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Chapter 1

General Introduction



1. Mitochondria

Mitochondria are double-membrane-enclosed, dynamic, plastic
organelles that participate in a variety of physiological
processes through the production of ATP, regulation of cellular
signalling and programmed cell death [1]. These cytoplasmic
organelles are thought to have arisen about 1.5 billion years
ago; the discovery of mitochondrial DNA (mtDNA) and the
following evidence about the close genetic relations between
mitochondria and the photosynthetic a-proteobacteria led to the
development of the endosymbiotic hypothesis [2], which has
now been widely accepted among the scientific community.
Most cells contain hundreds to thousands and more
mitochondria. From a structural perspective, mitochondria are
characterized by a double-membrane system delimitating four
“‘mitochondrial compartments” where different metabolic
pathways occur: the outer membrane, the inner membrane, the
intermembrane space and the matrix (Figure 1). The outer
mitochondrial membrane (OMM) is permeable to ions and small
proteins (MW <10 kDa) because of the abundance of a large
conductance channel, known as mitochondrial porin or voltage-
dependent anion channel (VDAC). The intermembrane space
(IMS) contains pro-apoptotic proteins as well as enzymes that
are involved in the energy metabolism (adenylate kinase and
creatine kinase): the most abundant member of the IMS is
cytochrome ¢, a component of the oxidative phosphorylation
(OXPHOS) system. The IMS also harbours proteins involved in

reactive oxygen species removal and in the structural



organisation of the inner mitochondrial membrane (IMM). The
IMM is indeed organized in numerous invaginations protruding
into the matrix, called cristae. The cristae forms a network of
tubular structures joined to IMM through the so-called cristae
junctions (CJs) [3]. Thus, the inner mitochondrial compartment
is delimited by the IMM and contains a soluble space, the
mitochondrial matrix (MM). In turn, the IMM is composed of
three membrane systems: outer and inner boundaries and
cristae membrane [4]. The inner boundary contains proteins
involved in mitochondrial fusion and protein import, whereas the
complexes of the respiratory chain and the proteins involved in
the biogenesis of iron/sulfur clusters accumulate in the cristae

membrane [5].

Outer membrane INTERMEMBRANE OUTER MEMBRANE
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Figure 1. Mitochondria structure. Schematic representation of
mitochondrial compartments (left) and ultrastructural image of a
mitochondrion (right).

This organization is not static and the redistribution of these

proteins between the two compartments is indeed an index of



the physiological state of mitochondria [5, 6]. The mitochondrial
matrix contains several proteins involved in B-oxidation of fatty
acids and Krebs cycle. Also, the matrix houses all the
components of the mitochondrial protein synthesis machinery
and several copies of mitochondrial DNA molecules as well as

antioxidant enzymes.

2. Mitochondrial DNA

Mitochondria have their own genome (Figure 2), a circular DNA
molecule of 16.5 Kb, consisting of two complementary strands
that can be separated on denaturing cesium chloride gradients
and are therefore referred to as the heavy strand (H-strand) and
the light strand (L-strand). Mitochondrial DNA (mtDNA) is
packaged into DNA—protein complexes called nucleoids, the
major protein component of which is mitochondrial transcription
factor A (TFAM) [7]. In addition to replication and transcription
proteins, nucleoids also contain known components of the inner
membrane, suggesting that mtDNA may be membrane
associated [8]. MtDNA contains two non-coding regions: a 1 kb
sequence known as the non-coding control region (NCR), and a
distant 30 nt sequence containing the origin of replication for
the L-strand (OriL). The NCR contains one transcription
promoter for each strand (light strand promoter—LSP; heavy
strand promoter—HSP). It also contains the origin of replication
for the H-strand (OriH), classically annotated at nucleotide
position 191, though less dominant origins have been reported

nearby [9].



D-loop

HSP
’_1 CSBCSB CSB 7S DNA H
o -

. = |OriH TAS™

LSP|

I Human mtDNA
M 16,569 bp

OriL

S
D coxn ATP?

H-strand

Figure 2. Map of the human mitochondrial genome. The major non-
coding regions are the NCR (non-coding region), and OriL (origin of
replication for the light strand). The outer and inner circles are the heavy (H)
and light (L) strands, respectively. The NCR (enlargement shown above
genome; nucleotide positions indicated in grey) contains the H- and L-strand
promoters (HSP, LSP), three conserved sequence boxes (CSB1-3), the H-
strand origin of replication (OriH) and the termination-associated sequence
(TAS). Gene colour coding: complex Il cytochrome b (Cyt b)—pink; complex
I NADH dehydrogenase (ND) genes—blue; complex IV cytochrome c
oxidase (COX) genes— green; complex V ATP synthase (ATPase) genes—
yellow; ribosomal RNA (rRNA)—orange; transfer RNA genes—black boxes.
From Uhler et al, 2015 [10].



A region between OriH and the termination-associated
sequence (TAS) at the end of the NCR can form a
displacement-loop (D-loop), so-called because it forms a triple-
stranded structure created by prematurely terminated
replication from OriH. The pre-terminated nascent H-strand,
called 7S DNA (~-650 nt), remains annealed to the template
strand, though its function remains largely unknown [11]. The
core factors required for mitochondrial primer formation and
DNA replication are distinct from those in the nucleus.
POLRMT, a single subunit RNA polymerase, is responsible for
overall mitochondrial transcription including primers needed for
mtDNA replication. POLy, the only known replicative DNA
polymerase in mitochondria, comprises the catalytic A subunit
and two accessory B subunits. In addition to its polymerase
activity, POLYA also harbours 3'-5 exonuclease activity and
lyase activity [12]. The duplex DNA at the replication fork is
unwound by the hexameric 5-3' TWINKLE helicase, while
mitochondrial single stranded DNA binding protein (mtSSB)
protects the single stranded DNA created in its wake (Figure 3)
[9]. The replication of mtDNA is independent from the cell cycle;
the mechanism of its replication is not well established, and
actually, three different models have been proposed to explain
how mtDNA is primed and replicated (for review, see [9]).
Nucleotides and deoxynucleotides pools required for mtDNA
transcription and replication are formed within mitochondria
through the salvage pathway whereas the de novo pathway

takes place outside mitochondria. All mtDNA coding sequences



are contiguous to each others, with no introns; since mtDNA
has a different codon usage from the universal genetic code,
the expression of mitochondrial genes depends on an
organelle-specific protein synthesis apparatus that comprises
nuclear-encoded transcription and translation factors, as well as
mitochondrially encoded tRNAs and rRNAs.

Figure 3. The mtDNA replication fork. TWINKLE helicase (blue) unwinds
the dsDNA in a 5'-3' direction. POLRMT (orange) is shown synthesizing the
RNA primer (red) at OriL. The DNA polymerase POLy (yellow) is made of
one A subunit and two B subunits. Tetrameric mtSSB (green) stabilizes
single stranded DNA. Template DNA: black: nascent DNA: blue. From Uhler
et al, 2015 [10].

Therefore, the mitochondrial DNA of vertebrates includes two
rRNAs (12S and 16S), 22 tRNAs and 13 protein coding genes:
seven subunits of Complex I, three subunits of Complex IV, two
subunits of Complex V, as well as cytochrome b, that is part of
Complex Il (Figure 4) [13]. MtDNA is exclusively maternally

inherited in sexuate organisms [14], probably because sperm



mtDNA is tagged with ubiquitin and actively degraded in the
early pre-implantation embryo [15]. There are several copies of
mtDNA in each mitochondrion, and approximately 10°-10°
copies/cell. On every cellular division, mitochondria, and
consequently mtDNA, are randomly distributed into daughter
cells. In normal individuals, a single mitochondrial DNA
haplotype is present in the whole cell population of the
organism, a condition known as homoplasmy. However, the
intrinsic propensity of mtDNA to mutate can generate a mixed
population of wild type and mutant mtDNA coexisting in the
same individual/cell population, a condition termed

heteroplasmy [13].

3. Mitochondrial biology

Mitochondria convert energy stored in nutrients into a cell-
spendable form, i.e. ATP (adenosine triphosphate) through a
process termed oxidative phosphorylation (OXPHOS). The
main constituents of oxidative phosphorylation are four large
membrane multiheteromeric protein complexes embedded
within the inner mitochondrial membrane (cl-IV). These
complexes, plus two electron shuttles, Coenzyme Q
(ubiquinone) and cytochrome ¢, carry out mitochondrial
respiration. A fifth complex, ATP synthase (or complex V),
exploits the energy derived from the electron transport chain
and stored in the proton gradient across the IM, to convert ADP
into ATP (Figure 4, top). NADH reducing equivalents derived

from glycolysis, Krebs’ cycle and fatty acid oxidation enter the



mitochondrial electron transport chain (MtETC) through
complex |, whereas FADH; reducing equivalents enter the
mtETC through complex Il or other dehydrogenases such as
electron-transferring-flavoprotein  dehydrogenase (ETF-DH).
The electrons are then passed via ubiquinone/ubiquinol to the
respiratory chain complex [l (ubiquinone-cytochrome c
oxidoreductase) and, in the final step, from cytochrome c to
cytochrome c oxidase (complex [V), which catalyzes the
reduction of molecular oxygen to water. This process is coupled
with proton pumping across the inner mitochondrial membrane,
associated with complex |, Il and IV. These complexes move
protons out of the mitochondrial matrix, thus generating an
electrochemical membrane potential (AP) formed by a chemical
gradient (ApH) and an electrostatic gradient (AW) across the
inner mitochondrial membrane. The last complex of the
oxidative phosphorylation system, the ATP synthase, uses the
energy derived from the proton gradient to produce ATP from
ADP and phosphate [16, 17].

3.1. Complex |

Mammalian complex | is composed of 44 subunits, has an
approximate molecular weight of 1MDa and it is the biggest
enzyme among mitochondrial respiratory chain complexes [18].
Seven subunits are encoded by mitochondrial DNA (ND1, ND2,
ND3, ND4, ND4L, ND5 and ND6), while nuclear DNA encodes
the remaining subunits. Complex | subunits can be divided into

“core subunits” and “accessory subunits”.



Complex Il Complex Ill

Figure 4. Mitochondrial respiratory chain and human mitochondrial
DNA. Top: mitochondrial respiratory chain complexes; the subunits encoded
by mitochondrial genome are represented with different colours: complex |
subunits = blue; complex Il subunits = green; complex IV subunits = red and
complex V subunits = yellow. Bottom: human mitochondrial DNA. Genes
encoding for mitochondrial respiratory chain complex subunits retain the
same colour code. From Zeviani and Di Donato, 2004 [19].

There are 14 “core subunits” (including the seven

mitochondrial-encoded plus additional seven nuclear-encoded

10



subunits) that contain the redox centers, i.e. flavin
mononucleotide (FMN), and seven iron-sulfur clusters; these
central subunits are sufficient to perform all bioenergetic
functions [20]. The remaining 30 “accessory subunits” of
mammalian complex | have no direct role in catalysis and their
functions are mostly unknown, but they may be involved in
assembly, stability, or regulation of the complex [21-23]. The
mitochondrial complex | is “L-shaped”, with a hydrophilic
peripheral arm extended into the matrix and a hydrophobic
membrane arm embedded into the inner mitochondrial
membrane [24]. The flavin mononucleotide (FMN) molecule is
located on the tip of the hydrophilic arm [25, 26]. The electrons
are donated as a hydride to the FMN molecule and then
transferred via a chain of seven iron-sulfur (Fe-S) clusters to
ubiquinone (Q) bound at the interface between the hydrophilic
and the membrane arms. Three functional modules of complex
| have been identified: the electron input module or N module,
which oxidizes NADH; the electron output module or Q module,
which reduces ubiquinone; and the P module, which

translocates the protons across the membrane [18, 27, 28].

3.2. Complex i

Mitochondrial Complex Il, also known as mitochondrial
succinate:ubiquinone oxidoreductase, is a key membrane
complex in the Krebs cycle. Complex Il catalyzes the
oxidation/dehydration of succinate to fumarate in the

mitochondrial matrix. The structure contains four proteins, all

11



encoded by nuclear DNA: the catalytic subunits SDHA and
SDHB, and two hydrophobic membrane-anchor proteins SDHC
and SDHD. The overall structure is shaped like the letter “q,”
with a hydrophilic head and a hydrophobic multipass
transmembrane-anchor tail [29]. Succinate oxidation is coupled
to reduction of ubiquinone to ubiquinol at the mitochondrial
inner membrane, as part of the respiration electron transfer
chain. Electrons are transferred from succinate to ubiquinone
through the following prosthetic groups: flavin-adenine
dinucleotide (FAD); a chain composed of three Fe clusters,
[2Fe-2S], [4Fe-4S], and [3Fe-4S] clusters; and heme b, which
forms an integral part of the complex [29, 30]. Complex Il does
not translocate protons, and therefore it only feeds electrons to

the electron transport chain [30].

3.3. Complex Il

Complex Ill or cytochrome bc1 complex forms the central part
of the mitochondrial respiratory chain, oxidizing coenzyme Q
and reducing cytochrome c while pumping protons from the
matrix to the intermembrane space through the so-called Q-
cycle [31]. Mammalian clll is a multiheteromeric enzyme of
approximately 480KDa composed of eleven different subunits
[32, 33], one encoded by mitochondrial DNA (cytochrome b)
and ten by nuclear genes. These eleven subunits constitute the
monomeric module of a symmetric dimer (clll;), which is the
functionally active form of the enzyme. The mammalian crystal

structure [34] differs from that of yeast [35] only because it
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contains one additional subunit. This extra subunit (Subunit 9)
is just the mitochondrial targeting sequence peptide of the
Rieske Fe-S protein, which is incorporated into the complex
after its cleavage during import into the mitochondria [36].
Three of the 11 subunits contain the catalytic centers:
cytochrome b (MT-CYB), cytochrome c¢1 (CYC1) and the
Rieske protein (UQCRFS1). Cytochrome b contains two heme
moieties, the low potential (bL) and the high potential (bH)
heme b as prosthetic groups; CYC1 binds a c-type heme group
and the Rieske iron-sulfur protein contains a 2Fe-2S cluster.
The exact function of the other eight supernumerary subunits
(UQCRC1, UQCRC2, UQCRH, UQCRB, UQCRQ, Subunit 9,
UQCR10 and UQCR11) remains to be established [37].

3.4. Complex IV

In humans, complex IV is composed of 14 subunits, with the
core inner-membrane subunits COI, COIll and COIlll encoded by
mitochondrial DNA. The enzyme contains two iron-containing
heme moieties (heme a and a3) and two copper centers (CuA
and CuB), all coordinated by COI and COII and operating the
electron transfer reactions. Cytochrome c oxidase is the
terminal oxidase of the mitochondrial respiratory chain. It
catalyzes the oxidation of cytochrome ¢ with the consequent
reduction of molecular oxygen to water. Electron transfer occurs
from ferrocytochrome c to the CuA center (which acts as a
single-electron receptor), then to heme a onto the heme a3/CuB

center, and finally to oxygen bound to heme a3. H+/e-

13



cooperative linkage at Fe(a3)/CuB is envisaged to be involved
in proton-pump mechanisms confined to the binuclear center
[38]. COI-COII-COIlll subunits form the catalytic core of the
enzyme responsible of the electron transfer. Since none of the
nuclear-encoded subunits is associated with the active site, it
was formerly assumed that they were not important in the
functional mechanism of the enzyme. However, it is now
demonstrated that some of those additional subunits are
involved in the stabilization of a dimer state of the oxidase [39]
and might participate in the interaction of complex IV with its

partner complexes within the respiratory supercomplexes.

3.5. ComplexV

The mammalian mitochondrial complex V, or ATP synthase, is
the last multi subunit complex of the oxidative phosphorylation
system. It synthesizes ATP from ADP in the mitochondrial
matrix using the energy provided by the proton electrochemical
gradient [19, 40]. ATP synthase consists of two well-defined
protein entities: the F4 sector, a soluble portion situated in the
mitochondrial matrix, and the Fo sector, bound to the inner
mitochondrial membrane. F; is composed of three copies of
each of subunits a and 3, and one each of subunits y,  and «¢.
F1 subunits y, & and € constitute the central stalk of complex V.
Fo consists of a subunit c-ring (probably comprising eight copies
in humans) [41] and one copy each of subunits a, b, d, F6 and
the oligomycin sensitivity-conferring protein (OSCP). Subunits

b, d, F6 and OSCP form the peripheral stalk which lies to one

14



side of the complex. A number of additional subunits (e, f, g,
and A6L), all spanning the membrane, are associated with FO
[42]. Two of the Fy subunits, subunit a and subunit A6L are
encoded by the mtDNA ATP6 and ATP8 genes, respectively
[43, 44]. The function of ATP synthase is to synthesize ATP
from ADP and inorganic phosphate in the Fq sector. This is
made possible by exploiting the energy derived from the proton
gradient formed by mitochondrial respiration; protons
accumulated in the IMS cross the inner mitochondrial
membrane into the matrix through a channel largely formed by
subunit a, associated with the Fo portion of the enzyme. The
proton gradient establishes a proton-motive force, composed of
ApH+Ay [45]. The released energy causes the rotation of two
rotary motors: the ring of ¢ subunits in Fq (relative to subunit a),
along with subunits y, & and € in F; to which it is connected
through a central asymmetric stalk. Protons pass Fo via subunit
a to the c-ring [46, 47]. Rotation of subunit y within the F1 a333
hexamer provides energy for ATP synthesis. This is called
‘rotary catalysis” [48]. In humans, each complete rotation is
carried out by the translocation of 8 protons (one for each ¢

subunit) and leads to the synthesis of 3 molecules of ATP.

