996). Genetic defects of OXPHOS have rasidence at
approximately 1:5000 (Schaefer, 2004) and are finerenot to be
considered “so rare” diseases. The clinical matateons of

mitochondrial disorders are extremely heterogenedisey range
from lesions in single tissues, such as the opéioven in Leber’s
hereditary optic neuropathy (LHON), to more diffugesions

including myopathies, encephalomyopathies, cardivpa and

hepatopathies, to complex multisystem syndromel wariiset ranging
from neonatal to adult life. Tissue specificity, eduo variable
metabolic thresholds for the different OXPHOS commpk in each
tissue, may limit the systemic effect of metabal@anges. Moreover
there are to be considered many contributing fadtaluding tissue-
specific expression of OXPHOS genes, different bata needs, and
tissue dependent segregation of heteroplasmy. N&less
mitochondrial disease commonly presents with a c¢oation of

muscle and brain involvement; tissues that are-pusttic and have
high metabolic requests. The spectrum of mitochahdliseases in
children is wide, usually different from that foumdadults, and new
clinical features are continuously reported (Debra@08). Some

presentations alone are strong indications of aochdndrial
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involvement, but there are often additional albeit specific
symptoms to be taken into account. Common neurcdbgi
manifestations of mitochondrial disease includeziges, migraine,
stroke-like episodes, neuropathy and dystonia. Qfteitochondrial
disease is only considered when such features aoncaoonjunction
with other symptoms, such as deafness, visual mmasit and/or
diabetes. However multi-organ involvement, a hatknaof
mitochondrial disease, may not be evident, abowe atlinitial
presentations. In general, childhood presentatiminsnitochondrial
disease tend to be more severe than those witht adskt and
frequently involve many different organ systems.uAgatients can
be affected by isolated myopathy resulting onlyfatigue, muscle
weakness and/or exercise intolerance, but musapteyns can also
be associated with involvement of the central aedpperal nervous
systems, manifesting symptoms, which may includgiat(i.e. motor
incoordination), sensory-neural hearing loss, sexzu
polyneuropathy, retinopathy, and, more rarely, moset disorders
and cognitive deterioration. A hallmark of mitociial dysfunction
Is lactic acidosis; acidosis is derived from thdueion to lactate of
pyruvate, which accumulates for the block of resjpn.
Hyperlactatemia however may be absent in clear andodrial
disease or present only during stress. Liquoratepebrospinal fluid
(CSF) lactate level is a more reliable diagnostarkar than blood,
above all in patients with brain involvement (Brqwi®88). Several
morphological and biochemical features charactensmy of these
syndromes albeit there isn't an always valid riigstological and

histochemical analysis of muscle biopsy remainerg important step

14



for the detection of mitochondrial disease, esplgaia adult patients.
One of the best-known morphological alterationthestransformation
of scattered muscle fibres into “ragged red fibréRRF). RRFs are
characterized by the accumulation of abnormal rhibodria under
the sarcolemmal membrane. The same aggregationsalsan be
observed using succinate dehydrogenase (SDH) adsatycan be
even more useful because complex Il (subunits othwvhre encoded
only by nuclear genome) is completely unaffectecabgormalities of
MtDNA. This assay can be combined with the cytoctea oxidase
(COX, respiratory complex V) reaction; in mitoctibial disorders a
common finding is the presence of muscle fibres ske&in negative to
this histochemical reaction. Moreover a mosaic gpattof COX

activity is indicative of a heteroplasmic mtDNA rmation, the

intensity of the stain depending on the mutatiadlbetween different
fibores. However, these typical “mitochondrial” eataitions may be
absent in otherwise demonstrated mitochondrial rdess. The
molecular diagnosis of the mitochondrial diseaseoimplex. Because
of its dual genetic control, OXPHOS disorders cam due to

mutations in mtDNA or nuclear DNA genes (ZevianddbiDonato

2004). Nuclear genetic defects are easily invesdyan freshly

extracted DNA from peripheral white blood cellso8d could be less
useful for detecting mtDNA mutations, because tlevel of

heteroplasmy could be too low to be detected. $Meteuscle is the
tissue of choice for molecular genetic analysismdDNA. This is

because skeletal muscle is often an affected tissaraples may be

already available for enzymatic assays, and foresomtations the
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levels of heteroplasmy in skeletal muscle refldobse in other
affected post-mitotic tissues such as the braidf@®s$, 1995).

mtDNA mutations

Even if the proteins encoded by mtDNA are essertti@y comprise
only a small fraction of the total humber of protenvolved in a
functional OXPHOS system. About 10-25% of mitochaalddiseases
are caused by mutations in mtDNA (Mancuso, 2007heklV the
MtDNA should be analyzed, it is important to tak&oiconsideration
the following differences from nuclear DNA: 1) Tmeitochondrial
genome is maternally inherited; 2) Mitochondria podyploidy and
the mtDNA genotype can be composed of a single MtBHecies
(homoplasmy) or two different genotypes can codexisvariable
proportion (heteroplasmy); 3) A threshold effect dulates the
phenotypic expression of a mtDNA-associated symptavutations
of mMtDNA can be classified into large-scale reageanents (deletions
or duplications) and point mutations. Both groupaveh been
associated with well-defined clinical syndromes. i/Harge-scale
rearrangements are usually sporadic, point mutatiare usually

maternally inherited.

Large-scale rearrangements of mtDNA

Single, large-scale rearrangements of mtDNA corepsiagle partial
deletions, or partial duplications. The size ofetiehs can vary from
few bases to several kilobases and be located ynpant of the

molecule. The most common deletion is 5Kb long, afigécts a

16



region containing tRNAs and protein-coding genesudlly deletions

encompass several genes and are invariably hedsrojul.

Rearranged molecules, lacking a portion of the chibtmdrial genome,
can be detected as an independent mtDNA specieglgsmtDNA
deletion) or joined to a wild-type molecule or axtare of the two

rearrangements co-exists in the same cell (Zevi®88).

Three main clinical phenotypes are associated thiése mutations:
Kearns—Sayre syndrome (KSS, OMIM530000, sporadic
progressive external ophthalmoplegia (PEO) and Peaon’s
syndrome (OMIM#557000).

mtDNA point mutations

These mutations can be substitutions of single sbase micro-
insertions/micro-deletions in the mtDNA moleculehel can be
localized into transfer RNAs (tRNA), ribosomal RNASRNA), or
genes encoding OXPHOS subunits. Unlike mtDNA resyeanents,
MtDNA point mutations are transmitted maternalljhey may be
heteroplasmic or homoplasmic (DiMauro and Schon,0320
Nowadays sequencing of the entire mitochondriabgen is feasible
and useful in excluding mtDNA involvement prior tovestigating
candidate nuclear genes. However, in considerabiohe highly
polymorphic status of mtDNA, it is often difficutb decide which
variants are polymorphisms and which are pathogemutations.
Some criteria to assess the pathogenic role of ritDMitations were
suggested (DiMauro and Schon, 2001): the mutatiostmot be a
known neutral polymorphism; the base change mus$tctafan

17



evolutionarily conserved and functionally importagite; deleterious
mutations are usually heteroplasmic; the degrebetéroplasmy in
different family members has to be concordant wfith severity of
symptoms. The clinical expression associated toN#t[Dnutations is
wide; the phenotypes more frequent are the follgwibeber’s
Hereditary = Optic  Neuropathy (LHON, OMIM#535000),
Neurogenic muscle weakness, ataxia, retinitis pigmeosa (NARP,
OMIM#551500), Leigh syndrome (MILS, maternally inherited
Leigh syndrome OMIM#256000), Mitochondrial
Encephalomyopathy, Lactic Acidosis, and Stroke-likeepisodes
(MELAS, OMIM#540000),Myoclonus Epilepsy with Ragged-Red
Fibers (MERRF, OMIM#545000),

Nuclear gene mutations

In addition to mtDNA, nuclear genes can also bgaasible for a
wide spectrum of mitochondrial disorders. Nucleaenes are
responsible for the greater number of componen@@?PHOS system
and are also required for the import of proteindo inthe

mitochondrion, for the assembly and many other tione necessary
to maintain a functional OXPHOS system. In additiontDNA

replication, transcription and translation are dltedy dependent on

nuclear encoded proteins.

Accordingly, a classification can be proposed foese defects,

including:

18



1. Disorders due to defects in nuclear gene encodirstructural

components of the OXPHOS complexes

2. Disorders due to defects in nuclear gene encodinrassembly

factors of the OXPHOS complexes
3. Disorders due to gene defects affecting mtDNA rimdenance

4. Defects of genes encoding factors involved inetlbiosynthesis of

lipids

5. Defects of proteins involved in mitochondrial kbgenesis or
factors indirectly related to OXPHOS

(1) Deficiencies of respiratory chain components

Although 72 of the 85 subunits of the OXPHOS system encoded
by nuclear DNA, mutations of these genes have oatgly been
described. This could imply that such mutationshaghly deleterious
and probably embriolethal. Mutations that have bdescribed in fact
are usually associated to a neonatal or early-pakkbugh occasional
patients with a late onset of disease have beeartezgp On the other
hand the screening of the nuclear-encoded subwnitespiratory
chain has not always been done in a systematic enaespecially for
complex I, and only recently the number of reporégarding

mutations in structural OXPHOS component is growm The

mutations in nuclear encoded subunits identifiedfesp are mainly
abnormalities of complex | found in patients witmfancy or

childhood-onset, even if also mutations in strugtusubunits of

complex Il and IV were described.
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(2) Respiratory chain complex assembly deficienge

Mutations in assembly factors are a frequent caokdsolated
complex | deficiency (Ogilvie, 2005). Mutations ¢hassembly cause
a wide range of clinical disorders, ranging frotim& neonatal disease
to adult-onset neurodegenerative disorders. Phpestyinclude
macrocephaly with  progressive leukodystrophy, nensjc
encephalopathy, cardiomyopathy, myopathy, livereak®, Leigh
syndrome, Leber's hereditary optic neuropathy (fexef 2000)
Complex Il deficiencies are reported, associatednutations in the
BCS1L gene. These mutations have been shown intilgaases of
complex Il deficiency associated with neonatalxomzal tubulopathy,
hepatic involvement and encephalopathy (ZevianiQ320and in
GRACILE syndrome comprising growth retardation, aoaciduria,
cholestasis, iron overload, lactic acidosis andyedeath (Visapaa,
2002). Defects of genes encoding assembly factersalao the main
cause of complex IV deficiency. Almost all the reartgene defects
of COX identified are due to mutations in assemtfalgtors of the
enzyme, including SURF1 (Tiranti, 1998), SCO1 (\¢n2000a),
SCO2 (Papadopoulou, 1999), COX10 (Valnot, 2000bLXCTC5
(Antonicka, 2003) and possibly LRPPRC (Mootha, 20@®d it is
estimated that complex IV alone requires over 2fiofs (Fontanesi,
2006). These autosomal recessive COX deficiengaally present in
early life with Leigh syndrome, myopathy, enceplpalihy, lactic
acidosis and a rapidly progressive course withyedehth. FASTKD2
mutations, reported in only one kindred, cause gimgl®myopathy
and convulsions and play a role in the regulatibormgochondrial

apoptosis. Only two complex V nuclear mutationsenbgen reported.

20



The ATP12 gene encodes for an assembly factorhieratpha and
beta subunits, and is associated with one case of
methylglutaconicaciduria  with  neurological involvemt and
dysmorphic features (De Meirleir, 2004). Recendlyarge kindred of
Gipsy origin with isolated Complex V deficiency amkonatal
encephalocardiomyopathy were reported to presentatrons in
TMEM70, a gene encoding a transmembrane proteiolved in the
assembly of Complex V (Cizkova, 2008).

(3) Disorders due to gene defects altering the mNDA

maintenance

MtDNA remains dependent upon nuclear genome forptiogluction
of factors involved in its integrity and replicatioMutations in these
factors affect mtDNA directly, either quantitatiyebr qualitatively,
and cause diseases that are inherited as mendakats. A
quantitative alteration is exemplified by abnormatluctions in the
number of mtDNA molecules (both per cell and payamelle) called
mtDNA-depletion syndromes. A gualitative alteratisnexemplified
by multiple deletions. Both quantitative and quslite defects may
result from impairment of the integrity of the natomndrial genome.
Such impairment can be direct (e.qg., affectinggirs required for the
replication and maintenance of mtDNA) or indireetg(, affecting
proteins required to maintain nucleotide pools imoohondria). For
example, some families with autosomal dominant @egjve external
ophthalmoplegia have mutations in Twinkle (PEO1itochondrial

protein similar to bacteriophage T7 primase/heb¢cashereas other
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families have mutations in the mitochondrial adeninucleotide
translocator 1 (ANT1) Nishino, 2000; Kaukonen J, 2000). Mutations
in mitochondrial-specific DNA polymerase (POLG1), the key
enzyme for mtDNA replication and reparave been associated with
both dominant and recessive multiple deletion diss (Van
Goethem G, 2001). Mitochondrial neurogastrointesdtin
encephalomyopathy is clearly due to the loss oftion of thymidine
phosphorylase (TYMP), resulting in markedly inceshs
concentrations of thymidine in the blood (Nishin@®00). Thymidine
phosphorylase is not a mitochondrial protein, yetppears to have a
selective effect on mitochondrial nucleotide pookquired for
maintaining the integrity and abundance of mtDNA.

(4) Defects of genes encoding factors involved tihe biosynthesis
of lipids

Except for cytochromec, which is located in the intermembrane
space, all components of the respiratory chaineanbedded in the
lipid milieu of the inner mitochondrial membranehieh is composed
predominantly of cardiolipin. Cardiolipin is not ne¢y a scaffold but
is essential for proper functioning of several witondrial OXPHOS
complexes and several mitochondrial carrier pratgi@ohil, 2004).
This is the reason why defects in cardiolipin cooddise OXPHOS
dysfunction and hence mitochondrial disease. Irt faere is an
example on this regard, the Barth syndrome (maadhal
myopathy, cardiomyopathy, growth retardation, armaikbpenia)
(Barth, 1999). The mutated gene in this syndrom&Z (or G4.5)
encodes an acyl-coenzyme A synthetase (tafazzmb)hkst have an
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important role in cardiolipin synthesis, because rdicdipin
concentrations are markedly decreased in skelathlcardiac muscle

and in platelets from affected patients (Schland@02.

(5) Defects of proteins involved in mitochondrialbiogenesis or
factors indirectly related to OXPHOS

Fission and fusion defects

Mitochondria are not static and isolated organdlgsform a complex
network. Mitochondrial fusion and fission requirenserved protein
machineries at the outer and inner membranes tbdiate membrane
mixing and division events. The proteins that ragglmitochondrial
dynamics are now associated with a broad rangelbfiar functions:

they play roles in maintaining the (1) integrity miitochondria, (2)

electrical and biochemical connectivity, (3) tureowf mitochondria,
and (4) segregation and protection of mitochonddilA (Okamoto,

2005).

Defects of mitochondrial protein import

Two known mitochondrial diseases are clearly aitable to

abnormal protein import.

X-linked Mohr—Tranebjaerg syndrome is characteribgddeafness,
followed by progressive neurological troubles, utthg dystonia and
optic atrophy (Roesch, 2002); this disorder is doemnutations in
TIMMBA, encoding DDP1 (deafness—dystonia proteinl), apcornt

of the import machinery for mitochondrial carrieofeins.
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Mutation of DNAJC19 encoding a putative mitochondrial import
protein, causes autosomal recessive dilated caydipathy with
ataxia (Davey, 2006).

Treatment of the mitochondrial diseases

There are many strategies to treat mitochondriakalie albeit an
effective therapy is missing, to date. They areeddasn genetic or
metabolic interventions, involving either correctiof the affected
gene or attenuation of the negative up- or dowastreffects caused
by the defective enzyme complex/complexes. Thes#ude (i)
preventing transmission of mtDNA and mitochondm&NA gene
defects, (i) gene therapy (replacement or repdin), altering the
balance between wild-type and mutated mtDNA (i.eerese
training), (iv) controlled regulation of specificranscriptional
regulators and (v) metabolic manipulation (radmatgen scavenging,
mitochondrial calcium homeostasis, and uncouplimgtgins). A
recent and comprehensive review on this topic, wisen by Koene
et al. (2009), with the last new approaches, soiwehah have yet to

be explored in humans.

An intervention used in patients with mitochondrditease is the

metabolic therapy.

Metabolic acidosis resulting from increased lactpteduction, a
common feature in mitochondrial defects, can batée at least in
the short-term, buffering with antiacids such adiwm bicarbonate.

Some drugs, which stimulates pyruvate oxidation e. (i.

24



dichloroacetate), has also been used to lowertkactmcentration, but

adverse effects preclude its widespread clinical(Bsarshop, 2004).

