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SUMMARY



Summary

In the past years, several important advances have expanded our understanding of the pathways that
lead to cell dysfunction and death in Parkinson’s disease (PD) and Huntington’s disease (HD). Both
diseases are movement disorders characterized by the loss of a specific subset of neurons within the
basal ganglia, dopaminergic neurons in the substantia nigra pars compacta (SNpc), in the case of PD,
and medium spiny neurons in the striatum, in the case of HD,. Despite distinct clinical and
pathological features, these two neurodegenerative disorders share critical underlying pathogenic
mechanisms such as the presence of misfolded and/or aggregated proteins, oxidative stress and
mitochondrial anomalies. Mitochondria are the prime energy source in most eukaryotic cells, but these
highly dynamic organelles are also involved in a multitude of cellular events. Disruption of
mitochondrial homeostasis and the subsequent mitochondrial dysfunction plays a key role in the
pathophysiology of neurodegenerative diseases. Therefore, maintenance of mitochondrial integrity
through different surveillance mechanisms is critical for neuronal survival. In this thesis | have studied
in depth some mitochondrial quality control mechanisms in the context of PD and HD, in order to
broaden the knowledge about the pathomechanisms leading to cell death.

In the first chapter | have studied mitochondrial protein import in in vitro and in vivo models of PD. In
vitro, complex | inhibition, a characteristic pathological hallmark in PD, impaired mitochondrial protein
import. This was associated with OXPHOS protein downregulation, accumulation of aggregated
proteins inside mitochondria and downregulation of mitochondrial chaperones. Therefore, we aimed to
reestablish the mitochondrial protein import by overexpressing two key components of the system:
translocase of the outer membrane 20 (TOM20) and translocase of the inner membrane 23 (TIM23).
Overexpression of TOM20 and TIM23 in vitro restored protein import into mitochondria and
ameliorated mitochondrial dysfunction and cell death. Complex | inhibition also impaired mitochondrial
protein import and led to dopaminergic neurodegeneration in vivo. Overexpression of TIM23 partially
rescued protein import into mitochondria and slightly protected dopaminergic neurons in the SNpc. On
the contrary, TOM20 overexpression did not rescue protein import into mitochondria and exacerbated
neurodegeneration in both SNpc and striatum. These results highlight mitochondrial protein import
dysfunction and the distinct role of two of their components in the pathogenesis of PD and suggest the
need for future studies to target other elements in the system.

In the second chapter, | have studied the role of huntingtin in mitophagy and how the polyglutamine
expansion present in mutant huntingtin can affect its function. For such, | worked with differentiated
striatal ST-Q7 (as control) and ST-Q111 (as mutant) cells, expressing full length huntingtin. In these
conditions, induced mitophagy was not mediated by Parkin recruitment into depolarized mitochondria.
Mutant huntingtin impaired induced mitophagy by altering wildtype huntingtin scaffolding activity at
different steps of mitophagy process: (i) ULK1 activation through its release from the mTORC1, (ii)
Beclin1-Vps15 complex formation, (iii) interaction of the mitophagy adapters OPTN and NDP52 with
huntingtin and (iv) with LC3. As a result, mitochondria from ST-Q111 cells exhibited increased
damage and altered mitochondrial respiration. These results uncover impaired mitophagy as a
potential pathological mechanism linked with HD.

In conclusion, we have discovered new mitochondrial targets for PD and HD emphasizing the
important role that mitochondrial quality control plays in neurodegeneration
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Preface

This thesis has focused on the study of mitochondrial dysfunction in two neurodegenerative
diseases: Parkinson’s disease and Huntington’s disease. Mitochondrial dysfunction has
been long ago linked to the pathogenesis of neurodegenerative disorders. During all these
years it has gained attention in the same way that it has lost it. The discovery of new
pathways involved in Huntington’s disease and Parkinson’s disease, has often lead to the
idea that mitochondrial dysfunction was a secondary event, arising from an ongoing general
dysfunction of cellular homeostasis. Nevertheless, as our knowledge of mitochondria has
been advancing and new mitochondrial functions have been discovered, mitochondria came
back to the field over and over again. Nowadays, there is no doubt that mitochondrial
dysfunction is involved in the pathogenesis of neurodegenerative diseases. Moreover, it is
becoming clear that those types of diseases may not arise from a single event but rather
comprise a complex network of deleterious events that finally lead to cell death. And
mitochondria are one piece of the puzzle without which we could never understand the
whole picture. It has been the aim of our work to unravel new pathways affected in two
neurodegenerative diseases. Therefore, we have found deficits in mitochondrial protein
import in Parkinson’s disease and in mitophagy in Huntington’s disease. Mitochondrial
protein import and mitophagy may seem two very different processes but they both serve a

common goal, mitochondrial homeostasis.



1 Introduction

1.1 Mitochondria biology: an overview

1.1.1 Mitochondrial biology: structure and general mitochondrial
functions

Mitochondria were first observed more than 150 years ago by Rudolf Albert von Kélliker and
described as “thread-like granules” in the cytoplasm of eukaryotic cells. It was more than 100
years later that the origin of mitochondria started to be elucidated. The endosymbiotic
hypothesis argues that mitochondria evolved from a bacterial ancestor through the
symbiosis within an eukaryotic host cell (Margulis, 1970). From a genetic point of view,
mitochondria are a bacterial ancestry originating from within the phylum a-Proteobacteria
(Alphaproteobacteria) (Gray, 2012). Over the course of time, the bacterium has lost all of its
functions as a separate entity and became the mitochondrion. Most eukaryotic cells harbor
multiple mitochondria, and the number/volume of mitochondria per cell is regulated to match

the bioenergetics demands of each cell type.

Mammalian mitochondria have a ~16-kb multicopy, double-stranded circular genome
encoding for 13 protein subunits of the mitochondrial electron transport chain and ATP
synthase. The additional genes encode 2 ribosomal RNA (rRNA) and 22 transfer RNA
(tRNA), essential components of the mitochondrial translation system (Anderson et al.,
1981). This means that the vast majority of the mitochondrial proteome is encoded in the
nucleus, synthesized in the cytosol and imported back into the organelle. The majority of the
genes encoded by the a-proteobacterium have been transferred to the nucleus via the

endosymbiotic gene transfer (Adams and Palmer, 2003).

Mitochondria are double membrane organelle, whose membranes enclose 4 different
compartments: outer mitochondrial membrane (OMM), intermembrane space (IMS), inner
mitochondrial membrane (IMM) and matrix (Fig. 1). The most abundant lipid constituents of
the OMM are phosphatidylcholine and phosphatidylethanolamine (Prasai, 2017). The OMM
also contains large number of porins, or voltage-dependent anion channels (VDAC), which
render the membrane permeable to ions and molecules less than 5 kDa (O’Rourke, 2007).
The IMS spans ~20 nm and acts as hub of molecular transport between the cytosol and the
mitochondrial matrix (Herrmann and Riemer, 2010). The IMM is permeable only to small

uncharged molecules of 100-150 Da or less and is composed by phosphatidylcholine,



phosphatidylethanolamine and also cardiolipin, which is important for IMM organization and
for its barrier function. Moreover, the IMM is packed with several proteins, which constitute
approximately 76% of the total IMM mass. The most abundant protein complexes are those
involved in oxidative phosphorylation. The IMM surface is severalfold larger than the OMM,
since it contains invaginations that expand its surface. The IMM surface can be divided into
two domains: (i) the inner boundary membrane, which is closely apposed to the OMM, and
(ii) the folded cristae membranes, which form invaginations of different shape and size (van
der Laan et al.,, 2016), with different protein composition (Vogel et al., 2006). Cristae
junctions connect the folded cristae membranes with the inner boundary membranes (van
der Laan et al., 2016). Finally, enclosed by the IMM, the mitochondrial matrix harbors
several enzymes and multiple copies of mitochondrial DNA (mtDNA) (Alberts et al., 2002).
The mtDNA is highly compacted within the matrix, due to its interaction with several proteins
that are crucial for its maintenance, and this structure is called nucleoid (Ngo et al., 2011,
Rubio-Cosials et al., 2011).

Mitochondria are classically recognized by their ability to couple cellular respiration to the
production of adenosine triphosphate (ATP) in a process termed oxidative phosphorylation
(OXPHOS) (Fig. 1). This energy transduction occurs via the transport of electrons through a
chain of proteins, the respiratory chain, located in the IMM. The respiratory chain is formed
by five multimeric protein complexes: reduced nicotinamide adenine dinucleotide (NADH)
dehydrogenase-ubiquinone oxidoreductase (complex |, approximately 46 subunits),
succinate dehydrogenase-ubiquinone oxidoreductase (complex Il, 4 subunits), ubiquinone-
cytochrome c¢ oxidoreductase (complex Ill, 11 subunits), cytochrome c oxidase (complex IV,
13 subunits), and ATP synthase (complex V, approximately 16 subunits). Additionally, it
requires two small electron carriers, the ubiquinone/coenzyme Q and cytochrome c.
Glycolysis and tricarboxylic acid cycle (TCA) reactions oxidize carbon to generate electrons.
Those electrons are then passed from reduced cofactors to complex | or complex Il and flow
through the other complexes until being finally transferred to molecular oxygen, thereby
producing water. The movement of electrons is linked to the pumping of protons across the
IMM, from matrix to the IMS, leading to the production of a proton gradient across the IMM
which generates an electrochemical gradient, termed mitochondrial membrane potential.
ATP is synthesized by the influx of those protons back into the matrix through the ATP
synthase. The generation of ATP through OXPHOS is far more efficient than through the
glycolysis pathway, and this is especially crucial in high-energy tissues such as muscle or
brain (Mitchell, 1961; Perier and Vila, 2012).
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Figure 1 Schematic representation of mitochondrial structure
The scheme represents mitochondrial compartmentalization: outer mitochondrial membrane

(OMM), intermembrane space (IMS), inner mitochondrial membrane (IMM) and matrix. The inset
shows the electron transport chain, which couples the electron transport to the ATP synthesis.
From Perier and Vila 2012.

Besides their main role as energy provider, mitochondria also have key functions in the
metabolism of amino acids, fatty acids and steroids, regulation of calcium homeostasis,
intracellular signaling, formation of Fe-S clusters and apoptosis.

1.1.2 Mitochondrial quality control systems

Due to the importance and diversity of mitochondrial functions, maintaining mitochondrial
homeostasis is vital for cellular and organism health. Moreover, mitochondrial dysfunction is
associated with a wide range of human disorders, from inherited mitochondrial diseases to
neurodegenerative diseases or cancer (Nunnari and Suomalainen, 2012). Thus, several
mechanisms have evolved to constantly survey mitochondrial health and ensure the
maintenance and repair of damaged mitochondria (Fig. 2). Those mechanisms can act at

molecular, protein and organellar levels.
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Figure 2. Mitochondrial quality control processes responsible for maintaining

mitochondrial integrity and functionality

1.1.2.1 Mitochondrial redox homeostasis

1.1.2.1.1 Reactive oxygen species

Mitochondria are both the target and the source of reactive oxygen species (ROS). ROS are
generated due to the incomplete oxidation of oxygen into water, mainly during OXPHOS.
ROS play a dual role; they act as signaling molecules in the maintenance of physiological
functions (Sena and Chandel, 2012), but in excess they lead to oxidative stress, by
damaging lipids, proteins and DNA. The superoxide radical ('O,) is the first radical that
appears with the reduction of molecular oxygen. Mitochondrial complex | and Ill are the
major sites of superoxide production. Superoxide radical can be transformed into hydrogen
peroxide (H,O,) by the action of the enzyme superoxide dismutase (SOD) (Halliwell, 1996).
Hydrogen peroxide is poorly reactive with most biomolecules, but can react with Fe?* (in the
Fenton reaction) to give rise to the hydroxyl radical (OH"), probably the most reactive free
radical found in vivo (Halliwell and Gutteridge, 1984; Liochev, 2013) which can react with
virtually all biomolecules. Thus, the existence of antioxidant defenses is highly important to

render ROS levels below a toxic threshold.



1.1.2.1.2 Antioxidant defenses

One of the first antioxidant defenses is the enzyme superoxide dismutase (SOD) which
accelerates the dismutation of two molecules of superoxide into one molecule of hydrogen
peroxide and one molecule of oxygen, thus, reducing the potentially harmful effects of
superoxide anion radical. Three SOD isoenzymes have been identified in humans: copper
and zinc-containing SOD (CuzZnSOD/SOD1), mainly located in the cytosol and nuclear
compartments; the manganese-containing SOD (MnSOD/SOD2), a mitochondrial enzyme;
and SOD3, a MnSOD located extracellularly (Perry et al.,, 2010). Even though hydrogen
peroxide is a radical with low reactivity, it must be eliminated by the action of enzymes such
as catalase, glutathione peroxidases (GPXs), the thioredoxin system, peroxiredoxins
(PRDX) and glutaredoxins. GPX couples the reduction of hydrogen peroxide (and other
peroxides) to water (or to corresponding alcohols) with the oxidation of reduced glutathione
(GSH) to oxidized glutathione (GSSG), which can be converted back to GSH by glutathione
reductase (GR). PRDX also couples the reduction of hydrogen peroxide with a cycle of
peroxide-dependent oxidation and thiol-dependent reduction of cysteine residues, the latter
catalyzed by thioredoxin and thioredoxin reductase. Glutaredoxins have the same function
as the thioredoxin system (Chance et al., 1979; Rhee et al., 2005) (Fig. 3). Glutathione S-
transferases participate in the detoxification of electrophilic compounds by their conjugation
with GSH (Hayes et al., 2005). Another group of antioxidants are the non-enzymatic
antioxidants such as glutathione, ascorbic acid (vitamin C), a-tocopherol (vitamin E),
carotenoids or flavonoids, which are mainly ingested with the diet and act by scavenging free
radicals (Forman et al., 2014). The last antioxidant defense layer is the sequestration of
“free” transition metals, such as iron or copper, which are capable of stimulating free radical
formation and also the direct oxidation of macromolecules. Within cells, iron is stored in the
form of ferritin and copper as metallothionein (Rutherford and Bird, 2004). Despite this,
antioxidant defenses are not completely efficient and in pathological condition they can be

overwhelmed.
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Figure 3. Schematic representation of some of the antioxidant defenses present in the

mitocondria.

Superoxide radical arises mainly from complex | and complex Il of the electron transport chain.
This can lead to increased ROS production and oxidative damage to lipid, proteins and DNA. To
maintain ROS levels below a toxic threshold, mitochondria have several antioxidant defenses

(depicted in green) which help to maintain ROS production at physiological levels.

1.1.2.2 Mitochondrial protein import machinery

Mitochondrial DNA only encodes for 1% of the total mitochondrial proteome while the
remaining 99% is encoded by the nuclear DNA (Wiedemann et al., 2004). Hence, the
mitochondrial protein import machinery is essential for the maintenance of mitochondrial
function. Most nuclear-encoded mitochondrial proteins are encoded as precursors and
maintained in an unfolded conformation to make them translocation-competent. However,
precursor proteins can also be imported co-translationally. In any case, precursor proteins in
the cytosol must exist in complexes with cytosolic chaperones, such as HSP70, HSP90
(Young et al., 2003) and the recently discovered TOM34 (Faou and Hoogenraad, 2012), to
avoid their degradation and aggregation. Moreover, those precursors need to contain
information that directs them to the mitochondria and into the correct mitochondrial
compartment. The most common signal is the N-terminal targeting sequence called matrix-
targeting sequence (MTS), which consists of 10-80 amino acid residues with no sequence
identity, but with some characteristic physicochemical properties, such as its potential to
form amphipathic helices with one hydrophobic and one positively charged face (Gordon et
al., 2000; Roise et al., 1988). There also exist C-terminal targeting sequences and internal

signals whose nature remains elusive (Gordon et al., 2000). In this section | will summarize
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the different mitochondrial protein import pathways classified according to the protein final
destination. Mitochondrial protein import has been reviewed extensively in (Kang et al.,
2017a; Wasilewski et al., 2017; Wiedemann and Pfanner, 2017). Classically, the study of the
general principles of protein import into mitochondria has been performed in yeast and later
it was found that the vast majority of the protein machineries are highly conserved in higher
eukaryotes. When the yeast name of the protein changes in humans, | have added the name

in brackets.

1.1.2.2.1 Translocation of proteins to the matrix

Most mitochondrial proteins are located within the matrix. For these proteins to be imported,
there needs to be cooperation between the two main mitochondrial translocases, the
translocase of the outer membrane (TOM) complex on the OMM and the translocase of the
inner membrane (TIM23) complex on the IMM. The TOM complex mediates the
translocation of nearly all the mitochondrial proteome. It is composed by seven components:
(i) Tom70, Tom22 and Tom20, which form the surface receptor and recognize preproteins;
(i) Tom40, a B-barrel protein that conforms the main component of the translocase pore,
together with (iii) Tom5, 6, and 7 small associated subunits (Bausewein et al., 2017; Model
et al., 2008). The TIM23 complex translocates preproteins through the IMM. Tim50, Tim17
(TIM17A and TIM17B in humans) and Tim21 expose domains to the IMS, Tim23 is the
channel forming protein and Mgr2 (ROMOL1 in humans) constitutes the lateral gatekeeper.
For translocation of the preprotein, TIM23 complex has to associate with the presequence-
associated-motor (PAM complex) or import motor, which consists of: (i) mtHsp70 (mortalin in
humans), the central chaperone that binds to preproteins and moves them inside the matrix
through successive rounds of ATP hydrolysis; (i) Tim44, (iii) Tim16/Pam16 (MAGMAS in
humans) and Tim14/Pam18 (DnaJC15 and DnaJC19 in humans) co-chaperones, (iv) Mgel
(GrpE in humans) and (v) Pam17, which participates in the recruitment of the co-chaperones
(van der Laan et al., 2010). In contrast to TOM complex, the translocation of preproteins
through the TIM23 complex is energetically driven by the mitochondrial membrane potential
and the hydrolysis of ATP (Mokranjac and Neupert, 2010). TIM23 complex interacts with
TOM complex during protein translocation to the matrix (Chacinska et al., 2010). Once in the
matrix, the mitochondrial-processing peptidase (MPP) is the main peptidase responsible for
cleaving the targeting signals of preproteins, leading to the mature polypeptide (Fig. 4). A
subset of precursors with a specific amino acid motif are further processed by the
mitochondrial intermembrane peptidase octapeptidyl aminopeptidase 1 (Octl), which
removes an octapeptide after the cleavage performed by MPP (Gakh et al., 2002). More

recently, another peptidase has been discovered, the intermediate cleaving peptidase 55
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(Icp55), which removes a unique amino acid after MPP processing to stabilize the

mitochondrial proteins (Vogtle et al., 2009).

1.1.2.2.2 Translocation of outer membrane proteins

The insertion of precursors into the OMM can be mediated by TOM complex and sorting and
assembly machinery (SAM) complex both located in the OMM. In the case of B-barrel
membrane proteins insertion, there is a cooperation of both complexes. The SAM complex,
also named TOB (topogenesis of mitochondrial outer membrane B-barrel), is a complex
specialized in the insertion of B-barrel proteins, such as VDAC or Tom40 (Fig. 4).
Interestingly, in yeasts, those B-barrel proteins presumably may move from TOM complex to

the intermembrane space, and then to the SAM complex (Wiedemann et al., 2003).

1.1.2.2.3 Translocation of inner membrane proteins

The IMM harbors a variety of proteins, including mitochondrial electron transport chain
complexes and ATP synthase. There are three different routes for these proteins once they
have been translocated first by the TOM complex: i) through the translocase of the inner
mitochondrial membrane 22 (TIM22) complex located in the IMM, ii) through a lateral
insertion by the TIM23 complex and iii) in an export-like route from the matrix to the inner
membrane (Fig. 4) (Neupert and Herrmann, 2007). The TIM22 complex comprises (i) the
channel-forming protein Tim22, (ii) the receptor-like protein Tim54, (iii) Tim18, which
facilitates the assembly of Tim54 and Tim22, (iv) Sdh3 (SDH3 in humans) which is a subunit
of the respiratory chain complex I, and (v) three small TIM chaperones, Tim9, Tim10 and
Tim12 (TIMM9, TIMM10A and TIMM10B in humans) (Kerscher et al., 1997; Koehler et al.,
1998; Sokol et al., 2014). While this is the case in yeast, in human cells only TIM22 and
SDH3 proteins are found and no clear homologues of Tim54 and Tim18 have been identified
so far. Besides, no evidence to date reveals the presence of SDHC as a subunit of TIM22
complex. Recent studies, though, have found TIM29 and acylglycerol kinase (AGK) as novel
metazoan-specific subunits of TIM22 complex (Callegari et al., 2016; Kang et al., 2016,
2017b; Vukotic et al., 2017).