3.6. Mitochondria Respiratory Chain Supercomplexes

The organization of respiratory complexes in the inner
membrane has been a matter of intense debate. Two models of
organization have been hypothesized so far: the Solid Model
and the Random Diffusion Model (Figure 5, A-B). According to

15



the former model, the respiratory components are closely
packed to guarantee accessibility and thus high efficiency in
electron transport [49, 50]. Conversely, the Random Diffusion
Model or Fluid Model [51] proposes that the complexes are
randomly moving within the inner mitochondrial membrane and
that electrons flow between them, being connected by the
mobile carriers CoQ and cytochrome c. The latter model gained
general acceptance mainly based on kinetic studies and the
demonstration that the different respiratory complexes can be
purified individually, retaining their enzymatic activity [51].
However, this model was gradually replaced because several
indications supported a permanent interaction of complexes, for
example the stoichiometric association of complexes | and Il
after detergent removal from a mixture of isolated complexes
[52, 53] and isolation of NADH cytochrome c reductase
(complex I+1ll, [54]). Nowadays, it is generally accepted that
respiratory complexes are organized in a dynamic array of
states (Plasticity Model), from isolated complexes to larger
structures (respiratory supercomplexes) (Figure 5, C). The main
lines of evidence supporting the existence of supercomplexes
are the specific co-migration of respiratory complexes on blue
native electrophoresis and their co-purification by sucrose
gradient centrifugation [50, 55]. In particular, the complexes
involved in supramolecular association are the three proton-
translocating enzymes: Complex | (NADH:Coenzyme Q
reductase), Complex Ill (ubiquinol.cytochrome c reductase) and

Complex IV (cytochrome c oxidase) [50, 56-58].
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H H
ADP+PI
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Figure 5. Schematic representation of the different models proposed to
explain the organization of the OXPHOS system. (A) Random-collision
model or fluid model, (B) the solid model, and (C) the plasticity model. The
shape and colour code for representing the individual complexes can be
seen in panel A; coenzyme Q is represented as small red-filled stars and
cytochrome ¢ as red-filled triangles. The question mark indicates putative
associations or supercomplexes which existence is not fully confirmed. From
Acin-Perez and Enriquez, 2014 [59].

The association of complex Il in supercomplexes has never
been established reliably [49]. Although their function is still
controversial, Lapuente-Brunn and colleagues discovered that
the product of the gene Cox7a2l, named Supercomplex
Assembly Factor | (Scafi), specifically modulates assembly of
respiratory complexes into supercomplexes, thus supporting

their existence as real entities rather than artefacts due to the

17



specific procedures developed for mitochondrial solubilisation
[58].

4. Mitochondrial disorders

Mitochondrial diseases are a clinically heterogeneous group of
disorders that arise as a result of dysfunction of the
mitochondrial respiratory chain, the essential final pathway for
aerobic metabolism, or by mutations in genes involved in
additional mitochondrial functions including heme synthesis and
iron/sulphur metabolism among others. Tissues and organs that
are highly dependent on aerobic metabolism are preferentially
involved in mitochondrial disorders [60]. A genetic classification
of mitochondrial diseases is based on which genome, nuclear

or mitochondrial, is mutated.

4.1. Mutations in mtDNA

Mitochondrial DNA has a higher mutational rate than nuclear
DNA; this is because of multiple factors, including absence of
protective histones, the lack of homologous recombination, and
its proximity to the inner mitochondrial membrane where ROS
are generated. Mutations in mtDNA become symptomatic when
the amount of mutated molecules offsets a critical threshold.
The threshold is lower in tissues that are more dependent on
oxidative metabolism. Different thresholds exist for different
types of mtDNA mutations. Recent epidemiological studies
confirm that pathogenic mtDNA mutations are a major cause of
human disease, affecting at least 1 in 5000 of the population

[61]. Pathogenic alleles are present in >1 out of 200 live births,
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and occur de novo at least every 1000 births [62]. As already
mentioned, mMtDNA is exclusively maternally inherited in
vertebrates [14]. Therefore, a mother carrying an mtDNA
mutation can transmit it to her children, but only her daughters
can further transmit it to the next generation. Due to the
polyplasmic, multicopy organisation of mtDNA, a pathogenic
mutation could be present in all (homoplasmy) or just in a
fraction (heteroplasmy) of mtDNA molecules. Mutations of
mtDNA are divided into (l) large-scale rearrangements (i.e.
partial deletions or duplications) and (lI) inherited point
mutations. Whilst large-scale rearrangements are usually
sporadic, point mutations are usually maternally inherited.
Large-scale rearrangements include several genes and are
invariably heteroplasmic. In contrast, point mutations may be

heteroplasmic or, albeit more rarely, homoplasmic [19].

4.1.1. Large-scale rearrangements of mtDNA

Single, large-scale rearrangements of mtDNA can be single
partial deletions, or partial duplications. The majority of single
large-scale rearrangements of mtDNA are sporadic and are
therefore believed to be the result of the clonal amplification of
a single mutational event, occurring in the maternal oocyte or
early during the development of the embryo [63]. Three main
clinical phenotypes are associated with these mutations: adult-
onset progressive external ophthalmoplegia (PEO), juvenile-
onset Kearns-Sayre syndrome (KSS) and congenital Pearson
syndrome. PEO is defined as progressive limitation of eye

movements caused by impaired "extrinsic" eye muscles, with
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normal function of the intrinsic muscles, and ptosis of the
eyelids caused by weakness of the elevator palpebrae
superioris muscle. KSS is a multisystem disorder of childhood
or juvenile onset, characterised by the following symptoms:
pigmentary retinopathy, progressive ataxia usually associated
with cognitive decline, high protein content in the cerebrospinal
fluid, short stature, cardiac conduction blocks and PEO.
Pearson syndrome is characterised by severe, usually fatal,
congenital pancytopenia with sideroblastic anemia, and, more

rarely, exocrine pancreas dysfunction.

4.1.2. Point mutations of mtDNA

In contrast to large-scale rearrangements, mMtDNA point
mutations are usually maternally inherited. Point mutations
involving tRNA genes may impair mitochondrial protein
synthesis, leading to combine defects of the mtDNA-dependent
respiratory chain complexes. Mutations involving protein-
encoding genes affect the function of the individual respiratory
chain complexes to which the corresponding protein belongs
[64]. The most frequent disorders associated with mtDNA point
mutations are termed with the acronyms MELAS, MERRF,
NARP and LHON. The syndrome of Mitochondrial
Encephalopathy, Lactic Acidosis, and Stroke-like episodes
(MELAS) is most commonly caused by a heteroplasmic A-to-G
transition mutation at position 3243 of the mitochondrial
genome (encoding the mitochondrial- tRNA"“"UR) MELAS is
characterised by prototypical neurological manifestations

including seizures, encephalopathy, and stroke-like episodes,
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as well as other frequent secondary manifestations including
short stature, cognitive impairment, migraines, depression,
cardiomyopathy, cardiac conduction defects, and diabetes
mellitus [65]. However, although there are specific mutations
typically associated with MELAS (m.3243A>G, m.3271T>C),
MELAS is indeed a polygenic disorder associated with at least
29 specific point mutations. In addition to at least seven
identified point mutations in the mitochondrial tRNA-“(VYR)
gene, mutations affecting several other mitochondrial tRNA
genes (His, Lys, GIn, and Glu) as well as protein-coding genes
(MT-ND1, MT-CO3, MT-ND4,MT-ND5, MT-ND6, and MT-CYB)
have been associated with the MELAS syndrome [66].

The Myoclonic Epilepsy with Ragged Red Fibers is a rare
mitochondrial disorder (MERRF). Diagnostic criteria for MERRF
include typical manifestations of the disease: myoclonus,
generalized epilepsy, cerebellar ataxia and ragged red fibers
(RRF) in muscle biopsy [67]. Clinical features of MERRF are
not necessarily uniform in the early stages of the disease, and
correlations between clinical manifestations and
physiopathology have not been fully elucidated. It is estimated
that heteroplasmic point mutations in the tRNA"® gene of the
mtDNA, mainly A8344G, are responsible for almost 90% of
MERRF cases [68].

Heteroplasmic mutations in the mitochondrially-encoded ATP6
gene are responsible of a severe disorder named NARP
syndrome (Neurogenic weakness, Ataxia, and Retinitis

Pigmentosa). It commonly results from a point mutation at base
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pair 8993 of the mitochondrial genome [69]. The clinical
phenotype may also include epileptic seizures, sensorineural
hearing loss, cognitive impairment, diabetes mellitus,
cardiomyopathy, and lactic acidosis.

Leber's Hereditary Optic Neuropathy (LHON) is the most
common optic neuropathy caused by a primary mutation in
mtDNA [70]. LHON usually presents as painless, subacute,
central visual loss in one eye. Weeks to months later, the
second eye becomes involved, with a median delay of 6-8
weeks [71, 72]. Loss of vision can be very severe leading to
blindness in most cases. Ninety per cent of all cases of LHON
are due to one of three point mutations in mtDNA, which are
located at nucleotide positions 3460, 11778, and 14484 [70]. All
the known mutations occur in genes encoding subunits for
complex | in the respiratory chain, particularly in those encoding
the ND1 and ND6 subunits [73, 74]. In contrast with the
MELAS, MERRF and NARP mutations, LHON mutations are
typically homoplasmic. The penetrance is reduced, male
individuals being 5-20 fold more prone to develop the disease.
Both epidemiological and biochemical studies suggest that
environmental factors, e.g. smoking, the mtDNA haplogroup
and possibly genomic variants of nuclear DNA clearly influence
the penetrance of the disease, although the mechanistic details
of these phenomena remain largely unknown.

A summary of these and other mtDNA mutations associated to

human disease is reported in Figure 6.
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Figure 6. Mutations in the human mitochondrial genome known to
cause disease. Disorders that are frequently or prominently associated with
mutations in a particular gene are shown in bold. Diseases due to mutations
that impair mitochondrial protein synthesis are shown in blue. Diseases due
to mutations in protein-coding genes are shown in red. ECM,
encephalomyopathy; FBSN, familial bilateral striatal necrosis; LHON,
Leber's hereditary optic neuropathy; LS, Leigh syndrome; MELAS,
mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes;
MERRF, myoclonic epilepsy with ragged red fibers; MILS, maternally
inherited Leigh syndrome; NARP, neuropathy, ataxia, and retinitis
pigmentosa; PEO, progressive external ophthalmoplegia; PPK, palmoplantar
keratoderma; SIDS, sudden infant death syndrome (from S Di Mauro et al,
2003 [75]).

4.2. Mutations in nuclear genes

Mutations in nuclear genes responsible of mitochondrial
disorders can be classified as follows:

* Genes encoding structural subunits of complexes I-V;

* Genes encoding assembly factors of complexes I-V;
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* Genes encoding factors performing or regulating replication,
expression and stability of mtDNA;

e Genes encoding mitochondrial proteins related to
mitochondrial biogenesis or indirectly associated to oxidative

phosphorylation.

4.2.1. Genes encoding structural subunits of complexes I-
4

I Structural subunits of Complex |

Complex | deficiency is the most frequent biochemical
abnormality found in mitochondrial disorders, together with
combine deficiency of Complexes | and IV. Defective complex |
can be caused by mutations in one of the seven mtDNA-
encoded genes or in one of the 37 nuclear genes encoding
complex | structural subunits [75]. Clinical manifestations
include Leigh syndrome, neonatal fulminant lactic acidosis, with
or without cardiomyopathy or multi-system disorders [76]. Leigh
syndrome is a relatively frequent hereditary neuropathological
condition, characterised by symmetrical necrotizing lesions
along the rostrocaudal structures of the central nervous system,
from the basal ganglia to the medulla oblongata; it is an early
onset disease, in most cases occurring within the first year of
life, with a wide range of clinical manifestations, including
severe psychomotor delay, cerebellar and pyramidal signs,
dystonia, lactic acidosis, seizures abnormalities of central
ventilatory control, incoordination of ocular movements and

recurrent vomiting. The pathognomonic focal symmetric lesions,
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found at necropsy or by MRI, involve the basal ganglia,
particularly putamina, the thalamus, brainstem structures from
sub-thalamic nuclei through mesencephalon, pons, medulla
oblongata and cerebellum, down to the rostral portion of the
spinal cord [77]. The first patient with isolate complex |
deficiency was described in 1998 [78], and since then other
mutations in 12 different genes encoding for structural subunits
have been identified [79]. These subunits are part of the highly
conserved "core backbone" of the enzyme, and play a crucial

role in the formation of its catalytic structure.

Il Structural subunits of Complex Il

Complex Il (cll) deficiency is an exceptionally rare cause of
mitochondrial respiratory chain defects. Different studies have
provided different prevalence figures. For instance, Vladutiu
and Heffner [80] found 23% of all muscle biopsies with
respiratory chain defects to have complex Il deficiency,
whereas Parfait and co-workers [81] quote cll deficiency in just
2% of their cohort of mitochondrial cases. Ghezzi and co-
workers [82] and Scaglia et al [83] found a prevalence of 8% in
Italian and US cohorts of infantile mitochondrial disease.
Mutations in SDHA are rare and typically associated to Leigh
syndrome [84-86] whereas an adult-onset presentation is still
controversial, having been reported in only one single family.
Heterozygous mutations in SDHC and SDHD, and, albeit more
rarely, in SDHA and SDHB as well, are associated with
dominantly inherited or sporadic forms of head and neck

paragangliomas and pheochromocytomas [87].
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Il Structural subunits of Complex Il

Complex Il defects are rare among OXPHOS patients and are
associated to a wide range of neuromuscular, cardiac or
multisystem diseases [88, 89]. Mutations in mitochondrial gene
MT-CYB, which encodes for the subunit cytochrome b, are a
well-established cause of complex IlI defects [90]. Mutations in
other complex Il structural subunits are exceptionally rare, i.e.
in single cases due to mutations in UQCRB, UQCRQ, UQCRC2
and CYC1 [91-94].

IV Structural subunits of Complex IV

Complex IV defects are, together with those of complex I, the
most frequently observed pathologies in mitochondrial patients.
While different mutations in mitochondrial-encoded subunits of
complex IV have been described, there are a few cases
reporting a mutation in a nuclear encoded subunit, COX6B1
[95, 96]. All of these mutations are associated with a
combination of early onset leukodystrophic encephalopathy,
myopathy and growth retardation or with hydrocephalus and

hypertrophic cardiomyopathy.

vV Structural subunits of Complex V

Mutations in structural subunits of ATP synthase (complex V)
are very rare. Up to now, only two patients with mutations in
ATP5A1 [97] and one patient with mutations in ATP5E [98]
were reported pointing to the level of rareness of these

disorders. These mutations share a similar biochemical
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phenotype with pronounced decrease in the content of fully

assembled and functional ATP synthase.

4.2.2. Genes encoding assembly factors of complexes I-V

| Assembly factors of Complex |

As complex | is composed of 44 structural subunits of dual
genetic origin, its assembly is likely to involve many factors
involved in subunit maturation, insertion, addition of cofactor or
chaperoning of assembly intermediates [99, 100]. As no
complex | is present in a highly exploited model of mitochondrial
RC biogenesis, the baker's yeast Saccharomyces cerevisiae,
identification of complex | assembly factors has largely relied on
the identification of informative patients or on mass
spectrometry study of complex | assembly intermediates
produced by siRNA-based cellular models. Thus far, these
studies have been able to identify ten complex | assembly
factors: NDUFAF1, Ecsit, ACAD9, NDUFAF2, NDUFAF4
NDUFAF3, C8BORF38, C200RF7 and FoxRed1. The assembly
factor C200RF7 was identified in 2 families with severe
neonatal Complex | deficiency disorder resulting from a
homozygous missense mutation in the C200RF7 gene [101,
102]. NDUFAF1 was identified in patients with
cardioencephalomyopathies with complex | deficiency [103].
NDUFAF1 is imported into mitochondrial matrix and is required
for complex | stabilization along with another assembly factor,
Ecsit [104]. Null mutations in the gene encoding NDUFAF2

were found in patients suffering from progressive
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encephalopathy [105]. Pathogenic mutations in NDUFAF3 and
NDUFAF4 were identified in cases of fatal neonatal
mitochondrial disease with severe complex | deficiency [106].
Mutations in ACAD9 (Acyl-CoA dehydrogenase family, member
9) were identified in patients suffering from exercise intolerance
and cardiomyopathy associated with complex | deficiency [107].
An additional complex | assembly factor is FoxRed1, which has
been found mutated in patients with infantile-onset

mitochondrial encephalopathy [108].

Il Assembly factors of Complex Il

Complex Il defects are extremely rare, and to date, mutations in
only two assembly factors have been reported: mutations in
SDHAF1 gene were associated with an isolated complex Il
defect and a specific leukoencephalopathic syndrome [82, 109].
SDH5, encoding another assembly factor of complex II, was

found mutated in a family with hereditary paraganglioma [110].