In the rare mitochondrial disorder, MNGIE, due taitations inTP
gene (Hirano, 2005), the problem is the accumulatb dangerous
nucleoside precursors, thymidine. A therapeuticgmsomatic
approach is to try to decrease the blood levelheksé¢ substances
through transfusions or by binding them to a watduble compound
facilitating urinary excretion. Dietary supplemerda of cofactors
and vitamins is also widely used in the treatmér@X¥PHOS disease,
but there is little evidence, apart from anecdoggorts, to support

their use.

Creatine is the substrate for the synthesis of pinosreatine, the most
abundant energy storage compound in muscle, heait taain.
Different trials in patients with neuromuscularadiders gave opposite
results regarding the efficacy of this substanoswéler considering
the absence of adverse effects, creatinine supplat@en may be
warranted in patients with muscle weakness everorbetthe

confirmation of its efficacy.

Ubiquinone (CoQ) and its shorter chain analoguédedene, could
theoretically be effective for improving OXPHOS afternatively, as
antioxidants or ROS scavengers. Although CoQ hasvshsome
preliminary promising results in Parkinson’s diseasd Friedreich’s
ataxia (Rustin 1999), there have been no largessaldies to
determine the effectiveness of CoQ in these digerdéhis treatment
iIs most clearly effective in the small number ofigrsts who have a
specific CoQ deficiency (Salviati 2005).
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Since defects of OXPHOS result in the increasediymtion of free
radicals, the use of antioxidants has some sousd.b@his is the
reason of the supplementation with vitamins likeofgherols (Kir,
2005). The above reported CoQ and N-acetylcystegurice free
radical production in cybrids (Mattiazzi, 2004). Mo recently,
antioxidant compounds, which are directly targetednitochondria
have been shown to be effective in cultured celtdet® of OXPHOS
disease, but has yet to be tested in a clinicl {fames, 2005).
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HYDROGEN SULFIDE IN HEALTH AND
DISEASES

Physico-chemical properties

Sulfur, one of the essential elements for life, usscin different
oxidation states, from -2 (as in sulfid&)3o +6 (as in sulfate, S&.

It is present in living organisms as a constitugnroteins (mainly in
sulfurated aminoacids such as cysteine and meti@pnn coenzymes
(namely CoA, biotine and thiamine), and as a coreporof iron-
sulfur clusters in metalloproteins. From a physibemical
standpoint, BS is the sulfur analog of water, but, since its
intermolecular bounds are weaker thag©Hat room temperature and
atmospheric pressure is a gas. In mammals, at sigibgical pH of
7.4, approximately one-third of 8 exists as the un-dissociated form
and two-thirds as the hydrosulfide anion (H8Vang R, 2002). In the
un-dissociated form, H2S can easily penetrate enm membranes

of cells because of its high solubility in lipids.

H»S metabolism in mammals

H.S is endogenously produced in mammals by two pyatb-
phosphate-dependent enzymes, cystathiofiisgnthase (CBS) and
cystathioniney-lyase (CSE) that both utilize L-cysteine as a tabs
(Abe K, 1996). The latter is either taken up wikle tdiet, extracted

from endogenous proteins, or synthesized endogbnmiss trans-
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sulfuration of serine by L-methionine. In humarie &nd products of
cysteine sulfur catabolism are sulfate, which aot®dor 77-92% of
the total sulfur excreted in the urine, sulfateees(7-9%), and taurine
(2-6%) (Stipanuk MH, 2004). In some tissues, boBSGnd CSE can
generate b5, whereas in others only one enzyme is present. Fo
instance, CBS is predominantly expressed in theowsrsystem but is
also active in liver and kidney. CSE is mainly eegsed in liver, as
well as vascular and non-vascular smooth musale,senall intestine

and stomach.

An important, additional source of .8 is the enterobacterial
anaerobic flora. The intestinal epithelium expresspecialized
enzyme systems that efficiently convertSHinto thiosulfate and
sulfate, to both prevent the local increase ¢% kb toxic levels, and

its entry through the portal vein system in thetiand other organs.

A third, however marginal, source of,8l is the non-enzymatic
reduction of elemental sulfur, which is presentrates in human and

mouse blood, into k% by electrons provided through glycolysis.

The main catabolic pathway of H2S takes place itochondria, and
consists of a series of oxidative reactions ultehatyielding
thiosulfate (S203%), sulfite (SO% ) and sulfate (S33 (Szabé C,
2007). The existence of such a pathway is knoweesmore than 20
years, although the enzymatic actors and detailedsshave been
elucidated only recently (Hildebrandt TM, 2008). eTtpathway
consists of (i) a mitochondrial inner membrane-twbaalfide-quinone
reductase (SQR), that fixes,$l to an -SH containing substrate, to

form a persulfide (R-S-SH) species; (ii) a mitoctioal matrix sulfur
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dioxygenase (SDO), that oxidizes the sulfur atontragxed from
persulfide, converting it into sulfite ($©); and (iii) either sulfite
oxidase, that further oxidizes sulfite into sulfé§8*), or rhodanese,
a sulfur transferase that can combine two sulfitdegules to form
thiosulfate (SSE¥). Thiosulfate can eventually be converted into two
molecules of sulfate by the combined action ofiasthifate reductase
and sulfite oxidase. Additional mechanisms of détoation relay on
the fixation of BHS to methemoglobin, which is formed from
hemoglobin by oxidation of the Fe center, for am&te by sodium
nitrate, to produce sulfmethemoglobin, or on theniadstration of
oxidised glutathione (GSSG), that is able to fixélsS to produce
glutathione persulfide (GSSH), thus preventingittteraction of HS

with critical enzymatic activities.

Methionine/transsulfuration pathways
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Figure 5. Hydrogen sulfide metabolism in mammals
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Physiological role of BS

H.S possess a multiplicity of physiological functipmscluding up-
regulation of antioxidant systems; up-regulatioranfi-inflammatory
and cytoprotective genes including heme oxygenas®lf in
pulmonary smooth muscle cells, and macrophageghén central
nervous system (CNS), low concentrations ofSHincrease the
production of cAMP, enhance N-methyl-d-aspartateM[M\)-
receptor mediated responses, and facilitate thectrah of long-term
potentiation in hippocampal neurons (Kimura Y, 2004S acts also
on myocardial cells and vascular smooth musclea&yvating Katp
channels, KS increases the membrane potential of vascular tmoo
muscle cells that become hyperpolarized, causingoretaxation
(Elsey DJ, 2010). & plays a role as a smooth muscle relaxant, and
suggesting that it may physiologically regulate dolopressure.
Another effect is the induction of smooth muscliisgeroliferation by
activating the PI3 Kinase/Akt pathway, thus stininig angiogenesis,
and apoptosis by activating the mitogen activatedten kinase
(MAPK) pathway (Yang G, 2004). Finally,.H can directly modulate
the function of the heart, with negative inotrogicd chronotropic
effects, that are mediated by activation gffiKchannels (Ferdinandy
P, 2007).

Toxic effects of BHS

Whilst H,S acts as a cytoprotective agent at physiologiai@molar)

concentrations, at micromolar concentrations it canrfere with a

30



variety of cellular functions, including mitochomalr respiration, via
inhibition of cytochrome c oxidase, (Hill B. C.,84). COX activity is
inhibited by the formation of a covalent bond betwé+S and the Fe
atom coordinated by heme a, which is exquisitehssire to the toxic
action of HS (and cyanide as well).,H is also an inhibitor of
carbonic anhydrase (Coleman J. E., 1967), an dffiettcould explain
the alterations of ventilatory dynamics in respotesimhaled HS, due
to changes in the reactivity and distribution ofrapulmonary CQ@
receptors. A further effect of 3 is inhibition of enzymatic activity of
short-chain acyl-CoA dehydrogenase (SCAD), whicn azause
dicarboxylic aciduria (Pedersen CB, 2003). Acutpasxire to gaseous
H,S causes anoxic brain injury, pulmonary edema, dedth.
Neurological impairment is consistent with proloddgarain hypoxia
while respiratory insufficiency and pulmonary edeara consistent
with acute respiratory syndrome. These two injude the most
likely cause of death after acute exposure #%,Hwhile chronic
exposure to low levels determines irritant effestsluding upper
airway inflammation, conjunctivitis, and wheezifg direct effect of
H.S on the respiratory center in the brainstem, tiesuin apnea, is
likely to be caused by inhibition of cytochrome xidase activity
(Yalamanchili C, 2008).
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H2S in human pathology
Cardiovascular and neurodegenerative disorders

H,S has recently been shown to play an important mlehe
pathogenesis of atherosclerosis, a complex degereenarocess of
large- and medium-size arteries. As a major by-pcodf sulfate-
reducing bacteria, ¥ has been implicated in the pathogenesis of
ulcerative colitis (Roediger WE, 1993), by, for tensce, toxicity on
colonocytes due to the block of butyrate oxidatisia SCAD

inhibition.

Overproduction of K5 has been documented in Down-syndrome
patients since the CBS gene is localized on chromes21. CBS
transcript is in fact over-expressed in fibroblastel myeloblasts of
individuals affected by Down syndrome. The abnolyndiigh
concentration of thiosulfate, the main cataboliteHpS detected in
Down syndrome patients can account for symptomé sscmuscle

hypotonia and mental retardation (Kamoun P, 2003).

Low levels of HS have been found in the substantia nigra (SN) of a
pharmacologically-induced rat model of Parkinsafigease (PD) (Hu
LF, 2010). A role of HS in the cognitive decline of Alzheimer’s
disease (AD) patients has also been proposed. AlDdshow severe
reduction of both CBS activity and,8 amount, compared to age-
matched control individuals. Accordingly, S-aderidsynethionine, a
CBS activator, is reduced in AD brains and homaayst a CBS
substrate, accumulates in the serum of AD pati@iteke R, 1998).
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Inborn errors of sulfur metabolism
Sulfite Oxidase Deficiency (SUOX)

Sulfite oxidase (SUOX) deficiency (OMIM #606887) & severe,
autosomal recessive inborn error of metabolism imga the
catabolism of sulfur-containing amino acids. Thesedse affects
newborn individuals that show intractable seizurelaracteristic
dysmorphic features, lens dislocation, and profomedtal retardation
(Irreverre F, 1967). Genetic defects of SUOX amoamted with the
accumulation of sulphite and thiosulfate. SUOX isn@gochondrial
enzyme located in the intermembrane space and wasksa
homodimer with a molecular mass of around 110kDEOX is a
metalloenzyme containing a molybdenum cofactor (dJochat
catalyzes the oxidation of sulfite to sulfate, hretlast step of the
metabolism of sulfur-containing compounds. Thettreat of SUOX
deficiency is based on a low-protein diet, supplet®@ with non-
sulfurated aminoacids (Shih VE, 1977). This reginudetermined a
decrease of urinary thiosulfate and S-sulfocysteara of plasma
methionine and cystine in two patients, which grewmally with no
signs of neurologic deterioration, and with progessin psychomotor

development.
Molybdenum cofactor deficiency

Molybdenum cofactor deficiency (OMIM #252150) is Iare
autosomal recessive disorder that results in ptgat loss of all
molybdoenzyme activities, resulting in neonatakges and severe

neurologic damage leading to early death. Mocoyittesis involves
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the formation of precursor Z by proteins encodedMfyCS1 genes,
the subsequent conversion of precursor Z to molgtedm (MPT) is
carried out by the two subunits of MPT synthaseictvlare coded by
a bicistronic MOCS2 gene (Reiss J, 1999). In thealfistep,
molybdenum is attached to the dithiolene moietM&T by gephyrin
(GPHN). Patients with molybdenum cofactor deficiencan be
classified as having complementation group A orefiaiency, both
of which have identical phenotypes. Patients witbug A deficiency
have mutations in MOCS1 and are defective in then#&bion of
precursor Z from GTP. Patients with group B deficig are defective
in MPT synthase. A third complementation group,ugr&, is due to
defects in the gephyrin gene. In the majority & ttases, the main
clinical manifestations include brain abnormalitiegental retardation
and intractable seizures. In comparison with sulfixidase deficiency
due to SUOX gene mutations, molybdenum cofactoricideicy
responds better to dietary interventions (Shih \IB77). In a 5-
month-old girl with molybdenum cofactor deficiendiie dietary
restriction of methionine accompanied by supplemugon of cysteine
led to rapid clearance of urinary sulfites, and rnovement of

neurological development.
Homocystinuria due to CBS (cystathionine Beta-3s#hdeficiency

Cystathionine beta-synthase (CBS) condensates hateare and
serine to form cystathionine, which is subsequentipverted into
cysteine and alpha-ketobutyrate. The active enzgraehomotetramer
composed of four 63-kD subunits and requires pyatigphosphate
and heme (Meier M, 2001). Each subunit binds thligands;
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pyridoxal 3-phosphate (PLP), AdoMet, an allosteric activatmd
heme, the function of which is unknown. The ongeZBS deficiency
(OMIM #236200) is usually in the first or secondcdde of life.
Clinical features include myopia, ectopia lentisgsntal retardation,
skeletal anomalies resembling Marfan syndrome (By&E, 1979),
and thromboembolic episodes. Light skin and hairalao be present,
possibly because of an inhibitory effect of homaoeys on
tyrosinase. Biochemical features include increasedary levels of
homocysteine and methionine. Two main presentatitage been
reported: a milder pyridoxine (vitamin B6)-respaesiform, and a
more severe pyridoxine-non responsive form (Te&tBi, 2010).
Additional therapeutic treatments include a low m@tine diet with

cysteine supplementation and betaine.
Cystathionase deficiency

Cystathionase deficiency (OMIM #219500) is an aomoesl recessive,
relatively benign condition with no striking patbgical features
except for the accumulation in plasma and increas@ary excretion,
of cystathionine. Nonsense and missense mutaticage Heen
identified in the CTH gene in 4 unrelated patientsth
cystathioninuria (Wang J, 2003).
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ETHYLMALONIC ENCEPHALOPATHY

Clinical features

Ethylmalonic encephalopathy (EE) (OMIM #602473) as rare,

autosomal recessive, invariably fatal disorder iydwund in families

of Mediterranean or Arabic decent. Only 70 casesldwaode have
been documented since the disease was first deddoip Burlina and
collaborators in 1991, demonstrating the rarity tbfs disorder
(Burlina, 1991). Common symptoms found in EE pdsemclude

chronic hemorrhagic diarrhea, a delay in neural ettlgment,

symmetric brain lesions, recurrent petechiae, neubgpotonia, and
severe orthostatic acrocyanosis, which ultimateddlto death within
the first decade of life. The onset and degree evesty of these
symptoms vary from patient to patient; however, rtiggority of these
symptoms occur early in development. All patientthviEE display
some level of muscle weakness and spasms as wedbm@srmal

cranial MRI scans with varying levels of brain qing depending on
disease progression. The main neuroimaging feafrése disease
are patchy, bilateral necrotic lesions in the bagahglia and
brainstem, thinning of the brain cortical ribbordagorpus callosum,
and leukodystrophic changes in the centrum senmgovidie majority
of these patients showed severe delays in both itoegnand

psychomotor functions (Burlina et al, 1991; GarSibra, 1994;

Garavaglia et al, 1994).
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Figure 6. Clinical features of EE.

(a), Skin areas with petechiae are indicated by arrows. The boxed pictures
show acrocyanosis of hands and feet. (b), On MRI images of a transverse
section of the brain, symmetrical, patchy, high-intensity signals are present
in the head of nucleus caudatus and in the putamen (arrows).

Biochemical Markers

In addition to the common symptoms associated &ihpatients also
exhibit several biochemical traits including lacicidemia, deficiency
of Cytochrome C Oxidase (COX), the last componentmplex 1V,
clV) of the mitochondrial respiratory chain (RC)in the skeletal
muscle and brain, increase in.£acylcarnitines in blood, elevated
levels of methylsuccinic and ethylmalonic acid (EMA and
thiosulfate in urine, and accumulation of sulfidd,$), the most
recently discovered gasotransmitter, in tissues pladma (Tiranti,
2009). The production of EMA is elevated when theme high levels
of butyryl-CoA that can be carboxylated through gooyl-CoA
carboxylase to ethylmalonyl-CoA allowing for the dnglysis of
ethylmalonyl-CoA to free EMA (Burlina, 1994). Thebraormal
accumulation of butyryl-CoA can occur through asietwo possible

pathways: disorders of the short-chain fatty agidle resulting in a
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build-up of butyryl-CoA or the R-isoleucine cataisah pathway from
2-ethylmalonic- semialdehyde. Evidence for the poiidn of EMA
as a result of defects iproxidation is seen in disorders involving
mutations in the short-chain acyl-CoA dehydrogené®€AD), as
well as glutaric academia type 2, and Jamaican twagnsickness,
although none of these disorders can account fathal symptoms
associated with EE, including diarrhea and the meciu petechiae
seen in EE patients. Lactic acidemia is a very comimallmark in a
number of metabolic disorders and can result frasascade of events
in cellular respiration that depletes the celluleentral energy
pathways. Lactic acid build up results from a blgd in glycolysis,
which in turn, limits acetyl-CoA thereby inactivadgi the citric acid
cycle (CAC). This inactivation of the CAC furtheealds to the
depletion of NADH and reduces the activity of thec&on transport
system. Additionally, the excretion of acylcarngm suggests a
buildup of acyl-CoAs found typically when thereasblock in fatty

acid oxidation, further leading to a depletion néegy metabolism.