1.1.2.2.4 Translocation of intermembrane space proteins

Most of the IMS proteins, after their translocation through the TOM complex, are folded in
the IMS by the acquisition of cofactors or disulfide bridges which promote their

conformational stabilization and assembly. Those proteins share a characteristic feature of
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cysteine residues, typically arranged in CX3C and CXgC motifs (Sokol et al., 2014). This
pathway is known as the mitochondrial import and assembly (MIA) pathway and it is
suggested that this folding would prevent the back-translocation of proteins out of the
mitochondria. Mia40 (also known as CHCHD4 in humans) is an oxidoreductase that
catalyzes the formation of disulfide bonds in imported proteins, thus taking part in the
disulfide relay system for IMS protein import (Fig. 4). Another key protein is the sulfhydryl
oxidase Ervl (known as Augmenter of Liver Regeneration, ALR in humans), which acts as
an electron acceptor during the oxidation reaction (Mesecke et al., 2005; Stojanovski et al.,
2012). Other IMS proteins contain an hydrophobic sequence, called bipartite presequence,
which is inserted in the inner mitochondrial membrane and then cleaved, thereby releasing

the mature protein into the IMS (Glick et al., 1992; Neupert and Herrmann, 2007).
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Figure 4. Mitochondrial protein import pathways

Nuclear-encoded mitochondrial proteins are synthesized in the cytosol and delivered as
precursors to the translocase of the outer membrane (TOM) complex. Depending on their final
destinations, precursors can follow different pathways. a) Precursors with a-helical
transmembrane segments are directed to the insertase of the OMM (MIM) for assembly. b) -
barrel precursors are inserted through the sorting and assembly machinery (SAM) complex with
the help of the small TIM chaperones. c) IMS proteins are folded via the mitochondrial import and
assembly (MIA) pathway. d) Precursors with cleavable N-terminal presequences are directed to
the IMM and the matrix through the translocase of the inner membrane 23 (TIM23) complex and
actively imported to the matrix via the presequence-associated motor (PAM). Once in the matrix,
the presequences are recognized and cleaved by the mitochondrial-processing peptidase (MPP).
e) Hydrophobic precursors with internal targeting signals are transported through the IMS by small

TIM chaperones and delivered to TIM22. From Wasilewski et al.. 2017.
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1.1.2.3 Protein homeostasis within mitochondria and mtUPR

Mitochondrial proteome needs to be surveilled for proper organization and function. In
mitochondria, this has an enhanced difficulty, since most of the proteins are nuclear-
encoded and are transported into mitochondria as precursors, which have to be, in some
cases, cleaved, and assembled in multiprotein complexes. When this process is hampered
somehow, there is a need for those proteins to be degraded to avoid the generation of
mitochondrial aggregates. For these functions to take place, mitochondria have their specific
protein quality control machinery, composed by chaperones and proteases. Upon
proteostatic stress, mitochondria have to signal the nucleus so as to elicit a transcriptional
program, known as mitochondrial unfolded protein response (mtUPR), aimed to restore

mitochondrial integrity and function.

1.1.2.3.1 Chaperones

Mitochondrial protein import is under the surveillance of molecular chaperones. These
proteins stabilize or assist the acquisition of the active conformation of other proteins without
being part of their final structure, in order to avoid misfolding or aggregation of the newly
transported precursors (Kim et al., 2013). Mortalin (also known as mtHsp70 or Grp75) is a
chaperone crucial for the trafficking of proteins into the mitochondrial matrix, since it forms
the core of the import motor between the TIM23 complex and the matrix. This chaperone
binds to the unfolded polypeptide chain driving its translocation into the matrix via an ATP-
dependent process (Horst et al., 1997). Heat shock protein 60 and 10 (HSP60 and HSP10,
respectively) machineries form two stacked rings in the mitochondrial matrix that allow the
accommodation of the unfolded polypeptide following the hydrolysis of ATP, assisting
henceforth its proper folding (Okamoto et al.,, 2015). Tumor necrosis factor receptor-
associated protein 1 (TRAP1), another molecular chaperone present in the matrix, was first
identified as a member of the heat shock protein 90 (HSP90) family because of its high
degree of sequence and structural similarity. HSP90 and TRAP1 both have an N-terminal
targeting sequence and an ATP-binding domain, but TRAP1 displays different functional
characteristics (Song et al., 1995) and is thought to play an important role in preventing
ROS-dependent cell death (Gesualdi et al., 2007). In the IMS, the small TIM chaperones
assist the transfer of polypeptides through this compartment (Webb et al., 2006).
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1.1.2.3.2 Proteases

Proteases degrade misfolded and damaged proteins, as well as process proteins that have
been imported into mitochondria. Besides their role in protein trafficking through the
mitochondria, protease-mediated quality control represents another layer of defense against
misfolded or damaged proteins as a result of ROS and also against non-assembled proteins
due to mitonuclear imbalance (Quirés et al., 2015). There are different types of proteases: (i)
ATP-dependent proteases, (i) ATP independent proteases and (iii) oligopeptidases (Gumeni

and Trougakos, 2016). Figure 5 illustrates their mitochondrial localization and function.

ATP-dependent proteases hydrolyse ATP to disassemble, unfold and sequester their
substrates in compartments where they are degraded. Both IAAA and mAAA (ATPases
associated with diverse cellular activities) proteases are inserted in the inner mitochondrial
membrane, with iIAAA facing the IMS and mAAA facing the matrix. Both participate in the
quality control and turnover of OXPHOS proteins (Gerdes et al., 2012). Lon protease and
Clp protease proteolytic subunit (CLPP) are both serine peptidases acting in the
mitochondrial matrix (Haynes et al., 2007; Quirés et al., 2014). Lon protease not only
degrades oxidized and damaged proteins but is also associated with mitochondrial DNA
regulation, by targeting mitochondrial transcription factor A (TFAM) for degradation
(Matsushima et al., 2010). The Lon protease homozygous deletion in mouse causes
embryonic lethality, underscoring its crucial role in cellular homeostasis (Quirds et al., 2014).
CLPP forms a complex in the mitochondrial matrix with the chaperone ATP-dependent Clp
protease ATP-binding subunit ClpX-like (CLPX) (Baker and Sauer, 2012). CLPP substrates
have not been unraveled in mammals but it has been associated with the degradation of
unfolded proteins (Broadley and Hartl, 2008). Similarly, CLPP homozygous deletion in mice
leads to infertility, mtDNA accumulation, inflammation and impaired survival (Gispert et al.,
2013).

Two ATP-independent proteases act in the mitochondria, high temperature requirement A2
(HTRAZ2, also called Omi) and ATP23, which are located in the IMS and participate in the
protein quality control of this compartment (Clausen et al., 2011; Quiros et al., 2015). HTRA2
is a serine protease whose expression levels are increased during stress conditions (Gray et
al., 2000). Moreover, HTRAZ2 also has a role during apoptosis, since it can be released from
the IMS to relieve the inhibition of cytosolic caspases by binding to inhibitors of apoptosis
proteins (IAPs) in the cytosol (Hegde et al., 2002; Verhagen et al., 2002). HTRA2 can also
mediate caspase-independent cell death through its own protease activity (Hegde et al.,

2002). However, mice lacking expression of HTRA2 develop specific neurodegeneration of
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striatal neurons together with a parkinsonian phenotype leading to early death, challenging
the notion that HTRAZ2 is a major regulator of apoptotic cell death (Martins et al., 2004). One
mutation (G399S) and one polymorphism (A141S) in the HTRAZ2 gene were identified in PD
patients (Strauss et al., 2005). Conversely, other studies reported lack of association of
HtrA2 variants with PD (Kriger et al., 2011; Simon-Sanchez and Singleton, 2008a).

Once the ATP-dependent proteases act, oligopeptidases such as the presequence protease
(PITRM1, also known as PreP) and the mitochondrial oligopeptidase M (MEP, also known
as neurolysin) further process the substrates. Human PITRM1 is a metalloendoprotease,
which has been implicated in Alzheimer’s Disease, due to its role in the degradation of

amyloid B-peptides (Mossmann et al., 2014).
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Figure 5. Mitochondrial proteases.

Mitoproteases degrade defective proteins in different mitochondrial compartments. Lon protease
(LONP) and the complex formed by CLPP and CLPX (CLPXP) act in the matrix together with
MAAA proteases. iIAAA proteases function in the IMS together with HTRA2 and ATP23. ATP23
and iAAA proteases participate in the maintenance of the respiratory chain (although the role of
ATP23 is not completely clear, indicated by the question mark in the figure). Proteolysis
generates peptides, which can be exported to the cytosol through ATP-binding cassette
transporter (ABC) or further degraded into amino acids by the oligopeptidase presequence
protease (PITRM1). From Quirés et al., 2015.
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Furthermore, some of these proteases are highly regulated and have other functions, such
as protein import, cardiolipin metabolism, mitochondrial gene expression and mitochondrial
DNA stability (Quirés et al., 2015).

1.1.2.3.3 The mitochondrial unfolded protein response

As discussed above, the mitochondrial proteome is encoded by both mitochondrial and
nuclear DNA. Proteostatic stress can arise for a variety of reasons: (i) when there is a high
input of nuclear-encoded mitochondrial proteins that need to be folded, (ii) imbalance
between the nuclear and the mitochondrial genome, or (iii) oxidative stress that modifies
endogenous mitochondrial proteins. Mitochondria have developed their own mechanisms
(such as the one present in the endoplasmic reticulum, ER) to respond to this proteostatic
stress, called the mitochondrial unfolded protein response (mtUPR). This response is a
mechanism of mitochondrial to nucleus communication (Martinus et al., 1996) to activate a

transcriptional program for mitochondrial homeostasis (Zhao et al., 2002).

Although the first characterization was made in mammalian cells, the following studies have
used C.elegans to further analyze the mtUPR. One of the suggested models for mtUPR
activation in C.elegans is based on Clpp-1 (C.elegans homolog of CLPP protease)
dependent degradation, which generates small peptides that are pumped out through HAF-1
transporter and contribute to the downstream signaling of mtUPR by triggering the
relocalization of transcription factor DVE-1 and the ubiquitin-like protein UBL-5 to the
nucleus (Haynes et al., 2007, 2010; Haynes and Ron, 2010). HAF-1 is also suggested to
work by modulating ATFS-1 import. ATFS-1 is a bZIP transcription factor normally imported
into mitochondria and degraded by Lon protease. ATFS-1 has also a nuclear localization
signal and upon mtUPR activation, its trafficking to mitochondria is impaired, leading to its
translocation into the nucleus and subsequent transcriptional activation of several genes that
are protective against mitochondrial dysfunction (Nargund et al., 2012). Therefore, ATFS-1
functions as a sensor of mitochondrial import efficiency, implying that any condition that
hampers mitochondrial protein import activity could potentially activate mtUPR (Chacinska et
al., 2009; Nargund et al., 2012).

While the mtUPR has been extensively investigated in C.elegans, it is not clear how this
response occurs in mammals. In cell lines, different interventions activate CHOP and
C/EBPf transcription factors, which heterodimerize, bind to target promoters on a CHOP
binding site, and activate the expression of mtUPR genes (Aldridge et al., 2007). Recently,

ATF5, a bZIP transcription factor, was proposed to act like ATFS-1 in C.elegans (Fiorese et
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al.,, 2016). In summary, mtUPR is emerging as a stress response pathway, which
coordinates two different compartments, the nuclear and the mitochondrial, to promote
mitochondrial health. Figure 6 summarizes the different mtUPR responses in C.elegans and

mammals.
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Figure 6. mtUPR in C.elegans and mammals.

In C.elegans, extrusion of small peptides generated by CLPP-1 via HAF-1 transporter leads to
the translocation of DVE-1 and UBL-5 transcription factors. Attenuation of protein import induces
the translocation of ATFS-1 transcription factor to the nucleus, leading to the transcriptional
activation of mtUPR genes. In mammals, the homologue of HAF-1 is unknown, while ATF5 was
found to act like ATFS-1 in C.elegans. For mtUPR transcriptional activation, the kinase JNK2 (c-
Jun N-terminal kinase 2) and the transcription factor c-Jun are needed to induce CHOP and
C/EBP transcription through the binding to AP1 sites. CHOP and C/EBPf transcription factors

activate the expression of mtUPR genes. Dashed lines indicate unknown pathways.

1.1.2.4 Mitochondrial dynamics: the balance between fusion and fission

Mitochondria are dynamic organelles whose structure varies constantly from a tubular
network to individual mitochondria. This mitochondrial network is regulated by the balance
between mitochondrial fusion, fission, de novo mitochondrial biogenesis, and the elimination
of unwanted mitochondria by mitophagy (Ploumi et al., 2017). While mitochondrial fusion is
believed to favor mitochondrial biogenesis by the exchange of new proteins and mtDNA
between the merging organelles, mitochondrial fission is considered to be a process that
isolates dysfunctional mitochondria so that they can be cleared by mitophagy. Additionally,
mitochondrial dynamics have been regarded as a mechanism to regulate metabolic and

bioenergetic status of the cell (Liesa and Shirihai, 2013; Wai and Langer, 2016).

18



1.1.2.4.1 Mitochondrial fusion

Mitofusin 1 and mitofusin 2 (MFN1 and MFN2) are dynamin-like GTPases that control OMM
fusion, whereas optic atrophy 1 (OPAL1) is the dynamin-like GTPase in charge of IMM fusion
(Fig. 7) (Mishra and Chan, 2014; Sebastian et al., 2017). Both MFNs have redundant roles
but with certain specific features: (i) MFN1, but not MFN2, is needed for OPAl-mediated
IMM fusion (Cipolat et al., 2004); (ii) MFN2 mutations cause Charcot-Marie-Tooth disease
type 2A, a peripheral neuropathy characterized by progressive degeneration of the
peripheral nerves (Zuchner et al.,, 2004); and (iii) in addition to its role in mitochondrial
fusion, MFN2 plays also a key role in mitochondria-ER tethering (de Brito and Scorrano,
2008). mitoPLD is a mitochondrial phospholipase possibly required for OMM fusion (Huang
and Frohman, 2009). mitoPLD localizes into the OMM, where cleaves cardiolipin to generate
phosphatidic acid, a fusogenic lipid, and this activity is required for MFN-mediated
mitochondrial fusion (Choi et al., 2006).

For the complete fusion of mitochondria, IMM must fuse as well. OPA1 is a dynamin-like
GTPase protein anchored to the IMM and exposed to the IMS, which mediates IMM fusion
and controls cristae morphogenesis (Fig. 7) (Olichon et al., 2006). Different OPA1 variants,
determined by alternative-splicing and proteolytic cleavage, control the balance between
fusion and fission. It is becoming clear that regulated proteolysis is a key facet of OPA
regulation. Membrane-bound long OPA1l (L-OPA1l) can be processed at two protease
cleavage sites to generate short-OPAl (S-OPAl). The zinc metalloprotease OMAL
(overlapping activity with m-AAA protease) cleaves OPAL at S1 site and the ATP-dependent
protease YMELL (yeast mitochondrial DNA escape 1-like) cleaves OPAl at S2 site
(MacVicar and Langer, 2016). Proteolytic processing is central for OPAL activity, since the
balance between L-OPA1 and S-OPA1 maintains normal mitochondrial morphology. L-OPA1
is sufficient to mediate complete mitochondrial fusion (Anand et al., 2014; Wai et al., 2015),
whereas the activation of OMALl-dependent processing of OPAL in absence of YMEILL leads
to mitochondrial fission (Anand et al., 2014). The existence of two proteases that can fine
tune OPA1l activity highlights the importance of OPALl processing upon different

physiological stimulus.

1.1.2.4.2 Mitochondrial fission

Mitochondrial fission facilitates (i) the segregation of damaged mitochondria from a healthy
network and (ii) mitochondrial transport through neuronal processes. Dynamin-related

protein 1 (DRP1) is a cytosolic protein that is recruited to the OMM, where it oligomerizes to

19



form ring-like structures, which upon GTP hydrolysis facilitate membrane constriction
(Koirala et al., 2013). Additional adaptors are required for DRP1 recruitment to the
mitochondrial surface, such as mitochondrial fission protein 1 (FIS1), mitochondrial fission
factor (MFF) and mitochondrial dynamics proteins of 49 and 51 kDa (MiD49 and MiD51)
(Loson et al., 2013). FIS1 is the mitochondrial adaptor in yeast but in metazoans it is not
required for fission (Osellame et al., 2016). Instead, MFF is postulated as a strong candidate
to act as a DRP1 receptor (Fig. 7) (Loson et al., 2013). Mitochondrial fission occurs at ER-
mitochondrial contact sites, where ER tubules mediate constriction before DRP1 recruitment,
indicating a role for ER tubules in defining division sites (Friedman et al., 2011). Less-well
understood is the fission of the IMM and whether DRP1-mediated OMM constriction can also
lead IMM scission is still unknown. However, as reported above, S-OPAl fragment
accumulation does favor mitochondrial fission. This discovery opens a new area of study in
the field of mitochondrial fission, since more investigation is needed to understand the
precise role of S-OPAL together with its processing-peptidases, in regulating mitochondrial

dynamics.
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Figure 7. Mitochondrial fusion and fission machinery.

Homo- or heterodimerization of MFN1 and MFN2 are required for OMM fusion, while L-OPA1
isoform is needed for IMM fusion. For mitochondrial fission DRP1 is recruited to the OMM in the
presence of MFF, MiD49 and/or MiD51. Mitochondrial fission occurs at ER-mitochondria contact
sites. S-OPA1 isoforms could contribute to IMM fission, but this is still under investigation.
Adapted from Wai and Langer, 2016.
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1.1.2.5 Mitochondrial biogenesis

Mitochondrial biogenesis requires a complex coordination of the nuclear and mitochondrial
expression programs. Peroxisome proliferator-activated receptor gamma coactivator 1-alpha
(PGC-1a) is the master regulator of mitochondrial biogenesis; it interacts with and
coactivates several transcription factors such as nuclear respiratory factors 1 and 2 (NRF1
and NRF2), estrogen related receptor alpha (ERRa), YY1, myocyte enhancer factor 2C
(MEF2C) peroxisome proliferator-activated receptors (PPAR) and many others, coordinating
mitochondrial biogenesis and oxidative metabolism (Scarpulla, 2006, 2011; Wu et al., 1999).
NRF1 and NRF2 frequently work together up-regulate the transcription of several nuclear-
encoded genes with essential mitochondrial functions, and to induce the expression of
TFAM (Virbasius et al., 1993), which initiates the transcription and replication of mtDNA
given its ability to bind and bend DNA without sequence specificity (Ekstrand et al., 2004).
Through the regulation of TFAM levels, PGC-1a can regulate the expression of

mitochondrial genes (Scarpulla, 2008).

1.1.2.6 Mitophagy

Mitophagy is the only known pathway that targets selectively the degradation of an entire
mitochondrion. Specifically, mitophagy is a type of selective macroautophagy, hereafter
referred to as autophagy (Fig. 8). Autophagy is a conserved mechanism whereby
intracytosolic components, such as proteins, aggregates or organelles, are delivered to
lysosomes for degradation (Cuervo and Macian, 2012; Martinez-Vicente, 2015). For such,
the cargo is sequestered into a double-membrane vesicle, the autophagosome, that
subsequently fuses with lysosomes for degradation and recycling (Klionsky and Emr, 2000)

(Fig. 9).
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Figure 8. Types of autophagy.

There are three major types of autophagy (i) chaperone-mediated autophagy (CMA), based on
the recognition by chaperones of a targeting motif in the protein to be degraded, (ii)
microautophagy, characterized by the direct engulfment of cytosolic components through
invaginations of the lysosomal membrane, even though recent studies suggest that it can occur
in a selective manner depending on the interaction of the substrates with a chaperone, and (iii)
macroautophagy, involving the engulfment of cytosolic regions inside double membrane vesicles
that fuse with the lysosomes to degrade their content. Macroautophagy can be divided in “in

bulk” or selective and specific examples are highlighted. From Cuervo and Macian, 2012.

The mammalian target of rapamycin (mTOR) is the master regulator of autophagy. Under
basal conditions, mMTOR Complex 1 (mTORC1, formed by mTOR, regulatory-associated
protein TOR (Raptor) and mLST8) binds to and inhibits ULK1 activity. For autophagy
initiation MTORC1-ULK1 dissociation is needed (Ganley et al., 2009; Hosokawa et al., 2009;
Jung et al., 2009), therefore ULK1 can trigger the translocation of the Vps34 complex to the
preautophagosomal structure (PAS) (Axe et al., 2008; Di Bartolomeo et al., 2010; Russell et
al., 2013). Vps34 complex is formed by beclin 1, AMBRA, Vps34, Vpsl15 and Atgl4L. Vps34
generates PI3P (phosphatidylinositol 3-phosphate), thus forming the PAS, which represents
a signaling platform that initiates autophagosome nucleation (Axe et al., 2008). There are
two different ubiquitination-like cascades in charge of autophagosome elongation, one is
driven by Atgl2-Atg5-Atgl6L and the other is based on protein-lipid conjugation. Both
mechanisms lead to elongation of the membrane via the lipidation of light chain 3 (LC3-I)
protein with phospholipid phosphatidylethanolamine to form LC3-1l (He and Klionsky, 2009).
Since autophagy is a selective process, there are autophagy receptors that recognize
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specific cargos. Those receptors have two differential recognition sites. On one hand, they
are able to recognize degradation signals on cargo proteins and, on the other hand, they can
also bind LC3/GABARAP proteins on the forming autophagosome via the LIR motif (LC3
interacting region) (Stolz et al., 2014). According to the substrate to be eliminated, different
autophagy pathways have been described, such as aggrephagy (protein aggregates),
ribophagy (ribosomes), pexophagy (peroxisomes), liposomes (lipophagy), reticulophagy
(ER), nucleophagy (nuclear envelope), lysophagy (lisosomes) and mitophagy (mitochondria)
(Deng et al., 2017).
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Figure 9. Autophagy regulation and steps

MTORC1 is the main (negative) regulator of autophagy induction through its role in nutrient
sensing. When nutrients and energy become limiting, in response to growth factors or upon other
cell stressors (like hypoxia), mTORC1 is inhibited. Upon inhibition, ULK1 and Vps34 complex are
activated and initiate the nucleation of the PAS structure, the elongation through the ATGs
cascade and the engulfment of the cargo to be degraded. Mitcrotubule-based transport
machinery allows fusion between autophagosomes, endosomes and lysosomes to degrade the

sequestered material. From Martinez-Vicente 2015.