Il Assembly factors of Complex Il

Typical to mitochondrial syndromes, complex Il defects are
associated with a wide range of clinical presentations; the
common feature is reduced ubiquinol:cytochrome ¢
oxidoreductase enzymatic activity in patient fibroblasts or
skeletal muscle biopsies. Mutations in the nuclear gene BCS7L
[111] are still the most frequent cause of complex Il deficiency,
as more than 25 different pathological mutations have been
associated with very variable clinical presentations. BCS1L is

an assembly factor localized in the IMM belonging to the AAA*
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(ATPases associated with diverse cellular activities) protein
family. It is required in the final steps of complex bc1 assembly,
where the Rieske protein and the smallest subunit (UQCR11)
are incorporated into the pre-clll; to complete the process [112-
114]. BCS1L operates the transfer of the Rieske Fe-S protein
from the matrix to the inner mitochondrial membrane through
interaction with the Rip1 N-terminal domain and thanks to ATP
hydrolysis [115, 116].

A Scandinavian-specific mutation in BCS1L is associated with
GRACILE syndrome (Growth Retardation, Aminoaciduria,
Cholestasis, Iron overload, Lactic acidosis, and Early death)
[117, 118] whereas panoply of other mutations causes early-
onset encephalomyopathy [113, 119]. In some patients, BCS1L
mutations are associated with Bjornstad-Tranenbjaerg
syndrome, characterized by deafness, encephalomyopathy and
pili torti [120]. Patients with the Bjornstad syndrome have
mutations that alter residues involved in protein—protein
interactions, whereas the GRACILE mutation alters the ATP-
binding residues of the BCS1L protein.

Mutations in TTC19, encoding the tetratricopeptide repeat
domain-containing protein 19, were first described in 2011.
TTC19 is present in animals but absent in other eukaryotes
including plants and fungi [89]. Four patients from three
unrelated ltalian families were investigated: three, including two
siblings, had an early-onset, slowly progressive
encephalopathy, whereas the fourth patient was affected by a

late-onset but rapidly progressive neurological failure [89]. After
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these first cases, several other TTC79 mutations have been
published, all consistently associated with isolated complex Ill
deficiency but with different clinical presentations, including
progressive neurodegeneration with severe psychiatric signs
and cerebellar disease [121], Leigh syndrome [122] and early-
onset predominant cerebellar ataxia [123-125]. All these cases
carried non-sense or frameshift mutations of the TTC719 gene
predicting the synthesis of a truncated protein and, at least in
the first reported patient samples, the levels of TTC19 were
undetectable, suggesting mMRNA decay and/or protein instability
[89]. TTC19 was shown to co-migrate with complex Il in Blue-
Native  Gel Electrophoresis (BNGE) and to co-
immunoprecipitate with CORE1, CORE2 and Rieske protein,
suggesting a physical interaction with the fully assembled
complex Ill. Although its exact function is currently unknown, a
role as a chaperone in the first steps of clll assembly was
proposed, because clll assembly intermediates containing the
early assembled CORE1 and CORE2, but not the Ilate
assembled Rieske protein were detected in mutant muscle
samples [89]. These authors also suggested an additional role
for TTC19, since they found TTC19 cross-reacting material in a
high molecular-weight complex of unknown composition,
weighing approximately 1MDa. Interestingly, a Titc79-null
Drosophila melanogaster model showed profound clll
deficiency associated with reduced life span and fertility, and
neurological impairment in adult flies but, surprisingly, normal

clll activity in larvae, suggesting a differential developmental
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control of clll assembly in flies [89]. To further investigate the
role of TTC19 in complex I biogenesis, a Ttc19”” mouse model
was generated from our lab (see Chapter 2).

Human LYRM7 encodes the LYR (leucine/tyrosine/arginine)-
motif protein 7, a member of the Complex1 LYR-like
superfamily [126]. The LYR motif has consistently been found in
proteins usually containing or delivering Fe-S clusters [127].
The human protein can functionally complement the respiratory
defect of a yeast strain lacking Mzm1, the LYRM7 orthologue in
Saccharomyces cerevisiae [128]. Mzm1 acts as a chaperone
for the incorporation of the Rieske protein; however, the
insertion of the Fe-S cluster into the Rieske protein was not
affected by this assembly factor [115, 129], suggesting a later-
step intervention. The same results have recently been
obtained for the human LYRM7/Mzm1L protein [128]. RNAI
experiments in HelLa cells showed that, similar to the Mzm1
deletion yeast strain [129], low levels of LYRM7/Mzm1L caused
a decrease in the total amount of the Rieske protein, but only in
stress conditions [130]. Similar to Mzm1-deficient yeast [129],
the phenotype is thermo-sensitive, probably because at high
temperatures the unassembled Rieske protein is more prone to
degradation and/or aggregation [115]. This could explain why
the clinical course drastically worsened in the LYRM7 mutant
patient after a febrile episode [131]. A human Complex IlI
assembly model constructed with these and other observations

is represented in Figure 7.

31



Intermembrane space
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activation . .

Figure 7. Human complex Il assembly model. The model is constructed
by homology with the available data for Saccharomyces cerevisiae. First,
MT-CYB is translated in the mitochondrial ribosomes to which UQCC1 and
UQCC2 are bound to the exit tunnel, activating its synthesis. The UQCC1-
UQCC2 complex remains bound to MT-CYB once it is completely
synthesized and incorporated to the mitochondrial inner membrane. Once
low-potential heme b (bL) is inserted into the catalytic center of cytochrome
b, UQCC3 binds to it and then the high potential heme b (bH) is
incorporated. The UQCC1-UQCC2 dimer is released when UQCRB and
UQCRQ bind to MT-CYB, to form the early-stage clll intermediary, so that
UQCC1-UQCC2 dimer becomes available to activate translation of new MT-
CYB by binding to the mitoribosome. After the formation of the early
intermediate MT-CYB+UQCRB+UQCRQ, additional subunits, i.e., UQCRCA1,
UQCRC2, and CYC1 are incorporated, followed by UQCRH and later
UQCR10, to form pre-complex Il (pre-cllly). At this point, the complex is
already dimeric, but the precise stage at which dimerization occurs is
currently unknown. Finally, UQCRFS1 is translocated from the matrix into
the inner mitochondrial membrane and is incorporated into pre-clil,. In the
matrix, UQCRFS1 is bound and stabilized by MZM1L. Finally the last subunit
(UQCR11) joins the nascent complex, so that assembly is completed.
TTC19 is necessary for the correct biogenesis of clll; in human
mitochondria, but the step in which it intervenes is not known yet. From
Fernandez-Vizarra et al, 2015 [130].
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IV Assembly factors of Complex IV

The most frequent clinical manifestation of complex IV
deficiency in childhood is Leigh syndrome, although several
other  phenotypes have been reported, including
leukoencephalopathy, cardiomyopathy or encephalo-
cardiomyopathy [132]. Most of complex IV defects are due to
mutations in COX-assembly factors, such as SURF1 [133-137],
SCO1 [138-140], SCO2 [141-144], COX10 [145, 146], COX15
[147-150], COAG (c1orf31), [151, 152], COX20 (FAM36A) [153,
154], C20rf64 [155].

SURF1 is a small hydrophobic protein of 30kDa embedded
within the inner mitochondrial membrane; mutations in SURF1
gene are the most frequent cause of Leigh syndrome with
cytochrome ¢ oxidase deficiency [137]. SCO1 and SCO2 are
nuclear genes encoding copper binding proteins, with
cooperative, non-overlapping functions in CuA site formation
[156]. Mutations in these genes cause fatal early onset cardio-
encephalo-myopathy with isolated Complex IV deficiency [142,
143]. The gene product of COX170, which maps on chromosome
17p13 as SCO2, plays a crucial role in the maturation of
cytochrome c oxidase. COX70 encodes a heme A farnesyl
transferase that catalyses the first step of the conversions of
proto-heme A into heme A, the prosthetic group [157]. Similar to
COX10, COX15 is also involved in heme A synthesis; mutations
in this gene were reported to cause fatal, hypertrophic
cardiomyopathy [158] and atypic, slowly progressive Leigh

syndrome [159]. In human mitochondria, COA6 selectively
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interacts with SCO2 in a COX2-dependent manner. A loss of
COAG leads to fast turnover of COX2, explaining the reduction
in cytochrome c oxidase levels [160]. Mutations in COA6 are
associated with neonatal hypertrophic cardiomyopathy and
isolated complex IV deficiency [152]. Recently, mutations in
FAM36A were reported as a cause of ataxia and muscle
hypotonia in one patient, and of cerebellar ataxia, dystonia, and
sensory axonal neuropathy in two affected brothers, with
reduced complex IV activity [153, 154]. Finally, a homozygous
mutation in C2orf64 was described in 2011 in two siblings
affected by fatal neonatal cardiomyopathy, with accumulations
of complex IV subassemblies in patient’s fibroblasts [155].
Recently, deleterious mutations in APOPT1 gene were
described in three individuals from independent cohorts of
subjects with isolated Complex IV deficiency and subsequently
in three additional unrelated children. The clinical features
varied widely from acute neurometabolic decompensation in
late infancy to subtle neurological signs presenting in
adolescence [161]. Although complex IV deficiency was present
in all described patients, the role of the mitochondrial protein
APOPT1 in biogenesis or stability of Complex IV still remains

elusive.

V Assembly factors of Complex V

A few cases of complex V deficiency have been attributed to
mutations in the assembly factor ATP12. Lactic acidosis was
present immediately after birth, together with dysmorphic

features, and methyl-glutaconic aciduria [162]. Mutations in
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another gene, TMEM?70, were found in individuals with isolated
deficiency of ATP synthase, mostly of Gipsy ethnic origin. This
prevalent mutation results in hypertrophic cardiomyopathy of

variable severity [163, 164].

4.2.3. Genes encoding factors affecting mtDNA
maintenance, replication and protein synthesis

In principle, any proteins involved in mtDNA replication, stability
and maintenance, if mutated can cause mtDNA instability, with
accumulation of multiple mtDNA deletions or depletion as a
consequence. Mutations in POLG and POLGZ2 (encoding the
catalytic and accessory subunits of DNA polymerase gamma,
respectively) [165], PEO1 (the mitochondrial helicase Twinkle)
[166], and SLC25A4 (ANT1, the adenine nucleotide
translocator) [167] have been associated to the accumulation of
multiple mtDNA deletions genes in patients with autosomal
dominant progressive external ophthalmoplegia (PEO); these
proteins are involved in mtDNA replication and transcription,
and their functional loss results in the secondary accumulation
of mtDNA carrying different deletion species. Mitochondrial
Neurogastrointestinal Encephalomyopathy (MNGIE) is a rare
autosomal recessive disorder characterised by multiple
deletions and depletion of mtDNA. The mutated gene (TYMP)
responsible of the disease was identified in 1999 [168] and
encodes thymidine phosphorylase TP, a cytosolic enzyme
controlling the levels of pyrimidine nucleosides through
phosphorolytic catabolism of thymidine to thymine and 2-deoxy-

d-ribose-1-phosphate [169]. Mutations in TYMP cause an
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accumulation of thymidine and deoxyuridine [170, 171],
imbalance of nucleotide pools and, as a consequence, mtDNA
depletions, multiple deletions and accumulation of point
mutations [172, 173]. Alpers syndrome is a progressive
neurodegenerative disorder of infancy characterized by diffuse
degeneration of cerebral grey matter. While mutations in POLG
have been associated with Alpers syndrome with liver failure
(Alpers-Huttenlocher syndrome) [174-176], mutations in NARS2
and PARS2, the genes encoding the mitochondrial asparaginyl-
and prolyl-tRNA synthetases, were recently identified in two
additional Alpers patients [177]. MtDNA depletion syndromes
(MDSs) are a heterogeneous group of autosomal recessive
disorders, characterized by low mMtDNA levels in specific
tissues. MDSs are rare, usually severe, early onset conditions,
usually tissue specific (isolated myopathy, cerebro-hepatic
failure) but sometimes manifesting as multisystem entities [178,
179]. These syndromes are a consequence of defects in
mtDNA maintenance caused by recessive mutations in nuclear
genes involved in either nucleotide synthesis (TK2, SUCLAZ,
SUCLG1, RRM2B, DGUOK, MPV17 and TYMP) or mtDNA
replication (POLG, C10orf2). For instance, mutations in TK2
and RRMB2 are associated with early onset myopathic disease
[180-182]. SUCLA2 encodes the B subunit of succinyl-
coenzyme A synthase, the enzyme that reversibly synthesises
succinyl-coenzyme A and ATP from succinate, coenzyme A
and ADP in the Krebs cycle. Disruption of SUCLAZ function can

lead to severe encephalomyopathy with mitochondrial DNA
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depletion, mild methylmalonic aciduria and infantile lactic
acidosis, [183, 184]. Mutations in SUCLG1, encoding the a
subunit of the enzyme, are less frequent [185].

Mutations in PEO1 [186, 187], POLG, DGUOK and MPV17 are
associated with hepatocerebral forms of mtDNA depletions.
DGUOK encodes the mitochondrial deoxyguanosine kinase, a
member of the deoxyribonucleoside kinase family involved in
phosphorylation of deoxyribonucleosides. The human dGK
protein is highly specific for purine substrates [188]. Patients
with mutations in DGUOK gene typically present liver
dysfunction at birth or within a few months, with or without
neurological impairment, and most of them die before four
years of age due to liver failure [189]. For a detailed description

of MPV17-associated disease, see paragraph 5.

4.2.4. Genes encoding mitochondrial proteins indirectly
involved in oxidative phosphorylation

Mitochondrial neurological disorders can also be generated by
mutations in nuclear genes indirectly related to cellular
respiration and energy production [190]. For example,
mutations in the SPG7 gene, encoding a mitochondrial
metalloprotease termed paraplegin, are responsible for a
recessive form of hereditary spastic paraparesis [191]; likewise,
mutations in ABC7, encoding a mitochondrial half-type ATP
Binding Cassette transporter involved in iron homeostasis, are
associated to a X-linked cerebellar ataxia and sideroblastic
anaemia [192]. Friedreich's ataxia is an autosomal recessive,

degenerative disease involving the central and peripheral
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nervous systems and the heart; it is caused by reduced
synthesis of the mitochondrial protein frataxin, a subunit of the
core Fe-S assembly complex (called SDUF and composed of
NFS1, ISD11, ISCUZ2, and frataxin) [193]. Defective expression
of otherwise normal frataxin is caused by an unstable GAA
trinucleotide expansion in the first intron of the gene [194].

The X-linked Mohr-Tranebjaerg syndrome (MTS/DFN-1) or
deafness/dystonia syndrome results from a mutation in
deafness/dystonia protein 1/translocase of mitochondrial inner
membrane 8a (DDP1/TIMM8a). DDP1/TIMM8a is similar to a
family of yeast proteins in the mitochondrial intermembrane
space, which mediate the import, and insertion of inner
membrane proteins. The mutation C66W in the gene DDP1
avoids the formation of the 70KDa hetero-hexameric protein
complex with Timm13 [195].

Finally, Barth syndrome is a rare X-linked genetic disorder first
described by Dr Peter G. Barth in 1983 [196]. It is caused by
mutations in the TAZ gene, encoding for the protein tafazzin.
Tafazzin plays an important role in remodelling of cardiolipin, a
component of the mitochondrial membrane necessary for
maintaining mitochondrial structure as well as for mitochondrial
apoptosis and functioning of the electron transport chain [197].
Cardiolipin accounts for 20% of the molecules of the inner
mitochondrial membrane and is responsible of the strong
impermeability of the inner mitochondrial membrane [198, 199].
It plays critical roles in mitochondrial biogenesis, fusion and

fission, respiration, and protein import [200]. Heart failure is the
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most common and earliest clinical feature, being the leading
cause of death in infants with Barth syndrome. The cardiac
features include dilated cardiomyopathy, left ventricular non-
compaction,  endocardial fibroelastosis, and  serious
disturbances of heart rhythm such as ventricular tachycardia
leading to fibrillation [201].

5. The MDDS due to mutations in MPV17 gene and the
animal models used to study the disease

As my studies on MPV17 are central for this thesis, the
physiology and pathophysiology of this protein will be
addressed more extensively here. In humans, mutations in the
MPV17 gene are responsible of a fatal hepatocerebral form of
mitochondrial DNA depletion syndrome [202]; typically, the
disease begins at birth or within 8 months with liver failure,
hepatomegaly, elevations in aminotransferases and gamma-
GT, hypoglycaemia, lactic acidosis, failure to thrive and death
between 1 and 19 months [203, 204]. Dietary control of
hypoglycaemia was occasionally effective in maintaining
relative metabolic compensation and long-term survival [202,
205]. Although diet can partially control metabolic crises, liver
failure invariably occurs and currently, the only treatment is liver
transplantation. Patients that survived after liver transplant
developed neurological symptoms and multiple brain lesions
[203]. Also elevations of plasma methionine and S-
adenosylmethionine, plus multifocal hepatocellular carcinomas

and hepatic microadenomas on a background of cirrhotic liver
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were described [206]. Only two reports described patients with
adult-onset neurohepatopathy-plus syndrome with multiple
deletions of mtDNA in muscle [207, 208]. More recently, a late-
onset patient with MPV17 mutations was described: a 25-year-
old woman presenting initially with secondary amenorrhea,
followed by a megaloblastic anemia, lactic acidosis,
leukoencephalopathy, progressive peripheral neuropathy, and
liver cirrhosis [209].