Ethylmalonic Encephalopathy 1 (ETHE1) gene and prain

In 2004, homozygosity mapping revealed the molecudafect
associated with EE. In this technique, mapped iotisin length
polymorphisms (RFLPs) in the DNA of affected EEI|dten from
inbred marriages were analyzed, and the diseass lbetected using
the assumption that the adjacent region of theslacas homozygous
by descent in inbred children (Tiranti V, 2004).ikdsthis technique,

it was shown that mutations in the gene Ethylmadmcephalopathy
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protein 1 (ETHE1) are directly associated with ttisease EE.
Preliminary characterization of ETHE1 revealed tliatcontains
orthologs in a wide range of organisms, includinighaebacteria,
fungi, plants, and animals, suggesting that ETHEves a
fundamental biochemical role. A pairwise alignmenhtETHE1-like
proteins from a variety of organisms identified wmer of highly-
conserved residues including the amino acids Y336T7C161, R163,
and L185, of which mutations were found in EE page(Tiranti V,
2004: Tiranti V, 2006). Therefore, these residuesliely critical for
ETHEL function.

The ETHE1l protein, a 30 kDa polypeptide located time
mitochondrial matrix, is a homodimeric,3-lactamase Fe-binding
enzyme. ETHEl s actively translocated across thmneri
mitochondrial membrane and is processed to a mdtune by the
cleaving off of a small N-terminal mitochondriargating sequence.
The mature protein starts from Val8, and that thiéochondrial

targeting sequence is cut off at the Arg7-Val8dmir VV, 2009).

ETHE1

MITO

MERGE

Figure 7. ETHE1 protein structure and localization

Left: three-dimensional representation of ETHEL protein structure; Right:
ETHE1 mitochondrial localization showed by co-immunofluorescence assay
with MitoTracker® Red in HelLa cells.
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ETHEL protein possess a sulfur dioxygenase (SD@yitgc(Tiranti
V, 2009), being part of a mitochondrial oxidativatipway for
inorganic sulfur that ultimately converts sulfideta harmless
compounds, such as thiosulfate and sulfate. Thisn@gy is composed
of four enzymes. First, a membrane-bound mitochahdBulfide
Quinone Reductase (SQR) is involved in the initgidation of HS
and the fixation of its sulfur atom to a sulfur eptor, with the
formation of a persulfide (-SSH). SQR conveys tlgdrbgen atoms
extracted from kS to feed respiratory complex Ill. Next, the
persulfide compound is further oxidized to sulfiby molecular
oxygen through the action of ETHE1-SDO. The enzyhedanese,
which displays a sulfur transferase activity, atsthe third step,
allowing sulfite to be trans-sulfurated in the nshondrial matrix and
converted into a metabolic end product, thiosulfdtédebrandt TM
and Grieshaber MK, 2008). Alternatively, sulfitencalso be directly
oxidized to sulfate by another mitochondrial matemzyme, Sulfite
Oxidase (SUOX).

Sulfur diaxnee ' Sulfite oxidase
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H,S SQR-SSH
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S\JS Sulfur transferase
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Figure 8. Mitochondrial oxidative pathway for inorganic sulfur

SOQR: sulfide—qzuinone reductase; H,S: hydrogen sulfide; SO3: sulfite; SO,
sulfate; S,03": thiosulfate; Q.. oxidized ubiquinone; Qg4 reduced
ubiquinone.
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Ethylmalonic Encephalopathy mouse model

To further explore the pathophysiological role loé tETHE1 protein,
in 2009 Tiranti and collaborators generated a ctutiste knockout
mouse model for ETHE1 gene. This animal model rédapes all the
main phenotypical and biochemical features of thendn EE Ethel
"~ mice show growth arrest from postnatal day 15 latliced motor
activity with wide-based gait, and they die betwésa fifth and sixth
week after birth. Histochemical and biochemicallgsia revealed that
COX activity was normal in liver, moderately desed in jejunum,
and markedly low in muscle and brain. It was alstuglly absent in
luminal colonocytes but present in cryptal colortesy, activities of
other mitochondrial respiratory chain (MRC) enzymascluding
complex | and complex Il, were normal. Analysis widy fluids
showed increased amounts of lactate apg &ylcarnitines in blood
and increased concentrations of ethylmalonic anidEtheI” mice
urines, similarly to individuals with ethylmaloniencephalopathy.
Urinary thiosulfate abundance was several-fold &igtand sulfate
abundance was lower than in controls, whereas tesultvas
undetectable. In addition, thiosulfate was markedigreased in
EtheI’ kidney and liver, and a similar trend was presennuscle
and brain, suggesting increased endogenous produstithiosulfate.
The concentration of 4% in liver, muscle and brain &theI’~ mice
was indeed much higher than in wild-type littermassues (Tiranti
V, 2009). HS is a colorless gas with a characteristic smeHotten
eggs. In mammalian tissues,3is a gasotransmitter acting as
signaling molecule, but at supraphysiological comeions it is a
powerful inhibitor of COX (Leschelle X, 2005) anfitbe short-chain
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acyl-CoA dehydrogenase (SCAD) (Tiranti V, 2009).9H@ released
in large amounts by bacteria residing in the lunwénthe large
intestine (Furne J, 2001). The marked reductiofCOiX activity in
EtheI’™ luminal colonocytes, whereas COX activity was nairim
cryptal colonocytes that are relatively secludedmfrthe luminal
surface, reflects different degrees of exposurethd two cell
populations to the inhibitory action of exogenousSHNotably, a
decrease in }6 detoxification could have a major role in colonic
mucosal damage that is characteristic of conditiassociated with
severe chronic diarrhea, for instance ulcerativéisgRoediger WE,
2008). KBS is vasoactive and, at high concentrations, isctoa
endothelial cells (Szabo C, 2007), which explaim dlesrocyanosis and
the vascular damage that is characteristic of Bie Ftudy of the
ETHE1 mouse model indicate that EE is a diseasecidsd with
impaired catabolism of inorganic sulfur leading @occumulation of
H,S in key tissues. The toxic effects of3Hcan account for several
features of EE, including ethylmalonic aciduria, XC@eficiency,

microangiopathy, acrocyanosis and chronic diarrhea.

Treatments

H.S is mainly released by bacterial anaerobes ofaige intestine,
but endogenous production in trace amounts occeungriually all
organs. Viscomi and collaborators used EteeI’~ mouse model to
test a therapeutic strategy aiming at decreasintgbal production of
H,S and neutralizing toxic # (Viscomi C, 2010). Metronidazole

(Mancardi D,2009)is a bactericidal nitroimidazole effective against
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anaerobic bacteriaN-acetylcysteine, a cell-permeable precursor of
GSH (Atkuri KR, 2007) that can accept the sulftona of HS
through the action of sulfide-CoQ reductase (Hitdeblt TM, 2008),
forming nontoxic GSSH persulfide (which can, inntubecome a
substrate of ETHE1). Combined treatment led theiamegurvival of
EtheI’ mice to shift from 24 to 71.5 d, indicating an &ive effect.
Although the serum concentration of thiosulfatestable and readily
measurable index of 43, was still much higher than normal, it
significantly decreased in treatetheI’” mice compared to untreated
EtheI’” mice, suggesting that the combined therapy agtedifically
against accumulation of 28 and HS-related compounds. In sharp
contrast with untreate&theI’ mice, treatecEtheI’” mice had an
increase in body weight similar to, albeit lessth@ontrol littermates.
Although the histochemical reaction to COX was digubw in
muscle and brain of treated and untredtdteI’” mice and remained
low in a treatedEtheI’” mouse, the severe COX depletion in
colonocytes of untreateBtheI’™ mice disappeared completely and

persistently in the treateetheI’” mice.

Given the results in the mouse model, an Italiatlepg carrying a
homozygous mutation in ETHEMineri R, 2008 encoding an L55P
substitution, was treated. He had manifested theical and
biochemical signs typical of ethylmalonic enceppalby since 6
months of age. Despite dietary manipulations céingisof reducing
intake of monosaccharides, which have a strongerote effect, in
favor of polysaccharides and consuming only hydredlproteins, as
well as coenzyme Q10 supplementation (50 mg pey, gaggression

of his main clinical features occurred in the fallog months. A
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magnetic resonance imaging (MRI) scan at 28 mosiiosved brain
atrophy, leukodystrophy and patchy lesions of thesab nuclei.
Diffuse petechiae of the trunk and limbs and acaoogis were
worsened, as observed by the patient’'s physician2Amonths of

age, the patient was treated with a daily therapysisting of oral

metronidazole antl-acetylcysteine. During the next 8 months, patient

shows an increase in body weight, a marked reduetnal then virtual
disappearance of diarrhea, petechial showers aratyamnosis and
marked neurological improvement, with a lower fregey of seizure
attacks from several per day to less than one &.Wéw EEG showed
the disappearance of slow-voltage waves. Truncpbtonia became
less severe, and spontaneous motor activity ereuin@ lower limbs.
A brain MRI at 36 months of age showed a reversiorain atrophy
and a reduction in leukodystrophy, although theioles in the
neostriatum had become more evident. Ethylmaloaid é€EMA) in

urine and plasma dropped significantly and pensisteand so did the

concentrations of C4 acylcarnitines. The notewomhylongation of

lifespan inEtheI’™ mice and the evidence-based clinical improvement

in patients make the combined treatment with médamole and\-
acetylcysteine at the moment the most effectiveaihne available for
ethylmalonic encephalopathy (Viscomi C, 2010).
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SCOPE OF THE THESIS

My researches during the DIMET project have beawuded on the
investigation of the molecular pathogenesis of tylmalonic
Encephalopathy and on the implementation of thegrdiatic

applications.

Ethylmalonic Encephalopathy, EE, is an autosomatessive,
invariably fatal disorder characterized by earlyw@nbrain failure,
microangiopathy, chronic diarrhoea, defective chtome c oxidase
(COX) in muscle and brain, and high excretion dfykhalonic acid
(EMA) in urine. ETHEL, a gene encoding a mitochdsdbeta-
lactamase-like, iron-coordinating metalloproteis, mutated in EE.
We generated a&theXnull mouse that manifested the EE cardinal
features. We found that thiosulfate was excretegassive amount in
urines of both EtheI” mice and EE patients. High thiosulfate
(H,SSQ) and sulfide (HS) levels were present iBtheI” mouse
tissues. Sulfide is a powerful inhibitor of COX atefminal beta-
oxidation, with vasoactive and vasotoxic effectst ttould explain the
microangiopathy in EE patients. Sulfide is detedfi by a
mitochondrial pathway that includes a sulfur diosygse (SDO).
SDO activity was absent irEthel-/- mice, whereas ETHE1l
overexpression in HelLa cells artel. coli markedly increased it.
Therefore, ETHEL is a mitochondrial SDO involvedcatabolism of

sulfide, which accumulates to toxic levels in EE.

47



An important question that warranted the PhD expenital work
concerns the source of,8l in ETHE1 mutant patients, and how
accumulated sulfide can act on the cytochrome dasda complex at
molecular level. The presence of elevated levelghadsulfate in
several tissues of tHetheI” mouse suggests endogenous production
of H,S from catabolism of cysteine and other sulfur-aonhg
organic compounds. 49 is also a major product of the intestinal
bacterial flora, especially anaerobic species megith the colon. The
presence of a gradient of COX deficiency in lumiwnal cryptal
colonocytes irfEtheI” colon mucosa suggests that a defect of ETHE1-
SDO activity results in faulty detoxification of @yenously produced
H.S. In order to achieve effective reduction ofSHoroduction, it is
crucial to clarify which are the sources of thisngound in the body
that can then constitute specific targets for her@nother important
issue is to understand the organ-specific mechanisvhich lead to
failure of some organs, such as the brain andkbketsl muscle, but
not of others, such as the liver. These aims canni@emented
through the creation and characterization of coomt tissue-specific

KO animals.

A further research line concerns the improvemertiiothemical and

molecular approaches for the diagnosis of EE.
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Abstract

Ethylmalonic encephalopathy (EE) is an autosomatessive,
invariably fatal disorder associated with mutatiom&THEL a gene
encoding a mitochondrial sulfur dioxygenase (SDO@he main
consequence of the absence of Ethel-SDO is themadation of
sulfide (HS) in critical tissues, including colonic mucosajet,

muscle and brain.

Aims: In order to make progress in the elucidationhef bhiochemical
mechanisms leading to COX deficiency, we (i) getsetatissue-
specific conditionalEthel knockout mice to clarify the different
contributions of endogenous and exogenouS production, and (ii)
studied the development of,8tdriven COX deficiency irEthel/-

mouse tissues and human cells.

Results Ethel/- conditional animals displayed COX deficiency
limited to the specific targeted tissue. The acdatian of H,S over
time causes progressive COX deficiency in aninssuies and human
cells, which is associated with reduced amount ©Xtholoenzyme,
and of several COX subunits, including MTCO1, MTCQ20X4,
and COX5A. This reduction is not paralleled by dstent down-
regulation in the expression of the correspondifiNAS.

Conclusions Tissue-specific ablation ofEthel causes COX
deficiency in targeted organs, suggesting thaurfailin neutralizing
endogenous, tissue-specific production @SHs sufficient to cause
the biochemical defect but neither to determindirdcal impact nor

to induce the biomarker profile typical of EE. Theechanism by
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which H,S causes COX deficiency consists of rapéne anhibition
and accelerated long-term degradation of COX subuHbwever, the
pleiotropic devastating effects of,& accumulation in EE cannot be
fully explained by the sole defect of COX in créidissues, but are
likely consequent to several toxic actions on a Inenof enzymatic
activities in different tissues, including endothaklining of the small

vessels, leading to multi-organ failure.

Introduction

Ethylmalonic encephalopathy, EE, (OMIM#602473)ais autosomal
recessive fatal infantile disease caused by acatmonol of sulfide,
H,S, a mitochondrial poison produced exogenouslyhgyanaerobic
enterobacterial flora and synthesized endogenouslyvarious
mammalian tissues. Failure to detoxify sulfide ug do the absence or
malfunctioning of a mitochondrial sulfur dioxygeeagncoded by the
ETHE1gene, which is mutated in EE (1).

EE has been reported in numerous infants of Meditean or Arab
origin  who are clinically characterized by 1) preggive
encephalopathy; 2) chronic diarrhea; 3) petechimpyra and severe
orthostatic acrocyanosis. Biochemically, EE preseah unusual
combination of severe deficiency of cytochrome @age, COX, the
last component (complex IV, clV) of the mitochoradrrespiratory
chain (RC), in both muscle and brain, accumulatioiblood of C4
and C5 acylcarnitines and urinary excretion of kti@yonic acid
(EMA), the dicarboxylic derivative of butyrate (2)/e found that the
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ETHE1 gene codes for a sulfur dioxygenase (SDO) of the
mitochondrial matrix, being part of a mitochondmidative pathway
for inorganic sulfur that ultimately converts sd#i into harmless
compounds, such as thiosulfate and sulfate. Thisnzgy is composed
of four enzymes. First, a membrane-bound mitochahdsulfide
quinone reductase (SQR) is involved in the inibaldation of HS
and the fixation of its sulfur atom to a sulfur eptor, with the
formation of a persulfide (3). Next, the persulfcienpound is further
oxidized to sulfite by molecular oxygen through #ation of ETHE1-
SDO. The enzyme rhodanese, which displays a sutansferase
activity, acts in the third step allowing sulfit Ibe trans-sulfurated in
the mitochondrial matrix and converted into a meliabend product,
thiosulfate (3). Alternatively, sulfite can also Heectly oxidized to
sulfate by another mitochondrial matrix enzyme,fitloxidase.
Wilson et al. (4) have proposed that yet anotheryere, sulfide
oxidase, is active in the colonic mucosa, whereatalyzes the first
and rate-limiting step of local sulfide catabolisognsisting of the
oxidation/condensation of two molecules of,SHto thiosulfate
(H2SGs). Thiosulfate would then react with cyanide, beulgmately
converted into thiocyanate by the trans-sulfurasaivity of
rhodanese. However, the very existence of sulfidielase has not
been demonstrated, whereas in vivo experimentsh@e clearly
shown that hardly any cyanide is produced in thgelantestine, either
by the mucosal cells or by the bacterial flora. Ssmuently very little,
if any, thiosulfate can be converted into thiocytana vivo, casting
doubt that this pathway exists in vivo. In any ¢dbe consequence of

impaired ETHEL1 activity is the accumulation of &g a harmful,
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biologically active compound that at micromolar centrations acts
as a powerful inhibitor of both COX and short-chanyl-CoA
dehydrogenase, SCAD, and possibly other enzymatiwitees as
well, damages the mucosa of the large intestine esmtbthelia, and
alters the vessel tone, thereby accounting forniaén clinical and
biochemical features of EE.,H, together with NO and CO, belongs
to a family of biological mediators termed gasosraitters. HS
exerts a host of biological actions on various etsg resulting in
responses that range from cytotoxic to cytoproteciffects (6).
Taken together, this data suggests thatEihel/- mice as in EE
patients, low COX activity in muscle, as well asiby is due to the
toxic accumulation of k5. We have previously shown that the
biochemical defect of COX activity is paralleled loth tissues by
concordant reduction in the steady-state amou@@X holoenzyme,
suggesting that persistent inhibition of COX adtivtan induce its
structural destabilization and accelerated degi@ulat

Besides endogenous production from catabolism stieaye and other
sulfur organic compounds, a substantial amount & Herives from
the anaerobic bacterial flora residing in the lumanthe large
intestine (7). Similar to the EE intestinal lesipagcessive production
and absorption of $$, combined with its reduced detoxification by
colonocytes are thought to play an important rolethe mucosal
damage of ulcerative colitis. In order to underdtdre contribution of
exogenous vs. endogenousSHoroduction we have characterized the
phenotype of conditionaEthel-/- mice in extra-intestinal organs,

namely liver, brain and skeletal muscle.
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In addition, we investigated the consequences oiX @O chronic
exposure to kB in theEthel-/-mouse model, and in cultured human

cells.
Materials and Methods
Cell Lines, Culture Conditions and Treatments

Human primary fibroblasts and Hela cells were grown a
Dulbecco’s modified Eagle medium (DMEM) supplementeith
10% fetal bovine serum at 37°C in 5% £a&tmosphere. The cells
were cultured without or with increasing concendrasg (0.1 to 0.5

mM) of NaHS (Sigma) freshly dissolved in the cudtunedium.