The general mitophagy pathway consists of three steps: (i) recognition of mitochondria that
needs to be cleared, (ii) formation of the autophagic membrane that surrounds the organelle,
and (iii) fusion of mitoautophagosomes with lysosomes. Besides mitophagy, other forms of
partial mitochondrial degradation have been described (Martinez-Vicente, 2017). OMM
proteins can be degraded through Parkin-dependent polyubiquitination and degradation by

the proteasome (Chan et al.,, 2011). More recently, parts of the mitochondria have been
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found to bud of independently from the fission machinery. These vesicles are called
mitochondria-derived vesicles (MDV), which are targeted to the lysosome for degradation
(Roberts et al., 2016; Soubannier et al., 2012). PTEN-induced putative kinase 1 (PINK1) and
Parkin might play a regulatory role in the formation of MDV after mitochondrial depolarization
(McLelland et al., 2014). Despite this, PINK1 and Parkin have been extensively studied for

their role in mitophagy.

1.1.2.6.1 PINK1/Parkin-dependent mitophagy mechanisms

The most studied pathway to flag mitochondria for degradation involves PINK1 and Parkin
and has been reviewed elsewhere (McWilliams and Mugit, 2017; Misgeld and Schwarz,
2017; Pickrell and Youle, 2015). Briefly, PINK1 is constitutively imported and degraded
inside healthy mitochondria, so upon loss of mitochondrial membrane potential or some
blockade in the mitochondrial import system, full-length PINK1 accumulates in the OMM of
dysfunctional mitochondria (Vives-Bauza et al., 2010) forming a complex with the TOM
complex (Lazarou et al., 2012). Upon PINK1 stabilization in the mitochondrial surface, it
phosphorylates ubiquitin chains linked to the OMM proteins at serine 65, which stimulates
the recruitment and activation of Parkin (Kazlauskaite et al., 2014; Koyano et al., 2014).
Moreover, PINK1 also phosphorylates Parkin at serine 65, which stimulates Parkin’s E3
ligase activity (Kim et al., 2008; Shiba-Fukushima et al., 2012). Both PINK1-mediated
phosphorylation events are required for full Parkin activation. PINK1 has other substrates
whose phosphorylation is also linked to the mitophagy process. Miro phosphorylation
activates its Parkin-dependent proteasomal degradation leading to an arrest in mitochondrial
motility (Wang et al., 2011), though others failed to replicate it (Birsa et al., 2014). MFN2
phosphorylation was suggested to recruit Parkin (Chen and Dorn, 2013), while others have
reported that MFN1 and MFN2 are polyubiquitinated in a PINK1/Parkin-dependent manner,
which serves as a signal for ubiquitin proteasome system (UPS) degradation (Gegg et al.,
2010; Tanaka et al., 2010). In this model, the presence of phospho-ubiquitins in the OMM
stimulates Parkin recruitment towards damaged mitochondria and, at the same time, PINK1-
dependent phosphorylation of Parkin leads to its activation and polyubiquitination of proteins
on the mitochondrial surface. Thereby, Parkin generates more substrates for PINK1 to be
phosphorylated and all together feeds a feedforward mechanism aimed to tag dysfunctional
mitochondria (Fig. 10) (Bingol and Sheng, 2016).
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Figure 10. Proposed mechanism for PINK1-dependent Parkin

recruitment to the mitochondria.

Adapted from Bingol and Sheng, 2016.

Once recruited to the OMM and activated, Parkin ubiquitinates many substrates with K48-
and K63-linked ubiquitin chains. K63-linked chains are proposed to act as the label for
autophagy and are recognized by different autophagy receptors, while K48-linked chains
have been suggested to be the principal signal for UPS degradation (Akutsu et al., 2016;
Yamano et al., 2016). To date, five different autophagy receptors have been described to
recognize polyubiquitinated signals in PINK1/Parkin-mediated mitophagy: p62, NBR1,
Optineurin (OPTN), NDP52 and TAX1BP1. Of those, p62 has been the classical receptor for
selective autophagy, but a recent work by Lazarou et al. has shown that OPTN and NDP52
are indeed the primary receptors for PINK1/Parkin-mediated mitophagy. Mitophagy
receptors connect the mitochondria to be eliminated with LC3-Il, the main component of the
autophagosomal membrane, and can recruit as well different components of the
autophagosome machinery such as ULK1, WIPI1 (WD repeat domain phosphoinositide-
interacting protein 1) and DFCP1 (double FYVE domain containing protein 1) (Lazarou et al.,
2015b). OPTN and NDP52 also recruit and activate TANK-binding kinase 1 (TBK1) to
damaged mitochondria. TBK1-dependent OPTN and NDP52 phosphorylation recruits more
mitophagy adapters and enhances their binding to ubiquitin chains (Heo et al., 2015; Richter
et al., 2016). Mitophagy is also kept in check by deubiquitinating enzymes, such as USP15,
USP30 and USP35, which remove ubiquitin tags acting as potential brakes for the pathway
(Bingol et al., 2014; Cornelissen et al., 2014; Wang et al., 2015b). Recently, the essential
role of Parkin in mitophagy has been challenged, since in its absence other E3-ubiquitin
ligases can polyubiquitinate OMM proteins (Szargel et al., 2016). Besides, PINK1 has been
reported to be dispensable for basal mitophagy in vivo (McWilliams et al., 2018). Therefore,

other forms of mitophagy, PINK1/Parkin-independent must exist.
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1.1.2.6.2 PINK1/Parkin-independent mitophagy mechanisms

Mitophagy extends well beyond the so known PINK1-Parkin pathway. Nix (also known as
BNIP3L), is induced upon hypoxia together with B-cell lymphoma 2 nineteen kilodalton
interacting protein 3 (BNIP3), triggering the mitochondrial permeability transition pore
opening, depolarization and LC3/GABARAP recruitment for the autophagosome formation
(Novak et al., 2010; Zhang and Ney, 2009). Nix was first described as a mitophagy receptor
during reticulocyte maturation when mitochondria are eliminated from the erythrocyte
(Sandoval et al., 2008; Schweers et al., 2007). FUND1 (Funl4 domain containing 1) has
also been implicated in hypoxia-induced mitophagy. FUND1 phosphorylation regulates the
affinity of FUND1-LC3 interaction, where dephosphorylation increases this interaction and
mitophagy (Liu et al., 2012). Of note, all these proteins are OMM proteins that act directly as
mitophagy receptors. Moreover, other mitochondrial proteins have been described to recruit
the autophagosomal machinery (Martinez-Vicente, 2017). Cardiolipin (CL) is a phospholipid
mostly present in the IMM. However, it was found to contains an LC3-binding motif and to be
translocated into the OMM, where it can function as a mitophagy receptor by binding LC3-
(Chu et al., 2013). This translocation seems to be directed by depolarization (Maguire et al.,

2017). An overview of the different proteins that act as mitophagy receptors can be found in

Figure 11.
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Figure 11. Mechanisms of mitophagy.

A) Mitochondrial components that act as mitophagy receptors, and B) non-mitochondrial
receptors. All these mitophagy receptors recognize mitochondria to be degraded and link them
to LC3-1l in the PAS. Adapted from Martinez-Vicente, 2017.
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1.1.3 Mitochondrial quality control dysfunction and neurodegenerative
diseases

Neurons are highly dependent on mitochondrial function to maintain energy-intensive
functions such as membrane excitability, neurotransmission and plasticity: the brain
consumes 20% of the total oxygen and about a quarter of the total glucose used by the body
for energy supply. Thus, improper functioning of mitochondria has devastating effects on
neuronal survival (Court and Coleman, 2012). In fact, a growing body of evidence suggests
the involvement of mitochondrial abnormalities in age-related neurodegenerative diseases.
One classical mechanism is the generation of mitochondrial ROS which has been identified
as an important factor for disease progression and cell death (Lin and Beal, 2006). However,
given the importance of mitochondria quality control, it is not surprising that its dysfunction is

also present in neurodegenerative disorders.

Mitochondrial quality control is especially important in neurons, since their mitochondria have
longer half-life than in other cell types (Miwa et al., 2008; O’Toole et al., 2008). Moreover,
neuronal morphology is complex and characterized by long axons and elaborated dendrites,
thus delineating different compartments with specific energetic demands (Li et al., 2004;
MacAskill et al.,, 2010). As a result, correct handling of mitochondrial dynamics,
mitochondrial biogenesis and mitophagy is essential to maintain a healthy mitochondrial
pool, and alterations in this processes have started to be unraveled in different
neurodegenerative diseases (Martinez-Vicente, 2017; Schon and Przedborski, 2011).
Nonetheless, all these processes supporting organellar quality control are also intimately
connected to mitochondrial protein homeostasis (Rugarli and Langer, 2012). In this way,
while the implication of mitochondrial dysfunction in the pathogenesis of a myriad of
neurodegenerative diseases has been studied for more than 20 years; the specific
implication of mitochondrial quality control dysfunction is quite recent and has only started to

be elucidated.

Next | will focus on the contribution of mitochondrial dysfunction specifically in the field of

Parkinson’s disease and Huntington’s disease.
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1.2 Parkinson’s disease

1.2.1 Etiology and pathological hallmarks

1.2.1.1 Epidemiology

In 1817, James Parkinson described for the first time the symptoms of a disease that was
later named Parkinson’s disease in his “An Essay on the Shaking Palsy” (Parkinson, 2002).
Parkinson's disease (PD) is the second most common neurodegenerative disorder after
Alzheimer’s disease affecting 1% of the population above 60 years (Pringsheim et al., 2014).
Prevalence of PD is higher in Europe, North America and South America compared with
African, Asian and Arab countries. Age is the greatest risk factor for PD and gender has
been established to be another well defined risk factor, with the male-to-female ratio being
approximately 3:2. With an ageing population and the expectancy of life increasing year after
year, the prevalence of PD is expected to increase by more than 50% by 2030 (Dorsey et
al., 2007). PD cases are mostly sporadic and seem to arise from an intricate relationship
between genetic and environmental factors. Noteworthy, genetic studies in the 90s revealed
the existence of monogenic forms of PD. Since then, PD has been identified as a genetically
heterogeneous disease where several monogenic forms of the disease and numerous
genetic risk factors have been identified. Table 1 summarizes the most relevant PD-
associated genes. Several excellent reviews have been written recently covering the field of
PD genetics (Brés et al., 2015; Deng et al., 2018; Klein and Westenberger, 2012).
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Table 1 PD-associated genes

Loci Protein Inheritance  References
SNCA (PARK1/4) a-synuclein AD Bostantjopoulou et al, 2001;
Risk locus Polymeropoulos et al, 1997;
Singleton et al., 2003; Zarranz et
al., 2004
LRRK2 (PARKS) Leucine-rich repeat  AD Paisan-Ruiz et al., 2004; Zimprich
kinase 2 Risk locus et al., 2004
VPS35 (PARK17) Vacuolar protein AD Vilarifio-Guell et al.,, 2011;
sorting 35 Zimprich et al., 2011
CHCHD2 (PARK22) Coiled-coil-helix- AD Funayama et al., 2015
coiled-coil-helix
domain containing 2
PINK1 (PARK®G) PTEN-induced AR Hatano et al., 2004; Valente et al.,
putative kinase 1 2004
Parkin (PARK2) RBR E3 ubiquitin AR Kitada et al., 1998
protein ligase
DJ-1 (PARK?) DJ-1 AR Bonifati et al., 2003
ATP13A2 (PARK9) ATPase 13A2 AR Ramirez et al., 2006
PLA2G6 (PARK14) Phospholipase A2 AR Paisan-Ruiz et al., 2008
isoform e
FBXO7 (PARK15) FBXO7 AR Shojaee et al., 2008
DNAJC6 (PARK19) DnaJ heat shock AR Edvardson et al., 2012
protein family
(Hsp40) member C6
SYNJ1 (PARK20) synaptojanin-1 AR Krebs et al., 2013
GBA1 Glucocerebrosidase  Risk locus Aharon-Peretz et al., 2004; Tayebi
etal., 2001
MAPT Microtubule- Risk locus Pascale et al., 2016

associated protein
tau

AD: autosomal dominant; AR: autosomal recessive
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Since the advent of genome-wide association studies (GWAS) many risk loci have been
identified, besides the ones named on the table (Hernandez et al., 2016). Even though the
risk conferred by these alleles may be modest, when combined in an individual can be

considerable.

1.2.1.2 Pathology

The classical neuropathological feature of PD is the progressive and profound loss of
neuromelanin containing dopaminergic neurons in the substantia nigra (SN) pars compacta
(SNpc). The most affected area is generally the ventrolateral tier, which projects to the
dorsal putamen of the striatum (Fearnley and Lees, 1991) (Fig. 12). Neuronal degeneration
in PD is not restricted to SN or to neurons containing Lewy bodies, but also to other neuronal
populations such as cholinergic neurons in the basal forebrain and the midbrain tegmentum,
serotonergic neurons in the raphe nuclei and noradrenergic neurons in the locus coeruleus
(Hirsch et al., 2003).

Another neuropathological hallmark of PD is the presence of eosinophilic, intracytoplasmic,
proteinaceous inclusions, called Lewy bodies (LBs, Fig. 12). Classical LBs are spherical
structures with a hyaline appearance on hematoxylin and eosin that stain strongly for a-
synuclein. Moreover, LBs also contain ubiquitin, phosphorylated neurofilaments, Parkin,
components of the ubiquitin-proteasome system, molecular chaperones and lipids (Uversky,
2007). Some years ago, Braak presented a staging system for PD based on a specific
pattern of a-synuclein pathology/Lewy pathology spreading. According to Braak, neuronal
damage in PD occurs in a spreading and caudal-to-rostral pattern from enteric and

peripheral autonomic nervous system to neocortex (Braak et al., 2003, 2004).
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A. Normal B. Parkinson’s Figure 12. PD neuropathology.
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1.2.1.3 Clinical features and therapies

1.2.1.3.1 Clinical features

PD is characterized by the presence of motor and non-motor symptoms. Usually, the
disease is diagnosed by the first motor symptoms which have been estimated to appear
when up to 60% of the dopaminergic neurons in the SN are lost (Brownell et al., 1998;
Wallner et al., 1994) leading to a depletion of dopamine concentrations in the striatum below
60-70%. The classical motor symptoms that base the diagnosis criteria are resting tremor,
bradykinesia, muscular rigidity, postural instability and gait impairment (Fahn, 2003).
Together, these manifestations define the syndrome of parkinsonism, of which PD is the
major cause, but other neurodegenerative disorders or non-degenerative conditions are also
accompanied by parkinsonism. Those PD manifestations arise from the cellular loss within
the SNpc and the concomitant dysfunction of the basal ganglia. As the disease progresses,
there is a worsening of motor features and complications related to long-term symptomatic
treatment emerge (Coelho and Ferreira, 2012). Before the onset of motor symptoms,
patients may present a variety of non-motor symptoms, which can start even 10 years before
the diagnosis, characterized by constipation, hyposmia (loss of smell), depression and rapid
eye movement (REM) sleep behavior disorder (RBD) (Pont-Sunyer et al., 2015). Non-motor

symptoms progress in both severity and diversity as the disease advances (Schapira et al.,
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2017) and contribute substantially to disability in the later stages of the disease, being the
main determinants of quality of life and institutionalization (Coelho and Ferreira, 2012).
Dementia is the major symptom in the late course of the disease occurring in 83% of

patients with more than 20 years of disease duration (Hely et al., 2008).

1.2.1.3.2 Therapies

Currently, there is no treatment that can halt or stop the progression of the disease and/or
the neurodegenerative process and only symptomatic treatments are available. Drugs that
increase intracerebral dopamine concentrations or stimulate dopamine receptors are the
gold standard for the management of motor symptoms. One of the most famous treatments
is L-Dopa or Levodopa, which is the standard and initial therapy for patients. Motor
symptoms respond initially well to the replacement therapy but later on, patients experience
a wearing-off effect characterized by shorter duration of responses to individual doses,
together with motor complications (Connolly and Lang, 2014). Deep brain stimulation of
either the subthalamic nucleus or globus pallidus internus is effective for the treatment of
motor symptoms, as well as some specific non-motor fluctuations (Fasano et al., 2012).
Regarding non-motor symptoms therapy, humerous pharmacotherapies are available mostly
using drugs already approved for another indication to treat the concrete symptom (Oertel,
2017).

1.2.1.4 Experimental models

Experimental models of PD can be found in a variety of organisms such as yeasts (Tenreiro
et al., 2017), C.elegans (Martinez et al., 2017a), flies (Guo, 2012), rodents (Terzioglu and
Galter, 2008) and even nonhuman primates (Porras et al., 2012). However, few, if any, PD-
model is able to recapitulate all the major clinical and pathologic features of PD. Even
though, each model has contributed to the advance in the understanding of the neurobiology

of PD and the development of new therapies.

1.2.1.4.1 Genetic models

The majority of the genetic models are created based on the knowledge of targets
associated with potential mechanisms leading to PD. However, most genetic models in
rodents show very subtle phenotype with no overt loss of dopaminergic neurons (Lee et al.,

2012). Since PD patients show no degeneration at least until their fifth decade of life, it
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raises the possibility that those genetic models have no enough time to develop pathology

given their shorter lifespan.

1.2.1.4.2 Pharmacological models

In contrast to the genetic models, pharmacological or toxin models mimic the nigrostriatal
dopaminergic degeneration and display some motor deficits. Some of the toxic agents that
have been used to model PD are 6-hydroxydopamine (6-OHDA, (Bové and Perier, 2012)), 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), rotenone (Betarbet et al., 2000),
paraquat (Brooks et al., 1999) and amphetamine-type psychostimulants (Kogan et al., 1976).
Despite their widespread use, pharmacological models have some drawbacks: (i) the
degeneration takes place during days, nor years, (ii) toxins cause damage mainly to
dopaminergic neurons but not to other disease-linked neuronal types and (iii) there is no LB
pathology. In the next section | will describe in detail the MPTP mouse model, since it is the
model | have used to test neuroprotective strategies for PD.

1.2.1.4.2.1 MPTP model

MPTP was first discovered in humans, after a group of young drug abusers developed a
parkinsonian syndrome due to the intravenous injection of a narcotic meperidine analogue
contaminated with MPTP (Langston et al., 1983). MPTP is in a fact a protoxin that can cross
the blood brain barrier and enter the brain, where it is converted by the monoamine oxidase
B (MAO-B) to its active metabolite, 1-methyl-4-phenylpyridinium ion (MPP*). MPP" enters
the dopaminergic neurons through the dopamine transporter and once in the cytoplasm
inhibits complex | activity (Javitch et al., 1985) (Fig. 13).

MPTP has been used to model PD in a variety of species, though the most popular ones are
the mouse and monkey. The mouse MPTP model is widely used to study the mechanisms of
dopaminergic cell death linked to PD (Bové et al., 2014; Perier et al., 2005a, 2007; Ramonet
et al., 2013; Vila et al., 2001; Vila and Przedborski, 2003). MPTP is mainly administered via
systemic route through subcutaneous or intraperitoneal injections. Regarding the regime of
administration, the best characterized regimens are the acute and sub-acute. The acute
regimen consists of four injections of 20 mg/kg every 2 hours, leading to 90% dopamine
depletion in the striatum and 70% of dopaminergic cell loss in SNpc in a non-apoptotic
fashion (Jackson-Lewis et al., 1995). The sub-acute regimen implies one intraperitoneal
injection of 30 mg/kg daily for five consecutive days (Tatton and Kish, 1997), and causes a

40-50% of dopamine depletion in striatum and 30-40% cell loss in the SN (Perier et al.,
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2007). In the sub-acute regimen, neurons die by apoptosis and the lesion is stabilized within
21 days after MPTP administration. Although MPTP is able to induce the characteristic
dopaminergic cell loss, what is lacking in this model is the presence of LB. Until the
development of models that can converge most of the pathological hallmarks of PD, MPTP
mouse model will continue to be the gold standard model to study the molecular pathways to

cell death and to test neuroprotective strategies.
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1.2.1.5 Pathogenesis

1.2.1.5.1 Hallmarks of Parkinson’s disease

To date, several key molecular pathways have been linked to the pathogenesis of PD.
Protein misfolding, aggregation and impairment of protein clearance pathways are classical
hallmarks of PD. In fact, decreased lysosomal enzyme levels (Chu et al., 2009; Dehay et al.,
2010), and markers of chaperone-mediated autophagy (CMA) (Alvarez-Erviti et al., 2010)
together with autophagosome accumulation (Anglade et al., 1997) are classically observed
in the SN of PD patients. a-synuclein aggregation is the paradigmatic example of altered
protein homeostasis present in PD. During the pathogenic process, soluble a-synuclein
monomers form oligomers that combine to form protofibrils and, eventually, large insoluble
a-synuclein aggregates, which conform LBs (Kim and Lee, 2008). Aggregated a-synuclein
interferes with several cellular mechanisms leading to disruption of neuronal homeostasis
(Sheng and Cai, 2012). For instance, a-synuclein impairs the UPS and lysosomal functions,
leading to defective clearance of abnormal a-synuclein species and other substrates (Dehay

et al., 2013). Dysfunctions in protein degradation and turnover, in turn, may affect synaptic
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function (Tai and Schuman, 2008). In this toxic environment, neuroinflammation is another
contributor to the pathogenesis. Some evidences suggest that a-synuclein induces the
innate and adaptive immunity in PD (Hirsch and Hunot, 2009; Ransohoff, 2016) while others
point out that neuroinflammation could promote a-synuclein misfolding (Gao et al., 2008).
Since this thesis is focused on the role of mitochondrial dysfunction in the context of PD and
HD, | have dedicated a section to describe in detail the evidences of mitochondrial

dysfunction in each neurodegenerative disease.