A peculiar manifestation of the disease was first described in
2006 and was called Navajo neurohepatopathy, because
initially limited to this population of Arizona and Utah. The
recurrent mutation responsible for this condition is a R50Q
substitution in the MPV17 protein [210, 211]. Major clinical
features include hepatopathy, failure to thrive, corneal
anaesthesia and scarring, acral mutilation, recurrent metabolic
acidosis, leukoencephalopathy, and sensory-motor peripheral
neuropathy, ataxia and neurogenic arthropathy [212-215].
Mitochondrial DNA depletion was detected in the livers of
patients. According to the severity of symptoms and age of
onset, Navajo Neurohepatopathy can occur in three forms:
neonatal, infantile and juvenile [216]. In the neonatal form, the
onset is before 6 months of age with jaundice and failure to
thrive followed by progression to liver failure before 2 years of
age. The infantile form is characterized by onset between 1 and
5 years of age with liver dysfunction, rapidly progressing to liver
failure and death. The juvenile form is characterized by variable

onset of liver disease, but progressive neurological

40



deterioration. Liver histological findings include multinucleated
giant cells, macro- and microvesicular steatosis, pseudo-acini,
inflammation, cholestasis, bridging fibrosis and cirrhosis.
Lifespan is prolonged up to 15-20 years [214].

MPV17 is a small, ubiquitous, highly hydrophobic protein of 19
kDa, organized in 4 transmembrane domains. In contrast with
previous studies indicating a peroxisomal localization, the
protein is embedded in the inner mitochondrial membrane [203,
204, 217] (Figure 8); the function of MPV17 is still unknown, but
it seems to be associated to the formation of a high molecular
weight complex of approximately >600kDa, since the re-
expression of a tagged version of the protein that is unable to
take part into the complex, failed to rescue mtDNA depletion in
a Mpv17” mouse model (see Chapter 3). These findings are
identical to those previously obtained on SYM1, the MPV17-
yeast orthologue [218]. MPV17 is imported into mitochondria
through the AW-dependent TOM-TIM import machinery; and the
absence of post-import cleavage is typical of IMM carrier
proteins, which are inserted into the IMM by the TIM22 complex
[203]. Another group found that in the absence of a AW, only a
partial reduction of MPV17 import was observed, suggesting
that a fraction of MPV17 was transported within mitochondria,
independently of the membrane potential [219]. Recently,
Antonenkov and co-workers demonstrated that reconstitution of
a recombinant MPV17 into lipid bilayer and subsequent
electrophysiological measurements indicated that this protein

forms a non-selective channel with a pore diameter of 1.8 nm,
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with a weak cation-selectivity and several subconductance
states [220].

MPV17 belongs to a family of integral membrane proteins
consisting of four members (PXMP2, MPV17, MPV17L, and
FKSG24 (MPV17L2)) in mammals and two members (Sym1
and Yor292) in yeast [220]. Mouse Pxmp2 is an abundant
peroxisomal protein acting as a non-selective channel
transferring small solutes across the membrane [221, 222]. The
1.4 nm pore of Pxmp2 channel showed weak cation selectivity
and no voltage dependence at low holding potentials [221]. In
contrast to the peroxisomal localization of Pxmp2, the MPV17,
MPV17L, and MPV17L2 proteins were detected in the inner
mitochondrial membrane [203, 223-225]. A recent paper from
Dalla Rosa and co-workers suggests that MPV17L2 interacts
with the large subunit of the mitochondrial ribosome and the
monosome, and when its expression is reduced by RNA
interference, the ribosome is disrupted and translation in the
mitochondria is impaired, indicating MPV17L2 plays an
important role in ribosomal biogenesis in the organelle [224].
MPVA17L exists in two different isoforms: a 20-kDa isoform (I-
Mpv171) has been characterized as a peroxisomal protein with
three transmembrane domains, whereas a 10-kDa isoform (s-
Mpv171) has been localized in the cytosol. Both isoforms are
involved in ROS metabolism [226-228]. The localisation is
controversial, since another paper suggested a mitochondrial
localisation for both isoforms in homeostatic conditions [225],

where they form of a protein complex with HtrA2. This complex
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is suggested to be critical for sensing mitochondrial oxidative
stress, and protects against ROS-induced mitochondrial
dysfunction [225].
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Figure 8. Schematic representation of the MPV17 protein, which is
localized to the inner mitochondrial membrane; the 4 a-helical
transmembrane spanning domains are indicated by red rectangles, and the
number of the first and last amino acids of each of these domains is
annotated in white. The missense mutations found in human patients are
represented (From Uusimaa et al. 2014) [232].

HtrA2 is a protease acting as an essential regulator of
mitochondrial function, protecting mitochondria from stress and
preventing apoptosis [229, 230]. A very recent paper reported
that Mpv17l1 interacts H2A histone family, member X (H2AX),
ribosomal protein S14 (RPS14), ribosomal protein S3 (RPS3)
and B-cell receptor-associated protein 31 (Bap31), and that
silencing of Mpv17! caused increase of mtDNA damage and

reduced expression of mtDNA-encoded genes [231].
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5.1. The Mpv17" mouse model

The Mpv17 gene was initially identified in laboratory mice
created by random insertional mutagenesis [233]. The main
clinical phenotype of these mice was the development of focal
glomerulosclerosis and nephrotic syndrome at a young age
[233, 234]. Glomerular damage was related to overproduction
of oxygen radicals and accumulation of lipid peroxidation
adducts in isolated glomeruli of Mpv17” mice. The
development of the glomerular disease was inhibited by
scavengers of oxygen radicals (dithiomethylurea) and lipid
peroxidation (probucol), suggesting that the increase in ROS
production has a relevant role in the onset of the disease [235].
The human Mpv17 protein rescued the murine phenotype [234].
Mice showed also degeneration of the stria vascularis and
spiral ligament, loss of cochlear neurons and degeneration of
the organ of Corti, similarly to Alports syndrome, an X-linked
inherited disorder characterized by progressive nephritis and
neurosensory deafness [236]. Mpv17” mice suffered from
severe sensorineural hearing loss as well [237], they also
developed significant systemic hypertension and tachycardia
between 4 weeks and 5 months of age, accompanied by
polyuria and elevated natriuresis [238].

A different strain with milder phenotype was later described by
O’Bryan and colleagues: by 52 weeks of age, the mutant strain
developed proteinuria, albuminuria and hypoalbuminemia, but
neither arterial hypertension nor renal failure. Glomerular

sclerosis was widespread, being preceded by mesangiolysis
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and microaneurysms, while tubulointerstitial disease was

absent. [239].
A

Figure 9 Histological and histochemical analysis. (A-D) Refer to
Mpv17~~ mice; (E-H) refer to Mpv17”* mice. (A and E) Liver H&E (x20): 2
years of age; (B and F) liver COX (x20): 1 year of age; (C and G) muscle
COX (x20): 1 year of age; (D and H) electron microscopy ultrastructure of
liver hepatocytes (x10400): 1 year of age. From Viscomi et al, 2006 [242].
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In contrast to what is observed in MPV17 mutant patients, the
Mpv17” mice did not develop overt hepatic failure at any age,
neither massive necrosis nor cirrhosis in mice as old as 2 years.
However, morphological alterations were present in the liver
parenchyma starting from 5 months of age, consisting of
swelling of hepatocytes with collapse of sinusoidal spaces,
scattered nuclear piknosis, scattered degeneration of discrete
areas of hepatic lobules, and inflammatory infiltrates
concentrated in the portal triads (Figure 9) [240]. AST, ALT and
CK enzyme levels were constantly high in blood of knockout
mice. Mitochondrial ballooning and disappearance of the
internal cristae was consistently observed in Mpv17” liver, with
proliferation of membranes surrounding the altered organelles,
suggesting autophagy (Figure 9, D and H). Although infant
patients develop hypoglycaemic episodes after 3—4 hours of
fasting, 48 hours of fasting failed to induce hypoglycaemia in
knockout mice; prolonged exposure to low temperature (a
stress condition stimulating the activation of heat production by
mitochondrial respiration) did not revealed any differences
between wild type and knockout animals [240]. To date, only
ketogenic diet, composed of 90% fat, 10% protein and virtually
no sugar, caused liver cirrhosis and death in Mpv17” mice,
resembling the human disease (see chapter 3) [241].
Interestingly, Mpv17” mice on a C57B/6 strain background
invariably turn grey at 5-6 months (Figure 10) [240]. Mice show

the presence of massive proteinuria from 18 months of age
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onwards, but creatinine and urea levels in blood remained

within the normal range [240].

i

4l

Figure 10 A 2-year-old Mpv17-/- individual. The inset shows —/- (grey)
and 7 (black) littermates at 1 year of age. From Viscomi et al, 2006 [242].

Aged Mpv17” mice display severe atrophy of the skin layers,
with thinning of the epidermis, loss of subcutaneous fat, and
disorganization of the muscle layer; the hair follicles were also
severely hypotrophic [240]. Similar to human patients, mtDNA
depletion is present in liver (5% or less than control), muscle
(25%), and absent or slightly reduced down to 70% in brain and
kidney. Marked reduction in mtDNA is also observed in
confluent (non-proliferating) mouse embryonic fibroblasts
cultured in serum deprivation. MtDNA depletion can occur in
MEFs by inducing aging or stress conditions that require an

efficient oxidative phosphorylation system [240]. MtDNA
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depletion is associated to complex |, lll and IV deficiency in the
liver (see chapter 3). In 2010, Papeta and co-workers produced
and characterised double mutant Prkdc”Mpv17” mice
[243].Prkdc encodes the catalytic subunit of the trimeric DNA-
dependent protein kinase (DNA-PKcs) and has essential roles
in DNA repair, signal transduction, and transcriptional
activation. Genetic defects in the Prkdc or the Ku70 and Ku80
genes (encoding the regulatory subunits of DNA-PK) result in
immunodeficiency, radiosensitivity, and premature aging, which
are generally attributed to the requirement for DNA-PK in non-
homologous end-joining double strand break repair, the primary
mode of DNA repair in non-replicating cells [244]. Prkdc has
also been implicated as an essential coactivator of multiple
transcription factors, including NRF1. While mice with mutations
in either single gene were asymptomatic up to 12 months of
age, Prkdc/Mpv17 double-mutant mice developed significant
cardiac and renal mtDNA depletion and spontaneous liver,
heart, and kidney disease, resulting in excess mortality by 16
weeks of age. These findings suggest that Prkdc genetically

interacts with the same pathway of Mpv17.

5.2. Sym1, the yeast orthologue of Mpv17

Sym1 is localised in the IMM and it is required for growth on the
non-fermentable carbon source ethanol under thermal stress
(37°C). Wild type and A-sym1 cells grow equally well on
glucose or ethanol at 30°C and on glucose at 37°C, but the A-

sym1 strain is unable to grow on ethanol-containing medium at

48



37°C; this is a reversible growth arrest. Mammalian Mpv17
rescues the phenotype. The Sym1 gene is heat shock induced
and the Sym1 protein exhibited increased expression during
respiratory growth on ethanol; A-sym1 cells showed a marked
downregulation in the expression of metabolic genes in ethanol
at 37°C. In addition, the up regulation of both cytosolic and
mitochondrial Hsp70 molecular chaperone genes, both known
to be involved in mitochondrial protein translocation, suggests
that sym1 cells may be experiencing some form of organellar
stress [245].

MtDNA instability in Saccharomyces cerevisiae is associated
with increased segregation of respiratory-deficient ‘petite’
mutants. Growth at 37°C was reduced or impaired with ethanol,
acetate, lactate, glycerol and a limited concentration (0.01%) of
glucose on a rich medium (YP). This phenotype worsened
when these carbon sources were added to a minimal medium
(YNB) [218]. Supplementation with glutamate, aspartate,
glutamine or asparagine did partially restore aerobic oxidative
growth, whereas other non-essential amino acids had no effect.
In both stringent and permissive growth conditions, the
morphology of A-sym1 mutant mitochondria was profoundly
altered, with organellar ballooning, flattening of cristae and
accumulation of electron-dense particles, similar to what was
described in knockout mice. In cells grown at 28°C, Sym1
expression was repressed by glucose and robustly induced by
aerobic oxidative carbon sources, including ethanol, as typically

observed for genes associated with respiratory metabolism.
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However, glucose repression was abolished at 37°C,
suggesting for Sym1 a role in the heat response, independent
of its role in aerobic oxidative metabolism. The highest
expression occurred in cells grown on ethanol at 37°C,
suggesting an additive effect of two stressing conditions in
Sym1 induction [218]. In silico analysis of the Sym1 genomic
region revealed the presence of potential transcription factor
binding sites including a GTCAC motif specific to Rtg1/Rtg3
located 693 bp upstream from the Sym1 ORF start codon.
Rtg1/Rtg3 are transcription factors involved in the
mitochondrion-nucleus  retrograde response (RTG), a
homeostatic control that induces adaptive responses in nuclear
gene expression when mitochondrial activities, such as
respiration or biogenesis, are failing.

The genes YMC1 and ODC1 were able to rescue the A-sym1
OXPHOS growth phenotype. Ymc1 is a mitochondrial carrier
protein involved in the coordination of metabolite trafficking
between peroxisomes and mitochondria, with a probable role in
the transport of tricarboxylic acid (TCA) cycle intermediates. It
also completely abolished mtDNA instability. ODC1 encodes an
oxodicarboxylate carrier, which transports a-ketoadipate, a-
ketoglutarate and other TCA cycle intermediates such as
citrate, by a counter-exchange mechanism through the inner
mitochondrial membrane. Finally, 2D-BNGE WB analysis using
a strain expressing an HA-tagged Sym1 recombinant variant
showed that Sym1 takes part in a high molecular-weight
complex (>600 kDa) [218]. Purification of Sym1 and
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reconstitution into lipid bilayer demonstrated that Sym1
constitutes a rectifying high-conductance cation-selective ion
channel, which is voltage regulated; this channel is closed at
the physiological IMM potential. This voltage sensitivity would

prevent ion leakage across the inner membrane [219].

5.3. The mutant transparent zebrafish

The zebrafish Danio rerio has regular pattern of horizontal dark
blue stripes covering the flanks of the adult animal. This pattern
is composed of three chromatophore types: black
melanophores, yellow xanthophores and reflective iridophores
(Figure 11). In 2013, the adult viable and fertile mutant
transparent (fra) was reported, which shows loss or strong
reduction of iridophores throughout larval and adult stages
[246]. In addition, in adults the number of melanophores is
strongly reduced, and stripes break up into spots. The fra
mutant phenotype is caused by a small deletion in Mpv17.
Iridophores produce large amounts of crystals mainly consisting
of guanine, located subcellularly in iridosomes (“reflecting
platelets”). Interestingly, other zebrafish models have similar
phenotype; pigment synthesis is compromised due to
dysfunctional biosynthesis of guanosine-derivatives, which
serve as intermediates in the formation of guanine. The affected
genes encode Paics and Gart, two enzyme complexes involved
in the synthesis of inosine monophosphate (IMP), a precursor
of the purine nucleotides adenosine monophosphate (AMP) and

guanosine monophosphate (GMP). In contrast to Mpv17 mutant
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mice and patients, no depletion in mitochondrial DNA content is

present in liver, muscle and brain tissues isolated from fra

mutant adult animals [246].

Figure 11. The tra mutant zebrafish. Transparent mutants show a reduction in
iridophore pigmentation. (A,C,D) Wild type and (B,E—H) tra mutants. Arrows in panels
A and B highlight the appearance and position of iridophores in larvae (G-H) Close-
up of the region boxed in panel E-F. Scale bars: 0.5 mm (A,B); 1 mm (C,E), 3 mm
(D,F).From Krauss et al, 2013 [246].

5.4. What is the lesson learned by studying different
species?

In human, mitochondrial DNA depletion syndromes are caused
by mutations in genes associated with mtDNA replication
machinery or in mitochondrial deoxyribonucleoside triphosphate
pools [247]. However, MPV17 plays a so-far unknown role in
mtDNA maintenance. A high degree of conservation has been

determined between MPV17 and its mouse, zebrafish and
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yeast homologs, respectively, whereby mutants in these genes
cause very different phenotypes. While dysfunction in human
gene causes fatal liver disease, kidney pathology and hair
greying are induced in mice, although mtDNA depletion is
present but apparently with no consequence in liver functioning,
at least in normal conditions. Moreover, the zebrafish
inactivation of the Mpv17 homolog was detected as a viable
discolouration mutant. Knock out of the yeast orthologue results
in a temperature-sensitive metabolic growth phenotype.
Actually, the most reliable hypothesis is that the Mpv17 protein
forms a channel in the inner mitochondrial membrane, allowing
small molecules to pass. These molecules are supposed to be
TCA cycle intermediates in yeast, and nucleotides in
vertebrates. Moreover, a function modifying the pathologic
manifestations of Mpv17-related disease in mice has been
identified. This signalling pathway remarkably involves the non-
mitochondrial catalytic subunit of DNA-dependent protein
kinase (PRKDC), important in double-strand break repair

resistance against reactive oxygen-induced genotoxic stress.