Creation and characterization of brain-, muscle-daliver- specific

conditional Ethel-/- mice

Recombinant Ethel-/- mice were obtained as described (1). A
neomycin-resistance cassette flanked by frt sitas wemoved by
crossing with aFlpe transgenic mouse (8), thus obtainithel™*"
mice. The EtheT’*" animals were mated with three different
transgenic strains expressing tBee recombinase under (i) the liver-
specificAlbumin (9), (ii) the muscle-specifiMyoD (10), and (iii) the
brain-specificNestin(11) promotersETHEI-*"cre
crossed with Ethet®"* in order to obtainEthet®®/toxP. Cre

individuals. Animals were euthanized at post-partday 90 (P90)

were eventually

and the absence of tlethel gene and protein was verified in the
tissues of each conditional model by PCR-baseddsig on genomic
DNA, and western-blot analysis with a specific a-ENL antibody.

Biochemical evaluation of complex IV activity waseasured in
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muscle, brain, and liver homogenates. The measunteofi¢hiosulfate

in urine was performed as previously described.(12)
Immunoblotting

Western-blot analysis was performed with a-ETHE3),(A-MTCO1
(1 pg/ml), a-MTCO2 (1 pg/ml), a-COX4 (0,5 pg/miCOX5A (1
pg/ml), a-SDH-A (0,1 pg/ml), a-Rieske iron-sulfurofein (RISP)
(0,5png/ml) and a-NDUFA9 (0,5 pg/ml) (Invitrogen)timodies, using
the ECL chemiluminescence kit (Amersham), as desdrelsewhere
(14). Cells lysates were prepared from cells culturedli@5 cnf
flasks and resuspended in MOPS-sucrose buffer.tddigi (0,2
mg/ml) was added and incubation was carried ouicerfor 5 min.
After centrifugation at 5,000x g for 3 min, the lpélwas resuspended
in 1 mM EDTA, MOPS-sucrose buffer. After a secondnbn
incubation on ice, cells were centrifuged at 1030§dor 3 min. The
pellet was resuspended in RIPA buffer (Tris-HCI 01 pH 7.5,
NaCl 150 mM, EDTA 5 mM, NP40 1%, NaDOC 0,5%) plustpase
inhibitors and incubated on ice for 30 min. Solupl®teins were
separated from insoluble material by centrifugatdrii8,000x g for
20 min. Mouse tissues were homogenized in 10 x)(efil0 mM PK
buffer, pH 7.5. Mitochondrial enriched fractions reecollected after
centrifugation at 800x g for 10 min in the preserafeprotease
inhibitors, and frozen & thawed twice in liquid migen.
Approximately 60 pg of proteins was used for eaamme in
denaturing sodium-dodecyl sulfate polyacrylamideejectrophoresis
(SDS—-PAGE).
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Real-Time quantitative PCR

Total RNA was extracted from cells using RNeasyiMin (Quiagen)
according to the manufacturer’s protocol. Tissuevée RNA was
isolated with TRIzol reagent (Invitrogen). Two pfjtotal RNA was
treated with RNase-free DNase and retro-transcribngdusing the
Cloned AMV First-strand cDNA Synthesis kit and ol
(Invitrogen). Approximately 2-5 ng of cDNA was uséat SYBR-
GREEN based Real-Time PCR using primers specific fo
amplification of several COX-subunit encoding geaesording to the
ABI-Primer Express software; standard transcript$®RA and
GPADH were co-amplified using suitable primers (Seg@plementary
Table). Real-time quantitative PCR was carried osihg an ABI
PRISM 7000 Sequence Detection System. The ampidicgrofile
was according to a two-step protocol: one cyclOaC for 2 min, one
cycle at 95°C for 10 min, and then 40 cycles of®%6r 15 s and
60°C for 1 min. A final dissociation step (95°C fiB s, 60°C for 20 s,
95° for 15 s) was added to assess for unspecifimgordimer

amplifications.
Morphological and Biochemical analyses

For light microscopy, samples from different tissugere frozen in
liquid-nitrogen-cooled isopentane. Standard higficlal and
histochemical techniques for the detection of nfitowrial alterations
and muscle fiber distribution were performed onadaryostat cross
sections as previously described. Standard histoiciaé method for
the detection of SDH activity on 8-micron-thick osgat sections was
followed by dissolving 3.2 mM phenazine methosealféPMS), 12
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mM succinic acid and 1.2 mM nitro blue tetrazoligNBT) in 10 ml
of 0.1M phosphate buffer, pH 7.4. The pH of thisubation solution
was adjusted to 7.6 and filtered through a Whatianl filter paper.
Sections were incubated for 30 min at 37°C and thesed three
times, 5 min each in distilled water at room tenapa@re and then
mounted on glass slides with warm glycerin. In s@H reactions,
the following compounds were added:10 mM Na maematl mM
NaHS. Standard histochemical reaction on cryostetiens for COX
was performed as described (15). For COX+SDH dostalming, the
COX reaction was performed first, followed by thHetbreactionafter
rinsing the sections three times for 5 min eachdistilled water.
Biochemical assays of the individual MRC complegesl of citrate
synthase (CS) on tissues and cells were carriedodescribed (16).
The specific activities of each complex were noreeal to CS, an
indicator of the number of mitochondria. COX adiwvas evaluated
in the homogenates incubated with 10mM NaHS aftiditeon of
COX reaction mixture. The first measurement wasopered within 2
min and then repeated every 10 min for one hourX @&tivity was
recorded in parallel in untreated homogenates. dRakiactivity in
treated samples was calculated as percentage afottmeal activity

measured in untreated homogenates.
In Vivo Mitochondrial Translation Assay

Analysis of mitochondrial protein synthesis wasf@ened according
to Chomyn (17) with some modifications. For the l§&l experiment,
cells at 70% confluence in T25 flasks, were culluie 24 h in the

presence or absence of 0.5 mM NaHS and then ineditbat 2 h with
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100 pg/ml of emetine, an irreversible inhibitor @ftosolic protein

synthesis, in the presence of 180i/ml of [*°S]-Met/Cys (Express
Protein Labeling Mix, Perkin Elmer) in methioninexda cysteine

deficient DMEM. For the “chase” experiment, cellser& pre-

incubated with 40 pug/ml chloramphenicol for 15 tell€ were then
labeled for 2 h in the presence of 100 pg/ml cyekimide, and

further incubated in complete medium for 24 h, wathwithout 0.5

mM NaHS. Following washing and harvesting, cellsrevkept at -
80°C until use. An equal amount of total cellulaotpins was loaded
on a 15 to 20% exponential gradient SDS-PAGE. Télew@s then
fixed, dried, and autoradiographed using a Phodplager apparatus
(BioRad).

Results

Evaluation of brain-, muscle- and liver-specificndational Ethel-/-

mice

Absence of theEthel gene and protein in liver-specific albumin,
muscle-specific myoD, and brain-specific nestindibanal animals,
was verified by PCR (not shown) and Western-blatlyses (Figure
1A). The muscle homogenate of the myoD-specifiaJ #me brain
homogenate of the nestin-specific conditional kmatkanimals, both
showed a 50-60% isolated reduction of the COX dagtiwhereas
neither the brain of the former, nor the musclehaf latter animals
showed the defect (Figure 1B). In contrast, COXvagtwas normal
in the liver, muscle and brain of the liver-specitithel-/- animals
(Figure 1B).
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None of the three conditional mouse models showedclinical and
biological hallmarks of EE, at least for the perimidour observation
(90 days). In particular, urinary thiosulfate levelere comparable
between conditional and wild-type animals (Figu@).1

A MyoD-ETHE1 Nestin-ETHE1 Albumin-ETHE1

Liver Muscle Brain Liver Muscle Brain Liver Muscle Brain
cr ko ctr ko ctr ko ctr ko cir ko cir ko  ctr ko ctr ko ctr ko

Poe e ®m= e o mEBEW ETHE

Wopunde Blaise SOEEA

120
100 -

COX residual activity (%)
[-.3
o

60

40

Urine thiosulfate
(nmol/mg creatinine)

MyoD Nestin Albumin

FIG. 1. Analysis of conditional ETHE1-/- animals.

(A) Western blot assay using an a-ETHE1l antibody different tissues of
musclespecific (MyoD), brain-specific (nestin), divetr-specific (albumin) Ethel-/-
mice. An a-SDH-A antibody was used as a proteidilog standard. (B) COX
activity in different tissues of MyoD, nestin, aatbumin-conditional Ethel-/-mice.
Black bars: control animals; gray bars: Ethel-/-imats. (C) Thiosulfate
concentration in the urine of MyoD, nestin, anduaftin conditional Ethel-/- mice.
Blue bars: control animals; red bars: Ethel-/- aémCOX, cytochrome c oxidase.
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Histochemical staining of Ethel-/- constitutiveraals

Constitutive Ethel-/- mice are characterized by a downhill clinical
course which, starting at around P15, i.e. the vmgatime, leads the
animals invariably to death within 30-35 days aligth. Severe COX
deficiency is detected in brain and muscle of E30el/- mice by
both histochemical and biochemical assays. In oim@emderstand if
the onset of the clinical deterioration at P15 cmlas with the onset
and progression of COX deficiency, we analyzedokis¢mically the
muscle, brain and colon of P15, P21 and ME3Bel-/- mice. In
muscle, COX deficiency progressed from mild reductat P15, to
severe reduction at P21, which further worsendtiénterminal stage,
at P30 (Figure 2). The same progression was foanbrain tissue
(Figure 3).

Examination of the intestinal tract showed diffuseld reduction of
COX activity in the jejunal mucosa (not shown).dolonic mucosa,
COX deficiency at P15 was limited to the colonosykecated on the
luminal surface. Over time, COX deficiency progresly diffused,
from the luminal surface through the internal pafrtthe mucosa to
reach the deeper segments of the Lieberkhiin c(iAmsre 4). In all
three tissues, i.e. muscle, brain and colon, wadoa parallel strong
increase in the histochemical reaction used toalisel the activity of
succinate dehydrogenase, SDH, which is part of ¢exnip (Figures
1- 3). This reaction is based on the capacity ofHS@ reduce
tetrazolium, a colorless salt, into formazan, shlye, in the presence
of succinate. A hyper-intense SDH reaction is tgpiaf conditions

characterized by proliferation of mitochondria,.ea@gged-red fibers
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in mitochondrial myopathies, and is accompanied ibgreased
biochemical activities of SDH and citrate synth@S8), another index
of mitochondrial mass, in tissue homogenate. Howeaweither SDH
nor CS enzymatic activities were increased Hthel-/- tissue
homogenates, nor was proliferation of mitochondegected by ultra-
structural studies (not shown), suggesting thattheng blue staining
obtained histochemically was not due to increase#i &ctivity and
mitochondrial proliferation, but rather to the prese of direct, non-
enzymatic conversion of tetrazolium into formazanHyS and its
persulfide derivatives (18). To test this hypotkeesie first incubated
1mM of NaHS with 0.1 mM NBT in a test-tube and fied that NBT
was indeed reduced, by reading absorbance at 412 wiim
spectrophotometric analysis. We then exposed wpé-t muscle
sections to 1 mM NaHS, which dissociates to Na+ &® in
solution. HS then associates with H+ and produce$ HAt pH=7.4,
in which the SDH reaction has been carried outy@pmately one
third of the HS exists as the un-dissociated form$H the remaining
two-thirds being present as HS (19). To avoid evapmn, the

reactions were performed in cover-slip tightly cegp

While the standard SDH reaction gave a normal isigiim the muscle
of Ethel+/+ animals (Figure 5, panel A),. a straegction was
present in both NaHS-treateithel+/+ (panel B) and untreated
Ethel/- muscles (panel C), Next, we treated muscle i@ext of
Ethel+/+andEthel/- animals with (a), malonate, a specific inhibito
of complex Il (Figure 5: D=Ethel+/+ animals; E=Ethe®/- animals)
or, (b) without succinate, the specific substrdt&bH (Figure 5: F=
Ethel+/+ animals; G=Ethel/- animals). As expected, titghel+/+

74



muscle displayed the normal pattern in standard S$ddocol, but
developed hardly any staining in the presence dbmage or in the
absence of succinate, indicating that the reactias indeed specific
to SDH. However, th&thel/- muscle sections still turned deep blue
in the presence of the SDH inhibitor (malonatejrothe absence of
the reducing substrate (succinate). A blank reacperformed by
omitting NBT failed to stain botkthel+/+ (Figure 5, H) andthel

/- muscle specimens (Figure 5, 1). Taken togethesé results indicate
that (i) HS is capable of directly reducing tetrazolium ifdomazan
and (ii) the deep-blue staining observedEthet/- muscle is, at least

partly, independent of SDH activity.

FIG. 2. Muscle histochemistry of constitutive Ethed/- mice.

Muscle serial sections, scale bars: 20 mm. COXiagtin WT animals (A); Ethel
-/- animals at P14 (D), P21 (G), and P30 (J). Shitiviy in WT animals (B);
Ethel-/- animals at P14 (E), P21 (H), and P30 (QX-SDH double-stain in WT
animals (C); Ethel-/- animals at P14 (F), P21 &hd P30 (L). SDH, succinate
dehydrogenase; WT, wild type.
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FIG. 3. Brain histochemistry of constitutive Ethel/ mice.

Brain serial sections, scale bars: 50 mm. COX #agtima WT animals (A); Ethel-/-
animals at P14 (D), P21 (G), and P30 (J). SDH #gtim WT animals (B); Ethel-/-
animals at P14 (E), P21 (H), and P30 (K). COX-SDOHMlde-stain in WT animals
(C); Ethel-/- animals at P14 (F), P21 (1), and R30

. B
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FIG. 4. Colon histochemistry of constitutive Ethel- mice.

Colon serial sections, scale bars: 50 mm. COX #gtin WT animals (A); Ethel-/-
animals at P14 (D), P21 (G), and P30 (J). SDH &gtim WT animals (B); Ethel-/-
animals at P14 (E), P21 (H), and P30 (K). COX-SDOHilde-stain in WT animals
(C); Ethel-/- animals at P14 (F), P21 (1), and R30
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Ethe1+/+ Ethe1-/-

Ethe1+/+

Ethe1-/-

FIG. 5. SDH histochemistry on muscle sections undedifferent

conditions.