1.2.1.5.2 Mitochondrial dysfunction in Parkinson’s disease

The identification of genes related to familial forms of PD boosted the field of mitochondrial
dysfunction, since most of the proteins encoded by those genes participate in the
maintenance of mitochondrial homeostasis. Table 2 summarizes some of the evidences
linking PD-associated genes with mitochondria. However, mitochondrial deficits were
already described more than ten years before the discovery of PD-associated a-synuclein
mutations. Table 3 summarizes some of the alterations related with mitochondria that have

been described in PD patients and PD models.

Table 2. PD-associated genes and their relationship with mitochondria

Gene Evidence Model References

a-synuclein Direct interaction with Rat, HelLa cells, Banerjee et al., 2010;

mitochondria and accumulation. MEF, striatum and Devi et al., 2008a;
SN from PD patients Nakamura et al., 2011

Complex | inhibition Striatum and SN Devi et al., 2008a; Liu
from PD patients, rat, et al., 2009a; Loeb et
mouse, MN9D cells.  al., 2010

Mutations lead to increased Zebrafish, Butler et al., 2012;
mtDNA damage, mitophagy and Drosophila, mouse Choubey et al., 2011;
mitochondrial fission. Kamp et al., 2010;

Martin et al., 2006;
O’Donnell et al., 2014;

LRRK2 Mitochondrial dysfunction and C.elegans, Ng et al., 2012; Niu et
altered mitochondrial dynamics.  Drosophila, mouse al., 2012; Saha et al.,
and neurons derived 2009; Wang et al,
from IPSc from PD 2012b
patients.
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VPS35

PINK1/Parkin

Parkin

DJ-1

FBXO7

PLA2G6

ATP13A2

HSP9
(mortalin)*

HTRA2*

Abnormal cargo trafficking by
MDVs

Decreased complex | activity,
impaired respiration, decreased
ATP synthesis, morphological
abnormalities and mitophagy

defects.
Defects in mitochondrial
biogenesis through PGC-1a

downregulation.

Impaired mitochondrial
respiration, reduced membrane
potential, increased ROS levels
and altered mitochondrial
morphology and mitophagy.

Deficiencies in Parkin
translocation to mitochondria,
ubiquitination of MFN1 and

mitophagy.

Respiratory chain dysfunction,
reduced ATP synthesis and

abnormal mitochondrial
morphology.
Increased fragmentation and

increased ROS production.

Mitochondrial dysfunction:
increased ROS, decreased
membrane potential, alterations
in mitochondrial network and
respiration and mitochondrial
loss.

Striatal neurodegeneration and
parkinsonian phenotype.

Rat, mouse, human
fibroblasts.

PD patients, mouse,

Drosophila, PC12

cells.

Mouse, PD patients

Mice, rat, MN9D and

M17 cells,
hippocampal
neurons and PD
patients.
Drosophila
Drosophila

Mouse cortical
neurons and SH-
SY5Y cells

Yeast, human cell

lines, fibroblasts.

Mice

Wang et al., 2015a

Burman et al., 2012

Cui et al, 2010
Greene et al.,, 2003
Liu et al, 2009b
Morais et al., 2009

Muftiioglu et al., 2004
Scarffe et al.,, 2014
Ziviani et al., 2010

Pacelli et al.,, 2011
Shin et al, 2011
Stevens et al., 2015

Gao et al, 2012

Krebiehl et al., 2010
Wang et al., 2012a.

Burchell et al., 2013

Kinghorn et al., 2015

Gusdon et al., 2012

Burbulla et al., 2010
Goswami et al., 2012

Martins et al., 2004

* There is some controversy on whether there is an association of these genes with risk of PD (Chung
et al., 2017; Freimann et al., 2013; Krlger et al., 2011; Simon-Sanchez and Singleton, 2008b).
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Table 3. Mitochondria-associated alterations in PD

Evidence Model References
Complex | dysfunction PD patients Blin et al., 1994; Haas
- Complex I inhibitor MPTP causes parkinsonism et al., 1995; Keeney et
- Reduced activity in SN, peripheral tissues and al., 2006; Krige et al.,
cybrid cells. 1992; Langston et al.,
- Oxidation of catalytic subunits 1983; Parker et al.,
1989, 2008; Schapira
et al., 1990; Swerdlow
et al., 1996
Mitochondrial DNA alterations Human SNpc Bender et al., 2006;
- Deletions dopaminergic Dai et al, 2014
- POLG mutations are associated with neurons, mice Davidzon et al., 2006;

parkinsonism.
- mtDNA deletions are not sufficient per se to trigger
SNpc dopaminergic cell death.

ROS-mediated damage

- Cardiolipin peroxidation.

- Damage to lysosomal membranes.
- Damage to nuclear and mtDNA

Mitochondrial protein import

- a-synuclein is imported into the mitochondria
through TOM40 complex.

- Decreased TOMA40 protein levels.

- a-synuclein interaction with TOM20.

Mitochondrial dynamics

- Parkinsonian neurotoxins 6-OHDA, rotenone and
MPP+ induce mitochondrial fission and cell death.

- Drpl inhibition  prevents  mitochondrial
fragmentation and DA neurodegeneration in PD
models.

Mitophagy
- Inefficient

mitochondria.
- Impaired mitophagy

removal of Miro from damaged

Mitochondrial biogenesis

- Decreased PGC-1a levels.

- PGC-1a loss increases the sensitivity to MPTP-
induced dopaminergic cell death

Mouse, PD
patients.
PD patients,
mouse, human DA
primary  neuronal
cultures

Neuronal cultures:

CSM14.1, BE(2)-
M17, and primary
cultures from rat
and mouse. Rat,
mouse.

Fibroblasts and
neurons  derived

from IPSc from PD
patients.

PD
mouse

patients,

Kraytsberg et al.,
2006; Luoma et al.,
2004; Perier et al.,
2013

Dehay et al.,
Hoang et al.,, 2009;
Perier et al.,, 2005a;
Sanders et al., 2014

2010;

Bender et al., 2013;
Devi et al.,, 2008a; Di
Maio et al., 2016

Barsoum et al., 2006;
Bido et al, 2017,
Gomez-Lazaro et al.,
2008; Meuer et al.,
2007; Ramonet et al.,
2013; Rappold et al.,
2014; Su and Qi, 2013

Hsieh et al., 2016

Shin et al., 2011; St-
Pierre et al.,, 2006;
Zheng et al., 2010
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For the past 30 years mitochondrial dysfunction has been regarded as a central pathogenic
hallmark for this devastating disease. However, different aspects of mitochondrial biology
have come to focus during all this years, ranging from bioenergetics, oxidative stress and,
more recently, mitophagy. Recent developments highlight the increasing potential of
mitochondria to defend themselves against various threats (Perier et al., 2010, 2013). In fact,
novel, critical roles of mitochondrial proteases have emerged in neuronal physiology and
pathology, representing an early mechanism aimed to mitigate mitochondrial stress. Once
the first line of defense has been overcome, mitochondrial dynamics, in terms of
mitochondrial fission and fusion, mitochondrial biogenesis and mitophagy, play an important
role in maintaining a healthy organelle population. Thus, impairments in these quality control
systems may lead to the accumulation of defective mitochondria, as well as inefficient
mitochondrial transport and distribution, leading to synaptic and neuronal degeneration. But,
still, as we advance in the field of mitochondrial physiology, new questions arise. How are all
the mitochondrial quality control mechanisms, at the protein and the organelle levels, inter-
connected? Which are the mechanisms that establish the difference between damaged
mitochondria and mitochondria that have to be labeled for degradation? Being able to
answer these and other questions could help us to develop new and better therapeutic
strategies that target mitochondrial quality control mechanisms which could benefit not only

patients with Parkinson’s disease, but also with other neurodegenerative disorders.

1.3 Huntington’s disease

1.3.1 Etiology and pathological hallmarks

1.3.1.1 Epidemiology and therapy

In the 19th century, chorea and its hereditary nature were already noticed, but it was George
Huntington’s description that led to the eponymous designation of the disease Huntington’s
disease (Huntington, 1872). Huntington's disease (HD) is an autosomal dominant
neurodegenerative disorder with a prevalence of 10.6-13.7 individuals per 100.000 in
Western populations (Bates et al., 2015). HD is caused by an abnormal cytosine-adenine-
guanine (CAG) trinucleotide repeat expansion, coding for the amino acid glutamine, in the
exon 1 of the huntingtin gene (HTT) (The Huntington’s Disease Collaborative Research
Group., 1993). Normal population display between 16 and 20 repeats, while affected
individuals display an expanded polyglutamine (polyQ) tract of more than 35 glutamines, at

the amino terminus end of the huntingtin protein (Htt), which is associated with protein
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aggregation and a gain-of-function toxicity. However, loss of function and/or dominant
negative effect may also contribute to the pathology (Cattaneo et al., 2005; Rubinsztein and
C., 2003). The age at onset of diagnostic motor manifestations in HD is inversely correlated
with the length of the CAG expansion. Accordingly, there is a reduced penetrance within
individuals having less than 40 repeats, while 40 or more are associated with nearly full
penetrance by the age of 65 years (Hendricks et al., 2009). Nevertheless, there is a huge
inter-individual variability in age of onset of symptoms between carriers with similar CAG
expansion, thus the existence of other candidate modifier genes has been proposed
(Holmans et al., 2017). The median age at onset is 40 years and the disease is fatal after
15-20 years of the onset of symptoms. No current treatments are available to halt or delay
the progression of the disease and just two drugs have been licensed by the US Food and
Drug Administration for specific use in HD patients, which are tetrabenazine, approved in
2008 for the treatment of chorea (Huntington Study Group, 2006) and deutetrabenazide, with

the same mechanism of action but increased half-life (Frank et al., 2016).

1.3.1.2 Clinical features

HD carriers present a premanifest phase, in which they are clinically indistinguishable from a
healthy control (presymptomatic stage) and then progress to develop subtle motor, cognitive
and behavioral changes (prodromal stage). With the onset of the motor symptoms, HD
patients enter into the manifest phase, which will inexorably progress until death (Ross et al.,
2014).

HD classically manifests with a triad of signs and symptoms, including motor, cognitive and
behavioral features. Motor disorder in HD is characterized by two motor alterations, (i)
presence of involuntary movements (hyperkinetic phase), such as chorea and, (ii)
impairment of voluntary movements (hypokinetic phase), such as incoordination,
bradykinesia and rigidity (Dorsey et al., 2013). Cognitive disorders appear years before the
diagnosis and are characterized by impaired emotion recognition, processing speed,
visuospatial and executive function, among others (Papoutsi et al., 2014; Stout et al., 2011).
Neuropsychiatric disorders are also present in the premanifest phase (Tabrizi et al., 2009)

and generally comprise depression, irritability and apathy (Craufurd et al., 2001).
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1.3.1.3 Pathology

HD typically develops with striatal neurodegeneration. Specifically there is a massive loss of
gamma-aminobutyric acid (GABA)ergic medium spiny neurons, which project to the globus
pallidus and the SN (Reiner et al., 1988). On the contrary, large interneurons are generally
spared (Waldvogel et al., 2014). Striatal loss may start more than 10 years before the onset
of symptoms (Tabrizi et al., 2013). HD also develops with atrophy of the cerebral cortex,
subcortical white matter, thalamus, specific hypothalamic nuclei and other brain regions
(Waldvogel et al., 2014) (Fig. 14). One of the neuropathological hallmarks of HD is the
presence of cytoplasmic aggregates and nuclear inclusions of mutant Htt throughout the
brain (Davies et al., 1997; DiFiglia et al., 1997). Those aggregates can sequester other

proteins, giving rise to deficits in several pathways.

Control Prodromal Huntington disease

Subcortical Cortical
white matter K grey matter Lateral Caudate
ventricle

Putamen

Figure 14. Brain neuroimaging.

HD is characterized by bilateral atrophy of caudate and putamen. There is a concomitant increase
in size of the lateral ventricle. Additionally subtle changes in the cortical gray matter can be found

together with an atrophy of the subcortical white matter. From Bates et al., 2015.

1.3.2 Huntingtin pathogenic mechanisms

Htt is a 348 kDa protein, ubiquitously expressed and essential for mammal embryonic
development (Duyao et al., 1995; Nasir et al., 1995; Zeitlin et al., 1995). Adult loss of Htt
leads to neurodegeneration, demonstrating its essential role in maintaining neuronal function
and survival (Dragatsis et al., 2000). Htt is composed by a-helical HEAT (Huntingtin,
elongation factor 3, protein phosphatase 2A and TOR1) repeats, which consists of 50 amino

acids forming a helical hairpin (Fig. 15). In Htt, those HEAT repeats stack to form an
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elongated superhelix with an hydrophobic core (Li et al., 2006). Generally, HEAT repeat
proteins mediate protein-protein interactions, which is consistent with the multiple interaction
partners of Htt (Li and Li, 2004), suggesting that acts as an scaffolding protein. To date, Htt
has been proposed to be involved in transcriptional regulation (Luthi-Carter and Cha, 2003),
axonal trafficking of vesicles, autophagosomes and mitochondria (Gauthier et al., 2004;
Trushina et al., 2004; Wong and Holzbaur, 2014) nuclear export/import, ubiquitin-mediated
proteolysis and regulation of the endosomal and autophagic system among many other
cellular mechanisms (Martin et al., 2014). Moreover, Htt can shuttle between the nucleus
and the cytoplasm. It is suggested that upon polyQ expansion there is a conformational
transition leading to a specific toxic conformation. Some studies support this hypothesis,
revealing that the expanded polyQ stretch presents a B-hairpin containing B-sheets
conformation (Hoop et al., 2016; Peters-Libeu et al., 2012) leading to aggregate inclusions.
However, other data suggest the presence of cellular malfunctioning prior to Htt aggregation,
implying that soluble forms may also exert a role in cellular toxicity. In fact, it is also believed
that Htt inclusions may act as a pro-survival mechanism to isolate those soluble toxic forms
(Arrasate and Finkbeiner, 2012). Another toxic mechanism linked to Htt aroused by the
discovery of N-terminal fragments of the expanded protein in HD patients’ inclusions
(DiFiglia et al., 1997) (Fig. 15). N-terminal Htt fragments aggregate faster and are more toxic
than the unfragmented protein, as observed in several models (Kim et al., 2001; Wang et al.,
2008; Wellington et al., 2002). Not only N-terminal Htt fragments containing the polyQ
stretch are toxic, but also C-terminal fragments (El-Daher et al., 2015). Therefore, it is

becoming clear that Htt fragments also participate in the deleterious cascade leading to HD.
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Figure 15. Huntingtin structure and cleavage.
Human Htt protein is composed by several HEAT domains. The polyQ stretch is present in the N-
terminus of the protein. Proteolytic cleavage by caspase 6 and other unknown proteases forms
toxic N-terminal fragments (such as cp-1 or cp-2). IVLD and NLPR are amino acid cleavage

sequences. NES = nuclear export signal. Adapted from Ross and Tabrizi, 2011.

1.3.3 Experimental models

1.3.3.1 Toxic models

HD can be modeled using toxic or genetic models. Toxic models were widely used before
the discovery of the genetic mutation underlying HD. Those models were based first on the
observation of striatum as the primary degenerative region in HD brains, thus using ibotenic
acid (Hantraye et al., 1990) and kainic acid (Coyle and Schwarcz, 1976), which led to
excitotoxic cell death. With the discovery that striatal interneurons did not degenerate as
much as GABAergic neurons, quinolinic acid supplanted the first toxins, since it has
relatively low toxicity to striatal interneurons (Schwarcz et al., 2010). Mitochondrial toxins,
such as malonate and 3-nitropropionic acid, were later used due to its ability to inhibit the
electron transport chain (Ferrante, 2009). As for the toxic models of PD, these kind of
models have the limitation of producing an acute lesion, which hardly represent the

progressive nature of HD.

1.3.3.2 Genetic models

HTT gene is very large: it has 67 exons and is ~170 kb large (Ambrose et al., 1994). This
makes working with this gene very challenging. The variety of HD genetic models that exist

reflect different approaches aimed to model this “difficult” gene. Rodent models are the most
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widely used and can be divided into those expressing truncated fragments of mutant HTT
and those expressing full length mutant HTT. R6/1, R6/2 and N171-82Q express truncated
N-terminal fragments of mutant HTT and present more robust and rapidly progressive
phenotype. R6/1 mice and R6/2 mice express exon 1 of human HTT with originally 116 and
144 CAG repeats, respectively (Mangiarini et al.,, 1996). The N171-82Q mice express
truncated HTT cDNA with 82 CAG repeats (Schilling et al., 1999). Full length mouse models
were developed using two different strategies. HdhQ111 (Wheeler et al., 2002), CAG140
(Menalled et al., 2003) and HdhQ150 (Lin et al., 2001) mouse models have an expanded
CAG repeat knocked in into the endogenous mouse Htt locus. The second strategy
consisted in introducing the full-length mutant human HTT gene either using yeast artificial
chromosome technology, as in the YAC128HD mice (Hodgson et al., 1999), or bacterial

artificial chromosome technology, as in the BACHD mice (Gray et al., 2008)

Several cell lines have been used to model the pathologic events in HD, from non-neuronal
to neuronal (Cisbani and Cicchetti, 2012). The STHdh?"?", STHdh?"?*! and STHdh?* @
cell lines have been widely used in the field of HD research and have enable the discovery
of several HD-related pathways (Gines et al., 2003a, 2003b; Seong et al., 2005; Xifro et al.,
2008). These cell lines were derived from striatal primordia (Trettel et al., 2000) of HD knock
in mouse model with a chimeric exon 1. These cell lines express wild type and mutant Htt at
endogenous levels (Wheeler et al., 2000) and are the model used in this thesis to study
mitophagy in the context of mutant Htt. A new promising field is starting with the
development of inducible pluripotent stem cells (iPSC) derived from HD patients (Camnasio
et al., 2012) or murine models (Ritch et al., 2012).

1.3.4 Pathogenic cellular mechanisms in Huntington’s disease

1.3.4.1 Hallmarks of Huntington disease

Several mechanisms contribute to the pathogenic features of HD. Figure 16 shows a
schematic representation of the pathogenic cellular mechanisms in HD. Under normal
conditions, the integrity of the proteome is maintained through molecular chaperones and
clearance machineries, such as the UPS and autophagy. Wild type Htt is ubiquitinated at K6,
K9 and K15, thus leading to its degradation by the proteasome. Thus, Htt is a target for
UPS-mediated degradation (Kalchman et al., 1996) but can also be degraded by lysosomes.
Upon polyQ expansion, UPS-mediated degradation of mutant Htt is impaired leading to

mutant Htt accumulation into insoluble, ubiquitin-containing aggregates (Ortega and Lucas,
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2014; Waelter et al., 2001). Conversely, autophagy is induced, since mutant Htt sequesters
and inactivates mTOR (Ravikumar et al., 2004). While the number of autophagosomes
increases, there is a deficit in cargo recognition (Martinez-Vicente et al., 2010) and
aggregated proteins, such as mutant Htt, and damaged organelles are not degraded. This
has a major impact on mutant Htt degradation, since upon polyQ expansion it is
preferentially degraded by autophagy and several post-translational modifications target the
mutant protein to this particular pathway (Jeong et al., 2009; Sarkar and Rubinsztein, 2008).
Moreover, changes in expression levels of autophagy proteins have been reported in
striatum from HD patients (Hodges et al., 2006). In fact, alterations in transcriptional
regulation are another pathogenic hallmark, which occurs early in the course of the disease
(Cha, 2007). Mutant Htt interacts with and disrupts components of the general transcriptional
machinery affecting both promoter accessibility and recruitment of RNA polymerase I
(Seredenina and Luthi-Carter, 2012). Particularly, mutant Htt interferes with the PGC-1a
transcriptional pathway, impairing its ability to activate downstream genes (Cui et al., 2006;
Dickey et al., 2016; Weydt et al., 2006). Recently, Htt has been shown to interact with
peroxisome proliferator-activated transcription factor & (PPARd), a downstream PGC-1a
gene, while mutant Htt represses its activation (Dickey et al., 2016). Htt protein also interacts
with several proteins involved in vesicular trafficking while these interactions are impaired in
the presence of the mutant protein (Jones and Hughes, 2011). General axonal transport is
also hampered by mutant Htt leading to alterations in neurotransmitter release and perturbed
neuronal activity, which underlies the cognitive and physical decline observed in HD patients
(Gauthier et al., 2004; Morfini et al., 2009)
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Figure 16. Pathogenic cellular mechanisms of huntingtin.