6. Treatment of mitochondrial diseases

Given the extreme clinical, biochemical and genetic
heterogeneity and the complexity of mitochondrial disease,
neither universal nor effective therapies currently exist.
Therapeutic options for mitochondrial diseases still remain
focused on supportive interventions aimed at relieving

complications. However, new therapeutic strategies have

53



recently been emerging, some of which have shown potential
efficacy at the pre-clinical level [248], as follows:

* Activation of mitochondrial biogenesis;

* Modulation of autophagy;

* |nhibition of apoptosis;

* Scavenging of ROS;

* Endurance training;

* Dietary manipulation;

* Scavenging of toxic compounds;

* Supplementation of nucleotides;

* AAV-mediated gene therapy.

Since all these strategies are reviewed in Chapter 4, only AAV
mediated gene therapy, the tool used in the work described in

Chapter 3, is presented in this section.

6.1. Adeno-associated virus

Adeno-associated virus (AAV) is a non-pathogenic dependent
parvovirus that requires helper functions from adenovirus or
members of the herpes virus family for efficient replication [249,
250]. Human AAV was discovered in 1965 as a contaminant of
adenovirus preparations [251]. The icosahedric, 22-nm in
diameter viral capsid has no envelope, and therefore directly
mediates many critical host—vector interactions. Because a co-
infecting helper virus is usually required for a productive
infection to occur, AAV serotypes are ascribed to a separate
genus in the Parvoviridae family designated Dependovirus.

Despite the high seroprevalence of AAV in the human
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population (approximately 80% of humans are seropositive for
AAV2) the virus has not been linked to any human iliness. To
date, more than 100 human and non-human primate AAV
serotypes have been identified, including 12 serotypes with
51% and 99% identity in capsid amino acid sequence [252]; the
great majority of the sequence variability is located in the
surface-exposed regions of the capsid [253], that play a critical
role in host-vector interactions. The wild-type AAV genome
consists of a linear single-stranded DNA molecule of
approximately 4.7 kb; both sense and antisense ssDNA strands
are packaged into separate virions with equivalent efficiency
[254]. The viral genome contains two open reading frames
encoding the viral non-structural (Rep) and capsid (Cap)
proteins necessary for virion biosynthesis, flanked by inverted
terminal repeats (ITRs, Figure 12, top) [255]. Three promoters,
mapping at positions 5, 19, and 40, are used to regulate the
expression of these two ORFs [256, 257]. The p5 and p19
promoters direct the expression of the Rep ORF and generate
four proteins through a splice variant mechanism termed
Rep78, Rep68, Rep52 and Rep40 on basis of their apparent
molecular weights [258]. The four Rep proteins are crucial for
genome replication, transcription, integration and
encapsidation. The p40 promoter directs the expression of the
viral capsid proteins VP1, VP2, and VP3 [259, 260]. The three
structural capsid proteins assembly together at a VP1:VP2:VP3
ratio of 1:1:10 to form a 60-subunit icosahedric capsid. The

inverted terminal repeats have multipalindromic sequences at
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their terminal 125 bases, and therefore can fold on themselves
via complementary base pairing, to form a characteristic T-
shaped hairpin structure (Figure 13) [255]. According to the
AAV DNA replication model [261] this secondary structure
provides a free 3' hydroxyl group for the initiation of viral DNA
replication via a self-priming strand-displacement mechanism
involving leading-strand synthesis and double-stranded
replicative intermediates. The virus does not encode a
polymerase, using instead that of the host cell [262]. The
interaction between AAV vector and the target host cell
depends on the interplay between the viral capsid with cell
surface receptors, but knowledge of these interactions is far
from complete. AAV vectors are thus classified in several
different serotypes based on their tropism. The most
extensively studied AAV serotype, AAV2, uses heparan
sulphate proteoglycan as its primary receptor, but also binds
several co-receptors including integrins and growth factor
receptors [264]. Similar findings hold for other serotypes, which
utilize a primary receptor together with one or more co-
receptors for optimal attachment and internalization. Since the
ITRs contain the necessary cis-acting sequences for replication
and packaging, the wild-type genome can be engineered by
removal of all viral coding sequences and be adapted for gene
delivery by placing heterologous DNA sequences of choice
between flanking ITRs, and replication and assembly of
recombinant AAV (rAAV) virions are then achieved by supplying
the AAV Rep and Cap proteins in trans along with the
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necessary adenoviral helper functions.

ITR ITR
REP CAP/AAP

common VP3 region

i
Transgene
expression cassette | : ;;
5

smgle stranded | self complementary |

Figure 12 Schematic representation of AAV using AAV2 as example.
From Buning et al, 2015 [263].

During the production of rAAV vectors, the transgene cassette
is incorporated between the ITR containing plasmid whereas
the rep-cap is supplied in trans along with the helper function
genes in a triple plasmid transfection protocol [265]. This
generates replication defective vectors. Following transduction
of target cells, the single-stranded recombinant AAV genomes
must be converted to double-stranded transcriptionally active
forms to facilitate transgene expression; transcriptionally
competent dsDNA can form by annealing the sense with the
antisense strands in cells transducing at high multiplicity [266],

or alternatively, by second strand synthesis [267].
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Figure 13. Secondary structure of the AAV2 ITR. The AAV2 ITR serves as
origin of replication and is composed of two arm palindromes (B-B' and C-C')
embedded in a larger stem palindrome (A-A'). The D sequence is present
only once at each end of the genome thus remaining single-stranded. The
boxed motif corresponds to the Rep-binding element (RBE) where the AAV
Rep78 and Rep68 proteins bind. From Goncalves, 2005 [268].

This process requires host cell activities and is a rate-limiting
step in the functional transduction of some post mitotic cell
types. Self-complementary AAV (scAAV, Figure 12, bottom) is a
viral vector engineered from the naturally occurring AAV
vectors, in which the coding region has been designed to form
an intra-molecular double-stranded DNA template. Upon
infection, rather than waiting for cell mediated synthesis of the
second strand, the two complementary halves of scAAV will
associate to form one double stranded DNA (dsDNA) unit that
is ready for immediate replication and transcription, thus giving
faster kinetics and higher overall levels of expression [269]. In

transduced cells, vector genomes are maintained
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predominantly as episomal circular monomers and
concatamers, but can also undergo random genomic
integration. In actively replicating cell populations, episomal
vector genomes are rapidly lost leaving stable long-term
expression dependent on the subset of genomes that have

undergone genomic integration [270].

7. Scope of the thesis

The purpose of the experimental work | carried out during my
DIMET course has been focused on the generation and
characterization of a mouse model of mitochondrial disease,
and on the evaluation of adeno-associated virus (AAV)-therapy
aimed to cure a severe form of mtDNA depletion syndrome.
Although relatively rare as individual genetic diseases, taken as
a group primary mitochondrial disorders are now recognized as
one of the major health issue among inborn errors of
metabolism, with a prevalence >1 in 5.000. The expanding
identification of new genes affecting OXPHOS sustains the idea
that these disorders are far more common than previously
thought. These devastating diseases are complex, with highly
variable presentations. Importantly, rational, evidence-based
effective treatment is lacking for most of them. Understanding
the role of the mutated protein involved in the pathology is the
first step to better understand and eventually treat the disease.
To this aim, during my DIMET course | have generated and
characterised the Ttc79” mouse model. TTC19 is a protein

recently identified as responsible of a severe form of
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mitochondrial disease with complex lll deficiency. As different
as they appear, humans and mice are surprisingly similar. We
share more than 95% of our genomes and get most of the
same diseases, for many of the same genetic reasons.
Therefore, the results of mouse experiments often correlate to
human biology; a mouse with a specific disease or condition
can serve as a model for a human patient with that same
disease or condition. This can lead to better diagnosis and
treatment of many diseases. Chapter 2 describes the
characterisation of the Ttc79” mouse model: knockout mice
have mitochondrial complex Ill deficiency with associated
increased ROS production, muscle weakness, reduction of
spontaneous locomotor activity and energy metabolism, and
clear neurological impairments, similarly to human patients.
Additional experiments carried out on cellular models
suggested that TTC19 interacts with pre-clll; before UQCRFS1
incorporation, remaining attached to the complex after its
maturation and facilitating its incorporation.

The second part of my work was focused on the evaluation of a
gene therapy approach on a mouse model of mitochondrial
disease. Successful pre-clinical trials have been reported in the
last few years using gene replacement therapy for a number of
genetic disorders. The most relevant results have been
obtained by recombinant Adeno-associated viral (AAVs) vectors
carrying a therapeutic gene, specifically targeted to the affected
tissues and organs. Whilst replacement of genes through the

whole body is still an unachievable goal, gene replacement in
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smaller-size organs is nowadays feasible. Chapter 3 reports the
application of this strategy on a mouse model of severe mtDNA
depletion syndrome predominantly affecting the liver. Finally,
Chapter 4 reviews currently available therapeutic approaches

for mitochondrial disease.
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Abstract

Tetratricopeptide 19 (TTC19) is a putative new assembly factor
for respiratory complex Il (ubiquinol:cytochrome ¢
oxidoreductase, clll). Mutations in TTC19 have been associated
with different neurological phenotypes, ranging from early-
onset, slowly progressive neurodegeneration to late-onset,
rapidly progressive neurological failure, as well as cerebellar
hypoplasia, bilateral basal ganglia lesions, and spinocerebellar
ataxia. Here we used a multidisciplinary strategy to investigate
the pathogenetic mechanism of TTC19-related diseases and to
dissect the role of TTC19 in clll assembly. First, we developed
and characterized a Ttc719” mouse showing a mainly
neurological phenotype, similar to what is observed in the
patients. Astrogliosis and accumulation of ubiquitinated proteins
were consistently observed in the thalamus of Ttc79” brains,
although we did not find obvious signs of neurodegeneration.
Increased production of reactive oxygen species (ROS) was
found in several tissues of Ttc79” animals, and may contribute
to the neurological phenotype. Complex Il was analyzed by 2D-
Blue Native Gel Electrophoresis (BNGE) on mitochondria
isolated from different tissues and showed an altered migration
pattern in those from Ttc19” animals. In addition, the levels of
UQCRFS1 (also known as Rieske protein or RISP)
incorporated in the fully assembled clll were reduced. These
findings suggest a role for TTC19 in the insertion of UQCRFS1
in clll. A SILAC-based proteomic approach sowed that TTC19

is associated to clll before the incorporation of UQCRFS1 and
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either facilitates or stabilizes its incorporation into nascent clll.
Our work sheds new light on the molecular function of TTC19
and suggests a possible mechanism by which the disease

arises, indicating new avenues for the therapy.

1. Introduction

Complex Il (clll), or ubiquinol:cytochrome ¢ oxidoreductase is
a mitochondrial respiratory chain enzyme formed by 11
different subunits, presenting a dimeric structure of
approximately 480 kDa [1]. It catalyzes the transfer of electrons
from Coenzyme Q to cytochrome c, while pumping protons
from the matrix to the intermembrane space. Cytochrome b
(MT-CYB), the only clll subunit encoded by mtDNA, is one of
the three catalytic subunits of clll, containing a low potential
(bL) and a high potential (by) heme b moieties as prosthetic
groups. Among the other ten subunits, all encoded by nine
nuclear genes, two play a catalytic role: the Fe;S, cluster-
containing Rieske protein (encoded by UQCRFS17), and
cytochrome c1 (encoded by CYC1), which contains a c-type
heme group. The role of the other eight ‘supernumerary’
subunits still remains unclear.

Although clll assembly has been less intensively investigated
compared to other respiratory complexes, in the last few years
the study of yeast mutant models has provided some insight
into this process [1-5]. The study of clll-associated human
diseases has confirmed that some of clll assembly steps are

similar to yeast, especially the late ones. Accordingly, clll
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assembly starts with MT-CYB still bound to chaperones
UQCC1 and UQCC2, being these released through the
progressive incorporation of additional subunits into an inactive
dimeric pre-clll, which is eventually activated by the
incorporation of UQCRFS1. This is mediated by BCS1L, the
most extensively characterized clll assembly factor [6].
Pathogenetic mutations have been found in some of the
assembly factors including BCS1L [7], TTC19 [8], LYRM7 [9],
UQCC2 [10] and UQCC3 [11]. In particular, mutations in
TTC19 have been found in patients with heterogeneous
phenotypes, including early-onset, slowly progressive
encephalomyopathy, adult-onset, rapidly  progressive
neurological failure or spincerebellar ataxia, and childhood or
juvenile spinocerebellar ataxia with psychosis (OMIM: 613814).
TTC19 encodes the tetratricopeptide repeat domain 19 protein,
consisting of 380 amino acids with no known orthologues in
yeast and plants. Unlike other assembly factors, TTC19 has
been found to bind mature dimeric clll (clllz), whereas its
absence leads to accumulation of clll-subassembly species in
mutant fibroblasts [8]. The mechanistic role of TTC19 in clll
assembly or stability is still unclear.

In an attempt to clarify TTC19 function in relation with clll
biogenesis and the pathogenetic mechanisms underlying its
defects, we have used cell and mouse models. First, we have
phenotypically characterized a constitutive Tfc19 knockout

mouse (Ttc19”). Second, we have investigated the interaction
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of TTC19 with clll; using mass spectrometry applied on

recombinant cellular models.
2. Results

| Neurological and metabolic characterization of Ttc19” mice
We first generated a constitutive Ttc79” mouse by gene

targeting (Supplementary Figure 1).
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Figure 1: clinical characterization of 6 month-old Ttc19” mice. (A) Body
weights of Ttc19” vs. Ttc19" littermates, n= 8-11 per group, (B) feet
clasping reflex, (C) rotarod test, n = 6 — 8 animals/group, average of 3
trials/mouse. (D) cylinder test, n = 6 — 9 animals/group, average of 2
trials/mouse, (E) pole test, n = 6 — 9 animals/group, average of 5
trials/mouse, (F) negative geotaxis test, n = 6 — 9 animals/group, average of
2 trials/mouse, (G) treadmill test, n = 6-11 animals/group. Error bars
represent SEM * p < 0.05, ** p < 0.01 ***p < 0.005. Red bars: Ttc19"™; blue
bars: Ttc19”".
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Both Ttc19” males and females showed a slight but statistically
significant reduced body weight at 6 months compared to wild-
type littermates (Figure 1A). No differences were observed
between Ttc19"* and Ttc19" animals for any of the studied
parameters, and both genotypes were used as controls
(Ttc19""). Several tests were used to assess neurological,
behavioural and metabolic features. At 6 months of age, Ttc19”
mice showed a pathological feet-clasping reflex (Figure 1B),
and scored significantly less than their wild-type littermates in
rotarod, cylinder, negative geotaxis and pole tests, which
measure motor coordination, exploratory behaviour, general
proprioception, and basal ganglia motor planning, respectively
(Figure 1C-F). Motor endurance assessed by standard treadmill
test was also reduced in Ttc19” vs. Ttc19" animals (Figure
1G). Some of these features were already present at 3 months
of age (Supplementary Figure 2) but worsened at 6 months. No
differences in lifespan were observed up to 21 months (not
shown).

To study whole-body metabolism, we used a Comprehensive
Lab Animals Monitoring System (CLAMS). Ttc19” females
showed reduced food and water consumption compared to
Ttc19" littermates (Figure 2A, B); VO, consumption and VCO,
production were significantly reduced in Ttc19” vs. Ttc19"
animals (Figure 2C, D); accordingly the Energy Expenditure
(i.e. the heat rate normalized to body weight) was decreased
(Figure 2E), although statistical significance was achieved in

females but not males. RER was significantly reduced in
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females but not males (Figure 2F). Total, ambulatory and

rearing movements were significantly decreased in Ttc19” vs.

Ttc19" littermates (Figure 2G). These data indicate an overall

reduction of energy metabolism in Ttc19” mice.
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Figure 2: CLAMS analysis during the dark phase. (A) Food intake over
36 hours, (B) water intake over 36 hours (C) VO, consumption, average of 2
experiments (D) VCO, production, average of 2 experiments (E) energy
expenditure/body weight, average of 2 experiments (F) RER, average of 2
experiments (G) total, ambulatory and rearing movements, average of 2
experiments; n = 8-12 animals/group. Error bars represent SEM *p < 0.05, **
p < 0.01 ***p < 0.005. Red bars: Ttc19"; blue bars: Ttc19™.

Il Neuropathological characterization of Ttc19” mice

Next, we analysed the neuropathological features of Ttc19”
mice. Extensive astrogliosis, most often surrounding dilated
vascular structures (Figure 3A,C), and accumulation of
ubiquitinated proteins (Figure 3E) were detected in the

thalamus of all Ttc79” mice analysed (n=6), suggesting an
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ongoing brain injury. These features were not observed in wild-
type littermates (n=4) (Figure 3B,D,F). No abnormalities were
detected in skeletal muscle by H&E (not shown). Light
microscopy of brain sections stained with either hematoxylin-
eosin (not shown) or Nissl (Figure 3G,H) did not reveal obvious
neuronal damage or loss. These findings were confirmed by
immunostaining for NeuN and CD68, as well as by staining with
fluorojade C, TUNEL, and anti caspase 3 antibody, which were
similar to controls. Neurons from Ttc19” mice brain failed to
show abnormal deposits of NF-H, Amyloid A, and Phospho-

Tau neurofilaments (not shown).