Standard SDHreaction is shown omuscle sections of Ethel+/+ and Ethel-/-
animals. Additionor elimination of specific compounds (see the Matsrand
Methods section) in the standard SDH incubation tuné are indicated. (A)
Standard SDH reaction on Ethel+/+ musdB) Standard SDH reaction with
addition of 1mM NaH®n Ethel+/+ muscle. (C) Standard SDH reaction osafeu
of Ethel-/- mice. (D) Sodium malonate (10mM), an SDkibitor, was added to the
incubation medium of standarf@DH reaction on Ethel+/+ muscle. (E) Sodium
malonate (10mM), an SDH inhibitor, was added to the inculratmedium of
standard SDH reaction on Ethel-/- muscle.§BH reaction was performed without
succinate on Ethel+/muscle. (G) SDH reaction was performed without sate

on Ethel-/- muscle. (H) SDH reaction was performttiout nitro blue tetrazolium
on Ethel+/+ muscle. (I) SDkeaction was performed without nitro blue tetrazwli
on Ethel-/- mice muscle. NaHS, sodium hydrosulfide.
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Evaluation of COX expression

In order to understand the mechanism of COX defwyein EE, we
performed Western-blot immunovisualization on salkelCOX
subunits in liver, muscle and brain homogenateoktitutiveEthel-
/- mice at different ages. P15, P21 and P30. The amoflithe
MtDNA-encoded MTCOL1 subunit decreased progressivey time
in muscle and brain, but not in liver (Figure 6AJhe same
phenomenon was observed for the nucleus-encodenhissilof COX;
for instance, hardly any COX4-specific cross-reagtmaterial was
detectable in muscle at P30; subunit 5A was alswedsed, in the
same tissue, albeit to a lesser extent (Figure @Agrefore, the
reduction of nuclear and mitochondrial encoded C£0Kunits seems
to be time-dependent, according to a mechanismciated with
chronic, progressive accumulation ofSHin critical tissues, and are in

excellent agreement with the progressive redudfaddOX activity.

The same reduction of subunits MTCO1 and COX5A alzserved in

muscle of the Myo-D specifiEthel-/-conditional model, and in the
brain of the nestin-specific model. No reductionsvedoserved in the
liver, muscle and brain of the liver-specifithel-/-animals (Figure

6B).
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FIG. 6. COX expression in mouse tissues.

(A)Western blot analysis of COX protein subunitghe liver, muscle, and brain of
constitutive Ethel-/- mice at different ages (PR21, and P30). (B) Western blot
analysis using a-COX5A in different tissues of Myobestin, and albumin-
conditional Ethel-/- mice; a-MTCOL1 was used onltigsues specifically targeted
for Ethel gene ablation. ctr: Ethel+/+ mouse (WKb);conditional Ethel-/- mouse
(Ethel knockout in the liver, muscle, and brai}) Real-time quantitative PCR
analysis of COX transcripts in the liver, musclad drain of Ethel-/- mice at P30.
Dashed line indicates the expression level of ti¢A& P control transcript.
MTCO, mitochondrially encoded cytochrome ¢ oxidase.

The decrease in the amount of single COX subuefteats a parallel
decrease of steady-state COX holoenzyme. Whateisrtechanism
underpinning this phenomenon? A first possibility reduced
expression of COX-encoding genes. This hypotheas miled out by
real-time quantitative PCR analysis in differergsties of wild-type
and Ethel/- animals. We found no differences in the traimsdevel

for MTCO1, MTCO2, COX4 and COX5A, indicating thahet

decrease in the amount of COX subunits and holoeazyccurs post-
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transcriptionally (Figure 6C). A second possibilitg impaired
translation and assembly, and a third is accelérdegradation of
COX.

To test these hypotheses, we performed mitochdnidri@ivo pulse-
chased translation assay in primary human fibrébla&xposed to
NaHS. The “pulse” experiment, in which mitochondtranslation is
allowed to proceed for two hours, evaluates theaciayp of NaHS to
affect thede novosynthesis of mitochondrial proteins, while the
“chase” experiment, which follows the persistenderadiolabeled
proteins over a prolonged period of time (24 hpleres the effects of
NaHS on protein stability. As shown in Figure % fhulse experiment
showed no difference in mitochondrial de novo protgynthesis in
the absence or presence of NaHS. In contrast, thsecexperiment
showed a strong reduction in the amount of COX ifipesubunits in
cells exposed to NaHS as compared to untreated, celkarly

suggesting accelerated degradation.
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FIG. 7. Mitochondrial in vivo translation.

mtDNA-specific protein synthesis in fibroblaststhe absence (nontreated, NT) or
presence of 0.5mM NaHS. Pulse experiment is regode the left; chase
experiment on the right. The autoradiographic baads labeled according to
molecular weight and to standard nomenclature: NBD2, ND3, ND4, ND4L,
ND5, and ND6 are subunits of cl; Cyt b is cytocheolm a subunit of clll; CO1,
CO2, and CO3 are subunits of clV; and A6 and A8 subunits of cV (see
www.mitomap.org=MITOMAP=MitoPolypeptide). Arrows dicate the absence of
MTCO1, MTCO2, and MTCO3.

Likewise, Western-blot analysis performed on Hekbscshowed that
the amount of cross-reacting material specific @XX, 2, 4 and 5A
decreased in a dose- and time-dependent manner, CAD¥4

underwent partial proteolytic degradation (Figuks).8These effects
were specific to COX, since no decrease in the amnod either
complex | (i.e. NDUFA9) or complex Il (i.e. RISBubunits was
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detected in either experiment, and the correspgnbmlocomplexes
were both normal as demonstrated by measuring thetchemical
activity (1). COX activity in NaHS-treated cellstef 24 h was
decreased, in parallel with the reduction in COXoant (Figure 8B).
Again, the transcript levels for COX1, 2, 4 and S#ere similar to

those of untreated cells (Figure 8C).
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FIG. 8. COX expression in cells.

(A) Western blot analysis of COX protein subunitddeLa cells treated for 15 or 24
h with different concentration (0.1, 0.3, and 0.5mMdM NaHS. (B) COX residual
activity in HelLa cells treated with increasing centration of NaHS (gray bars) or
untreated (black bar).

(C) Real-time quantitative PCR analysis of COX s@ipts in HelLa cells treated
with 0.5mM NaHS for 24 h. Values are expressedeasgntage (%) relative to the
mean values of two standard transcripts, HPRT afBE 3, taken as 100% (dashed
line). See Materials and Methods section for detail
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Recovery of COX activity in tissue homogenatessegto NaHS

Biochemical activity of COX was spectrophotometiticaneasured
after incubating liver, muscle and brain homogenatéth 10 (1M

NaHS and then leaving them exposed to air for ag bs 1 hour. As
shown in Figure 9, COX activity progressively reemed over time,
since after 30 min, COX activity reached 98% of tloemal activity
in liver, 64% in muscle and 49% in brain, indicatidifferent

efficiency of the three tissues in detoxifyingSH
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FIG. 9. Biochemical activity of COX in the presencef NaHS.
Recovery of COX activity in the liver, muscle, abhchin homogenates assayed at
different time points after theddition of 10 mM NaHS.

Discussion

COX is the terminal enzyme of the mitochondrialpiestory chain,
catalyzing the electron transfer from reduced dytome c to
molecular oxygen. According to the bovine enzymeucstre,
mammalian complex IV is a heteromeric complex cosepoof 13
different subunits. The catalytic core of the eneymonsists of
MTCO1 and MTCO2, two mtDNA-encoded subunits, whedntain
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the twoheme amoieties & anda3), and the two copper centers (Cu
and Cug) responsible for electron transfer. A third mtDNAeoded
subunit (MTCO3) is part of the structural core anay play a role in
proton pumping. The remaining ten subunits (COX4XGA,B;
COX6A,B C; COX7A,B,C; and COX8) are encoded by eaclgenes
and must be imported, processed and assemblechéngeith the
mtDNA-encoded subunits. The function of these sitbug currently
unknown but they plausibly regulate the activityd atability of the
complex. COX deficiency is a frequent cause of aisein humans,
being associated with different clinical syndronaesl a spectrum of
gene defects (20). We demonstrated that a new gatimmechanism
is at work in EE, based on,8-mediated poisoning of COX.

Since COX catalyses the oxidation of ferrocytocheoenby gaseous
molecular oxygen, it is not surprising that othasses, such as NO,
CO, and HS can also interact with this enzyme. However, stlait
high concentration these gases inhibit COX actjvitytrace amounts
they play a physiological role as signaling molesuand are in fact
produced by normal tissues (19%,3{1which is endogenously released
from L-cysteine by either cystathionine beta-systhar cystathionine
gamma-lyase (21, 22), has been proposed to regthatevascular
tone, myocardial contractility, neurotransmissioand insulin

secretion.

We have demonstrated here that the ablatioktbel restricted to
muscle or brain is clearly associated with an tealaCOX deficiency
in the targeted tissue, but not in othethetcompetent, tissues. This

data unequivocally demonstrates that failure to tnaéme the

84



endogenous production of ;8 is sufficient for COX activity to
decrease, but not for the animals to become swkfar thiosulfate,
an EE biomarker of 6 levels, to increase. This observation suggests
that multiorgan accumulation of,H and diffusion of exogenously
released b5 from the bacterial flora (23, 24) are both neettd
determine the severe metabolic impairment and #iel fclinical
course of Ethel-less mice and humans. Acute expdsuNaHS for
just a few minutes is sufficient to inhibit COX, tlthis phenomenon is
reversible and normal activity can be restored mpetitive
displacement operated by the oxygen contained enaith Previous
studies have shown that isolated COX is in facergbly inhibited by
H,S with a Ki of 0.2 uM, which is independent of oxygen
concentration (25). In addition, respiration ofl&ed mitochondria is
50% reduced at 10M H,S (26), and that of intact cells at about 30
uM (27). HS can also interact with the enzyme substrate chytone

c, and reduce it (28). However, we showed thatidessdirect COX
inhibition, chronic exposure to A3 elicits a time- and dosage-
dependent decrease in the amount of the holoenzymaking the
defect permanent and irreversible. Taken togettterse findings
indicate that in spontaneous and experimental E& ¢hronic
exposure to high levels of ;B causes a progressive intoxication of
tissues, due to a variety of effects, including,oam others, COX

deficiency.

Since COX-specific transcription was normalBthel/- tissues and
NaHS-treated cells, the decrease of COX holoenaymst be due to
either defective assembly or accelerated degradatidhe enzyme.

Whilst the former possibility is unlikely, since sasnbly
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intermediates, which are usually observed in dsfeat COX
assembly, were consistently absent Hthel-/- tissues (1), the
concordant decrease of both COX holoenzyme andvidthdil
subunits, demonstrated by in vitro translation assad Western-blot

analysis, indicates accelerated degradation ofigpled) enzyme.

What is the mechanism underlying this phenomenddX hibition

by H,S is exerted on the oxidized states of the binnadeatre of the
enzyme; in the fully inhibited state, COX capturego sulfide
molecules, one bound to reducedsCine second to oxidized heme a3
(29). An excess of sulfide maintains in a redudatiescytochrome a,
Cua and Cy, and determines the formation of cytochrome a3-SH
complex. According to a recently proposed functioB®X model
under conditions mimicking rate-limiting electrolux (30), at high
concentration, k5 binds to the reduced, Fell, active metal center o
heme g (31), thus competing with Ofor binding to the reduced
FellCul active site (31). Based on our results, prepose that the
binding of BS to the metal core causes fully assembled COX to
become destabilized and get degraded, possiblyingtafrom the
protein backbone that forms its catalytic core. @dmngly, we
observed stronger reduction in the amount of MTCOI,CO2,
COX4 and COX5A, which are the first subunits toite@rporated in
the nascent holoenzyme during the assembly protegsther with
the metal-containing moieties. Interestingly enqugk observed the
same accelerated COX degradation in normal humiismaweonically
treated with HS. Similar to that observed in mouse tissues, COX
deficiency was associated with reduction in thetggno amount of
subunits MTCO1, MTCO2, COX4 and COX 5A, but tramstoon of
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the corresponding genes was normal. Importantlygther respiratory
chain complex appeared to be affected, althougleroémzymatic
activities, not directly correlated with the furooti of the respiratory
chain, are also likely to be inhibited by sulfide.

A baffling observation is that, despite the pregeotelevated sulfide
concentrations, COX is not inhibited iBthel-/- hepatocytes. In
agreement with our results, Dorman et al (32) olexksignificantly
elevated, rather than reduced, COX activity inrévef rats exposed to
>10 ppm HS for 3 h. Along the same line, Huang and co-waker
(33) also observed a small, albeit statisticallg+s@nificant, increase
in liver COX activity of rats exposed to 100 pprmaSHfor 8 h/day, 5
days/week, for 5 weeks. The biological significanoé this
observation is unclear, but our data on the coonbii liver-specific
Ethel-/- mouse model also suggests that respiration i iwenot
inhibited by HS, possibly because,8 neutralization is carried out in
this tissue by either additional or more efficielgtoxifying systems.
In line with this idea, we showed that the mosidapcovery of HS-
induced COX inhibition was indeed obtained in cohtfiver
homogenate, compared to a much slower recovery wdcla and

brain.
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Abstract

Ethylmalonic encephalopathy (EE, OMIM # 60247 3amsautosomal
recessive metabolic disorder of infancy affectinge tbrain, the
gastrointestinal tract and peripheral vessels tfaused by a defect in
the ETHE1 gene product, which was recently shown to be pag o
metabolic pathway devoted to sulphide detoxificatid/e report the
application of improved biochemical and moleculppr@aches to the
diagnosis of three cases of EE from two unrelatgdriGt families.
The children presented all the typical biochemicallmarks of the
disease including elevated lactate and butyryltamiin blood and
elevated urinary excretion of ethylmalonic acidmg2thylsuccinate,
isobutyrylglycine and isovalerylglycine. We alsaet#ed an elevated
level of thiosulphate in urine, which we propose aas additional
biochemical marker of the disease. The probantefitst family was
shown to be a compound heterozygote for a missengation in
exon 5, L185R, and a deletion of exon 4. The datetvas identified
using quantitative real-time polymerase chain ieac{(QRT-PCR).
Using the same technique, the proband of the sefamidy was
found to be homozygous for the exon 4 deletionrénptal diagnosis
was performed for the second family using gRT-PCRus
establishing the usefulness of RT-PCR in prenatajrisis.

Introduction

Ethylmalonic encephalopathy (EE, OMIM # 602 473 idevastating
metabolic disorder of infancy affecting the brdime gastrointestinal
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tract, and peripheral vessels. It was originallporgéed in Italian
families in 1991 (1) and subsequently in other pafons, mostly
Mediterranean and Arabic (2—-4). The disorder israttarized by
neurodevelopmental delay and regression, promipgramidal and
extrapyramidal signs, recurrent petechiae, orthicstarocyanosis and
chronic diarrhoea and leads to death in the fiestade of life. The
magnetic resonance imaging (MRI) shows symmetricatrotic
lesions in the deep grey matter structures. Bioatedhy, the disorder
is characterized by persistent lactic acidemiayagtzl concentration
of C4 and C5 plasma acylcarnitine species, antierutine, elevated
concentration of ethylmalonic acid (EMA), isobutiglycine and 2-
methylbutyryl glycine. Recently, elevated urinahjosulphate was
shown to be an additional biomarker of EE (5). €Cigtomec oxidase
activity is reduced in muscle but not in fibrob&sTiranti et al. (2)
identified the gene responsible for EE, on chromwesd9q13, using a
combination of homozygosity mapping, integration ptfysical and
functional genomic data sets and mutational scngefiwenty-seven
different mutations have been so far identifiedh@ETHE1gene (2—
4, 6, 7). The product of thETHEL gene (GenBank D83198) is a
protein targeted to mitochondria and internalizetd the matrix after
an energy-dependent cleavage of a short leadeidpef®, 3). A
recent study (5) has shown that the human ETHElejprchas a
homodimeric structure, contains one iron atom penemer and has
sulphur dioxygenase (SDO) activity, being part ofmaochondrial
metabolic pathway responsible for sulphide detoatfon. In this
study, we present three cases of EE from two uteel&ypriot

families. In addition to the usual biochemical naag these subjects
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were also analysed for the presence of urinarystiphate, a new
metabolic marker of the disease. The molecularacharization of the
ETHE1gene was performed using direct sequencing andtitpiare
real-time PCR (QRT-PCR).