(1) HTT translation leads to full length huntingtin (Htt) protein and N-terminal fragments due to
aberrant splicing. (2) Full-length Htt can also give rise to Htt fragments through proteolytic
cleavage. (3 and 4) Htt aberrant fragments can enter the nucleus, aggregate and form nuclear
inclusions, which can lead to transcriptional dysregulation. (5) Htt can oligomerize and aggregate
in the cytosol as well. (6) The impairment of the proteostasis network can exacerbate Htt
aggregation. (7) Mutant Htt and its fragments result in additional global cellular impairments,
including synaptic dysfunction, mitochondrial toxicity and decreased axonal transport. PRD,

proline rich domain, Ub, ubiquitin. From Bates et al., 2015.

1.3.4.2 Mitochondrial dysfunction in Huntington’s disease

Pioneering studies in the 80’s and early 90’s unraveled the presence of biochemical
abnormalities in the respiratory chain enzymes in mitochondria from striatal HD patients.
Since then, accumulating evidence indicate that mitochondria is a key player in HD
pathogenesis. Table 4 summarizes different mitochondrial alterations present in HD patients

or HD models.
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Table 4. Mitochondria-associated alterations in HD

Evidence Model References
Bioenergetics HD patients Grafton et al., 1992;
- Glucose hypometabolism in caudate nuclei. Jenkins et al., 1993

- Increased lactate levels.

- Impaired energy metabolism.

OXPHOS deficiencies HD patients, mouse, Brennan et al., 1985;
- Reduced complex IlI, Ill and IV activity in rat Damiano et al., 2013;
striatum. Gu et al., 1996
Membrane potential HD patients’ Gellerich et al., 2008;
- Reduced membrane potential. lymphoblasts, mouse, Guo et al, 2016;
- Calcium-dependent mitochondrial depolariza- rat and ST-Q7/111 Panov et al., 2002,

tion and swelling

ATP
- Reduced ATP levels and increased phospho-
creatine levels

Mitochondrial DNA
- Increased frequency of mtDNA lesions and
depletions.

Oxidative stress

- Lipofucsin accumulation

- Increased protein, lipid and DNA oxidation.

- Aconitase, creatine kinase, citrate synthase
and ATP synthase oxidation and reduced
activity.

Mitochondrial quality control defects

- Impaired mitochondrial protein import.

- Impaired mitochondrial disulfide relay system
for IMS import.

Mitochondrial dynamics

- Increased Drpl and Fisl levels and decreased
mitofusins levels.

- Mitochondrial fragmentation.

- DRP1-mutant HTT interaction
increased DRP1 enzymatic activity.

leading to

cells

HD patients’
lymphoblasts, mouse
and ST-Q7/111 cells

HD patients (striatum
and skin fibroblasts)

HD patients, mouse

Mouse, primary cortical
and striatal neurons
and ST-Q7 and ST-
Q111 cells

HD patients,
rat

mouse,

2003; Ventura et al.,
2013

Mochel et al., 2012;
Naia et al., 2015, 2016

Siddiqui et al., 2012

Browne et al., 1997,
Perluigi et al., 2005;
Sorolla et al.,, 2010;
Stack et al.,, 2008;
Tabrizi et al., 1999

Napoli et al,
Yano et al., 2014

2013;

Kim et al., 2010; Liot
et al., 2009; Shirendeb
et al, 2011, 2012;
Song et al., 2011
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Mitochondrial biogenesis

- Impairment of PGC-1a transcriptional
pathway.
- Repression of peroxisome proliferator-

activated transcription factor & (PPARDS).

Mitophagy
- Impairment of cargo sequestration step in

autophagy.
- Blockade  of  mitochondria-containing
autophagosome formation.

Trafficking
- Trafficking abnormalities.

- Altered mitochondrial motility
accumulation adjacent to aggregates.

- Impaired mitcrotubule protein association with
mitochondria.

- Altered autophagosomal motility preventing
autophagosomal fusion with lysosomes.

and

Mouse, HEK293T,
striatal cells, mouse
primary cortical
neurons, iPSCs

differentiated into
medium spiny neuron.

ST-Q18, ST-Q111 and
MEF.

Drosophila, mouse, rat
and mouse primary
embryonic striatal and
cortical neurons

Cui et al, 2006;
Dickey et al., 2016;
Weydt et al., 2006

Khalil et al., 2015;
Martinez-Vicente et
al., 2010

Chang et al., 2006;
Gunawardena et al.,
2003; Orr et al., 2008;
Shirendeb et al., 2012;
Song et al, 2011;
Trushina et al., 2004;
Wong and Holzbaur,
2014

In summary, even though HD is a disorder whose primary cause is known, many molecular
changes and cellular consequences underlie the disease pathogenesis. In addition to
folding, aggregation and clearance pathways, other mechanisms are also emerging which
can have an important role in disease pathogenesis and disease progression. Mitochondrial
impairment is one of the main characteristics that neurodegenerative diseases share,
probably because neurons are highly dependent on mitochondrial function. In the case of
HD, modulation of mitochondrial health has been shown to protect striatal neurons against
mutant Htt toxicity. For instance, restoring complex IV activity in HD transgenic mice (Bae et
al., 2005), PGC-1a overexpression in in vitro and in vivo models of HD (Cui et al., 2006;
Weydt et al., 2006) upregulation of SOD2 (Madhavan et al., 2008) or inhibition of
mitochondrial fission (Guo et al., 2013) have led to neuroprotection. Interestingly, either full-
length or small mutant Htt fragments have been reported to directly interact with OMM and
alter mitochondrial function (Choo et al., 2004; Gutekunst et al., 1998; Orr et al., 2008) but
the mechanism remains elusive. On the other hand, mutant Htt has been reported to interact
and block TIM23 complex, located in the IMM, but how Htt can reach the inner membrane
remains also unknown. Finally, how all these mechanisms taking place on the outside and
the inside of mitochondria act in concert to generate neuronal degeneration is also a matter

of further study.
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AIM AND OBJECTIVES
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2 Aim and objectives

The main aim of this study is to deepen our understanding of the pathophysiology of
Parkinson’s disease and Huntington's disease in order to develop new mitochondrial
therapeutic targets for these type of diseases. Since we focus on two different

neurodegenerative diseases, the specific objectives are:

OBJECTIVE 1. To determine the role of mitochondrial protein import and protein quality
control systems in in vitro and in vivo models of PD and their potential as therapeutic targets.
To achieve this objective we have established the next specific objectives:

a) To study the integrity of mitochondrial protein import system in midbrain human post-
mortem tissue from PD patients as well as in complex I-deficient mice and complex |-
deficient dopaminergic neuroblastoma cells, all models of PD.

b) To analyze the consequences of mitochondrial protein import failure in complex I-
deficient mice and dopaminergic neuroblastoma cells, by means of OXPHOS protein
levels, presence of mitochondrial aggregated proteins, mtUPR activation,
mitochondrial membrane potential, ROS production, cell death and nigrostriatal
degeneration.

c) To evaluate the therapeutic potential of genetic rescue of the activity of the
mitochondrial protein import system in complex I-deficient mice and neuroblastoma
cell lines. For neuroblastoma cells we have overexpressed two different key
translocases proteins, TIM23 and TOM20, either transiently or stably, and assessed
cell death. For complex I|-deficient mice, we have stereotaxically delivered adeno-
associated virus encoding for the same two key translocases proteins and assessed

the integrity of the dopaminergic nigrostriatal system.

OBJECTIVE 2. To study how the HD-related cellular alterations affect quality control
surveillance systems in mitochondria. Since Htt has been recently described as a scaffold
protein for selective macroautophagy, our aim is to study the failure of mitochondria turnover
by mitophagy in an in vitro neuronal model of HD using differentiated cells and working with
the endogenous proteins. To achieve this objective we have established the next specific
objectives:

a) To evaluate mitophagy mechanism in an in vitro model of HD. For such we have
used different state-of-the art techniques to measure mitophagy in differentiated
striatal cell lines expressing exon 1 of the human Htt protein with either 7 or 111
glutamine repeats (ST-Q7 or ST-Q111).
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b) To determine how mutant Htt expressing 111 glutamine repeats can affect the

mitophagy system. To do so, we have used differentiated ST-Q7 and ST-Q111 cells
and we have analyzed each of the steps that make up the mitophagy mechanism: (i)
labeling of damaged mitochondria, (ii) formation of the initiation, nucleation and
elongation complexes, and (iii) interaction of mitophagy adapters and the
autophagosome membrane. We have analysed the role of Htt protein and its key
interactions with the autophagy/mitophagy machinery.

To analyse the consequences of an impaired mitophagy activity in differentiated ST-
Q7 and ST-Q111 cells by means of bioenergetic status, ROS production and

mitochondrial membrane potential.
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3 Materials and Methods

3.1 Reagents and antibodies

The following chemicals were used: MPTP (Ref. M0896), MPP* (Ref. D048), rotenone (Ref.
R-8875), CCCP (carbonyl cyanide 3-chlorophenyl hydrazone, Ref. C2759), oligomycin (Ref.
75351), antimycin A (Ref. A8674) and the lysosomal inhibitors chloroquine (Ref. C6628) and
bafilomycin A1 (Ref. B1793) were from Sigma-Aldrich. The following reagents were also
used: MitoTracker™ Deep Red FM (Molecular Probes, Ref. M22426), CM-H,DCFDA (Life
Technologies, Ref. C6827), Cell Rox® Green Reagent (Thermo Fisher, Ref. C10444) and
TMRM (Tetramethylrhodamine methyl ester, Sigma-Aldrich, Ref. T668).

A complete list of the primary and secondary antibodies used is summarized on Table 5, 6

and 7.

Table 5. List of primary antibodies used in Chapter |

Antibody Species Source Reference Dilution
Tim23 mouse BD Biosciences 611222 WB: 1:1000
monoclonal IF cells: 1:300
IF tissue: 1:1000
IHC: 1:320
Tom20 mouse Abcam ab56783 WB: 1:1000
monoclonal IF: 1:300
IHC: 1:320
Total OXPHOS mouse Abcam/Mitoscience ab110411/MS601 1:1000
monoclonal
Complex IV sub rabbit Abcam ab16056 WB: 1:1000
IV (COX IV) polyclonal IF cells: 1:300
IF tissue: 1:500
eGFP rabbit Novus Biologicals NBP2-37821 1:1000
polyclonal
Ndufs3 mouse Abcam ab110246 WB: 1:1000
monoclonal IF: 1:200
ClpX rabbit Abcam ab168338 1:2000
monoclonal
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Grp75 mouse abcam ab2799 1:1000
monoclonal
TH mouse Chemicon MAB 5280 IF: 1:1000
monoclonal
TH rabbit Calbiochem 657012 IHC: 1:2000/
polyclonal 1:5000
VDAC1/Porin rabbit Abcam ab15895 1:2000
polyclonal
a-Tubulin mouse Sigma-Aldrich T5168 1:5000
monoclonal
B-actin mouse Sigma-Aldrich A5441 1:5000
monoclonal
WB: western blot, IF: immunofluorescence, IHC: immunohistochemistry
Table 6. List of primary antibodies used in Chapter I
Antibody Specie Source Reference Dilution
LC3 rabbit polyclonal Novus NB2220 WB: 1:2000
PLA: 1:100
LAMP-1 rat monoclonal Santa Cruz sc-19992 IF: 1:200
PINK1 Rabbit polyclonal Novus BC100-494SS 1:2000
Parkin Rabbit polyclonal Abcam ab15954 WAB: 1:2000
IF: 1:200
Total-UB Rabbit polyclonal Sigma-Aldrich U 5379 1:2000
poly-UB K63 rabbit monoclonal Cell Signaling 5621S 1:2000
ULK1 Rabbit polyclonal Novus NBP2-24738SS WAB: 1:2000
PLA: 1:100
ULK1 S555 rabbit monoclonal Cell Signaling 5869P 1:2000
ULK1 S317 rabbit monoclonal Cell Signaling 12753S WAB: 1:2000
PLA: 1:100
ULK1 S757 Rabbit polyclonal Cell Signaling 6888S 1:2000
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OPTN Rabbit polyclonal Proteintech 10837-1-AP 1:100
Hit mouse monoclonal  Chemicon MAB2166 1:100
NDP52/CALCOC  mouse monoclonal  Santa Cruz sc-376540 PLA: 1:100
02 IF: 1:100
p62 C-term Guinea pig Progen GP62-C IP: 1:350
polyclonal
NBR1 mouse monoclonal  Abnova HO0004077-M01  IP: 1:350
anti-DNA mouse monoclonal  Progen AC-30-10 1:100
Beclin 1 mouse monoclonal  Santa Cruz 48341 1:100
Vpsi15 (PIK3R4) rabbit polyclonal Novus NBP1-30463 1:100
MTOR [GT649] mouse monoclonal  Genetex GTX630198 1:100
VDAC1/Porin Rabbit polyclonal Abcam ab15895 1:2000
B-actin mouse monoclonal  Sigma-Aldrich A5441 1:5000

WB: western blot, PLA: proximity ligation assay, IF: immunofluorescence, IP: immunoprecipitation,

Table 7. List of secondary antibodies used in Chapter I and Il

Antibody Source Reference
Goat anti-mouse HRP GE Healthcare NXA931
Donkey anti-rabbit HRP GE Healthcare NA934V
Donkey anti-rat HRP GE Healthcare NA935V
Goat anti-guinea pig HRP Santa Cruz sc-2438
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Goat anti-mouse biotinylated Vector Laboratories BA9200

Goat anti-rabbit biotinylated Vector Laboratories BA1000
Alexa Fluor® 488 goat anti- Thermo Fisher A11001
mouse

Alexa Fluor® 488 goat anti- Thermo Fisher A11008
rabbit

Alexa Fluor® 488 donkey anti- Thermo Fisher A21208
rat

Alexa Fluor® 594 goat anti- Thermo Fisher A11005
mouse

Alexa Fluor® 594 goat anti- Thermo Fisher A11012
rabbit

3.2 Human experiments

3.2.1 Post-mortem brain homogenates

Postmortem human brain samples were obtained from the New York Brain Bank at
Columbia University and the University of Barcelona Brain Bank. SN was dissected from
ventral midbrain samples from 5 control subjects and 9 PD patients (mean age at death = 72
+ 4.3 years, cold postmortem interval = 6.47 + 2.72 hours and frozen postmortem interval =
10.63 £ 2.82 hours). Total tissue proteins were isolated in a buffer containing 50 mM Tris-
HCI (pH 7, Sigma-Aldrich, Ref. T6066), 150 mM NaCl (Sigma-Aldrich, Ref. S3014), 5 mM
EDTA (Ethylenediaminetetraacetic acid, Sigma-Aldrich, Ref. E5134), 1% SDS (Sodium
dodecyl sulfate, Sigma-Aldrich, Ref. L3771), 1% Nonidet P-40 (Sigma-Aldrich, Ref. 18896)
and protease inhibitors (Complete mini Protease Inhibitor Cocktail, Sigma-Aldrich, Ref.
11836153001).

3.3 Mouse experiments

3.3.1 Animal handling

We used C57BL/6Ncrl background male mice. Animals were housed under controlled
conditions (22°C + 1°C; 12h light/dark cycle) with food and water available ad libitum. All the

animal procedures and methods employed in this study followed the Guide for the Care and
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Use of Laboratory Animals (Guide, 8th edition, 2011, NIH) and European (2010/63/UE),
Spanish (RD53/2013) and Catalan (Decret 214/97) legislation. All the procedures had been

approved by the Vall d’Hebron Institute of Research Animal Ethical Experimental Committee.

3.3.2 AAV vector production and stereotaxic delivery

For adeno-associated virus (AAV) delivery, human TIM23 and human TOM20 cDNA
sequences cloned into a pCMV6-XL5 vector were obtained from Origene (Origene
Technologies, Ref SC116167 and SC114860 respectively) and AAV of serotype 2/9 were
produced at the UPV-CBATEG (Autonomous University of Barcelona, UAB, Spain).

One microliter of viral suspension was stereotaxically delivered to the area just above the SN
of 8-week-old C57BL/6Ncrl mice (-2.9 AP, -1.3 L and -4.2 DV) at a flow rate of 0.2 pL/min. At
day 28 post AAV injections, animals were either euthanized, to analyze TIM23 and TOM20
overexpression, or treated with saline or MPTP, as indicated (Fig. 17).

Saline
Sham MPTP
AAV2/9-hTIM23 5 days 21 days Substantia nigra

AAV2/9-hTOM20

1 | A

Striatum

g gy

HC
d21

28 days

Figure 17. Diagram representing the workflow and experiments performed with AAV-

injected mice.

IHC: immunohistochemistry.

3.3.3 MPTP administration to mice

8-week-old mice were treated following a sub-acute regimen (Jackson-Lewis and
Przedborski, 2007), which consisted of one intra-peritoneal injection of MPTP-HCI (30
mg/kg, Sigma-Aldrich, Ref. M0896) per day, during five consecutive days. Animals were
euthanized at day O, 1, 2, 4, 7 and 21 after the last injection. Control mice received saline

injections only (Fig. 18).
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Figure 18. Diagram representing the workflow and experiments performed with MPTP-

intoxicated mice.

IHC: immunohistochemistry, WB: western blot.

3.3.4 Tissue collection

For biochemical analysis, ventral midbrain was removed from the mice and resuspended in
RIPA buffer containing 50 mM Tris-HCI pH 7, 150 mM NaCl, 5 mM EDTA, 1% SDS, 1%
Nonidet P-40 and proteases inhibitors. Tissue was homogenized performing 10 go/back
movements with a 18G syringe and 10 go/back movements with a 23G syringe. The
suspension was centrifuged at 13.000 rpm for 30 min at 4°C in order to separate the pellet,
which contains the debris, from the supernatant, which contains all the proteins. Samples
were sonicated for 5 sec and total protein concentration was determined by the bicinchoninic
assay method (Thermo Scientific, Reagent A Ref. 23228 and Reagent B Ref. 23224) with
BSA (Bovine Serum Albumin, Thermo Fisher Ref. 23209) as a standard protein.

For histological analysis, mice were anesthetized with an intraperitoneal injection of 0.2 mL
of 5% pentobarbital (Ref. 37689). We used a 9 mL/min flow rate of NaCl 0.9% (Frasenius
Kabi) during 3 minutes and 4% paraformaldehyde (Panreac, Ref. A3697.9010) diluted in 0.2
M phosphate buffer containing 0.15M sodium phosphate dibasic and 0.05M of sodium
phosphate monobasic (Sigma-Aldrich, Ref. S0876 and S9638 respectively) during 8 min.
Brains were removed and incubated 24h in 4% ice-cold paraformaldehyde at 4°C and 48h
more in 30% sucrose (Sigma-Aldrich, Ref. S9378) at 4°C. Brains were frozen in 2-

methylbutane (Honeywell, Ref. M3263) between -30 and -40°C and stored at -80°C.
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3.4 Cell culture and treatments

3.4.1 BE(2)-M17

Human neuroblastoma dopaminergic cell line BE(2)-M17 (Sigma-Aldrich, Ref. 95011816)
was grown in Minimal Essential Medium optimized (Opti-MEM, Gibco, Thermo Fisher, Ref.
31985062) supplemented with 10% inactivated fetal bovine serum (Thermo Fisher, Ref
26140-079), 1% penicillin-streptomycin (Sigma-Aldrich, Ref P4333) and 0.5 mg/mL active
geneticin (Thermo Fisher, Ref 11558616) and maintained at 37°C in humidified 95%
air/5%CO; incubator.

MPP* was diluted in water and added at 80% of cell confluence at the following
concentrations: 0.12 mM, 0.25 mM, 0.5 mM, 1 mM, 2 mM and 5 mM for 24h.

3.4.2 ST-Q7 and ST-Q111 cells

STHAh?"?" (ST-Q7) and STHAh®*RM! (ST-Q111) were obtained from Coriell Institute (Ref.
CHO00097 and CH00095, respectively). ST-Q7 and ST-Q111 cells were grown in Dulbecco’s
Modified Eagle Medium (DMEM, Gibco, Thermo Fisher, Ref. 41966-029) supplemented with
10% inactivated fetal bovine serum, 1% penicillin-streptomycin and 0.4 mg/mL active
geneticin and maintained at 33°C in humidified 95% air/5%CO; incubator. For differentiation,
cells were supplemented with dopamine (DOPA) cocktail consisting on 10 ng/mL a-FGF-
acidic mouse recombinant (Fibroblast growth factor, Sigma-Aldrich, Ref. SRP3197-50U),
250 uM IBMx (3-isobutyl-1-methylxanthine, Sigma-Aldrich, Ref. 15879), 200 nM TPA/PMA
(Phorbol 12-myristate 13-acetate, Sigma-Aldrich, Ref. P1585), 50 uyM Forskolin (Sigma
Aldrich, Ref. F6886) and 20 uM dopamine hydrochloride (Sigma-Aldrich, Ref. H8502) during
at least 24h.