Il Biochemical analysis of Ttc19” tissues

The activities of single respiratory complexes were analysed by
spectrophotometric and histochemical assays. At three and six
months of age, clll/CS activity was significantly reduced (approx
50%, p<0.01) in brain, liver and skeletal muscle from Ttc19” vs.
Ttc19" (Figure 4A), with no differences between males and
females (not shown); the residual activity being further reduced
(approx 40%) at 18 months (Supplementary Figure 3A-B).
Surprisingly, also SDH/CS and cll/CS activities were slightly but
significantly (p<0.05) decreased in brain (Figure 4A), and even
more in brain and skeletal muscle from 18 month-old females
(Supplementary Figure 3A-B). This result was also confirmed
by SDH staining of skeletal muscle (Supplementary Figure 3C),
although we do not have an obvious explanation for the

reduced cll activity.
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Ttc19” Ttc19W7T

Figure 3. Histology and immunohistochemistry of brains from Ttc19™
mice. A})rominent perivascular astrocytic gliosis is evident in the thalamus
of Ttc19” mice (A-C) as compared with their wild-type littermates (B-D), as
marked by immunoperoxidase staining for glial fibrillary aC|d|c protein
(GFAP). Ublqumn positive neurons (arrows) were detected in Ttc19” but not
in Ttc19" brains (E-F). No rarefactlon of neurons was observed by Nissl
stain (G, H) both in Ttc19” and Ttc19" mice. The brains were examined in
whole- hemlsphere sagittal sections of 6-months-old Ttc19” (n=6) and
Ttc19"* (n=6) mice. Scale bars = 25 ym (A-D and G-H) and 100 pm (E-F).
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Since clll is one of the main sites of ROS generation along the
respiratory chain [12], we measured H,O, production in vitro by
a fluorometric assay on isolated mitochondria from liver, heart
and skeletal muscle from Ttc19” vs. Ttc19" mice. We found
that Ttc19” had significantly higher ROS levels compared to
wild-type littermates (Figure 4B-D).
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Figure 4. Biochemical analysis of Ttc19” tissues. (A) Spectrophotometric
analysis of biochemical activities of mitochondrial respiratory chain
complexes normalised to CS activity and expressed as percentage
compared to control values. Blue bars: liver; black bars: skeletal muscle;
white bars: brain. N= 4 mice/group, age = 3 month-old. H,O, quantification in
isolated mitochondria over time: B liver, C heart, D skeletal muscle. Blue
lines: Ttc19” samples, red lines: Ttc19" samples. N= 3 tissues/group in
duplicate. Error bars represent SEM; * p < 0.05, ** p < 0.01, ***p < 0.005

7 tissues

IV Analysis of clll; assembly status in Ttc19
We then investigated the assembly status of clll in mitochondria
isolated from brain, liver and skeletal muscle of Ttc19” and

Ttc19" mice by BNGE. 1D-BNGE revealed an altered
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electrophoretic pattern in the Ttc19” samples from all tissues
(Figure 5A), as clll; migrated more slowly and appeared as a
blurred multiband pattern. This phenomenon was observed

using both digitonin and dodecylmaltoside (Figure 5B).
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Figure 5. Characterization of clll; in Ttc19” tissues. (A)
Immunovisualisation of clll in BNGE of mitochondria extracted from liver,
muscle and brain. Anti-CORE1 and anti-SDH70 were used for clll and cll
visualisation respectively. (B) Top: BNGE of Ttc79" and Ttc19”
mitochondria, solubilised with DDM or Digitonin. Bottom: an enlargement of
clll band. (C) WB of the subunits in clll bands cut from 1D-BNGE and run on
SDS-PAGE. (D) WB on total homogenates. No obvious differences in
UQCRFS1 level were detected. (E) WB on complex Il band denatured and
run on SDS-PAGE. The re-expression of TTC19-HIS mediated by AAV in
the liver of Ttc19” mice restored the incorporation of UQCRFS1 in clll. (F,
G) In organello import of **S-labelled hTTC19, hTTC19-6HIS, UQCRFS1
and Uqcrb. Ttc719" and Ttc19” mitochondria were solubilised in digitonin (F)
or DDM (G) and run on a BNGE. UQCRFS1 and UQCRB were used for clll
visualisation.
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However, high resolution clear native gel electrophoresis
(hCNE), which omits Coomassie Brilliant Blue G from the
preparation, or BNGE on highly pure mitochondria obtained by
sucrose gradient revealed no differences in clll; migration
pattern in Ttc19” vs. Ttc19" mice (Supplementary Figure 4A).
Interestingly, the expression of a 6xHis tagged hTTC19
(hTtc19-6xHis) by using a hepatotropic adeno-associated viral
vector (AAV2/8) restored the wild-type clll, migration pattern in
the liver mitochondria  (Supplementary Figure 4B),
demonstrating the specificity of this phenomenon. These data
suggest a conformational abnormality of the clll, in the absence
of TTC19, resulting in an alteration in the interaction of clll; with
the Coomassie dye and/or the lipid environment.

No accumulation of clll; sub-assemblies was detected in
mitochondria from Ttc19” mouse tissues by denaturing 2D-
BNGE using antibodies against several subunits of clll
(Supplementary Figure 4C). Nevertheless, SDS-PAGE of the
native BNGE band corresponding to clll, showed a clear
reduction of incorporated UQCRFS1 in Ttc19” vs. Ttc19"
mouse samples (Figure 5C), despite normal levels of
UQCRFS1 mRNA (Supplementary Fig 4D), and total (free +
bound) UQCRFS1 protein (Figure 5D). Taken together, these
results demonstrate a role for TTC19 in the
incorporation/stabilisation of the Rieske protein in clll,.
Interestingly, the levels of incorporated UQCRFS1 into cllly
were restored by expressing hTTC19 with the AAV8-hTTC19
vector (Figure 5E).
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In order to further characterise the interaction with clll; [8], we
performed in organello import experiments using in vitro
translated *°S-labelled TTC19 followed by BNGE. We found the
%3-TTC19 in bands compatible with clll; and clll,-containing
supercomplexes when the samples were solubilised with the
mild detergent digitonin. However, the signal was not detectable
when mitochondria were treated with dodecylmaltoside (DDM),
suggesting a labile interaction. Notably, TTC19 was only
incorporated in clll in Ttc79” mitochondria, indicating that the
exogenous protein cannot outcompete the endogenous one
(Figure 5 F,G).

V TTC19 co-purifies with clll; in HEK cells

To have mechanistic proof of the physical interaction of TTC19
with clll;, we then performed a Stable Isotope Labelling by
Amino acids in Cell culture (SILAC) analysis using a cell line
carrying a recombinant human TTC19-FLAG construct. We
initially showed that hTTC19-FLAG protein was robustly
expressed in these cells upon doxycycline induction (Figure 6A)
and coimmunoprecipitated with UQCRFS1 and UQCRC2
(Figure 6B), thus confirming its interaction with the fully
assembled clll,.

Next, the protein interactions of hTTC19-FLAG were analysed
by SILAC method in parental and recombinant HEK cells. Sixty-
four proteins were quantitatively different in the hTTC19-FLAG
pull-down in comparison with the native cell line, in both
forward’ and ‘reverse’ experiments (Figure 6C and

Supplementary Table [). We found that 51/64 protein species
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were components of the respiratory chain, including 8 subunits
of clll, as well as numerous subunits of cl and clV
(Supplementary Table 1), likely as a consequence of the known
interactions between clll; and both cl and clV in the formation
of supercomplexes. As for the eight pulled-down clll subunits,
all clustered together in similar amount, with the exception
UQCRFS1 that was clearly less abundant.
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Figure 6. TTC19 interacts with clll. (A) WB on total protein extracts from
parental (-FLAG) and recombinant (+ FLAG) cell lines showed robust
expression of hTTC19-FLAG upon doxycycline induction. (B) Pull-down of
hTTC19-FLAG with agarose beads confirmed interaction with clll subunits.
(C) Proteins interacting with hTTC19-FLAG. The data were obtained by
mass spectrometric analysis of fraction eluted via the FLAG tag in a SILAC
experiment conducted with HEK cells expressing hTTC19-FLAG, combined
with parental cells in 1:1 ratio. The upper right quadrant of the scatter plot is
shown. The data points come from forward- and reverse-labeled samples.

This suggests that TTC19 interacts first with pre-cllly, i.e. before
UQCRFS1 incorporation, but remains attached to the complex
after its maturation. MT-CYB, UQCR11 and subunit 9 failed to
be detected, probably due to the extreme hydrophobicity of the
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first and to the very small sizes of the other two. Notably, other
clll assembly factors, which do not interact with mature cllly,
were also undetected, including BCS1L, LYRM7/MZM1L,
UQCC1, 2 and 3.

3. Discussion

Mutations in TTC719 have been found in patients with
mitochondrial clll deficiency associated with heterogeneous
neurological syndromes [8, 13-19].

TTCA19 ablation in D. melanogaster caused clll deficiency and a
neurological phenotype in adult flies [8]. Similarly, Ttc19” mice
show compromised whole body metabolism with reduced clll
activities in all the tested tissues. In addition, signs of
neurological impairment were displayed by Ttc79” animals in a
panel of in vivo tests, which may be related to the alterations
observed in the thalamus.

The pathogenetic mechanisms in TTC19-associated diseases
might at least in part involve oxidative stress since clll is one of
the main sites of ROS production within mitochondria [12] when
electron transfer to cytochrome ¢ cannot proceed normally as,
for example, when UQCRFS1 fails to be incorporated in BCS1L
mutated cells [20, 21]. Ttc19” tissues did produce more
hydrogen peroxide, suggesting oxidative stress as a component
of the pathophysiological mechanisms underlying the
neuromuscular defect found in TTC19-less mice and humans.
Our molecular analyses of clll assembly in mouse mitochondria

showed that TTC19 is physically associated with cllly, it is
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necessary to maintain the proper conformation of the enzyme
and to let UQCRFS1 be efficiently incorporated within the
nascent complex. Unlike other assembly factors (for instance
BCS1L and MZM1L/LYRM7), TTC19 seems to act as a
chaperone that binds pre-clll, early but remains in contact with
the complex until late assembly stages of assembly, in fact up
to the fully assembled clll; dimer and possibly, according to our
SILAC and in vitro import data, even during the formation of
clll; containing supercomplexes.

The results previously reported by Ghezzi et al, showed an
accumulation of early assembly intermediates of clll in
homogenates from patients' muscle. We were unable to show
similar patterns in Ttc79” mouse mitochondria. However, the
data from Ghezzi et al, do not rule out the possibility that the
observed accumulation of subcomplexes containing CORE1
and 2 is due to instability of the pre-clll, rather than to a defect
in their incorporation. In addition, partially assembled species
were found in mutant cultured fibroblasts rather than solid
tissues, which may have different turnover of the respiratory
complexes or quality control mechanisms to dispose partially
assembled or misfolded proteins. Studies on mutant MEFs
should help address this issue. In mouse mitochondria we
observed different migration and lesser focalization of the cllil;
band that could reflect changes in the complex structure or
interaction with the lipid milieu, which could hamper the stability
of the complex. In addition, Ghezzi et al. reported that TTC19

was detected in a very high molecular weight complex (>1MDa)
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in DDM solubilized samples from Hela and 143B cells, after
BNGE and immunodetection. Using a **S-labelled TTC19 and
an in organello import assay we only detected a specific signal
corresponding to clll; and clll;-containing supercomplexes,
similar to those observed with UQCRB and UQCRFS1, two
structural subunits of clll,. In addition, the signal was only
detected in digitonin, but not DDM-solubilized Ttc19”
mitochondria, suggesting a relatively loose binding of TTC19
with clll,. This interaction was however stable enough to
prevent the endogenous protein from being dislodged by the
exogenous one. The association of TTC19 with pre-clll, and
clll, was also confirmed by SILAC analysis. In these
experiments the pulled-down material included cl, clll and clV
structural subunits, in agreement with the proposed interaction
between cl, clV and clll to form supercomplexes or
respirasomes [22, 23]. The amount of pulled-down UQCRFS1
was lower that for the other clll subunits, again supporting a
role for TTC19 in the stabilisation/assembly of the pre-cllily,
before the later incorporation of UQCRFS1 as a final step in the

maturation of clll,.

4. Methods

Reagents and materials: Antibodies (anti-CORE1, COREZ2,
UQCRB, UQCRQ, CYC1, UQCRFS1, CD68, Ubiquitin, amyloid
precursor protein, heavy molecular weight neurofilament,
phosphorylated tau) were from Mitoscience, anti-GAPDH,

Caspase-3, and NeuN were from Millipore, anti-FLAG was from
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Sigma, anti-TTC19 from Atlas Antibodies, anti-alpha synuclein
phospho specific was from Covance, anti-glial fibrillary acidic
protein (GFAP) was from Dako. Primary antibodies were
visualized using horseradish peroxidase-conjugated secondary

antibodies (Dako, Glostrup, Denmark).

Plasmid preparation: Human complementary DNA (cDNA)
encoding TTC19 was introduced into Flp-In T-REx human
embryonic kidney cells (HEK293T, Life Technologies) to
establish inducible, transgenic cell lines. The transgene carried
a carboxy-terminal octapeptide (DYKDDDDK) (FLAG)

Cell culture and transfection: Human embryonic kidney cells
were grown in Dulbecco's Modified Eagle's Medium (Life
Technologies) supplemented with 10% fetal bovine serum,
penicillin (100 units/mL), and streptomycin (0.1 mg/mL), 15
ug/ml Blasticidin® and 100 pg/ml Zeocin (Biosciences), under
5% (vol/vol) CO,. For the generation of inducible transgenic
TTC19-FLAG cell lines, transfection was mediated using
Lipofectamine 2000 (Life Technologies) according to
manufacturer's instructions. Following transfection, cells
underwent selection in DMEM supplemented with 10%
tetracycline-free FBS, penicillin (100 units/mL), streptomycin
(0.1 mg/mL), 15 ug/mli Blasticidin® and 100 ug/ml hygromycin®
(Sigma). Gene expression was induced by adding doxycycline
(Sigma) to the culture medium with a final concentration of 10
ng/ml for 24 h.
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Real-Time PCR: Transcripts analysis was carried out by SYBR

Green real- time PCR, as described in Viscomi et al [24].

Construction of AAV2/8 vector: AAV2/8-TBG-hTTC19-HIS
vectors was produced by the AAV Vector Core of the Telethon
Institute of Genetics and Medicine (Naples, ltaly) by triple
transfection of 293T cells and purified by CsCl gradients [25]
Physical titers of the viral preparations (genome copies per ml)
were determined by real-time PCR [26] (Applied Biosystems,
Foster City, CA) and dot-blot analysis.

Western blot: Cells were counted and lyzed on ice in TG buffer
(Tris.HCI 20 mM pH 7.5, NaCl 500 mM, EDTA 2 mM, Triton-X-
100 1%, Glycerol 10%) supplemented with protease inhibitors
(Roche). Lysate was centrifuged at 13000xg and supernatant
transferred to fresh pre-chilled 1.5 mL tubes. Tissues total
homogenates were prepared in RIPA buffer (50 mM Tris HCI
[pH 8], 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate,
0.1% SDS) with the addition of a protease inhibitor cocktail
(Roche). Protein concentration was determined by the Lowry
method. Aliquots were run through a 4-12% polyacrylamide
SDS-PAGE (Life Technologies) and electroblotted onto a
nitrocellulose membrane, which was then immunodecorated

with different antibodies.

BNGE and hrCNE: Blue-Native Gel Electrophoresis (BNGE)

was performed on mitochondria from mouse tissues as
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described [27]. Mitochondria were solubilized either with n-
dodecyl-B-d-maltoside (DDM) 1% or digitonin 4mg/mg of
proten. Equal amounts of protein or were separated on 4-12%
or 12% Bis-Tris NUPAGE gels (Life Technologies). For 2D-
BNGE, each gel slice was cut, denatured with a solution
containing 1% SDS and 1% B-mercaptoehanol for 1hour and
then run through a 4-12% polyacrylamide SDS-PAGE (Life
Technologies). hrCNE was performed as described [28].

In organello import of radiolabeled proteins: human TTCA19,
TTC196His, UQCRFS1 and UQCRB radiolabelled proteins
were obtained via coupled transcription and translation (TNT) in
a reticulocyte system in the presence of *°S-methionine.
Mitochondria were isolated from livers by differential
centrifugation and the in vitro import assay was then carried out
as described [29]. Mitochondria were then solubilized and run

on a non-denaturing, 1D-BNGE as described above.