Materials and methods
Subjects

The three children studied came from two unreladdek Cypriot
families. Informed consent was obtained from theepts of the

patients.
Patient 1

This was the third child of non-consanguineous mateDelivery and
perinatal period were unremarkable. She preseritdtkaage of 21/2
months with feeding difficulties, failure to thrivegpetechiae and
ecchymosis. She was found to be floppy with sevesad lag and
microcephaly but with no dysmorphic features. Hesponses to
auditory and visual stimuli were poor. Her musded varied from
hypotonia to hypertonia, particularly in the lowenbs. Deep tendon
reflexes were exaggerated, and there was sustatwdis and
bilateral Babinski. She subsequently developedrabrdiarrhoea and
seizures. Her neurological condition showed regoassVRI of the

brain revealed multiple loci of high intensity ohet T2-weighted
images and low-signal intensity on the Flair andNTSE images of
the basal ganglia bilaterally. The biochemical iimy$ are
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summarized in Table 1. She is currently 51/2 yeddsand is fed
through a gastrostomy. She suffers from frequepira$on-induced

infections.
Patient 2

The second case was the older brother of the dase. He had a
history of failure to thrive and chronic diarrhoedt the age of 6
months, he presented with a chest infection dunmigich he
developed seizures and required mechanical veatilat An
ultrasound of the brain showed prominent hypereehmity of gyri
and sulci. The biochemical findings are summarigedable 1. He
died a few days after admission to hospital withawiagnosis. No
tissues were available for confirmation of diagsosvhen the

diagnosis of his sister was made.
Patient 3

The third case was a girl, the first child of nonsanguineous parents
and unrelated to the first family. She was delides¢ 36 weeks of
gestation by elective caesarean section due taut@rnne growth
retardation. She was transferred to the neonatahsive care unit
where she stayed for 1 week without any complicati®@he presented
at 6 months of age with feeding difficulties, hypog and global
developmental delay. Later on, she started havigridbea and
developed petechiae and ecchymosis as well asregiadRI of the
brain showed evidence of high-signal foci at theabaganglia and

thinning of the corpus calosum. The biochemicaldifigs are
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summarized in Table 1. She showed psychomotor segme and died

at 8 months of age from cardiopulmonary arrest.

Mutation analysis

DNA extracted from fibroblasts was used as a tetapfar PCR
amplification of the seven exons of tBEHE1 gene, using intronic
primers as previously described (2). Sequence sisalas performed
on a 3100 ABI Automated Sequencer using the BigDgeminator
Kit and the segscape software (Applied Biosystdfoster City, CA).
gRT-PCR was performed using a TagMan (5’ nucleassay system
with signal from exon £THEZXspecific probe that is normalized to
the signal for a reference ger®NaseP). Primer pairs and probe were
selected to be unique using primer express 2.0vaodt (Applied
Biosystems). To assafTHEL exon 4 copy number relative to
reference gen&kNase P duplicate PCRs using 15 ng of genomic
DNA, 06 mM of each ETHEl1l primer (forward, 5'-
CCAGGCTGTGTCACCTTCGT-3;; reverse, 5'-
CAACAGGGCATCTCCAGTGAA-3), 1X final concentration of
20 X RNase PPrimer-Probe (VICTM dye) mix, and 0.2 mM of
fluorescent product-specific oligonucleotide pral&rHE1, 6FAM-
TGAATGACCACAGCATGG-MGB) were prepared in>X Master
Mix (Applied Biosystems). Thermal cycling condit®nwere as
follows: 50 C for 2 min, 95C for 10 min, followed by 40 cycles at
95-C for 15 s and 6aC for 1 min. PCR was performed in a 96-well
optical plate using the ABI PRISM 7000 Sequenceebi@n System
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(Applied Biosystems). Data analysis was conductgddiapting the
AACt method of relative quantification (8) to estimabpy numbers
of the ETHE1 exon 4. Known negative control samples (carrying no
deletion) and positive control samples (carryindetien on both

alleles) were analysed in each reaction as catitgat
Haplotype analysis

A dense haplotype analysis was performed using fatragenic
single-nucleotide polymorphisms as previously regabi(4). Western
blot analysis Western blot analysis on homogenigadblasts from
the affected children was carried out as previodsiycribed (2, 3). A
polyclonal antibody, anti-EthelpC17, against an gapeptide
encompassing amino acids 190-206 in the C-ternuh#thie Ethelp,
was used. The same filter was hybridized with tmdi-Bthelp
antibody and, after stripping, with a mixture oftiamn and antip

electron transfer factor subunits.
Thiosulphate determination in urine

Using a modification of the spectrophotometric noetlof Shih et al.
(9), thiosulphate was detected and measured ire wamples of EE
patients and controls. Urine (0.2 ml) and wate# ¢(hl) were mixed in
a test tube and the pH was adjusted to 10 withmd.4f 4 M NH4OH.

This was followed by the addition of 0.2 ml of 801 KCN and then
of 0.12 ml of 100 mM CuClI2. After mixing, 0.2 ml dfe(NO33

reagent was added. The absorbance at 460 nm wesndetd by
reading within 1 h. A standard curve was obtainsthg different

concentrations of thiosulphate. The procedure isettaon the
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cyanolysis of thiosulphate to thiocyanate, thioatantself, if present

in urine, would produce colour. Thiosulphate coriion is reported

as nmol/mg creatinine.
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Table 1. Clinical, biochemical and molecular data b Cypriot

patients with Ethylmalonic encephalopathy
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Results

The clinical, biochemical and molecular data of theee Cypriot
patients are summarized in Table 1. The clinicatype of patients 1
and 3 is the typical picture associated with EE iaetudes diarrhoea,
petechiae and orthostatic acrocyanosis. Patiewh@,died soon after
presentation with a poorly documented clinical ynief was presumed
to be affected by EE, based on the clinical andemdar diagnosis
performed in his sister. The biochemical findingslude elevations in
blood lactate, urine EMA, methylsuccinate, butysgbutyrylglycine
and thiosulphate. In patient 1, from whom a mubabpsy was taken,
cytochromec oxidase activity was reduced to 8% of the normahame
Western blot analysis in patients 1 and 3 showedpbete absence of
the ETHEL1 protein (Fig. 1). DNA sequencing in thestf patient
revealed the presence of a missense mutation in Bx@.554FG
resulting in the substitution of leucine by argmifL185R). We
consistently failed to identify the second mutatioising PCR
amplification followed by sequence analysis. HoweWestern blot
analysis on the patient’s fibroblasts showed thseabe of the ETHE1
protein (Fig. 1). This observation prompted usearsh for the second

mutation in theeETHE1gene, which we hypothesized to be a deletion.
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Fig. 1. Western blot analysis for the ETHEL protein orrdiidasts from
patient 1 (lane 2) and patient 3 (lane 3). The miamd was probed with a
polyclonal antibody (anti-Eth1pC17) against an @ligptide encompassing
amino acids 190-206 in the C-terminal of the ETHRDbtein. The
membrane was reprobed, after stripping, with axig®specific to the (32
kDa) orp (28 kDa) subunit of the electron transfer factoaacontrol.

Because one of the most frequent mutations affgdtirs gene is a
deletion of exon 4, we analyzed this exon using i R. As a
control, we also used primers covering exon 3, thislwas found to
be present in normal amount (data not shown). Wéompeed qRT-
PCR on DNA extracted from the patient and her gar@fig. 2). The
patient as well as her father was found to careydéletion of exon 4
in a heterozygous state, whereas the mother, whotha L185R
mutation on one allele, carried both copies of exoNo material was
available from the first child of this family (patit 2) for DNA or
Western blot studies. However, from the clinicad dsochemical
findings, we can assume that he had the same genagy his sister.
The proband from the second family was found tddw@ozygous for
the deletion in exon 4, and in this case, qRT-PG@Bwed that the

parents were both heterozygous for the deletiog (i
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Fig. 2. Haploid copy numbers f&ETHELlexon 4 as shown by quantitative
real-time polymerase chain reaction.

Discussion

An increasing number of patients with EE are bediggnosed,
especially in Mediterranean countries. Since thealnreport, about
45 cases have been described worldwide. This numlobably an
underestimate because this condition shares sewdiratal and
biochemical findings with other disorders, and #@nceasily be
misdiagnosed. In fact, one of the three Cyprioigpé$ described in
this report was at first mistaken for a case ofdchbuse because of
the petechiae and bruises. By taking advantage hef recent

identification of the role of the ETHEL protein salphur metabolism
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(5), a new biochemical marker can be searchedemtime of patients
with EE. This metabolite is thiosulphate, whicheiscreted in great
guantities in affected patients. We measured thbste in our
patients and in all of them, we consistently fourldvated levels
(Table 1). We propose to include the measuremethisfcompound
in the metabolic evaluation of patients suspectedE®B. We have
identified two mutations in the Cypriot patientghvEE. The first one
IS a missense mutation in exon 5 (L185R) which grasiously been
found in one Italian (2) and one Arab patient (Bis mutation has
been classified as a structural mutation that I¢éadise destabilization
and degradation of the ETHE1 protein (3). The Weskdot for the
Cypriot patient with this mutation has confirmedstlelassification
(Fig. 1). The second mutation found in the Cypniattients is a
deletion of exon 4. This mutation has been prewWodsgscribed in
seven patients from the Arabian peninsula, six dfonv were
homozygous for the deletion (like our patient 3d amne was a
compound heterozygote with the same genotype apatient 1 (2).
The exon 4 deletion is associated with the abserfcite ETHEL
protein and this has been confirmed in this sti&bth patient 3 who
is homozygous for the deletion and patient 1 whieiterozygous for
the deletion show complete absence of ETHEL1 (FigThe exon 4
deletion is one of thre€ETHEL recurrent mutations and has been
found to be associated with the same haplotypéehieet unrelated
Arab patients examined (4). Haplotype analysis of @atients
showed that they have the same haplotype as the patients,

possibly indicating a common origin (Table 2).
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Table 2 Haplotype analysis using four intragenic singleslaotide
polymorphisms (SNPs)

Patient 1 Patient 3 (deletion
(L185R/deletion of exon 4/deletion
Marker of exon 4) of exon 4)
rs.2261316 AG GG
rs.3810381 GG GG
rs.3810380 GG GG
5'UTR(-41) GG GG

The three Cypriot carriers of the exon 4 deletioa aot related,
neither do they originate from the same area of r@yp The

introduction of gRT-PCR for the evaluation of patge with

monoallelic deletions is important for prenatal ggn diagnosis
because we can now establish whether a subjecesa@rdeletion in
the heterozygous state. A prenatal diagnosis wdsrpeed for family

2 using qRT-PCR which showed that the foetus wasdzygous for
the exon 4 deletion. gRT-PCR would also be useful grenatal
diagnosis in family 1. Using this method and theechi detection of
the L185R mutation by sequence analysis, we cdimgissh between
a compound heterozygote, a heterozygote for exodeldtion, a
heterozygote for the L185R mutation, and a normelus. Our results
show the usefulness of gRT-PCR in the prenatalndisig of EE, as
well as in other genetic disorders, where exontagle are involved.
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Abstract

Ethylmalonic encephalopathy (EE) is a rare auto$oreaessive
disorder characterized by early onset encephalgpatironic
diarrhea, petechiae, orthostatic acrocyanosis afettive cytochrome
c oxidase (COX) in muscle and brain. High levels lattic,
ethylmalonic and methylsuccinic acids are deteatdabdy fluids. EE
is caused by mutations in ETHE1l, a mitochondrialplsur
dioxygenase. By studying a suitable mouse modeliowed that loss
of ETHEL leads to accumulation of sulphide, whishai poison for
COX and other enzymatic activities thus accountiog the main
features of EE. We report here the first autopseaa a child with a
genetically confirmed diagnosis of EE, and compheehistological,
histochemical and immunohistochemical findings witiose of the
constitutive Ethel” mice. In addition to COX depleted cells,
widespread endothelial lesions of arterioles arillegies of the brain
and gastrointestinal tract were the pathologic natks in both
organisms. Our findings of diffuse vascular damaféarget critical
organs are in keeping with the hypothesis thap#tbologic effects of
ETHEL deficiency may stem from high levels of clating hydrogen
sulphide rather than the inability of specific angato detoxify its
endogenous production.

Introduction

Ethylmalonic encephalopathy (EE) is a rare auto$oreaessive
disorder caused by mutations in ETHE1 (OMIM #6024 %3 gene
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encoding a mitochondrial sulphur dioxygenase (Tirah al. 2004,
Tiranti et al. 2009). EE is clinically charactenizby the early onset of
neurological degeneration, chronic diarrhea, rexirpetechiae, and
orthostatic acrocyanosis, leading to death in ih& fears of life.
Biochemical hallmarks of the disease are persisténgh levels of
lactate, and C4-C5 acylcarnitines in blood, markediévated urinary
excretion of methylsuccinic and ethylmalonic (EMAcids and
defective cytochrome ¢ oxidase (COX) in muscle larain. The main
neuroimaging features of the disease are patchgtetal necrotic
lesions in the basal ganglia and brainstem, thgroh the brain
cortical ribbon and corpus callosum, and leukodystic changes in
the centrum semiovale (Burlina et al. 1991; GaRilsa et al. 1994;
Garavaglia et al. 1994; Grosso et al. 2002). Théhqueenic
mechanisms underlying the clinical and biochemighormalities
observed in EE have been recently elucidated. Bygus constitutive
Ethel’ mouse model, Tiranti et al. showed that the maitsequence
of ETHEL loss is the accumulation of hydrogen sideh(HS) a
product of intestinal anaerobes and, in trace amadigsues (Tiranti et
al. 2004). Increased concentration of sulphideigsues (i.e. colonic
mucosae, muscle and brain) causes rapid inhibdafo8OX activity
and longterm degradation of COX subunits (Di Mealet2011). In
addition, H2S blocks short-chain fatty acid oxidatby inhibiting the
activity of short-chain acylCoA dehydrogenase (gqu$sibly other
beta-oxidation enzymes as well), which explainsabeumulation of
EMA, and has vasoactive and vasotoxic effects (82487), which
explain the vascular lesions in the skin and pdgsifither organs.

Recently, combined treatment with metronidazole amd
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acetylcysteine has been shown to significantlyaase the lifespan in
Ethel” mice, and to improve the clinical outcomes in etiée
patients (Viscomi et al. 2010). These results wesealleled by a
decrease of serum thiosulphate, a stable and yaadihsurable index
of H,S (Viscomi et al. 2010). An additional therapeugigproach,
based on dietary restriction for branched amindsadiatty acids and
methionine, has also been proposed, but the dicmasequence of
this treatment is currently undetermined (Barttalet2010). Clinical
and experimental evidence provided so far suggleatsapplication of
treatments starting from the perinatal age coulelvgmt or reduce
irreversible brain damage. In the present studyremort the first
autopsy case of a child with a genetically confidnagagnosis of EE,
and compare the microscopic features found inghtgent with those
of the constitutive Ethel mice. In both organisms, widespread,
complex vascular lesions are the pathological halkhof the disease
in the brain and gastrointestinal tract.

Case report

The patient was the only child of healthy unrelaftents. Her
mother is of Sub-Saharan African ancestry, theefath European.
They experienced four miscarriages before the bifththe index
patient that occurred at 40 weeks of gestationdgynal delivery. The
birth weight was 3250 g. At four months, she wastfadmitted to
hospital because of sudden bilateral and symmetsjgasms of the
neck, trunk and extremities. On examination shewvgldo hypotonia

and weakness, severe psychomotor delay, increased tendon
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reflexes, and clonus. Hypsarrhythmia was detecyeHHEG and led to
a diagnosis of West syndrome. Brain MRI showed ipleltpatchy
areas of abnormal signal intensity involving thetieular and caudate
nuclei bilaterally (Fig. 1a), as well as the bréems and cerebellar
dentate nuclei. Brain proton MR spectroscopy showddactate peak
in the areas with altered MRI signal (not shownpd8l investigation
revealed increased values of lactate whereas tlobspyruvate,
ammonia and amino acids were normal. The levelsCdtC6
carnitines were persistently elevated: butyryldamai 1.72-2.64
umol/L (reference values [r.v.] 0.07-0.55), iso-vglearnitine 0.71-
1.62 umol/L (r.v. 0.07-0.46), hexanoyl-carnitine 0.18%®.¢.v. 0.00-
0.14). EMA was increased in plasma (6.6, ifi®l/L; normal values
<2) and urine (247.4 mmol/mol creatinine; r.v. 9.20rinary organic
acids also showed increased lactic, pyruvic, metiodinic, suberic,
and adipic acids and isovaleryl glycine. Lacticdawias elevated also
in the CSF (4,44 mmol/L; r.««1,33). Histochemical analysis of a
skeletal muscle biopsy showed diffuse COX deficyeriEig. 1b).
Biochemical analysis on muscle homogenate confiraedsolated
defect of COX activity (10% of the normal mean &luDirect
sequencing of the ETHE1l gene showed the presenca wbvel
€.622_624delGAG leading to p.Q208del in exon 6ha paternal
allele, in compound with two nucleotide substitngan the maternal
allele: the novel ¢c.340A>T in exon 3, leading tp.H.14F amino acid
change, and the previously described ¢.488 G>Aanel, leading to
p.R163Q amino acid change (Fig. 1c). Whilst the Riésidue is
evolutionarily conserved and the pathogenic roléhef Q163 variant

has been experimentally demonstrated (Tiranti e2@0D6), the 1114
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residue is poorly conserved, making it possibletfa 1114F change
to be a rare non-pathogenic variant. The ETHEl1emmdiailed to be
immunovisualized in Western-blot analysis of proseextracted from
skeletal muscle homogenate, using a specific aRtEL antibody
(Fig. 1d). On follow-up, the patient showed progres clinical
deterioration. At the age of five months bouts etegghiae on the
trunk and limbs appeared, with acrocyanosis anal adema. Platelet
count was normal, as were platelet and blood cadigul tests. The
frequency of her tonic spasms slowly decreased Banonths of life,
coincidental to worsening of cognitive and motondtions, with
increased pyramidal signs. Mucous diarrhoea catsist three-four
bowel movements daily. At the age of 9 months she admitted to
an intensive care unit because of acute severebpistacidosis and
coma triggered by a respiratory infection. Labonatmvestigations
disclosed profound lactic acidosis and rhabdomysly&reatine
kinase: up to 11,103 U/L; normal values: 22 to 188; myoglobin,
up to 412,8 nmol/L, normal values: 0O to 4,85 nmplA platelet count
and blood coagulation tests were within normal tm{platelets:
289.000/ml; n.v: 150.000- 350.000/ml; fibrinoged Amol/L; n.v: 5—
12,3 umol/L, prothrombin time: 1.47; n.v: 1-2.) excluding
disseminated intravascular coagulation. A brain MRdwed marked
anoxic ischaemic damage of the lenticular and daudaclei with
extensive involvement of the brainstem, cortex eaetbellar dentate
nuclei (Fig. 2a). The EEG showed marked, diffus@reesion of
cerebral activity. The baby girl died 3 days aféeimission due to

catecholamine-refractory circulatory failure. An GEBbtained a few
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hours before death showed no electric activityeAftaving obtained

the informed parental consent a complete autopsypseormed.