3.4.3 SH-SY5Y

Human neuroblastoma SH-SY5Y cell line was obtained from ATCC (CRL-2266™) and
grown in Dulbecco’s Modified Eagle Medium supplemented with 10% inactivated fetal bovine
serum and 1% penicillin-streptomycin and maintained at 37°C in humidified 95% air/5%CO,

incubator.
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For biochemical studies cells were washed twice with ice-cold PBS solution containing 137
mM NacCl, 2.7 mM KCI, 10 mM Na,HPO, and 1.8 mM KH,PO, at pH 7.4 (Sigma-Aldrich, Ref.
P9333, S7907 and P5655, respectively) before detaching them with a cellular scraper. Cell
suspension was centrifuged at 800g for 5 min at 4°C. Supernatant was discarded and the
pellet was resuspended in PBS. We repeated the centrifugation step two more times and
finally cell suspension was resuspended in RIPA buffer to which we added freshly proteases
inhibitors (HALT Protease inhibitor cocktail EDTA free, Thermo Scientific, Ref. 1862209) and
1 mM PMSF (Sigma Aldrich, Ref. P7626). Homogenates were incubated on ice for 15 min
and samples were sonicated. Total protein concentration was determined by the

bicinchoninic assay method with BSA as a standard protein.

3.5 Transfections

3.5.1 Bacterial transformation and DNA purification

For the production of mitoGFP plasmid, the mitochondrial targeting sequence of Aconitase 2
was cut using BAMHI and EcoRI as restriction sites. EGFP was recovered from the vector
pPEGFPN2 by EcoR | and Not | digestion. Mitochondrial targeting sequence (Bam HI - EcoRlI)
and EGFP (EcoRI - Not I) were cloned into the pcDNA3 vector using the BamHI and Not |
cloning site. Human TIM23 and TOM20 plasmids cloned into a pCMV6-XL5 vector were
obtained from Origene (Origene Technologies, Ref SC116167 and SC114860). mKeima-
Red-Mito7 (mitoKeima) plasmid was obtained from Addgene (Ref. 56018).

Competent bacterial samples XL Blue were transformed with 1-2 yL of cDNA (TIM23 or
TOM20) by incubation 10 min on ice followed by a thermal shock at 42°C for 3 min. Bacterial
colonies were let to grow overnight in Luria-Broth (LB, Invitrogen Ref 12795027) agar (Alfa
Aesar, Ref. A10752) plates supplemented with Ampicillin (100 pyg/mL, Sigma-Aldrich, Ref.
A9518) at 37°C. One individual colony was picked with a pipette tip and thrown into LB
medium supplemented with Ampicillin and let on agitation overnight at 37°C. Plasmid
purification was performed with NucleoBond R Xtra Midi (Clontech Laboratories, Ref.
740410.50).
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3.5.2 Transfections

For mitoGFP, TIM23 and TOM20 plasmid transfection in BE(2)-M17 cells, Lipofectamine
2000 (Thermo Fisher, Ref. 11668-019) was used. For cells seeded in a 12-well plate, 0.8 ug
of DNA were transfected using a DNA:lipofectamine ratio between 1:1.5 and 1:2. DNA and
lipofectamine were diluted separately in Opti-MEM medium (without serum or antibiotics)
and the mixture was incubated for 5 minutes prior to the mixing of DNA and lipofectamine.
After 20-25 minutes of incubation at room temperature (RT), the DNA-lipofectamine mix was
added to each well. We added the same amount of lipofectamine also in non-transfected
condition. 4-5 hours after transfection, medium was changed to the corresponding growing

medium.

For mitoKeima transfection in ST-Q7 and ST-Q111 cells, Lipofectamine 3000 (Thermo
Fisher, Ref. L3000015) was used. For cells seeded in a 12-well plate, we transfected 30 pg
of DNA using a DNA:lipofectamine ratio 1:1.5 and following the same protocol as for BE(2)-
M17 cells.

3.6 Generation of TOM20 stable cell line

Human TOMM20 (Myc-DDK tagged) and pLenti-C-Myc-DDK-P2A-Puro lentiviral particles
were obtained from Origene (Origene Technologies, RC210746L3V and PS100092V).
8ug/mL of polybrene (Hexadimethrine bromide, Sigma-Aldrich, Ref. H9268) was added to
the medium 1-2h before lentiviral transduction. Lentiviral particles were added at a MOI
(multiplicity of infection) of 5 and incubated for 18-20h at 37°C in humidified 95% air/ 5% CO,
incubator. Two days after transduction, medium with puromycin (selection marker, Life
Technologies, Ref. A11138-03) at 1ug/mL was added and stable cell lines were obtained
after 4-7 days.

3.7 Quantitative Real-Time PCR (RT-gPCR)

BE(2)-M17 cells treated with MPP™ or vehicle were trypsinized and centrifuged at 300g for 5
minutes. The pellet was washed with PBS and centrifuged again at 300g for 5 minutes. For
MRNA extraction we used the RNeasy Mini Kit (Qiagen, Ref. 74106) according to
manufacturer’s instructions. Total mMRNA concentration was measured on a Nanodrop 1000

(Nucliber). One ug of total mRNA was reverse-transcribed with Oligo(dT) by using
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SuperScript [II™ first-strand system for RT-PCR (Invitrogen, Ref. 18080051) or the High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Ref. 4368814) in a final

volume of 20 uL following manufacturer’s instructions.

The expression of the genes of interest was analyzed using Tagman Universal Master Mix
with UNG (Roche Applied Biosystems, Ref. 4440038) and fluorescence-labelled specific
probes (Table 8) on a 7900HT SDS (Applied Biosystems). 2.5 ng of cDNA were used to
measure MRNA levels. Relative quantification was carried out using the 2-deltadeltaCt
method using the software ABI PRISM 7900HT SDS version 2.2 (Applied Biosystems).

Table 8. List of RT-qPCR probes used

Gene Specie Tagman ref.
TIM23 Human #Hs00197056_m1
TOM20 Human #Hs00740685_sH
CLPX Human #Hs01101010_m1
HSP9 Human #Hs00269818_m1
RPLPO Human #4326314E

3.8 Immunohistochemistry in tissue

SN and striatum coronal serial sections were cut at either 20 um or 30 um using a cryostat
(Leica CM 3050 S) and incubated in 0.1 M phosphate buffer containing 0.01% sodium azide
(Sigma-Aldrich, Ref. S8032) until used.

3.8.1 TIM23/TOM20 immunohistochemistry in Substantia Nigra

To assess TIM23 and TOM20 expression in SN we used 6 regularly spaced 20 um-thick
sections spanning the entire SNpc. Free-floating sections were incubated in 10% methanol
(Panreac, Ref. 131091), 3% H,O, (Sigma-Aldrich, Ref. H1009) in TBS (100 mM TrisBase
and 150 mM NacCl) for 5 min at RT. Since both antibodies are raised on mouse, we used the
Vector® M.O.M™ Immunodetection kit (Vector Laboratories, Ref. BMK-2202) according to

manufacturer’s instructions. Briefly, tissues were incubated in M.O.M Mouse Ig Blocking
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Reagent for 1h at RT and then incubated overnight at 4°C with primary antibodies anti-
Tim23 and anti-Tom20 diluted in M.O.M diluent. Sections were incubated with anti-mouse
biotinylated secondary antibody diluted in M.O.M diluent for 1h at RT, followed by signal
amplification using the avidin-biotin complex (ABC Standard, Thermo Fisher, Ref. 32020)
method. For developing we used 3,3’-diaminobenzidine tetrahydrochloride (DAB Enhanced,
Sigma-Aldrich, Ref. 3939). Sections were mounted onto superfrost ultra plus slides (Menzel-
Glaser, Ref.10417002) and air-dried overnight at RT. Slides were dehydrated by a short
sequential incubation with ethanol 70%, ethanol 95%, ethanol 100% and xylene (Panreac,
Ref. A2476), and coverslips (24x60mm, Menzel-Glaser, Ref. 781753) were mounted with
DPX (Sigma, Ref. 06522).

3.8.2 Tyrosine hydroxylase-immunostaining in SN and Striatum

To assess tyrosine hydroxylase (TH) expression in SN we used 12 regularly spaced 30 ym-
thick sections spanning the entire SNpc, while for striatum we used 4 representative 30 ym-
thick sections covering different striatal anatomical levels. Tissue was incubated for 5 min in
10% methanol, 3% H,O, in TBS prior to blocking with 5% normal goat serum (Vector
Laboratories, Ref. S100) in TBS for 1h at RT. Sections were incubated with anti-TH antibody
at 1:2000 for SN and 1:5000 for striatum in 2% normal goat serum in TBS for 48h in agitation
at 4°C. Then, anti-rabbit biotinylated secondary antibody was applied, diluted in 2% normal
goat serum in TBS at 1:1000 for SN and at 1:2000 for striatum for 1h at RT, followed by
signal amplification using the avidin-biotin complex (ABC Standard for SN and ABC Ultra-
sensitive Plus for striatum, Thermo Fisher, Ref. 32050) method. For developing we used
3,3’-diaminobenzidine tetrahydrochloride (DAB Enhanced). Sections were mounted onto
superfrost ultra plus slides and air-dried overnight at RT. Slides were dehydrated by a short
sequential incubation with ethanol 70%, ethanol 95%, ethanol 100% and xylene, and
coverslips were mounted with DPX. For SN, we performed a Nissl counterstaining with

Cresyl Violet (Sigma-Aldrich, Ref. C5042) for 10 minutes prior to the dehydration step.

3.8.3 Quantitative morphology

To assess the integrity of the nigrostriatal pathway, we quantified TH-positive neurons and
fibers in the SNpc and striatal immunostained sections (Bové et al., 2014; Perier et al., 2007;

Recasens et al., 2014).
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3.8.3.1 TH-positive striatal fibers

Striatal TH innervation was assessed by optical densitometry (OD) in 4 representative
sections of the striatal volume (Fig. 19). Sections were scanned in an Epson Perfection
V750 PRO scanner and Sigma Scan software (Systate Software, Inc) was used to quantify
the grey intensity in the striatum (Str) compared to the blank, which in our case was
represented by the cortex (Ctx). In this way, OD was assessed with the formula OD=-log
(Istr/Ictx).

Cté Ctx Ctx

§ 5 9" 95 %

-—

Figure 19. TH-immunohistochemistry in 4-regularly spaced 30 pm-thick sections

corresponding to different striatal anatomical levels.

Ctx, cortex; Str, Striatum.

3.8.3.2 TH-positive SNpc neurons

To assess the total number of TH-positive SNpc neurons, we used stereology in 12 regularly
spaced 30 pum-thick sections covering the entire SNpc. For such, we used the
Stereolnvestigator software (MBF Bioscience) where we delineated the SNpc for each slide
(Fig. 20) and probes for stereological counting were applied to the map obtained (size of
counting frame was 50x50 um spaced 125x100 pm) using a Zeiss Axio Imager D1

microscope (Carl Zeiss Microscopy).
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Figure 20. Coronal sections across the entire SNpc from caudal (A) to rostral (H).

Photomicrograph in (A) corresponds to the first caudal section to consider for stereology
counting. The interval between each section corresponds to a fourth section interval. The brown

colour represents TH-positive neurons and the purple colour, the Nissl staining.

Each TH-positive cell that had its nucleus included within the counting frame was counted
(Fig. 21). Using the optical fractionator method, we estimated the total number of TH-
positive cells in the SNpc of each hemisphere.

Figure 21. Stereological counting using

optical fractionator.

(A-D) lllustrate the way we count TH-positive
cells with a bicolour 50 um-squared counting
frame. Every nucleus of TH-positive cell
inside the counting frame (asterisk in A and
C) or touching the green line (asterisk in B)
has to be count. Every nucleus of TH-
positive cell touching the red line (pound sign
in C) has to be excluded from the counting.
(D) If the nucleus of TH-positive cell crosses
both, green and red lines, the cell has to be

excluded (pound sign in D).

3.9 Immunofluorescence in tissue

Immunostaining was performed on 20 or 30 um-thick free-floating sections. Tissue sections
were incubated with blocking solution containing 5% normal goat serum and 0.1% triton x-
100 (Sigma, Ref. T9284) in PBS for 1h at RT. Then, sections were incubated with the

corresponding primary antibodies in 2% normal goat serum and 0.1% triton x-100 in PBS
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overnight at 4°C and with the corresponding secondary Alexa antibodies for 1h at RT. For
nuclei staining Hoechst 33342 (Invitrogen, Ref. H3570) was used at 1:20000 dilution in PBS
for 10 min. Sections were mounted onto superfrost ultra plus slides using DAKO Fluorescent
Mounting Medium (DAKO, Ref. S3023).

Images were acquired using an Olympus BX61 fluorescence microscope connected to a
Olympus DP70 camera and cellSens software (Olympus Corporation) or using an Olympus
FV1000 confocal microscope connected to FV 4.1 software (Olympus Corporation). We
created ROIs corresponding to TH-positive neurons, in which we analyzed COX IV intensity

using ImageJ 1.50a (National Institutes of Health, USA).

3.10 Immunofluorescence in cells

Cells were seeded in 16 mm of diameter coverslips (Menzel Glaser, Ref. #1). Cells were
fixed in 4% paraformaldehyde for 30 minutes at RT. Following the incubation with blocking
solution containing normal goat serum 3%, triton x-100, 0.1% in PBS for 1h at RT, the
corresponding primary antibodies were used diluted in the same blocking solution overnight
at 4°C. Then, cells were incubated 1h at RT with the corresponding Alexa secondary
antibodies, diluted in blocking solution. Nuclei were stained with 10 uM Hoechst 33342 in
PBS for 10 min at RT. Slides were mounted onto superfrost ultra plus slides using DAKO
Fluorescent Mounting Medium. Images were acquired using an Olympus FV1000 confocal
microscope. Intensity analysis was performed by drawing a ROI to each cell and measuring
its intensity using ImageJ 1.50a. When immunofluorescence analysis was performed on
TIM23 and TOM20 transient transfected cells, intensity was only measured in those cells
overexpressing TIM23 or TOM20.

Colocalization analysis of LAMP1-mitochondria was done with single cells quantifying the
overlapping signal of LAMP-1 and Mitotracker in the cytosol area. For such, we used the
Pearson’s correlation coefficient and the percentage of lysosomes that were positive for
mitochondria by using ImageJ 1.50a software. At least 50 single cells were quantified in

each condition.
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3.11 Immunoblot

Human, mouse and cellular protein extracts homogenized in RIPA buffer were sonicated and
heated at 95°C for 5 min after adding loading buffer 6x containing Tris 500 mM, 30% glycerol
(Sigma-Aldrich, Ref. G5516), 10% SDS and 0.6 M DTT (Roche, Ref. 10708984001).
Proteins were resolved by SDS-PAGE on different percentage of polyacrylamide gels,
ranging from 7% to 15% and run around 90 min at 120V in running buffer (25 mM Trizma R
Base, 192 mM glycine and 1% SDS, Sigma-Aldrich, Ref. T6066, G7126 and L3771,
respectively). Protein All Blue Standards ladder (Biorad, Ref. 161-0373) was used as a
ladder. Resolved proteins were transferred onto nitrocellulose membranes (GE Healthcare,
Ref. 10600002) during 90 minutes at 200 mA per gel in transfer buffer (25mM Trizma R
Base, 192mM glycine and 20% methanol) and then blocked with 5% non-fat milk powder
(Sigma-Aldrich, Ref. 70166) in PBS for 1h at room temperature. Membranes were incubated
with the corresponding primary antibodies diluted in 4% bovine serum albumin (Sigma-
Aldrich, Ref. A4503) in PBS overnight at 4°C. Then, we proceeded to the incubation with the
corresponding secondary antibodies coupled with horseradish peroxidase and diluted in 5%
milk in PBS for 1h at RT. Finally, proteins were visualized using either West Pico
SuperSignal Substrate or SuperSignal West Femto (Thermo Fisher, Ref. 34080 and 34095,
respectively) on an ImageQuant RT ECL imaging system (GE Healthcare). Immunoblots

were quantified by densitometry using ImageJ 1.50a.

3.12 mtDNA copy number

3.12.1 Cells

BE(2)-M17 cells were trypsinized, centrifuged at 300 g for 5 minutes. The pellet was washed
with PBS and centrifuged again at 300g for 5 minutes. After the addition of Proteinase K
(Sigma-Aldrich, Ref. P2308), purification of total (genomic and mitochondrial) DNA was
performed using the QlIAamp DNA Mini Kit (Qiagen, Ref. 51306) according to manufacturer’s
instructions. Total DNA concentration was measured using a Nanodrop 1000 and diluted at
100 ng/uL in distilled H,O.

To quantify mtDNA content, we analysed relative mtDNA (12S rRNA gene) versus nuclear
DNA (RNaseP single copy gene) copy number. The sequences for 12S primers were: 5'-
CCACGGGAAACAGCAGTGAT-3' (forward) and 5-CTATTGACTTGGGTTAATCGTGTGA-
3’ (reverse) and the FAM-labeled probe sequence was FAM-5-TGCCAGCCACCGCG-3'-
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MGB. For RNAseP we used a commercial assay RNAseP Control Reagent VIC-TAMRA
(Applied Biosystems Ref. 4316849). A standard curve with cloned-12S and RNAseP
amplicons was used for absolute quantification of mtDNA and nuclear DNA in the samples.
Real-time PCR was performed on an ABI PRISM 7900HT and SDS version 2.2 software

using Tagman Universal Master Mix Il with UNG.

3.12.2 Tissue

Ventral midbrain tissue was used for purification of total (genomic and mitochondrial) DNA
with the QIAamp DNA Mini Kit (Qiagen, Ref. 51306) according to manufacturer’s
instructions. Total DNA concentration was measured using a Nanodrop 1000 and diluted at
100 ng/pL in distilled H,O.

To quantify mtDNA content, we analysed relative mtDNA (16S rRNA gene and ND4 gene)
versus nuclear DNA (ANG1 gene) copy number. The sequences for 16S primers were: 5'-
AATGGTTCGTTTGTTCAACGATT-3' (forward) and 5-AGAAACCGACCTGGATTGCTC-3'
(reverse) and the FAM-labeled probe sequence was 5'-FAM-AAGTCCTACGTGATC
TGAGTT-MGB-3'. The sequences for ND4 primers were: 5-TGCATCAATCATAATCCAA
ACTCCATGA -3' (forward) and 5-GGCAGAATAGGAGTGATGATGTGA-3' (reverse) and the
VIC-labeled probe sequence was 5'-VIC-CCGACATCATTACCGGGTTTTCCTCTTG-3'
Tamra. For ANG1 we used a commercial assay A (Applied Biosystems Ref.
MmO00833184_s1). A standard curve with cloned-16S, ND4 and ANG1 amplicons was used
for absolute quantification of mMtDNA and nuclear DNA in the samples. Real-time PCR was
performed on an ABI PRISM 7900HT and SDS version 2.2 software using Tagman
Universal Master Mix Il with UNG.

3.13 Mitochondrial enrichment

Mitochondria were isolated from BE(2)-M17 cells as previously described on Frezza et al.
(Frezza et al., 2007). Briefly, cells were washed once with PBS and detached them using a
cell scraper. Cell suspension was centrifuged at 600g at 4°C for 5 min and the supernatant
was discarded. Pellet was resuspended in ice-cold IBc buffer (10 mM Tris-MOPS (Sigma,
Ref. M5162), 1mM EGTA/Tris (Sigma, Ref. E4378) and 0.2 M sucrose in H,O at pH 7.4). To
homogenize we used a Teflon pestle operated at 1600 rpm and stroked the cell suspension

placed in a glass potter during 30-40 times. Cell suspension was centrifuged at 600g for 10
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min at 4°C and the supernatant was further centrifuged at 7000g for 10 min at 4°C. Pellet
was washed with ice-cold IBc buffer and centrifuged again at 7000g for 10 min at 4°C.
Finally, the pellet containing mitochondria was resuspended in an adequate volume of IBc
buffer. Next, we determined the mitochondrial protein concentration by the bicinchoninic

assay method with BSA as a standard protein.

3.14 Mitochondrial protein aggregation

For assessing the presence of insoluble proteins in mitochondria, we resuspended the
isolated mitochondria at a final concentration of 1mg/mL in lysis buffer containing 25mM
Tris-HCI at pH 7.4, 300mM NaCl, 5mM EDTA, proteases inhibitors and 1mM PMSF. An
eqgual volume of lysis buffer containing 1% Nonidet P-40 was added to mitochondrial dilution.
Samples were incubated on ice during 10 min and then, centrifuged at 20.000g for 30 min at
4°C. We collected both the supernatant, which is the soluble fraction, and the pellet, which
represents the NP-40-insoluble aggregate. The insoluble fraction was washed with PBS and
centrifuged again at 20.000g for 15 min at 4°C. The pellet was resuspended in loading buffer
4x containing blue 4x (100 mM Tris, 30% glycerol, 4% SDS and 0.2% bromophenol blue,
Sigma-Aldrich Ref. B6131), 25 mM DTT in running buffer and both soluble and insoluble
fractions were separated on 15% SDS-PAGE gels for western blot analysis using Total

OXPHOS antibody. This protocol was adapted from Moisoi et al (Moisoi et al., 2009a).