Generation of Ttc19” mice. All procedures were conducted
under the UK Animals (Scientific Procedures) Act, 1986,
approved by Home Office license (PPL: 7538) and local ethical
review. C57BL/6N-A/a targeted ES cells (agouti) were obtained
from the EUCOMM consortium. The targeting vector was
produced using a KO first allele (reporter-tagged insertion with
conditional potential) strategy [30], with loxP sites surrounding
exon 7, encoding the second tetratricopeptide domain, and

whose deletion was predicted to lead to no protein expression
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by non-sense mediated decay. ES cells were injected into
C57BI/6N blastocysts, and two 90-100% chimeric males were
obtained. Germ line transmission assessed by backcrossing to
C57BI/6N wild type females was obtained at the 4th litter. The
LacZ and Neomycin resistence cassette were removed by
crossing with a general deleter Cre strain. The animals were
maintained on a C57BI/6N background. The animals were
maintained in a temperature- and humidity-controlled animal-
care facility with a 12 hr light/dark cycle and free access to

water and food and were sacrificed by cervical dislocation.

Behavioural and locomotor analysis. Mice were monitored
weekly for onset of postural abnormalities, weight loss and
general health. Neurological and metabolic phenotype was
evaluated further with a set of different coordination and

sensorimotor tests, as described below.

Treadmill: A treadmill apparatus (Columbus Instruments) was
used to measure motor exercise endurance according to the
number of falls in the motivational grid during a gradually
accelerating program with speed initially at 6.5 m/min and
increasing by 0.5 m/min every 3 min. The test was terminated
by exhaustion, defined as >10 falls/min into the motivational

grid.

Rotarod: to measure coordination skills, a Rotarod (Ugo Basile,

Italy) apparatus was set with a starting velocity of 4 rpm and an
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acceleration of 20 rpm/min. All of the animals received 3 days
of training consisting of three trials for each session. On the test
day, animals received 3 trials and the time of latency to fall was

calculated for each mouse.

Cylinder Test. to measure rearing activity, animals were placed
in a clear Plexiglas cylinder (13.5 cm inside diameter x 17.6 cm
height). While in the cylinder, animals typically rear and engage
in exploratory behavior by placing their forelimbs along the wall
of the cylinder. Activity was measured by counting the number
of rears made by each animal in a 3-min period without

recording specific limb use.

Pole test: Animals were placed head upwards on top of a
vertical plastic pole 50 cm in length (diameter, 0.5 cm). The
base of the pole was placed in the home cage. Once placed on
the pole, normal animals orientate themselves downward and
descend the length of the pole back into their home cage. All of
the animals received 2 days of training consisting of three trials
for each session. On the test day, animals received 5 trials and
the time to orientate downward and descend the pole was
scored as follows: 0 = Falls off; 1 = Turns, but falls off; 2 =
Turns and climbs down within 25s; 3 = Turns and climbs down

within 15s; 4 = Turns and climbs down within 10s.

Negative geotaxis test: this test assesses the ability of the

mouse to turn on a vertically positioned grid from being in the
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head-down position to the head-up position by rotating the body
by 180°. Some mice may not be able to maintain their position
on the grid at all (scored as 0), or may freeze for the duration of
the 30 s test (1), move slightly but do not turn (2), turn and
freeze (3) or turn and climb the grid (4).

Comprehensive laboratory animal monitoring system (CLAMS):
the Comprehensive Laboratory Animal Monitoring System
(CLAMS™ Columbus Instruments, Columbus, OH) is a set of
live-in cages for automated, non-invasive and simultaneous
monitoring of horizontal and vertical activity, feeding and
drinking, O, consumption and CO; production. Ttc19” mice and
control littermates were individually placed in CLAMS™ cages
and monitored over a 36 hr period. Food and water
consumption are measured directly as accumulated data. The
following parameters were measured: VO, (volume of oxygen
consumed, mL/Kg/hr), VCO, (volume of carbon dioxide
produced, mL/Kg/hr), RER (respiratory exchange ratio), heat
(Kcal/hr), XYZ total activity (all horizontal beam breaks in

counts); data were collected every 10-minutes.

Morphological analysis. For histochemical analysis, tissues
were frozen in liquid-nitrogen pre-cooled isopentane. Eight um-
thick sections were stained for COX and SDH, as described
[31]. For histological and immunohistochemical analyses, mice
were anesthetized with an overdose of pentobarbital and
perfused with PBS followed by 4% PFA. Brains were dissected
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and post fixed in 4% PFA. Whole brains were cut along the
sagittal plane and embedded in paraffin. Six ym-thick sections
were used for analysis. Hematoxylin-eosin and Nissl staining
were performed by standard methods. Immunohistochemistry
was performed using antibodies against amyloid precursor
protein (1:200), heavy molecular weight neurofilament (1:2000);
ubiquitin (1:50), phosphorylated tau (1:50), alpha synuclein
phospho specific (1:200), NeuN (1:500), CD68 (1: 500), glial
fibrillary acidic protein (1:100) and Caspase-3 (1:500). Primary
antibodies were visualized using horseradish peroxidase-
conjugated secondary antibodies (Dako, Glostrup, Denmark).

Tunel assay (Promega) was performed to label apoptotic cells
and Fluoro Jade B stain (Millipore) to label degenerating

neurons.

Biochemical Analysis of MRC Complexes. Brain and skeletal
muscle samples were snap-frozen in liquid nitrogen and
homogenized in 10 mM phosphate buffer (pH 7.4). The
spectrophotometric activity of CI, CIlI, Clll, and CIV, as well as

CS, was measured as described [32].

ROS measurement: ROS production in isolated mitochondria
was detected by fluorimetric assay using Amplex Red Hydrogen
Peroxide/Peroxidase Assay Kit (Invitrogen) according to

manufacture’s instructions.

Proteomics: SILAC experiments were performed as described
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[33]. Cells were grown in either “heavy” DMEM containing
arginine and lysine isotopically labeled with >N and *C, or in
“light” DMEM containing N and '°C arginine and lysine
(Sigma-Aldrich). These media were supplemented with proline
(200 mg/L) to suppress the conversion of arginine to proline,
and with dialyzed FBS (Life Technologies) to prevent dilution of
heavy isotopes. To ensure maximal incorporation, the cells
were doubled at least eight times in media containing heavy
isotopes. The analysis was based on two SILAC experiments,
one in which the parental cells were labelled in heavy medium
and the recombinant cells in light medium (“forward exp”), and
the second vice versa (“reverse exp”). Cells (15 mg protein)
were solubilized in PBS with complete EDTA-free protease
inhibitor mixture (Roche) and enriched for mitoplasts with
digitonin. Mitoplasts were solubilized in digitonin, 4mg/mg of
protein, in PBS containing protease inhibitor (Roche), glycerol
(10% vol/vol), and a mixture artificial phospholipid stock: 0.09
mg/mi 1-hexadecanoyl-2--(9Z-octadecenoyl)-sn-glycero-3-
phosphocholine; 0.03 mg/ml 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine, and 1-hexadecanoyl-2-(9Z-
octadecenoyl) -sn-glycero-3-phospho- (1'-rac-glycerol)) (Avanti
Polar Lipids). Insoluble material was filtered off. hnTTC19-FLAG
was purified at 4 °C with M2 FLAG agarose (Sigma-Aldrich).
Bound proteins were eluted with 3x FLAG peptide (125 ng/uL).
Each lane of the Comassie blue-stained gel was cut into 14
slices and each of these was subjected to analysis using an

LTQ OrbiTrap XL mass spectrometer. Each sample for mass

108



spectrometric analysis consisted of a 1:1 mixture of proteins
immunopurified from mitoplasts from control and hTTC19-FLAG
cells. They were reduced, alkylated, and fractionated by
SDS/PAGE on 10-20% acrylamide gradient gels in Tris-glycine
buffer (Life Technologies), and proteins in gel slices were
digested with trypsin. Peptides were dissolved in 5% (vol/vol)
aqueous acetonitrile containing 0.1% (vol/vol) formic acid. They
were fractionated in a Thermo Easy-nLC with a reverse-phase
column (75 ym i.d. x 100 mm; Nanoseparations) with a gradient
of 0-40% buffer B over 84 min with a flow rate of 300 nL/min
(buffers A and B, 5% and 95% aqueous acetonitrile,
respectively, each containing 0.1% formic acid). The effluent
was passed into an LTQ OrbiTrap XL mass spectrometer
(Thermo Fisher) operating in data-dependent MS/MS mode,
with a mass scan range of 400—2,000 Da for precursor ions and
MS/MS of the top 10 highest abundance ions selected from the
full scan. Each tryptic peptide produced a peptide ion pair
differing by either 10.01 or 8.01 Da for peptides with C-terminal
arginine or lysine, respectively. Peptide pairs were located by
MaxQuant and identified with Andromeda by comparison of
fragment ion masses in tandem mass spectra and the human
UniProt database [34]. A heavy:light ratio was calculated with
MaxQuant. The median peptide ratio was taken to be the
protein ratio, using at least two ratios for each protein. The
ratios from each experiment were plotted on horizontal and
vertical axes, respectively, of a “scatter plot” as the log base 2

value. Thus, a fourfold change in the abundance of a protein in
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both experiments becomes 2 on each axis, and the protein is
represented by a point in the top right quadrant of the scatter
plot. The horizontal and vertical axes represent 2 raised to the
power of zero, a ratio of 1, and no changes in abundance.
Proteins unaffected by experimental conditions cluster around
the origin, and those with consistent increases or decreases in
abundance occur in the top right or bottom left quadrants,
respectively. A diagonal line from the top right to bottom left
represents a perfect correlation between the two experiments.
Statistically significant proteins in both orientations of labeling
were identified with Perseus [35] (P < 0.05). Points in the two
other quadrants represent proteins where the differences are
irreproducible in the replicate experiments. Those in the top left

quadrant contain exogenous contaminants.

Statistical Analysis. All numerical data are expressed as mean
+ SEM. Student’s unpaired two-tail t test was used for statistical
analysis. Differences were considered statistically significant for
p < 0.05.
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5. Supplemental information

Supplementary Figure 1
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Knockout strategy: (A) WT Ttc19 allele (B) Recombinant allele obtained
by homologous recombination. Hexon 7 is surrounded by two LoxP sites (L1
and L2); the LacZ and Neo cassettes are surrounded by two Frt sites. Note
the presence of splicing acceptor (SA) before the LacZ cassette. (C) Detail
of recombinant allele. Note the position of the oligos used for genotypying
(D) Recombinant allele after Cre recombinase. (E) Transcript level of Ttc19
at 5" and 3’ of the deleted exon 7 in mouse livers. Red bars: Ttc19", blue
bars: Ttc19”. Error bars represent SD, ** p< 0.005, n=3. (F) WB on total
homogenates in several tissues confirmed the ablation of Ttc19.

111



Supplementary Figure 2
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Supplementary Figure 2: clinical characterization of 3 month-old Ttc19
” mice. (A) body weights of 3 month-old Ttc19” (blue bar) vs.Ttc19"* (red
bar) littermates, n= 8-11 per group, (B) rotarod test, n = 6 — 8 animals/group,
average of 3 trials/mouse (C) cylinder test, n = 6 — 9 animals/group, average
of 2 trials/mouse (D) pole test, n = 6 — 9 animals/group, average of 5
trials/mouse (E) negative geotaxis test, n = 6 — 9 animals/group, average of
2 trials/mouse (F) treadmill test, n = 6-11 animals/group. Colour code as in
(A). Error bars represent SEM * p < 0.05, ** p < 0.01 ***p < 0.005.

112



Supplementary Figure 3
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Supplementary Figure 3. Biochemical analysis of Ttc19™ tissues. (A)
Spectrophotometric analysis of biochemical activities of mitochondrial
respiratory chain complexes normalised to CS activity and expressed as
percentage compared to control values. N= 4 mice/group, age = 18 month-
old, females (B) Spectrophotometric analysis of biochemical activities of
mitochondrial respiratory chain complexes normalised to CS activity and
expressed as percentage compared to control values. N= 4 mice/group, age
= 18 month-old, males C: SDH staining, Females, 18month-old, bar =
150um. Error bars represent SEM * p < 0.05, ** p < 0.01, ***p < 0.005
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Supplementary Figure 4
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Characterisation of clll migration and composition. (A) Migration pattern
of clll band from mitochondria extracted from tissues and run in different
experimental procedures: 1D-BNGE (top), 1D-hrCNE (middle) and 1D-
BNGE with previously sucrose-gradient purified mitochondria (bottom). (B)
the expression of hTTC19 mediated by AAV2/8 in the liver corrects the
migration pattern and/or structure of clll. (C) 2D-BNGE of control (+/+) and
knockout (-/-) mitochondria revealed no accumulations of clll-
subassemblies. (D) No changes of UQCRFS1 mRNA were detected in
tissues (liver).
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Supplemetary Table 1

Ratio H/L Ratio H/L
Protein names Gene normalized normalized
name
forward exp reverse exp
Tetratricopeptide repeat
protein 19, mitochondrial TTC19 3.161581 8.487382
Cytochrome b-c1 complex
subunit 7 UQCRB 3.306452 3.835409
Cytochrome ¢1, heme
protein, mitochondrial CYC1 3.276288 3.73685
Cytochrome b-c1 complex
subunit 1, mitochondrial UQCRC1 3.198211 3.729675
Cytochrome b-c1 complex
subunit 9 UQCR10 2.968552 3.514161
Cytochrome b-c1 complex
subunit Rieske,
mitochondrial UQCRFS1  2.387032 2.932581
Cytochrome b-c1 complex
subunit 8 UQCRQ 3.143818 3.707774
Cytochrome b-c1 complex
subunit 2, mitochondrial UQCRC2 3.138569 3.90485
Cytochrome b-c1 complex
subunit 6, mitochondrial UQCRH 3.119439 1.506558
NADH dehydrogenase
[ubiquinone] iron-sulfur
protein 6, mitochondrial NDUFS6 2.635313 3.373626
NADH dehydrogenase
[ubiquinone] 1 beta
subcomplex  subunit 5,
mitochondrial NDUFB5 3.1772 3.342078
NADH-ubiquinone
oxidoreductase chain 5 MT-ND5 2.199719 1.800877
NADH dehydrogenase
[ubiquinone] 1 beta
subcomplex subunit 6 NDUFB6 3.149081 3.486473
NADH dehydrogenase
[ubiquinone] 1 beta
subcomplex subunit 9 NDUFB9 3.108491 3.466273
NADH dehydrogenase
[ubiquinone] 1 beta
subcomplex subunit 7 NDUFB7 3.098504 3.407256
NADH-ubiquinone
oxidoreductase chain 4 MT-ND4 3.081715 3.460179
NADH dehydrogenase
[ubiquinone] 1 alpha
subcomplex subunit 5 NDUFA5 3.069582 3.112662
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Protein names

Gene
name

Ratio H/L Ratio H/L

normalized
forward exp

normalized
reverse exp

NADH-ubiquinone
oxidoreductase 75 kDa
subunit, mitochondrial
NADH dehydrogenase
[ubiquinone] 1 alpha
subcomplex subunit 11
NADH-ubiquinone
oxidoreductase chain 1
NADH-ubiquinone
oxidoreductase chain 3
NADH dehydrogenase
[ubiquinone] 1 alpha
subcomplex subunit 13
NADH dehydrogenase
[ubiquinone] 1 alpha
subcomplex subunit 2
NADH dehydrogenase
[ubiquinone] 1 beta
subcomplex subunit 10
NADH dehydrogenase
[ubiquinone] 1 subunit C2
NADH dehydrogenase
[ubiquinone] 1 beta
subcomplex subunit 3
NADH dehydrogenase
[ubiquinone] flavoprotein 2,
mitochondrial

NADH dehydrogenase
[ubiquinone] flavoprotein 1,
mitochondrial

NADH dehydrogenase
[ubiquinone] 1 beta
subcomplex  subunit 8,
mitochondrial

NADH dehydrogenase
[ubiquinone] iron-sulfur
protein 5

NADH dehydrogenase
[ubiquinone] 1 alpha
subcomplex subunit 6
NADH dehydrogenase
[ubiquinone] 1 alpha
subcomplex subunit 10,
mitochondrial

NDUFS1

NDUFA11
MT-ND1

MT-ND3

NDUFA13;

NDUFA2

NDUFB10

NDUFC2

NDUFB3

NDUFV2

NDUFV1

NDUFB8

NDUFS5

NDUFAG

NDUFA10
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3.044044

3.041085

3.033758

3.033018

3.015087

3.012569

3.011567

3.010494

3.008021

3.003314

2.988376

2.983404

2.969307

3.226555

2.964657

3.695835

3.711871

3.37716

3.319622

3.547864

3.729062

3.21317

3.525779

3.588487

3.679014

3.926448

3.6694

3.312008

3.605016

3.688525



Protein names

Gene
name

Ratio H/L
normalized
forward exp

Ratio H/L
normalized
reverse exp

NADH dehydrogenase
[ubiquinone] 1 beta
subcomplex subunit 1
NADH dehydrogenase
[ubiquinone] 1 beta
subcomplex subunit 4
NADH dehydrogenase
[ubiquinone] iron-sulfur
protein 4, mitochondrial
NADH dehydrogenase
[ubiquinone] iron-sulfur
protein 8, mitochondrial
NADH dehydrogenase
[ubiquinone] 1 alpha
subcomplex subunit 8
NADH dehydrogenase
[ubiquinone] iron-sulfur
protein 3, mitochondrial
NADH dehydrogenase
[ubiquinone] 1 alpha
subcomplex  subunit 9,
mitochondrial