WT C A CA T A
mutant C A C T T T G A G mutant
F

208delE Brain Muscle
E E R
WI' G AG G A G A GG c PwW PG € P
G AGCGA GG A CT
mutant 5 - = — — SDH-A
/| ©o -  fTHEL
- - COX IV

Fig. 1 Clinical and molecular features of the ETHEIpatient.

a. Brain MRI at first hospital admission (age otifanonths): axial
T2-weighted image shows patchy area of abnormabsigtensity in
the lenticular and caudate nuclei bilaterally. lonbined COX/SDH
histochemistry showing only blue-stained myocyissmsistent with
profound and diffuse reduction in COX reactivity. 8equence
electropherograms showing the novel c. 340A>T nutaleading to
a p.l1114F aminoacid change, the c.488 G>A, leadgp.R163Q
aminoacid change, and the novel c.622_624delGAGIirgato
p.Q208del. d. Western-blot analysis usingnaBTHE1 and a COXIV
antibody on muscle and brain from the patient ancage matched
control. An o-SDH-A antibody was used as a protein-loading
standard. C=control; P=patient; W=white matter; Geygnatter
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Materials and methods

Analysis of human tissues

Postmortem samples were fixed in 10% formalin ozén in liquid

nitrogen—chilled isopentane. Histological slidesrevestained with
hematoxylin and eosin (H&E), periodic acid SchifAS) and PAS
plus diastase, Luxol Fast Blue and Picro Sirius .REdmbined
cytochrome ¢ oxidase/succinic dehydrogenase (COM)S&aining

was performed on frozen sections (colon, brainles&kemuscle, heart
liver). Antibodies against CD31, smooth muscle rgctiollagen 1V,

NeuN, glial fibrillary acidic protein (GFAP, DAKO IBstrup,

Denmark), MTCOI and COXIV (Mitoscience, Eugene, ORgre

used for immunohistochemical staining. For ultrastural analysis,
liver autopsy samples were fixed in 4% paraformiaydie-phosphate
buffered saline and post-fixed in osmium tetroxitlein sections were
stained with uracyl acetate and lead citrate anamaxed with a
CM10 Philips electron microscope. Western blot gsial was
performed on protein lysates obtained from musdepdy and

autoptic brain, using anti-ETHE1 and COXIV antibeglias reported
(Di Meo et al. 2011).

Analysis of mouse tissues

The same histological analyses were performed aimbheart, liver,
kidney, spleen, gut and skeletal muscle obtaineth f6 one-month
old EtheI”” mice (Tiranti et al. 2009) and five control litteates.

According to the ethical committee guidelines thamels were
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sacrificed by cervical dislocation, followed by friaalin fixation or

rapid freezing in liquid nitrogen-chilled isopenéan

Results
Autopsy findings

The most remarkable macroscopic changes were daubsdrv the
brain, liver and gastric and colonic mucosae. Timnbwveighed 720 g
after formalin fixation (n.v. for age 750-809) astowed diffuse
edema. The leptomeninges were mildly thickened. dxbss
examination, both hemi- spheres showed multipleyighaareas of
softening, consistent with acute ischaemic necro$isese were
particularly evident in the temporal and occipilabes, and in the
hippocampus bilaterally. The basal ganglia showeddish-brown
discolored areas, with marked vascular congestimrg prominent in

the right putamen (Fig. 2b).
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Fig. 2 Morphologic features of the brain.

a. Brain MRI on last hospital admission (age of &nths): T2-fluid-attenuated-
inversionrecovery (FLAIR) image of a transversetisec of the brain shows
symmetrical high intensity signals in the basal giian and cortex. b. Focal
haemorrhagic lesions are evident in the basal gangiore prominent in the right
putamen (L=left; R=right). c. Ischaemic corticaunens showing nuclear pyknosis,
cell body shrinkage and homogeneous eosinophilitn@fcytoplasm (red neurons)
(hematoxylin and eosin [H&E], original magnificatiol00X). d. Representative
image of a medium size vessel in the white matteiugled by a fresh thrombus
(phosphotungstic acid hematoxylin, original magfion 20X). e. Representative
image of perivascular gliosis in the brain white tiea of the patient

(Immunoistochemistry [IHC] with anti-glial fibrilly acidic protein [GFAP]
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antibody, original magnification 40X). f. Left puten: focal neuronal loss and
increase vascular density consistent with previscisaemic damage (H&E, original
magnification 10X). g. Right putamen: immunoistociigtry of the same area
shows reactive gliosis surrounding the lesion (IH@th GFAP, original

magnification 10X). h. Representative image of aauicrohemorrhage surronding
a small brain vessel (H&E, original magnificatio®X). i. A recent thrombus
associated with spilling of erythrocytes in a smafhin vessel (H&E, original
magnification 100X). j. Haemosiderin-laden macrags surrounding a small
vessel, consistent with previous episodes of bilep@&E, original magnification

100X).

The vessels of Willis polygon were unremarkablestélbgical

examination of the brain hemispheres confirmed pihesence of
multiple foci (<1 cm in diameter) of acute ischaemiamage, with
eosinophilic, shrunken, necrotic neurons (red nesyr@ C). Acute
ischemia was secondary to occlusive thrombosisuifiphe small and

medium size vessels (Fig. 2d). In addition to tloet@ ischaemic
damage, multiple foci of neuronal loss were scattein the basal
ganglia, pons and midbrain, with gliosis and focarease of vessel
density (due to collapse of the intervening nedjofiihese features
are consistent with previous ischaemic damagedbetirred several
weeks before the exitus (Fig. 2e-g). An additiofuiatling was the
presence of widespread acute perivascular microhdéages, often
around vessels occluded by thrombi (Fig. 2h-i), asparse
perivascular haemosiderin-laden macrophages, d¢ensisith chronic
bleeding (Fig. 2j). These features were more frague the basal
ganglia and frontal hemispheres, were observed i@sareas not
involved by ischaemic damage, and were absenteancérebellum.
Gastric and colonic mucosae were characterized espread

petechial hemorrhages (Fig. 3a). Histological asialyrevealed
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multiple capillary and venular pinpoint hemorrhagesy. 3b), located
in the mucosal and submucosal layers and, focall{he muscularis
propria as well. There were no images of thromboA&isdetailed
analysis of intra-cerebral and gastrointestinal seks revealed
endothelial swelling and figures of intraluminal dethelial
exfoliation, as demonstrated by CD31 immunohistotbal staining
(Fig. 3c-d). The liver showed centrilobular microualar steatosis. At
ultrastructural examination  hepatocytes revealed undant
mitochondria (Fig. 4a). Focal fibrin micro-thromivere observed in
the hepatic sinusoids. The kidneys showed diffuggaythrombi in
the glomerular tufts and focal glomerulosclerodibe lungs were
markedly congested. Heart and skeletal muscle wenphologically
unremarkable. Combined COX/SDH staining revealedfush,
marked reduction of COX reaction in brain, paraieby a decreased
amount of the COX IV subunit immunovisualized by $én blot
(Fig. 1c). In the bowel, the decrease of COX hisémgical reaction
was limited to luminal colonocytes (Fig. 4b), confing previous
observations on the Ethel-/- knockout mouse motehriti et al.
2009). COX activity and immunoistochemical reactior COX
subunits | and IV (Fig. 4c) were decreased in debular

hepatocytes.
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Fig. 3 Mucosal hemorrhages and immunohistochemical

characterization of endothelial damage.

a. Colonic mucosa with widespread petechial henageb (asterisks). b. A small
vessel in the gastric mucosa. Note the vanishinghef endothelium and the
dispersion of red cells in the surrounding lamimappia (hematoxylin and eosin
[H&E], original magnification 100X). c. Brain: entiwelial cells of a small vessel
appear swollen (immunoistochemistry [IHC] with a@D31 antibody, original

magnification 100X). d. Colon: endothelial cells @fsmall vessel exfoliate in the
lumen (arrows) (IHC with anti-CD31 antibody, origirmagnification 100X)
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Fig. 4 Morphologic and histochemical features of \ier and colonic

mucosa.

a. Ultrastructural analysis of hepatocytes showmeant mitochondria (arrows) and
lipid droplets (asterisks). In some mitochondrimmnants of cristae are still visible
(arrowheads). Swelling of mitochondria is probahljifactual due to postmortem
delay and autolysis. (Uracyl acetate lead citratgginal magnification 5000X). b.
Decreased expression of cytochrome ¢ oxidase (C&uKynit IV in the luminal
colonocytes that are exfoliated in the lumen (aspwBasal colonocytes retain
COXIV expression (immunohistochemistry [IHC] withntaCOXIV antibody,
original magnification 40X). c. Decreased expressaf COXIV in the centro-
lobular hepatocytes. Arrows indicate the centrilabuvein (IHC anti-COXIV
antibody, original magnification 20X)
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Morphological features in EthéT mice

We performed a detailed histological analysis @sues obtained
from six constitutive Ethef recombinant mice and five control
litermates. The brain of the Ethél mice showed several
perivascular acute microhemorrhages, and vesselousuaed by
haemosiderin-laden  macrophages, consistent with vique
hemorrhages (Fig. 5a-b). Lesions were located ie tirain
hemispheres and midbrain, but not in the cerebellamd were
associated with small foci of gliosis (Fig. 5c). elmaemorrhagic
lesions were counted at 100x magnification on thi&d& stained 5
uM thick histological sections obtained from parb#leeas 1 mm apart
from each other in the same paraffin block. A me&il recent or
previous hemorrhages (range: 3-14) was countechén Bthel
brains, whereas a single focus of acute hemorrhagefound in only
one of the five control littermates. Acute pinpoim@morrhages in the
colonic mucosa were found exclusively in Etfelanimals, as
compared to controls. Interestingly, they were t@dito the luminal
portion of the mucosa (Fig. 5d). The remaining asyawere

unremarkable.
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Fig. 5 Histological features of Ethel™ mice brain and colon.

a. Acute microhemorrhages surrounding small vessekhe white
matter (hematoxylin and eosin [H&E], original mafigation 40X). b.
Haemosiderin-laden macrophages (blue), consistatit previous
episodes of bleeding surround a small vessel (Rerisstain, original
magnification 100X). c. Focal gliosis in the whitenatter
(immunohistochemistry with anti-glial fibrillary &tic protein acid
[GFAP] antibody, original magnification 40X). d. Ae
microhemorrhages (arrows) in the luminal portion tbé colonic
mucosae (H&E, 100X). The insert shows haemosidaden
macrophages (asterisk) in the colonic mucosae §Peoh stain,
original magnification 100X)
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Discussion

Although the disease features of Ethylmalonic Eheégpathy have
occasionally been investigated in a few clinicglams, this is the first
systematic analysis on the pathology of this diseasa genetically
confirmed ETHE1 mutant patient, carried out by dimgical,
histochemical, and immunohistochemical investigatiof autopsy
specimens, and completed by detailed comparisorh vilie

morphological findings in the Ethél mouse model. We found
marked decrease of COX histochemical reaction gleskl muscle,
brain and luminal colonocytes of the patient, daladl by decreased
content of COX | and COX IV subunits, as demonsttaty
immunohistochemical and Western blot analyses. Tdame
histochemical findings were also found in the Ethetouse model.
In addition, areas of COX deficiency were observethe zone 2 and
3 of the hepatic acini, associated with steatdsiss is in contrast with
the normal COX activity reported in the liver oftboEthel’ mice
and rats exposed to H2S. Thus, the mechanisms legpéed for
alternative HS detoxification in rodent liver (Tiranti et al. @@, Di
Meo et al. 2011; Dorman et al. 2002) may not beatiffe in humans.
A clinical trait characteristic of ethylmalonic esphalopathy is the
presence of acrocyanosis and petechial purpura.gi@nomenon has
been attributed to the vasoactive and vasotoxactffof HS (Tiranti
et al. 2009). Hydrogen sulphide plays an importesie in the
regulation of vascular function. Increasing evideiscipports its role
as an endothelium-derived relaxing factor and auleggr of
endothelial and smooth-muscle cell growth and apsgt (Szabo
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2007; Yang et al. 2004; Yang et al. 2006; Wang 20dbwever, the
vasotoxic effects of kB in vivo have not been clearly demonstrated.
In this report we provide morphologic evidence dfude vascular
damage both in an ethylmalonic encephalopathy maaed in the
Ethel” mouse. Analysis of the human brain showed widespre
luminal microthrombi, acute microhemorrhages arahfperivascular
haemosiderinladen macrophages, the latter beingistent with
previous bleedings. As a consequence, the braiwesthdeatures of
both acute and chronic ischaemic damage, consisidnthe features
of abnormal signal intensity on repeated MRI. Braxscular lesions
seem to be a specific substrate of neurodegenerati®cE due to
ETHE1 mutations, as compared to other forms of letalpnic
aciduria (Jamroz et al. 2011) and to disorders ezusy primary
respiratory chain defects such as Leigh's dise&avgnagh and
Harding 1994). Endothelial damage and loss wasreedealso in the
gastric antrum and colonic mucosa and submucosaciased with
microhemorrhages. Interestingly, histological exaation of brain
and colonic mucosa of the Ethelmouse also revealed diffuse
vascular damage, with morphologic features of aarnd chronic
microhemorrhages that were absent in the contrtterinates.
Nevertheless, the brain and intestinal lesions doimEtheI” mice
were far less numerous and severe than those foutite patient,
despite the rapidly progressive clinical downhitl these animals,
leading to death by 30-35 days after birth. Therdigancy between
the severity of the clinical course and the rektipaucity of
pathological abnormalities remains to be elucidatedhis model.

However, and importantly, our findings support anceon pathogenic
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mechanism in both humans and mice, centered odatimage of small
vessels in critical organs, notably brain and cplprobably due to
accumulation of hydrogen sulphide to toxic lev€sr results point to
the microvasculature as the elective target inpéhogenesis of the
disease, suggesting that other morphological feafufor instance
neurodegeneration and gliosis, are secondary teate@ ischaemic
events. Other contributions to the pathogenesist rhastaken into
account, including the marked reduction in COX \atti and the
impairment of substrate utilization due to inhibitiof beta-oxidation
enzymes. However, it is noteworthy that conditiomate in which the
Ethel gene was ablated in specific cell types,ugiag nerve cells,
skeletal muscle fibers or hepatocytes, do showgd&OX deficiency
in recombinant organs, but neither increase of iBpdmomarkers in
body fluids (e.g. EMA, thiosulphate or lactate) novert clinical
symptoms, and are in fact phenotypically indistisgable from the
WT littermates (Di Meo et al. 2011). Taken togethbese results,
and the clinical improvement determined by coningll the
production of HS by intestinal anaerobes through metronidazole,
suggest that the main pathogenic mechanism redpen&ir the
clinical down- hill in both human patients and cisive
recombinant Ethe mice is the presence of high levels of hydrogen
sulphide in circulating blood, rather than the itigb of specific
organs to detoxify the endogenous production £8.H his conclusion
opens further opportunities for therapy. For instaadeno-associated
virus mediated gene targeting could be exploited express
recombinant Ethel in the liver, the filter orgarattiieceives blood

from the gastrointestinal tract, the major souréeexngenous bb.
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Alternatively, transplantation of haemopoietic stecells could
determine the widespread diffusion of an Ethelipeoft tissue to
promoting the clearance of toxic,$l from circulating body fluids,
thus reducing the exposure of critical organs aaghrain and skeletal
muscle. The availability of the Ethel-/- mouse niod#dl be an
invaluable tool for testing these and other stiateq the near future

and evaluate their translatability to humans.
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SUMMARY

The scope of my PhD thesis was to make progressthen
pathophysiology of Ethylmalonic Encephalopathy (E&yjlevastating
infantile metabolic disorder affecting the brainusules, intestinal
tract, vascular vessels, and associated with noatain ETHEL gene.
From the biochemical standpoint EE is characterizedigh levels of
ethylmalonic acid (EMA) and thiosulfate in bodyifls, accumulation
of sulfide (HS) in tissues and a cytochrome c oxidase (COX)
deficiency in brain, muscles and colon caused Bictaccumulation
of sulfide in these tissues. Ethel protein posaesdfur dioxygenase
(SDO) activity that is part of a mitochondrial matpathway that
provides the oxidation of sulfide. Our goal is tmmpletely
understand the molecular bases of the diseaseder do find a
winning therapeutic approach for the treatmenteftiuman disorder.
One of the most important questions that must [ssvared to make
progress in the elucidation of the pathology of thisease is to
understand the source of the accumulating toxicdelllthe molecular
mechanism by which this compound act on the complexf the
mitochondrial respiratory chain and on other bioolval pathways,
and the possible toxic effect of this compound & hormal

development and physiological function of the mosgblved tissues .