3.15 Membrane potential

BE(2)-M17 cells were seeded in 12-well plates and, upon 80% confluence, treated with
either vehicle or MPP™ at 1 mM for 24h. Cells were washed twice with pre-warmed PBS and
TMRM probe (reconstituted in DMSO, Life Technologies, Ref. C6827) was added to the
medium at 1 yM and incubated for 30 min in cell incubator. Cells were washed twice with
pre-warmed PBS and recollected with a cell scraper in medium. Using a FACSAria flow
cytometer (BD Biosciences) 10.000 cells were acquired and fluorescence was read at 561
nm laser with 582/15 emission filter. Membrane potential was analyzed as mean
fluorescence intensity (MFI) and represented either as MFI or as fold change compared to

the corresponding controls using the FCS Express (v3 De Novo Software™).
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3.16 Mitochondrial pOTC import assay

Human ornithine transcarbamylase (OTC) precursor cDNA in pGEM-3Zf(+)-pOTC plasmid
was transcribed and translated in vitro using the TNT-coupled reticulocyte lysate system
(Promega) in the presence of I-[35S]methionine (PerkinElmer). Following translation,
[35S]methionine-labeled pOTC was incubated with isolated mitochondria at 37°C for the
indicated times, and mitochondria containing imported OTC were collected by centrifugation
at 9,000g for 10 min and subjected to SDS-PAGE. The radioactive polypeptides on the gel
were visualized using a Personal Molecular Imager FX (Biorad). Cleaved mature OTC
(mOTC), which represents the completion of import into the mitochondrial matrix and
migrates faster than pOTC on SDS-PAGE, was quantified using ImageJ 1.50. The data are
presented as the percentage of mOTC compared to total [35S]pOTC.

3.17 Seahorse XF24 mitochondrial respiration analysis

Oxygen consumption rate (OCR) was measured using the Seahorse XF24 equipment
(Seahorse bioscience Inc., North Billerica, MA, USA). ST-Q7 and ST-Q111 cells were
seeded in Seahorse XF24 Cell Culture Microplate (Seahorse Biosciences, Ref. 100777-
004). Striatal cells were seeded on XF24 microplates and differentiated and treated with the
corresponding treatments. Cells were rinsed once and incubated in 700 pl of XF assay
buffer (DMEM without NaHCO3, 2 mM glutamax; pH 7.4, 5 mM glucose, 1 mM sodium
pyruvate), then equilibrated for 1 h at 37°C in a non-CO; incubator. All medium and solutions
of mitochondrial complex inhibitors were adjusted to pH 7.4 on the day of assay. Following
three baseline measurements of OCR, mitochondrial complex inhibitors were sequentially
injected into each well. Three OCR readings were taken after addition of each inhibitor and
before automated injection of the subsequent inhibitor. Mitochondrial complex inhibitors, in
order of injection, included oligomycin (1 uM) to inhibit complex V (i.e., ATP synthase),
CCCP (0.5 pM each time) to uncouple the proton gradient, antimycin A (1.0 uM) to inhibit
complex lll, and rotenone (1.0 yM) to inhibit complex |I. OCR were automatically calculated,
recorded, and plotted by Seahorse XF24 software version 1.8 (Seahorse Bioscience,
Billerica, MA, USA). At the end of each assay, cells were washed once with an excess of RT
DPBS, lysed with ice-cold RIPA buffer and the protein content estimated by the bicinchoninic

assay method with BSA as a standard protein.
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3.18 Cell death

3.18.1 Cell death analysis using MTT

Cell death was analyzed using the MTT Cell Proliferation Assay (ATCC bioproducts, Ref. 30-
1010K) following manufacturer’s instructions. 3x10% BE(2)-M17 cells were seeded in 96-well
plates and, upon 80% confluence, treated with either vehicle or different MPP*
concentrations for 24h. 10 yL of MTT Reagent was added to each well and the plate was
further incubated for 3h at 37°C in humidified 95% air/5%CO, incubator. When the purple
precipitate is visible, 100 pL of Detergent reagent was added to all wells and the plate was
swirled gently and left in the dark for 3h. MTT is reduced by metabolically active cells
generating an intracellular purple formazan that can be quantified by spectrophotometric

means at 590 nm absorbance in an spectrophotometer (ELx800, Biotek Instruments, Inc.).

3.18.2 Cell death analysis using propidium iodide

Cell death was analyzed as number of propidium iodide positive cells. All measurements and
analyses were performed using FACSAria flow cytometer. BE(2)-M17 cells were seeded in
12-well plates, transfected with hTIM23 or hTOM20 and treated with either vehicle or MPP*
at 5 mM for 24h. Cells were detached and propidium iodide (Invitrogen, Ref. P3566) was
added at 1:1000 dilution. Using a FACSAria flow cytometer 10.000 cells were acquired and
fluorescence was read at 488 nm laser with 610/20 emission filter. Cell death was analyzed
as the number of PI positive cells and represented as fold change compared to the

corresponding controls using the FCS Express (v3 De Novo Software™).

3.19 ROS

3.19.1 Fluorometer analysis

BE(2)-M17 cells were seeded in 12-well plates and, upon 80% confluence, treated with
either vehicle or MPP+ at 1 mM for 24h. Cells were washed twice with pre-warmed PBS and
10uM CM-H,DCFDA probe (reconstituted in DMSQO) was added in Opti-MEM medium and
incubated for 30 min in cell incubator. Cells were washed twice with pre-warmed PBS and
lysed using a cell lysis buffer containing 20 mM Tris-HCI, 150 mM NaCl, 1 mM Na,EDTA, 1

mM Na,EGTA and 1% of triton in H,O. Plates were shaken at room temperature for 5
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minutes. From each well, 50uL of cell lysate was loaded per triplicate into a 96-well black
microplate (Corning Incorporated, Ref. 3631) and read immediately with 485/20 nm
excitation and 528/20 nm emission wavelengths in the spectrofluorometer (FLx800, Biotek
Instruments, Inc.). Fluorescence values were corrected with protein concentration and

represented as fold change compared to the corresponding controls.

3.19.2 Flow cytometry analysis

Cells were seeded in 12-well plates and, upon 80% confluence, treated with the
corresponding reagents. Cells were washed twice with pre-warmed PBS and either 50 uM of
CM-H,DCFDA probe or 50 uM CellROX was added in medium and incubated for 30 min in a
cell incubator. Cells were washed twice with pre-warmed PBS and recollected with a cell
scraper in medium. Using a FACSAria flow cytometer, 10.000 cells were acquired and
fluorescence was read at 488 nm laser with 530/30 emission filter. ROS was analyzed as
mean fluorescence intensity (MFI) and represented either as MFI or as a percentage
compared to the corresponding controls using the FCS Express v3.

3.19.3 Immunofluorescence analysis

Cells were seeded in 16 mm of diameter coverslips and 5 uyM of CellROX was added in
medium and incubated for 30 min in a cell incubator. We followed the same protocol as the
one for immunofluorescence. Images were acquired using an Olympus FV1000 confocal

microscope.

3.20 Proximity Ligation Assay (PLA)

PLA was performed in 3% formaldehyde-fixed cells (Sigma Aldrich, Ref. F1635) following
manufacturer’s instructions. Briefly, samples were blocked for 30 min at RT and incubated
with specific primary antibodies overnight. Secondary antibodies anti-mouse PLUS and anti-
rabbit MINUS conjugated with oligonucleotides were added to the reaction (Duolink PLA
Probe anti-mouse PLUS and anti-rabbit MINUS, Duolink, Sigma Aldrich, Ref. DU0O92001
and DUO92005 respectively) and incubated for 1h at 37°C. Ligation reagents were added
and incubated for 30 min at 37°C. If the two PLA probes are close enough, a closed

oligonucleotide circle will be generated. Amplification solution, containing nucleotides and
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fluorescently labeled oligonucleotides, and polymerase were added and incubated for 100
min at 37°C. The oligonucleotide arm of one of the PLA probes acts as a primer for rolling-
circle amplification reaction using the ligated circle as a template. This generates a
concatemeric product where the fluorescently labeled oligonucleotides will hybridize
(Detection Reagent RED, Duolink, Sigma Aldrich, Ref. DUO92008). The proximity ligation
signal is observed as fluorescence spots and was analysed by confocal microscopy using an
Olympus FV1000 confocal microscope. The corresponding control experiments were
performed under identical experimental conditions. Quantification was performed by
analyzing the number of dots per cell and the area fraction that these dots occupy per cell

using ImageJ 1.50a.

3.21 Immunoprecipitation

ST-Q7 and ST-Q111 cells seeded in 6-well plates, upon 80% confluence, were recollected in
PBS using a cell scraper and centrifuged at 800g at 4°C for 5 min. Pellet was resuspended
in IP buffer containing 0.01% triton x-100 in PBS and protease inhibitors (Thermo Scientific,
Ref. 78415). 1:2 mixture of Dynabeads® protein A and protein G (Thermo Scientific, Ref.
10001D and 10003D, respectively) was incubated with the corresponding antibody, together
with 5 mM BS? (bis(sulfosuccinimidyl)suberate, Sigma Aldrich, Ref. S5799), to crosslink the
antibody to the Dynabeads®, in IP buffer and let rocking 30 min at RT. The supernatant was
discarded using a magnetic particle concentrator (DynaMag™-2, Invitrogen, Ref. 4211) and
BS® was inactivated with 50mM Tris-HCI pH 7.4 for 15 min. Dynabeads® were washed three
times with IP buffer and incubated with the corresponding cell lysate for 90 min at 4°C. For
elution, samples were incubated in elution buffer containing 0.2 M glycine pH 2.5, LB6x and
16 mM DTT 10 min at 70°C. Immunoprecipitates or whole-cell extracts were analyzed by

standard immunoblotting.

3.22 Statistical analysis

The values were expressed as the mean + standard error of the mean (SEM). The
significant differences (*p<0.05, **p<0.01, ***p<0.001) when comparing two groups were
determined by a two-tailed unpaired Student’s t test. When comparing more than two
groups, significant differences were determined by one-way or two-way ANOVA followed by

Tukey’s post hoc test. Statistical analyses were performed using GraphPad Prism 6.
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4 Results

4.1 Chapter I: PD and mitochondrial protein import

4.1.1 Mitochondrial protein import deficiency in human substantia nigra
in PD.

Mitochondrial proteome is mostly encoded by the nuclear DNA, thereby mitochondrial
proteins must be imported from the cytoplasm to the different mitochondrial compartments
(Pfanner and Neupert, 1990). Some previous studies have linked a-synuclein to the
mitochondrial protein import machinery (Bender et al., 2013; Devi et al., 2008b). To test the
possibility that mitochondrial protein import was impaired in the context of PD, we analyzed
the expression levels of two nuclear-encoded mitochondrial proteins, NADH (reduced form
of nicotinamide adenine dinucleotide)-ubiquinone oxidoreductase core subunit S3
(NDUFS3) and cytochrome c oxidase subunit IV (COX 1V) by immunoblotting. NDUFS3
protein levels were decreased in SN protein homogenates from PD patients compared to
age-matched controls, while COX IV protein levels had a tendency to decrease, though not
significant (Fig. 22A). These results are in agreement with a previous work in which they
reported decreased NDUFS3 immunofluorescence intensity in substantia nigra sections from
PD patients (Di Maio et al., 2016). To further determine whether mitochondrial protein import
machinery was impaired in the SN of PD patients, we then analyzed the expression of
TIM23 and TOM20 in post-mortem samples from PD patients and control individuals. Since
the majority of the mitochondrial proteins reside in the mitochondrial matrix, they are
imported through the TOM complex in the outer membrane and through the TIM23 complex
in the inner membrane (Wiedemann and Pfanner, 2017). Thus, TIM23 and TOM20 protein
levels are a good readout of the mitochondrial protein import. TIM23 and TOM20 protein
levels were decreased in SN protein homogenates from PD patients compared to age-
matched controls (Fig. 22B). All together, these results suggest an impairment of

mitochondrial protein import in PD patients.
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Figure 22. Mitochondrial protein import deficiency in human substantia nigra in PD.
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(A) Representative immunoblots of COX IV, NDUFS3 and a-tubulin protein levels in substantia nigra
homogenates from control (Ctrl, n=5) and PD patients (n=9). Protein levels were normalized relative
to a-tubulin. (B) Representative immunoblots of TIM23 and TOM20 protein levels in substantia nigra
homogenates from Ctrl (n=4-5) and PD patients (n=9). Protein levels were normalized relative to
Ponceau-S. (A-B) Quantification is depicted as fold change to Ctrl. Data are presented as mean *

s.e.m. * P < 0.05 compared with Ctrl after unpaired Student’s t test.

4.1.2 Complex | inhibition impairs mitochondrial protein import

The above data obtained in human post-mortem tissue suggest that mitochondrial protein
import dysfunction is associated with dopaminergic cell death in PD. Yet, human post-
mortem studies can hardly provide mechanistic clues for such hypothesis. To explore in
more detail the functional significance of mitochondrial protein import dysfunction in
dopaminergic cell death, additional experiments were performed in human dopaminergic
BE(2)-M17 neuroblastoma cell line intoxicated with parkinsonian neurotoxin MPP*, the active
metabolite of MPTP (Dehay et al., 2010).

As similarly observed in human post-mortem tissue, TIM23 and TOM20 protein levels were
decreased in cells treated with increasing MPP* concentrations (Fig. 23A). Reduced TIM23
protein levels were associated with a drop in the mRNA content, whereas TOM20 mRNA
levels did not correlate with reduced protein levels (Fig. 23B), suggesting that different

mechanisms regulate mitochondrial expression levels of both proteins.
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Figure 23. Complex Il inhibition leads to a decrease in translocases levels.

(A) Representative immunoblots of TIM23, TOM20 and VDAC protein levels in BE(2)-M17 cells
untreated (UT) or treated with MPP™ (0.25 mM, 0.5 mM or 1 mM, 24h). Protein levels were normalized
relative to VDAC (n=3 independent experiments). (B) TIM23 and TOM20 gene expression in BE(2)-
M17 cells UT or treated with MPP* (0.25 mM, 0.5 mM or 1 mM, 24h). Gene expression levels were
normalized relative to RPLPO (n=3 independent experiments). (A-B) Quantification is depicted as fold
change to UT condition. Data are presented as mean + s.e.m. * P < 0.05, ** P < 0.01 compared with
UT condition after one-way ANOVA test followed by Tukey’s post hoc test.

To study mitochondrial protein import dysfunction in BE(2)-M17 dopaminergic cells upon
complex | inhibition, we used (i) confocal imaging and immunoblotting of mitochondrially
targeted GFP (mitoGFP), (ii) a direct assay of mitochondrial protein import in isolated
mitochondria, and (iii) confocal measurements of mitochondrial localization of endogenous,
nuclear-encoded, and imported proteins NDUFS3 and COX IV. Initial characterization of
mitochondrial protein import upon complex | inhibition was performed using mitoGFP. This
construct contains a mitochondrial-targeting sequence that has to be cleaved inside the
mitochondria in order to release the mature fluorescent protein. MitoGFP intensity levels
appeared decreased in the mitochondria of transfected cells following MPP™ intoxication at 1
mM (Fig. 24A). Processing of mitoGFP inside mitochondria leads to a slight drop in its
molecular weight, thus making the precursor and the mature protein distinguishable by
immunoblotting. Decreased mitoGFP fluorescence intensity in MPP*-intoxicated cells

corresponded to a reduction in the mitoGFP intra-mitochondrial processing by ~35%, as
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guantified by western blot analysis (Fig. 24B). These results suggest that mitochondrial
import of proteins containing a mitochondrial-targeting sequence is impaired upon complex |
inhibition. To address whether MPP* directly inhibits mitochondrial protein import machinery,
we used the classical biochemical approach for analyzing protein import (Mokranjac and
Neupert, 2007; Stojanovski et al., 2017). This method consists on isolating mitochondria and
assessing mitochondrial protein import in organello using radio-labeled human ornithine
transcarbamylase (OTC). In this system, MPP" intoxication inhibited import by 50% as
observed by the reduction in the mature OTC form (Fig. 24C). To study the impact of
mitochondrial protein import deficiency in endogenous mitochondrial proteins, we examined
the levels of nuclear-encoded, mitochondrially targeted NDUFS3 and COX IV, and found a
decrease in both imported proteins after MPP* treatment (Fig. 24D). We also report that
mitochondrial mass, reflected by mtDNA copy number, did not change in MPP*-treated cells
(Fig. 24E). We conclude that the import activity deficiency is not caused by a diminution of

mitochondrial mass, but rather due to an intrinsic defect inside each mitochondrion.
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Figure 24. Complex Il inhibition impairs mitochondrial protein import activity.
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(A) Representative images of mitoGFP-transfected BE(2)-M17 cells untreated (UT) or treated with
MPP* (1 mM, 24h, n= 3 independent experiments). Quantification is depicted as the fold change of
mitoGFP intensity per cell compared with UT condition. A minimum of 35 cells were analyzed per
condition. Scale bar: 10 ym. (B) Representative immunoblots of GFP and (3-actin protein levels in
BE(2)-M17 cells UT or treated with MPP* (1 mM, 24h). mitoGFP import was calculated as the ratio of
mature (m) GFP compared to the sum of precursor (p) and mature GFP (total GFP; n=5 independent
experiments). (C) Representative immunoblots of radiolabelled OTC in isolated mitochondria UT or
treated with MPP™ (1 mM) at different time points. pOTC import was calculated as the percentage of
mature (m) OTC compared to the sum of precursor (p) and mature OTC (n=3 independent
experiments). (D) Representative images of NDUFS3 and COX IV immunofluorescence in BE(2)-M17
cells UT or treated with MPP* (1 mM, 24h). Quantification is represented as the fold change in
NDUFS3 or COX 1V intensity compared with UT condition. A minimum of 35 cells were analyzed per
condition. Scale bar: 10 ym. (E) Quantification of mitochondrial DNA (mtDNA) copy number in BE(2)-
M17 cells UT or treated with MPP™ (0.25 mM, 0.5 mM and 1 mM, 24h, n=3 independent experiments).
mMtDNA copy number was measured by quantitative RT-PCR and expressed as the ratio of mtDNA
(12S copy number) to nuclear DNA (RNAseP copy number). (A-E) Quantification is depicted as fold
change to UT condition. Data are presented as mean + s.e.m. * P < 0.05, ** P < 0.01, ***P < 0.001
compared with UT condition after (A-D) unpaired Student’s t test, (E) one-way ANOVA test followed
by Tukey’s post hoc test.

MPP-induced cell death occured at the highest dose of MPP* used (5 mM, Fig. 25).
Interestingly, decreased levels of TIM23 and TOM20, as well as mitochondrial import
inhibition, occured at a lower MPP* concentration (1 mM), suggesting that mitochondrial
import inhibition might be instrumental in the demise of dopaminergic neurons in PD. All
together, these results demonstrate that complex | inhibition impairs mitochondrial protein

import in dopaminergic cells.
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Figure 25. Complex I inhibition leads to a dose-dependent cell death.

In vitro sensitivity of BE(2)-M17 cells to increasing MPP" concentrations for 24h (n=4 independent
experiments). Cell survival was determined by MTT assay. Quantification is depicted as the % of cell
survival relative to UT condition. Data are presented as mean = s.e.m. * P < 0.05 compared with UT
condition after one-way ANOVA test followed by Tukey’s post hoc test.
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4.1.3 Complex I inhibition leads to a decrease in OXPHOS protein levels
and protein aggregation inside mitochondria

To determine the consequences of mitochondrial protein import impairment following MPP*
intoxication, we first assessed the protein levels of various OXPHOS subunits, as the
majority of them are encoded both by the nuclear and the mitochondrial genome. We
analyzed NADH:ubiquinone oxidoreductase subunit B8 (NDUFB8, complex 1), succinate
dehydrogenase complex iron sulfur subunit B (SDHB, complex Il), ubiquinol-cytochrome c
reductase core protein 2 (UQCRC2, complex lll) and ATP synthase F1 subunit alpha
(ATP5A, complex V), which are nuclear-encoded, while cytochrome c oxidase subunit Il
(COX II, complex 1V) is encoded by the mtDNA (Larsson, 2010). Upon MPP" intoxication, we
found a downregulation of all the proteins, except ATP5A (Fig. 26A). We further assessed
the consequences of mitochondrial import impairment following complex | inhibition, and we
observed that MPP’-treated cells exhibited an enrichment in detergent-insoluble
mitochondrial proteins SDHB and ATP5A (Fig. 26B), indicating an increase of aggregated
intra-mitochondrial proteins. The observed increase of aggregated intra-mitochondrial
proteins may be due to (i) an imbalance of OXPHOS subunits stoichiometry due to the
import deficit or, (i) an impairment of intra-mitochondrial protein quality control system.
Interestingly, MPP*-treated cells exhibited a transcriptional activation of mitochondrial
chaperones CLPX and HSP9 (Fig. 26C), which was not observed at protein levels (Fig.
26D), suggesting that import defects might impair the translocation of chaperones of mtUPR
into the mitochondria and the subsequent mtUPR activation (Haynes and Ron, 2010). These
results indicate that mitochondrial protein import deficiency and intra-mitochondrial protein
aggregation occur in an in vitro paradigm of PD, below the toxic threshold (5 mM MPPY),
thus suggesting that occur prior to cell death (Fig. 25). These findings set the stage to study
whether restoration of mitochondrial protein import can attenuate mitochondrial dysfunction

and cell loss in this pathological situation.
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Figure 26. Complex | inhibition leads to a decrease in OXPHOS protein levels and protein

aggregation inside mitochondria.