NADH dehydrogenase
[ubiquinone] 1 alpha
subcomplex subunit 12
NADH dehydrogenase
[ubiquinone] iron-sulfur
protein 2, mitochondrial
NADH dehydrogenase
[ubiquinone] 1 beta
subcomplex subunit 11,
mitochondrial

NADH dehydrogenase
[ubiquinone] iron-sulfur
protein 7, mitochondrial
NADH dehydrogenase
[ubiquinone] 1 alpha
subcomplex subunit 7
NADH dehydrogenase
[ubiquinone] 1 alpha
subcomplex subunit 4
Cytochrome ¢ oxidase
subunit 6C

Cytochrome ¢ oxidase
subunit 5B, mitochondrial

NDUFB1

NDUFB4

NDUFS4

NDUFS8

NDUFAS8

NDUFS3

NDUFA9

NDUFA12

NDUFS2

NDUFB11

NDUFS7

NDUFA7

NDUFA4
COX6C

COX5B

117

2.95745

2.936233

2.93446

2.890953

3.24618

2.846654

2.841369

2.827169

2.798362

2.72694

2.70896

2.682101

2127567

2.669027

2.65908

3.165402

3.550735

3.627485

2.71293

2.963982

3.253051

3.568632

3.789701

3.342459

3.159847

3.06927

3.759434

2.731685

2.522758

2.776355



Ratio H/L Ratio H/L

P . Gene . .
rotein names normalized normalized

name

forward exp reverse exp

Cytochrome ¢ oxidase
subunit 2 MT-CO2 2.536998 2.825619
Cytochrome ¢ oxidase
subunit 4 isoform 1,
mitochondrial COX411 2.415678 2.42523
Cytochrome ¢ oxidase
subunit 5A, mitochondrial COX5A 2.314812 2.286093
Cytochrome ¢ oxidase
protein 20 homolog COX20 2.31098 2.569351
Cytochrome ¢ oxidase
subunit 7A2, mitochondrial | COX7A2 2.18973 2.613432
Cytochrome ¢ oxidase
subunit 7A-related protein,
mitochondrial COX7A2L 2.963178 3.45272
Apoptosis-inducing  factor
1, mitochondrial AIFM1 2.02219 2.385111
Growth hormone-inducible
transmembrane protein GHITM 1.874167 2.342634
ATP-dependent zinc
metalloprotease YME1L1 YME1L1 1.817173 2.049487
Coiled-coil-helix-coiled-coil-
helix domain-containing
protein 2, mitochondrial, CHCHDZ2; 1.674325 2.380972
Mitochondrial import inner
membrane translocase
subunit TIM50 TIMM50 1.594692 1.964095
Sideroflexin-1 SFXN1 1.194844 1.195484
Presenilins-associated
rhomboid-like protein,
mitochondrial;P-beta PARL 3.507287 3.593337
Stomatin-like protein 2,
mitochondrial STOML2 2.565256 2.911044
HCLS1-associated protein
X-1 HAX1 3.250855 5.146422
Caseinolytic peptidase B
protein homolog CLPB 3.22711 3.87326
Myeloid leukemia factor 2 MLF2 2.868489 3.555799

118



References

1. lwata, S., et al., Complete structure of the 11-subunit bovine
mitochondrial cytochrome bc1 complex. Science, 1998.
281(5373): p. 64-71.

2. Gruschke, S., et al.,, The Cbp3-Cbp6 complex coordinates
cytochrome b synthesis with bc(1) complex assembly in yeast
mitochondria. J Cell Biol, 2012. 199(1): p. 137-50.

3. Hildenbeutel, M., et al., Assembly factors monitor sequential
hemylation of cytochrome b to regulate mitochondrial
translation. J Cell Biol, 2014. 205(4): p. 511-24.

4. Smith, P.M., J.L. Fox, and D.R. Winge, Biogenesis of the
cytochrome bc(1) complex and role of assembly factors.
Biochim Biophys Acta, 2012. 1817(2): p. 276-86.

5. Zara, V., L. Conte, and B.L. Trumpower, Biogenesis of the
yeast cytochrome bc1 complex. Biochim Biophys Acta, 2009.
1793(1): p. 89-96.

6. Fernandez-Vizarra, E. and M. Zeviani, Nuclear gene
mutations as the cause of mitochondrial complex Il deficiency.
Front Genet, 2015. 6: p. 134.

7. Fernandez-Vizarra, E., et al., Impaired complex Ill assembly
associated with BCS1L gene mutations in isolated
mitochondrial encephalopathy. Hum Mol Genet, 2007. 16(10):
p. 1241-52.

8. Ghezzi, D., et al., Mutations in TTC19 cause mitochondrial
complex lll deficiency and neurological impairment in humans
and flies. Nat Genet, 2011. 43(3): p. 259-63.

9. Invernizzi, F., et al, A homozygous mutation in
LYRM7/MZM1L associated with early onset encephalopathy,
lactic acidosis, and severe reduction of mitochondrial complex
[l activity. Hum Mutat, 2013. 34(12): p. 1619-22.

10. Tucker, E.J., et al.,, Mutations in the UQCC1-interacting
protein, UQCC2, cause human complex Il deficiency
associated with perturbed cytochrome b protein expression.
PLoS Genet, 2013. 9(12): p. e1004034.

11. Wanschers, B.F., et al., A mutation in the human CBP4
ortholog UQCC3 impairs complex Il assembly, activity and
cytochrome b stability. Hum Mol Genet, 2014. 23(23): p. 6356-
65.

12. Brand, M.D., The sites and topology of mitochondrial
superoxide production. Exp Gerontol, 2010. 45(7-8): p. 466-72.

119



13. Ardissone, A., et al., Mitochondrial Complex Il Deficiency
Caused by TTC19 Defects: Report of a Novel Mutation and
Review of Literature. JIMD Rep, 2015.

14. Atwal, P.S., Mutations in the Complex Ill Assembly Factor
Tetratricopeptide 19 Gene TTC19 Are a Rare Cause of Leigh
Syndrome. JIMD Rep, 2014. 14: p. 43-5.

15. Kunii, M., et al.,, A Japanese case of cerebellar ataxia,
spastic paraparesis and deep sensory impairment associated
with a novel homozygous TTC19 mutation. J Hum Genet, 2015.
60(4): p. 187-91.

16. Melchionda, L., et al., A novel mutation in TTC19
associated with isolated complex IlIl deficiency, cerebellar
hypoplasia, and bilateral basal ganglia lesions. Front Genet,
2014. 5: p. 397.

17. Mordaunt, D.A., et al., Phenotypic variation of TTC19-
deficient mitochondrial complex Il deficiency: a case report and
literature review. Am J Med Genet A, 2015. 167(6): p. 1330-6.
18. Morino, H., et al., Exome sequencing reveals a novel
TTC19 mutation in an autosomal recessive spinocerebellar
ataxia patient. BMC Neurol, 2014. 14: p. 5.

19. Nogueira, C., et al., Novel TTC19 mutation in a family with
severe psychiatric manifestations and complex IlI deficiency.
Neurogenetics, 2013. 14(2): p. 153-60.

20. Hinson, J.T., et al., Missense mutations in the BCS1L
gene as a cause of the Bjornstad syndrome. N Engl J Med,
2007. 356(8): p. 809-19.

21. Moran, M., et al, Cellular pathophysiological
consequences of BCS1L mutations in mitochondrial complex IlI
enzyme deficiency. Hum Mutat, 2010. 31(8): p. 930-41.

22. Genova, M.L. and G. Lenaz, Functional role of
mitochondrial respiratory supercomplexes. Biochim Biophys
Acta, 2014. 1837(4): p. 427-43.

23. Acin-Perez, R. and J.A. Enriquez, The function of the
respiratory supercomplexes: the plasticity model. Biochim
Biophys Acta, 2014. 1837(4): p. 444-50.

24. Viscomi, C., et al., Early-onset liver mtDNA depletion and
late-onset proteinuric nephropathy in Mpv17 knockout mice.
Hum Mol Genet, 2009. 18(1): p. 12-26.

25. Xiao, W., et al., Gene therapy vectors based on adeno-
associated virus type 1. J Virol, 1999. 73(5): p. 3994-4003.

120



26. Gao, G., et al., Purification of recombinant adeno-
associated virus vectors by column chromatography and its
performance in vivo. Hum Gene Ther, 2000. 11(15): p. 2079-91.
27. Nijtmans, L.G., N.S. Henderson, and |.J. Holt, Blue Native
electrophoresis to study mitochondrial and other protein
complexes. Methods, 2002. 26(4): p. 327-34.

28. Wittig, I.,, Karas, M., and Schagger, H. High Resolution
Clear Native Electrophoresis for In-gel Functional Assays and
Fluorescence Studies of Membrane Protein Complexes.
Molecular and Cellular proteomics, 6:1215-1225, 2007

29. Petruzzella, V., et al., Identification and characterization of
human cDNAs specific to BCS1, PET112, SCO1, COX15, and
COX11, five genes involved in the formation and function of the
mitochondrial respiratory chain. Genomics, 1998. 54(3): p. 494-
504.

30. Skarnes, W.C., et al., A conditional knockout resource for
the genome-wide study of mouse gene function. Nature, 2011.
474(7351): p. 337-42.

31. Sciacco, M. and E. Bonilla, Cytochemistry and
immunocytochemistry of mitochondria in tissue sections.
Methods Enzymol, 1996. 264: p. 509-21.

32. Bugiani, M., et al., Clinical and molecular findings in
children with complex | deficiency. Biochim Biophys Acta, 2004.
1659(2-3): p. 136-47.

33. Andrews, B., et al., Assembly factors for the membrane
arm of human complex |. Proc Natl Acad Sci U S A, 2013.
110(47): p. 18934-9.

34. Cox, J., et al.,, Andromeda: a peptide search engine
integrated into the MaxQuant environment. J Proteome Res,
2011. 10(4): p. 1794-805.

35. Cox, J. and M. Mann, Quantitative, high-resolution
proteomics for data-driven systems biology. Annu Rev
Biochem, 2011. 80: p. 273-99.

121



Acknowledgments

This work was supported by: the Pierfranco and Luisa Mariani
Foundation lItaly, Telethon-ltaly GGP11011, the Core Grant
from the MRC, ERC FP7-322424 (to M.Z), GR-2010-2306-756
from the Italian Ministry of Health (to C.V.)

122



Chapter 3

AAV-mediated liver-specific MPV17
expression restores mtDNA levels and

prevents diet-induced liver failure

Emanuela Bottani', Carla Giordano?, Gabriele Civiletto', Ivano
Di Meo', Alberto Auricchio®, Emilio Ciusani, Silvia Marchet’,
Costanza Lamperti’, Giulia d’Amati®, Carlo Viscomi" and
Massimo Zeviani'®

'Unit of Molecular Neurogenetics, The Foundation “Carlo Besta” Institute of
Neurology IRCCS, Milan, Italy

2Depar’[ment of Radiological, Oncological and Pathological Sciences,
Sapienza University, Roma, ltaly

*Telethon Institute of Genetics and Medicine (TIGEM) and Division of
Medical Genetics, Department of Pediatrics, “Federico II” University, Naples,
Italy

4Laboratory of Clinical Pathology and Medical Genetics, The Foundation
“Carlo Besta” Institute of Neurology IRCCS, Milan, Italy

5pres.ent address: MRC-Mitochondrial Biology Unit, Cambridge, UK

Molecular Therapy 2014 Jan;22(1):10-7

123



Abstract

Mutations in human MPV17 cause a hepato-cerebral form of
mitochondrial DNA depletion syndrome (MDS) hallmarked by
early-onset liver failure, leading to premature death. Liver
transplantation and frequent feeding using slow-release
carbohydrates are the only available therapies, although
surviving patients eventually develop slowly progressive
peripheral and central neuropathy. The physiological role of
Mpv17, including its functional link to mtDNA maintenance, is
still unclear. We show here that Mpv17 is part of a high
molecular weight complex of unknown composition, which is
essential for mtDNA maintenance in critical tissues, i.e. liver, of
a Mpv17 knockout mouse model. On a standard diet, Mpv17”
mouse shows hardly any symptom of liver dysfunction, but a
ketogenic diet leads these animals to liver cirrhosis and failure.
However, when expression of human MPV17 is carried out by
AAV-mediated gene replacement, the Mpv17” mice are able to
reconstitute the Mpv17-containing supramolecular complex,
restore liver mtDNA copy number and OXPHOS proficiency,
and prevent liver failure induced by the ketogenic diet. These
results open new therapeutic perspectives for the treatment of
MPV17-related liver specific MDS.
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1. Introduction

The term mitochondrial DNA depletion syndrome (MDS)
indicates a heterogeneous group of diseases characterized by
profound reduction in mitochondrial DNA (mtDNA) copy number
in one or several tissues'. Myopathic, encephalomyopathic and
hepatocerebral forms of MDS are known, due to mutations in
gene products involved in mtDNA maintenance, either by
controlling the supply of deoxynucleotides for, or by carrying out
the, synthesis of mtDNA. MDS is considered rare, with an
estimated prevalence of 1:1000007, although the number of
genes associated with this condition is rapidly expanding, and a
systematic diagnostic screening is hampered by tissue
specificity. For instance, thymidine kinase 2 (TK2)?, and
guanosine kinase (dGK)* are two enzymes involved in
deoxynucleotide recycling in mitochondria; p53-ribonucleotide
reductase subunit 2 (p53-R2)° and thymidine phosphorylase
(TP)° are two cytosolic enzymes controlling the de novo
biosynthesis of deoxynucleotides (p53-R2), and the catabolism
of nucleotides (TP), respectively; polymerase gamma (POLG)’
is the mitochondrion-specific DNA polymerase, and Twinkle, the
mtDNA helicase. MPV17%' a small protein of the inner
mitochondrial membrane, is a prominent cause of
hepatocerebral MDS, accounting for about 50% of the cases.
More than 20 different MPV17 mutations in >70 patients have
been reported so far. However, the functional and mechanistic
links between Mpv17 and mtDNA maintenance are still missing.
Nevertheless, studies on SYM1, the MPV17 yeast ortholog,
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suggest a role for this protein in controlling the flux of Krebs
cycle intermediates across the inner mitochondrial membrane.
How this functional data relates to mtDNA maintenance and
integrity is unknown. In addition, studies based on Blue-Native
Gel Electrophoresis have demonstrated that SYM1 is present
within a high molecular weight complex of approximately 600
kDa, the composition of which is, however, unknown'’. Liver
involvement associated with severe hypoglycemic crises, and
rapidly progressive deterioration of hepatic function, leading to
liver cirrhosis and failure, are early and predominant features of
MPV17-dependent MDS. Unlike other MDS, neurological
involvement in MPV17-associated hepatocerebral MDS is
generally mild or absent at disease onset, but progressive
peripheral neuropathy and cerebellar degeneration appear later
in those MPV17 mutant patients who survive fatal, early onset
metabolic impairment and liver failure. Although no cure is
currently available for MPV17-related MDS, therapeutic
interventions based on liver transplantation or on frequent
meals of a corn-starch based diet'® have been attempted, to
delay disease progression or protect patients from fatal
hypoglycemia. Liver transplantation has been carried out in 10
patients, but five of them died early thereafter of multiorgan
failure or sepsis'. Prompt-release carbohydrates, such as corn-
starch, seem to be effective in preventing fatal hypoglycaemic
accidents, but the surviving patients invariably progress to
hepatic, and eventually neurological, degeneration. Central and

peripheral neuropathy is a predominant feature in subjects
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affected by Navajo neurohepatopathy (NNH), a well-known
disease of Navajo people from south-east US, recently shown
to be caused by a specific mutation in the MPV17 gene'.
Clinical features of NNH/MPV17 syndrome include sensory
motor neuropathy with ataxia, leukoencephalopathy, corneal
ulcerations, acral mutilation, poor somatic development with
sexual infantilism, serious systemic infections, and, of course,
liver derangement. The knockout mouse for Mpv17 (Mpv1 7/') is
characterized by profound, early-onset mtDNA depletion in
liver'®, degeneration of the inner ear structures, particularly of
the organ of Corti and stria vascularis, determining profound
hearing loss®, and late onset, fatal kidney dysfunction,
dominated by proteinuria due to focal segmental
glomerulosclerosis (FSGS)'°. Although the molecular and
biochemical features in the liver of Mpv17” mice closely
resemble those of human patients, including severe mtDNA
depletion, these animals show hardly any sign of hepatic
dysfunction in standard captivity conditions and live well beyond
the first year of life, with neither obvious neurological
impairment nor neuropathological abnormalities. However, we
show here that Mpv17” mice fed with a high-fat ketogenic diet
rapidly develop liver cirrhosis and failure. Importantly, treatment
with liver-specific an adeno-associated viral vector (serotype
2/8, AAV2/8) expressing human MPV17 (hMPV17) restores
mtDNA copy number and prevents liver degeneration. This
effect is linked to the formation of the 600 kDa complex

containing Mpv17, since Mpv17 variants that