In order to achieve these aims, | started my ptajenerating three
conditional mice models in which ETHEL1 is deleted a tissue-
specific manner. It is well known that sulfide isngrated in the body
by two different ways: an endogenous productiohigycatabolism of

sulphureted aminoacids, for instance cysteine aetthionine, and an
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exogenous production by the metabolism of the aerbacterial
flora in the intestinal tract. The ablation of ETHIgene in a single
organ, for instance muscle, brain and liver, alldwe understand the
contribution of endogenously-produced sulfide te BE pathology. |
found an important COX defect in the tissue in WhiETHEL1 was
ablated, for instance muscle and brain, but ndiver, confirming the
observation on the constitutive animal models tiat liver is not
affected from the mitochondrial respiratory chaativaty standpoint.
On the other hand, none of the above conditionatenmodels
displays the other clinical and the biochemicaltdess of the
constitutive null-mouse. These data suggest that ldtal over-
accumulation of sulfide causes the COX activity ainment, but it
isn’t sufficient to generate the wide clinical anidchemical spectrum

of the disease.

In order to clarify how sulfide can act on the inikibn of cytochrome
c oxidase activity, | decided to investigate COXnfr the molecular
and enzymatic standpoint in the constitutive moasd on cellular
models. The study of thEthe” mouse reveals a progressive, time-
dependent COX deficiency in muscle, brain and colbne same
reduction was found in the amount of mitochond@aald nuclear
encoded subunits, while the levels of the mRNAhef $ame subunits
were normal. These data suggested that the COXigledy is caused
by a progressive decrease in the amount of theehajone that occurs
post-transcriptionally. Treating different typesagfls with increasing
concentrations of NaSH, a sulfide donors, | obskrilee same
progressive, time- and dose-dependent decreme@GOX subunits,

while the transcript levels were normal comparedintreated cells.
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Mitochondrial in vitro pulse-chased translation assay in primary
human fibroblasts showed that post-synthesis suixbosure causes
COX subunit amount decrement, whereas pre-synthiesament
showed no changes in proteins amount. These datarddrated that
chronic sulfide exposure causes a specific posstational

degradation of COX subunits.

Hydrogen sulfide is also known as a potent vaseaand vasotoxic
agent. The accumulation of this compound to higleeels could
explain the vascular lesions in the skin and pdgstsgans, including
brain and gut, typical of the disease. We repattiedirst autopsy case
of a child with a genetically confirmed diagnosfskk, and compare
the microscopic features found in this patient witlose of the
constitutive EtheI” mice. In both organisms, widespread, complex
vascular lesions are the pathological hallmarkh# tisease in the

brain and gastrointestinal tract.

Another line of my work was to improve the biocheati and

molecular approaches to the diagnosis of EE.
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DISCUSSION

In the presence of air, most of the energy prodigeeukaryotic cells
is generated by mitochondrial oxidative phosphaiyta This process
is driven by a respiratory chain composed of a remdd complex
membrane proteins that act in sequence to trardéstrons from
reduced substrates through a series of oxidatidnet®n reactions to
oxygen (Wilson, 1982). The net result of this pgxes the generation
of proton and ion gradients across the inner maadnial membrane;
these gradients are used by ATP synthase to dri@ gynthesis.
Several previous studies have demonstrated thae#mratory chain
itself regulates the rate of oxidative phosphoigtatand have
identified cytochromec oxidase, its terminal member, as a key
enzyme in this regulation (Villani and Attardi, 199 Most of the
structural, functional, biosynthetic and genetidadan eukaryotic
cytochromec oxidases have come from studies with mammalian (i.e
bovine) and yeast (i.eSaccharomyces cerevisjaeytochromec
oxidases (Poyton1995). Both cytochrome oxidases catalyze the
concerted transfer of four electrons frofarrocytochromec to
molecular oxygen, with the simultaneopsmping of protons across
the inner mitochondrial membrafr®m the matrix to the cytoplasmic
side (Babcock and Wikstrom, 1992). Both enzymestaonfour
redox-active metal centers (hem@, heme a3, CuA, CuB) that
participate inelectron transfer. Hema3 and CuB are bridged in the
resting fully oxidized form and constitute the binuclearacgon
center. Electrons pass from cytochromgia CuA and heme, to the
binuclear reaction center, where molecular oxyd®s) (s reduced to

water. The reduction of molecular oxygen to wasecdupled to the
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translocation of one proton per electron actbssinner mitochondrial
membrane. This creates a pH amdltage gradient across the
membrane. The protein matrix surrounding the meghters in
eukaryotic cytochromec oxidases consists of several different
polypeptide subunits. The three largest polypepdigaunits (MTCOI,
MTCOII and MTCOIII) are encoded by mitochondrialngs. These
polypeptides are conserved in mammalian and yeastees and they
have primary sequence homology to three of the ratipolypeptides
of prokaryotic cytochrome oxidases (Saraste, 1980addition to the
mitochondrially encoded subunits, these eukaryattochromec
oxidases contain several polypeptide subunitsadhatncoded in the
nucleus (Capaldi,1995). The mammalian enzyme contains 10
different subunit polypeptides encoded by nucleaneg (COX4;
COX5A, B; COX6A, B, C; COX7A, B, C; and COX8) (Tshkra,
1996). The function of these subunits is curreathknown, but they
plausibly regulate the activity and stability ofetltomplex. COX
deficiency is a frequent cause of disease in humagiag associated
with different clinical syndromes and a spectrumgehe defects. |
demonstrated that a new pathogenic mechanism isvaak in
Ethylmalonic Encephalopathy (EE), based oS+hediated poisoning
of COX. The four gasses, nitric oxide (NO), carbnanoxide (CO),
hydrogen sulfide (kB) and hydrogen cyanide (HCN) all readily
inhibit oxygen consumption by COX. This inhibitios responsible
for much of their toxicity when they are appliedtexally to the
body. However, recently these gases have all bewlicated, to
greater or lesser extents, in normal cellular diggaevents. For

instance, NO, CO and 8 are well known to belong to the class of
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gasotransmitters, regulating various biological cesses in the
gastrointestinal tract, smooth muscle and cardimyas system. The
inhibition of COX by NO and CO is dependent on aoxyg
concentration, but that of /8 not. HS is both a substrate and an
inhibitor for COX (Cooper CE, 2008). At high contextion (uM),
H.S binds to F& in the reduced active site and can act as a
competitive inhibitor of COX, competing with,Qor binding to the
reduced F&CU' active site. However, if the exposition teSHis short,
this inhibition is reversible as Qcan easily replace 3 bound to a
reduced Fé(Collman, 2009).

| found that the loss of ETHEL1 protein, a mitochaald sulfur
dioxygenase (SDO), restricted to tissues as muanld brain is
associated with an isolated COX deficiency in et tissues, but
not in the others. These data demonstrated thainttepability to
detoxifying the endogenous produced sulfide isigiefit to induce a
COX activity impairment. However, the local overcamulation of
sulfide is not sufficient for the animal to becarsek, nor for
thiosulfate, an EE biomarker of,8 levels, to increase. This data
suggesting that multiorgan accumulation of sulfabe its diffusion of
exogenously produced .8 from the anaerobic bacterial flora are
needed to generate the wide and fatal clinical arathemical
scenario of the ETHE1-null mouse. The expositiorcafs to NaSH
for short times is sufficient to induce a COX inhidn, but this
phenomenon is reversible by competitive displacenignoxygen.
However, | showed that, besides direct COX inhiloiti chronic
exposure to sulfide causes a decrease in the amolur@OX

holoenzyme in a time- and dose- dependent wayjngake defect
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permanent and irreversible. Analyzing the Etheissues and NaSH
treated cells transcripts for COX subunits, | fouhdt the expression
of the mitochondrial and nuclear encoded COX gemeie normal.
These data suggests that the decrease of COX lzglnenmust be
due to either defective assembly or acceleratedadaton of the
enzyme. The concordant decrease of both COX hojoeszand
individual subunits, demonstrated Iy vitro translation assay and
Western blot analysis, indicates accelerated detjad of a

(crippled) enzyme.

It is well known that hydrogen sulfide is a vasoactcompound,
acting on myocardial cells and vascular smooth teu®y activating
Katp channels, b5 increases the membrane potential of vascular
smooth muscle cells that become hyperpolarized, sicgu
vasorelaxation, and suggesting that it may phygio&ly regulate
blood pressure. These evidences supports its solnandothelium-
derived relaxing factor and a regulator of endo#thedhnd smooth-
muscle cell growth and apoptosis. Based on thesemses, it is clear
that accumulation of sulfide to higher levels caduce toxic effects
on vascular system (Kimura, 2010). However, theiasc effects of
H.S in vivo have not been clearly demonstrated. We perforrhed t
first systematic analysis on the pathology of thisease in a
genetically confirmed ETHE1l mutant patient, carriedit by
histological, histochemical and immunohistocheminakstigation of
autoptic specimens, and completed by detailed casgrawith the
morphological findings in theEtheI” mouse model. We found
morphologic evidence of diffuse vascular damagé wlisruption of

the blood brain barrier both in an ethylmalonic-epitalopathy patient
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and in theEtheI’™ mouse. Analysis of the human brain showed
diffuse loss of endothelial lining in arteriolegnules and capillaries,
with swelling and nuclear discoloration of residuatdothelium,.
Thinning of arteriolar walls was due to smooth-nmesell loss. These
changes were associated with acute microhemorrhaged
perivascular hemosiderin-laden macrophages, theerlabeing
consistent with previous bleedings. In additiondegpread luminal
microthrombi were observed, often in associationthwithe
hemorrhages. Endothelial cell damage in capillasied venules was
associated with microhemorrhages in the gastricuamiand colonic
mucosa and submucosa, whereas thrombosis was alosergstingly,
histological examination of brain and colonic muas theEthel”
mouse also revealed diffuse vascular damage, withpiologic
features of acute and chronic microhemorrhageswea¢ absent in
the control littermates. As well as in the mousedaipa marked
decrease in COX histochemical reaction and in tm®umt of its
protein subunits were found in skeletal muscle,jnbnd luminal
colonocytes. However, areas of COX deficiency wrserved in the
heart of the patient, and in the zone 2 and 3 efltapatic lobules
acini, associated with steatosis. This is in cattigith the normal
COX activity reported in the liver of botEtheI” mice and rats
exposed to k5. Thus, the mechanisms hypothesized for altemativ
H.S detoxification in rodent liver may not be effeetin humans. Our
findings support a common pathogenic mechanismoim Ihumans
and mice, centered on the damage of small vesselstical organs,

notably brain and colon, due to accumulation ofrbgen sulfide to
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toxic levels, providing the first direct morpholagevidence of the

vasotoxic effect of this gasotransmitter.

A further research line concerns the improvemertiiothemical and
molecular approaches for the diagnosis of EE. Filmenbiochemical
standpoint, since ETHE1 protein is involved in swipmetabolism, a
new biochemical marker can be searched in the wiip@atients with
EE. This metabolite is thiosulphate, which is elailein great
amounts in affected patients. | measured thiostéphraour patients
and in all of them, we consistently found elevdels. | propose to
include the measurement of this compound in the abudic
evaluation of patients suspected of EE. On theroltamd, using
molecular diagnostic tools, we can now perform enptal screening
to evaluate the presence of mutations in a fetfrdet is born. The
exon 4 deletion is one of three ETHEdcurrent mutations and has
been found in EE patients. This mutation has beesviqusly
described in seven patients from the Arabian pemansix of whom
were homozygous for the deletion and one was a oang
heterozygote with another point mutation. Using ¢RIR in
association with direct detection of point mutatioyn sequencing, |
was able to distinguish between a compound hetgoiey a
heterozygote for exon 4 deletion, a heterozygoteafpoint mutation,
and a normal fetus. The introduction of qRT-PCRtifi@r evaluation of
patients with monoallelic deletions is important firenatal genetic
diagnosis because we can now establish whethebjacsicarries a

deletion in the heterozygous state.
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FUTURE PERSPECTIVES

The understanding of the molecular mechanism ab#se of EE is
needful for the development of a winning therapestrategy for the
treatment of the disease. Since EE is caused bgcammulation to
toxic levels of sulfide in the body, and becauserttain source of this
compound seems to be the diffusion of exogenoustgdyred HS
from the anaerobic bacterial flora, I'm trying tevelop two different
strategies in order to obtain the scavenging ofutating sulfide
coming from the gut.

Since the portal vein system collects virtuallytak blood flow from
the gastrointestinal tract to the liver, the latiterthe first and main
organ that detoxifies potentially harmful compougéserated during
food digestion and adsorption, including those poadl by the
bacterial flora residing in the intestine. Restoratof the ETHE1-
SDO activity in liver of constitutive Ethel-/- indduals could
therefore induce a substantial clearance of cokmved toxic HS,

before its diffusion occurs in the systemic blooglstn and target

organs, such as muscle and brain.

Adeno-Associated Virus (AAV) vectors are currerdiypong the most
frequently used viral vectors for gene therapy.esavfeatures make
AAV attractive for gene transfer: 1) it is derivédm a human non-
pathogenic virus and is deleted of all viral codsegjuences, 2) it is
able to transduce dividing and non-dividing ce8%,it is associated
with stable long-term gene transfer in animal medellowing a

single administration, and 4) it appears to hagead safety profile in

animal models. The use of tissue specific promoterdiver gene
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transfer offers the advantage of long-term restdajene expression.
Since liver is the main checkpoint organ againgict@ompounds
from the gut, we reasoned that AAV-mediated liveedfic ETHEL
expression may be beneficial to Ethebrganisms. Thereby, an
AAV2/8 serotype vector expressing the ETHE1 cDNAdem the
liver-specific thyroxine-binding globulin (TBG) pmaoter is delivered
in the bloodstream at a titer of 10710 viral padestgm. Mice
sacrificed after 2 weeks showed that both viral Dal#l the ETHE1
protein was detected only in liver. MeasurementAiV-infected
livers showed a total rescue of ETHE1/SDO activitye clinical

rescue of EE in treated mice is at moment understigation.

The second strategy concerns the bone marrow teariapon (BMT)
in EtheI” mice. Hematopoietic stem cell or bone marrow
transplantation has emerged as a major therapeption in the
treatment of malignant diseases and has also bettwrieeatment of
choice for a number of nonmalignant disorders. fdi@mnale of this
approach in the context of EE is to evaluate dgdiheic bone marrow
transplantation can ameliorate the abnormal phlysibaracteristics
typical of this disease. Although we should consitiat it is difficult
to ameliorate the pathogenic COX deficiency iniaolved somatic
cells, and particularly in muscle and brain of Efula patients, bone
marrow transplantation from normal subjects mayelfective for
suppressing disease phenotypes, assuming that ilbam®w cells
include stem cells with proliferating and multipatecapacities.
Therefore, we suppose that BMT would supply fun@iosomatic
cells continuously for regenerating functional wiss by their

replication and subsequent transdifferentiationis T$ection of my
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study aims to address the issue of developing tatdeitherapy for
EtheT” mice by applying bone marrow transplantation amchow
that this procedure causes reduction of EE phewpotfor this
purpose, we will first investigate the lymphohenpatietic system in
different hemopoietic compartments, such as boneawaperipheral
blood, lymphnodes in Ethélmice. We further plan to set up a
transplant model on lethally irradiated Etfieih order to evaluate the
repopulation capacity of host lymphohematopoietistems by
normal donor cells and, in a second time, the dgpaaf the
transplanted cells to induce the systemic clearanfcél,S and to

ameliorate the typical characteristics of this dese
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