(A) Representative immunoblots of ATP5A (complex V), UQCRC2 (complex IllI), SDHB (complex 1),
COX Il (complex IV), NDUFB8 (complex I) and VDAC protein levels in BE(2)-M17 cells untreated (UT)
or treated with MPP™ (1 mM, 24h). Protein levels were normalized relative to VDAC (n=3 independent
experiments). (B) Representative immunoblots of SDHB and ATP5A protein levels in soluble and
insoluble mitochondria-isolated fractions of BE(2)-M17 cells UT or treated with MPP™ (1 mM, 24h, n=3
independent experiments). (C) CLPX and HSP9 gene expression in BE(2)-M17 cells UT or treated
with MPP" (1 mM, 24h). Gene expression levels were normalized relative to RPLPO (n=3 independent
experiments). (D) Representative immunoblots of CLPX and GRP75 protein levels in BE(2)-M17 cells
UT or treated with MPP" (1 mM, 24h). Protein levels were normalized relative to VDAC (n=4
independent experiments). (A-D) Quantification is depicted as fold change to UT condition. Data are
presented as mean = s.e.m. * P < 0.05, ** P < 0.01, ***P < 0.001 compared with UT condition after

unpaired Student’s t test.
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4.1.4 TIM23 or TOM20 overexpression restores mitochondrial protein
import in dopaminergic cells.

Since TIM23 and TOM20 are integral parts of the transport machinery and were
downregulated upon MPP*-induced complex | inhibition, we first examined whether transient
overexpression of either pCMV6-XL5-TIM23 (TIM23) or pCMV6-XL5-TOM20 (TOM20) could
prevent the impairment of the import system. We focused on a mitochondrial endogenous
protein which is not inhibited directty by MPP*. Therefore, we performed
immunofluorescence analysis of COX IV, a mitochondrial protein nuclearly encoded. Upon
MPP" intoxication there is a ~40% decrease in COX IV immunofluorescence intensity (Fig.
24D). TIM23 overexpression prevented the decrease in COX IV immunofluorescence
intensity induced by MPP* (Fig. 27A), indicating that MPP-induced impairment in protein
import was prevented. TOM20 overexpression also preserved COX IV immunofluorescence

intensity after MPP™ toxicity, even at higher levels than control cells (Fig. 27B).
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Figure 27. TIM23 or TOM20 transient overexpression restores mitochondrial protein import

upon complex Il inhibition in BE(2)-M17 cells.

(A) Representative images of COX IV and TIM23 immunofluorescence in vehicle- or pCMV6-XL5-
TIM23 (TIM23)-transfected BE(2)-M17 cells untreated (UT) or treated with MPP® (1 mM, 24h).
Quantification is depicted as the fold change in COX IV intensity compared with vehicle-transfected

UT condition. Dashed line shows TIM23-overexpressing cells. Scale bar: 10 um. (B) Representative
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images of COX IV and TOM20 immunostained in vehicle- or pCMV6-XL5-TOM20 (TOMZ20)-
transfected BE(2)-M17 cells UT or treated with MPP™ (1 mM, 24h). Quantification is depicted as the
fold change in COX IV intensity compared with vehicle-transfected UT condition. Dashed line shows
TOM20-overexpressing cells. Scale bar: 10 um. (A-B) Data are presented as mean + s.e.m. * P <
0.05, ** P < 0.01, **P < 0.001 after two-way ANOVA followed by Tukey’s post hoc test.

Although TIM23 or TOM20 overexpression overcame COX IV downregulation after MPP*
intoxication, mitoGFP experiments failed to show this effect. When we overexpressed
mitoGFP together with TIM23 or TOM20 in a complex I-deficient environment, there was no
restoration of mitoGFP intra-mitochondrial processing or mitoGFP intensity (Fig. 28A and
B). This could be explained in part because of the differences in transfection efficiencies due
to the transfection of two plasmids instead of one. Thus, TIM23 or TOM20 overexpression

can restore mitochondrial import upon complex | inhibition.
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Figure 28. TIM23 or TOM20 transient overexpression does not restore mitoGFP mitochondrial
processing upon complex | inhibition in BE(2)-M17 cells.
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(A) Representative immunoblots of GFP, TIM23 and TOM20 protein levels in mitoGFP-transfected
BE(2)-M17 cells alone (Ctrl) or together with pCMV6-XL5-TIM23 (TIM23) or pCMV6-XL5-TOM20
(TOM20), untreated (UT) or treated with MPP* (1 mM, 24h). mitoGFP import was calculated as the
ratio of mature (m) GFP compared to the sum of precursor (p) and mature GFP (total GFP) and
guantification is depicted as fold change to Ctrl UT condition (n=3 independent experiments). (B)
Representative images of mitoGFP, TIM23 and TOM20 immunostained in mitoGFP-transfected
BE(2)-M17 cells alone (Ctrl) or together with TIM23 or TOM20, untreated (UT) or treated with MPP™ (1
mM, 24h). Quantification is depicted as the fold change in mitoGFP intensity compared with Ctrl UT
condition. Scale bar: 10 ym. (A-B) Data are presented as mean + s.e.m. * P < 0.05, ** P < 0.01, **P
< 0.001 after two-way ANOVA followed by Tukey’s post hoc test.

4.1.5 Analysis of membrane potential, ROS production and cell death
upon complex | inhibition in transient TIM23 or TOMZ20
overexpressing cells.

One of the main functional consequences of complex | inhibition is the generation of reactive
oxygen species (ROS) together with the loss of mitochondrial membrane potential (Nakai et
al., 2003; Perier et al., 2005b). Thus, we examined ROS levels and mitochondrial membrane
potential upon TOM20 or TIM23 transient overexpression. Complex | inhibition resulted in a
3-fold increase in ROS levels. TOM20 overexpression reduced ~33% ROS production after
MPP™ intoxication (Fig. 29A) similarly to TIM23 overexpression (Fig. 29B). Complex |
inhibition reduced 40% mitochondrial membrane potential. TOM20 overexpression partially
rescued mitochondrial membrane potential (Fig. 29C) while TIM23 overexpression did not
(Fig. 29D). All in all, TOM20 overexpression protected against complex I-induced
mitochondrial dysfunction, whereas TIM23 effect was milder. However, TOM20
overexpression only displayed a partial protection against complex I-induced mitochondrial
dysfunction. This indicates that other mechanisms beyond protein import contribute to the

mitochondrial demise observed after MPP™ intoxication.
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Figure 29. Analysis of membrane potential and ROS production in transient TOM20 or TIM23

overexpressing cells.

(A-B) ROS production measured as CM-H,DCFDA fluorescence intensity in (A) pCMV6-XL5-TOM20-
transfected (TOM20) and (B) pCMV6-XL5-TIM23-transfected (TIM23) BE(2)-M17 cells untreated or
treated with MPP* (1 mM, 24h). Quantification is depicted as the fold change in fluorescence intensity
compared with vehicle-transfected UT condition (n=3 independent experiments). (C-D) Mitochondrial
membrane potential measured as TMRM fluorescence intensity in (C) TOM20-transfected and (D)
TIM23-transfected BE(2)-M17 cells untreated or treated with MPP+ (1 mM, 24h). Quantification is
represented as the fold change in fluorescence intensity compared with vehicle-transfected UT
condition (n=5 independent experiments). (A-D) Data are presented as mean + s.e.m. * P < 0.05, ** P

< 0.01 after repeated measures one-way ANOVA followed by Tukey’s post hoc test.

As reported above, 5 mM MPP" induced a massive cell death in BE(2)-M17 cells (Fig. 25).
When transiently overexpressing TOM20, we observed an unexpected increase of cell death
at basal level (Fig. 30A), potentially masking a protective effect of TOM20 overexpression
against MPP" intoxication. Nonetheless, MPP™ did not induce further cell death in TOM20-
overexpressing cells, which might suggest a protective role of TOM20 overexpression. To
distinguish the effect of cell death induced by TOM20 overexpression to the one induced by
MPP*, we compared each group to its own control. This comparison shows that TOM20
overexpression exerted a partial protection against MPP*-induced cell death (Fig. 30B). It is
notable that there was a massive expression of TOM20 24h after transfection, which was
maintained at 48h (~3.7 fold and ~2.5 fold after 24 and 48 h of transfection respectively,(Fig.
30C and D). This condition poorly reflects the physiological situation in the cell, and may
explain the increased cell death observed at basal level compared to vehicle-transfected
cells. To overcome the toxic effect of TOM20 transient transfection, we developed a lentiviral
(LV)-TOM20 stable cell line. MPP*-induced cell death (5 mM) was reduced ~25% in LV-
TOMZ20 stable cells compared with empty vector (EV) cell line (Fig. 30E).
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Figure 30. TOM20 transient or stable overexpression protects against complex Il-induced cell

death.

(A-B) Cell death measured as propidium iodide (PI) positive cells in vehicle- or pCMV6-XL5-TOM20-
(TOM20)-transfected cells untreated or treated with MPP® (5 mM, 24h, n=5 independent
experiments). Quantification is represented as (A) the fold change in the percentage of Pl positive
cells compared with vehicle-transfected UT condition or (B) compared with each control condition. (C)
Representative immunoblots of TOM20 and VDAC protein levels in vehicle (Veh)- or TOM20-
transfected BE(2)-M17 cells (n=3 independent experiments). Protein levels were normalized relative
to VDAC and quantification is depicted as fold change to Veh condition (n=3 independent
experiments). (D) Representative images of TOM20 and MitoTracker® DeepRed (MT-DR)
immunofluorescence in vehicle or TOM20-transfected BE(2)-M17 cells. (E) Cell death measured as
propidium iodide (PI) positive cells in empty vector (EV) or lentiviral (LV)-TOM20 stable cell lines
untreated or treated with MPP* (5 mM, 24h). Quantification is depicted as the fold change in the
percentage of PI positive cells compared with EV UT condition (n=4 independent experiments). (A-C
and E) Data are presented as mean + s.e.m. * P < 0.05, ** P < 0.01, ***P < 0.001 after (A and E) two
way ANOVA followed by Tukey’s post hoc test, (B) unpaired Student’s t test or (C) one way ANOVA
followed by Tukey’s post hoc test.

TIM23 transient overexpression partially protected against MPP*-induced cell death,
although its overexpression also produced cell death in UT conditions (Fig. 31 A and B).
Again, there was an excessive expression of TIM23 at both 24 and 48h post-transfection (~9

fold and ~6 fold after 24h and 48h of transfection respectively, Fig. 31C and D).
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Unfortunately, we were not able to develop a stable cell line for TIM23 to confirm such
results. Overall, we show that TOM20 transient and stable overexpression mitigated
complex I-dependent mitochondrial dysfunction and cell death, whereas TIM23 transient

overexpression partially rescued MPP*-induced cell death.
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Figure 31. TIM23 transient or stable overexpression partially protects against complex I-

induced cell death.

(A-B) Cell death measured as propidium iodide (PI) positive cells in vehicle- or pCMV6-XL5-TIM23
(TIM23)-transfected cells untreated or treated with MPP™ (5 mM, 24h, n=5 independent experiments).
Quantification is depicted as (A) the fold change in the percentage of Pl positive cells compared with
vehicle-transfected UT condition or (B) compared with each control condition. (C) Representative
immunoblots of TIM23 and VDAC protein levels in vehicle (Veh)- or TIM23-transfected BE(2)-M17
cells (n=3 independent experiments). Protein levels were normalized relative to VDAC and
guantification is depicted as fold change to Veh condition (n=3 independent experiments). (D)
Representative images of TIM23 and MitoTracker® DeepRed (MT-DR) immunofluorescence in
vehicle or TIM23-transfected BE(2)-M17 cells. (A-C) Data are presented as mean = s.e.m. **pP <
0.001 after (A) two way ANOVA followed by Tukey’s post hoc test, (B) unpaired Student’s t test or (C)
one way ANOVA followed by Tukey’s post hoc test.
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4.1.6 Mitochondrial protein import impairment precedes dopaminergic
neuron degeneration in the MPTP mouse model of Parkinson’s
disease.

Our in vitro data show that mitochondrial protein import deficiency parallels MPP*-induced
dopaminergic injury. In particular, our results suggest that TIM23 and TOM20 deficiency are
involved in dopaminergic neurodegeneration. To determine the relevance of mitochondrial
protein import in an in vivo situation, we assessed TIM23 and TOM20 protein levels in the 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model of PD. Eight to ten week
old mice were treated with a sub-acute MPTP regimen (30 mg/kg per day for five
consecutive days) and euthanized at different time points after the last MPTP administration.
Mitochondrial parkinsonian neurotoxin  MPTP reproduces several PD-linked cellular
alterations, such as inhibition of mitochondrial complex | (Nicklas et al., 1985), increased
ROS production (Hasegawa et al., 1990; Rossetti et al., 1988), oxidative damage to lipids,
DNA and proteins (Hoang et al., 2009; Perier et al., 2005b, 2010; Ramonet et al., 2013),
activation of mitochondria-dependent apoptotic pathways and dopaminergic cell death
(Perier et al., 2005b, 2007; Vila et al., 2001). Here we found that MPTP induced a decrease
of TIM23 protein levels in the ventral midbrain of intoxicated mice (Fig. 32A). TIM23 protein
levels were decreased as early as at day 0 post-MPTP, preceding dopaminergic cell death in
this model, which occurs between days 2 and 4 after the last MPTP administration (Perier et
al., 2005b, 2007; Vila et al., 2001). This ~50% decrease was maintained throughout the
neurodegenerative process that usually lasts until day 7 post-MPTP (Fig. 32A). The deficit of
TOMZ20 protein levels started at day 2, at the same time of dopaminergic cell death in this
model (Fig. 32A). Immunohistochemistry of TIM23 and TOM20 revealed a specific decrease
within SNpc dopaminergic neurons in these animals as early as 2 days after MPTP
intoxication (Fig. 32B). Because dopaminergic cell death might be associated with a
decrease of mitochondrial mass per cell, we analyzed the mitochondrial mass by measuring
the mtDNA copy number. No changes in mitochondrial mass were observed after MPTP
intoxication (Fig. 32C), suggesting a specific downregulation of TIM23 and TOMZ20

translocases.
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Figure 32. Mitochondrial translocases loss precedes dopaminergic neuron degeneration upon

MPTP intoxication.

(A) Representative immunoblots of TIM23, TOM20 and VDAC protein levels in ventral midbrain of
vehicle- (Veh, n=5) and MPTP-treated (n=6-7) mice euthanized at different time points. Protein levels
were normalized relative to VDAC and quantification is depicted as fold change to vehicle condition.
(B) Representative images of TIM23 and TOM20 immunohistochemistry in ventral midbrain sections
from vehicle- and MPTP-treated mice euthanized at day 2 after the last injection. Dashed lines
enclose substantia nigra. Scale bar: 500 ym. (C) Quantification of mitochondrial DNA (mtDNA) copy
number in ventral midbrain samples of vehicle- (n=6) and MPTP-treated (n=7-8) mice euthanized at
different time points. mtDNA copy number was measured by quantitative RT-PCR and expressed as
the ratio of mtDNA (16S and ND4 copy number) to nuclear DNA (ANG1 copy number). (A and C)
Data are presented as mean + s.e.m. * P < 0.05, * P < 0.01, *** P < 0.001 compared with vehicle

after one-way ANOVA followed by Tukey’s post hoc test.
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In parallel, MPTP intoxication was associated with reduced mitochondrial protein import in
tyrosine-hydroxylase (TH) positive neurons of the SN at day 2 post-MPTP, as shown by
decrease intensity in mitochondrially localized COX IV (Fig 33). Deficit of imported proteins
following MPTP intoxication could then not be simply attributed to a reduction of
mitochondrial mass (Fig. 32C) or a reduced number of dopaminergic cells in these animals,
as it occurred prior to dopaminergic cell death. These results indicate that mitochondrial
import system is impaired in SNpc dopaminergic neurons early following MPTP intoxication,

within a time-frame compatible to influence the fate of dopaminergic neurons in this

pathological situation.
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Figure 33. Mitochondrial protein import is hampered upon MPTP intoxication.

Representative images of tyrosine hydroxylase (TH) and COX IV immunostained in ventral midbrain
sections from vehicle- (n=5) or MPTP-treated (n=5) mice euthanized at day 2 after the last injection.
Quantification is depicted as the fold change of COX IV intensity in TH positive neurons compared to
vehicle condition. White arrows indicate representative neurons. A minimum of 36 neurons were
analyzed per animal. Data are presented as mean + s.e.m. * P < 0.05 compared to vehicle after

unpaired Student’s t test.
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4.1.7 Mitochondrial protein import and nigrostriatal dopaminergic system
integrity upon MPTP intoxication in TIM23- or TOMZ20-
overexpressing mice.

Since TIM23 and TOM20 overexpression in vitro led to a partial protection in MPP-induced
cell death, we further assessed whether TIM23 and TOM20 decreased levels have an
instrumental role in MPTP-induced neurodegeneration. For such we overexpressed TIM23
or TOM20 in the SNpc of saline and MPTP-treated mice by means of adenoassociated viral
(AAV) vectors. Mice received single unilateral stereotaxic injections of AAV-TIM23 or AAV-
TOM20 in the SNpc. Sham, TIM23- and TOM20-overexpressing mice were treated with
either saline or MPTP and we assessed (i) the mitochondrial protein import system by COX
IV immunofluorescence, and (i) the integrity of the nigrostriatal dopaminergic system at day
21 after the last MPTP injection, once the dopaminergic lesion is stabilized (Vila et al., 2001).
Four weeks after viral vector delivery, ventral midbrain samples ipsilateral to AAV-TIM23
injections displayed a 53% + 2,92 transduction efficiency (Fig. 34A). MPTP intoxication
induced a reduction in mitochondrial protein import as determined by the decrease in the
mitochondrially localized COX IV protein which was reversed by the overexpression of
TIM23 (Fig. 34B). In sham-injected mice, MPTP produced a ~50% depletion of striatal
dopaminergic terminals, as assessed by optical densitometry of striatal tyrosine hydroxylase
(TH)-positive fibers (Fig. 34C). Overexpression of TIM23 did not prevent the loss in striatal
terminals induced by MPTP (Fig. 34C). When analyzing SN cell bodies, MPTP killed ~35%
of SNpc dopaminergic neurons, as determined by stereological cell counts of SNpc TH-
positive cells (Fig. 34D). In contrast, TIM23-overexpressing mice exhibited a mild
attenuation of MPTP-induced nigrostriatal dopaminergic denervation at the level of SNpc
dopaminergic cell bodies (Fig. 34D).
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Figure 34. TIM23 overexpression slightly attenuates MPTP-induced dopaminergic neuron
injury in vivo.

(A) Representative images of TIM23 and TH immunofluorescence in ventral midbrain sections from
AAV-hTIM23 mice (n=3). Scale bar: 150 ym. (B) Representative images of TH and COX IV
immunohistochemistry in ventral midbrain sections from sham- and AAV-hTIM23-injected mice
treated with vehicle or MPTP (Sham-Vehicle n=5; Sham-MPTP n=6; AAV-hTIM23-Vehicle n=5; AAV-
hTIM23-MPTP n=6). Scale bar: 50 ym. Quantification is depicted as the fold change in COX IV
intensity compared with sham-injected vehicle-treated group. (C) Representative photomicrographs of
TH immunohistochemistry in striatum from sham- and AAV-hTIM23-injected mice treated with vehicle
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or MPTP (Sham-Vehicle n=7; Sham-MPTP n=5; AAV-hTIM23-Vehicle n=8; AAV-hTIM23-MPTP n=8).
Quantification is represented as the optical densitometry of striatal TH immunoreactivity in the
different experimental groups at day 21 post MPTP. Scale bar: 500 ym. (D) Representative
photomicrographs of TH immunohistochemistry SNpc from sham- and AAV-hTIM23-injected mice
treated with vehicle or MPTP (Sham-Vehicle n=14; Sham-MPTP n=10; AAV-hTIM23-Vehicle n=7;
AAV-hTIM23-MPTP n=8). Quantification is depicted as the stereological cell counts of SNpc TH-
immunoreactive neurons in the different experimental groups at day 21 post MPTP. Scale bar: 500
pm. (B-D) Data are presented as mean + s.e.m. * P < 0.05, * P < 0.01, *** P < 0.001 after two-way
ANOVA followed by Tukey’s post hoc test.

TOMZ20 overexpression led to a 63% * 4,81 transduction efficiency in ventral midbrain
samples ipsilateral to AAV-TOMZ20 injection (Fig. 35A). In contrast to TIM23 overexpression,
TOMZ20 overexpression did not reverse the mitochondrial protein import deficit induced by
MPTP (Fig. 35B). Similarly, TOM20 did not protect against MPTP-induced striatal TH loss or
SNpc dopaminergic cell death (Fig. 35C and D). Strikingly, TOM20 overexpression seemed
to induce even further dopaminergic cell death compared to sham animals (Fig. 35C and D).
These results seem in contradiction with our in vitro data showing that TOMZ20

overexpression attenuates cell death after complex I inhibition.
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Figure 35. TOM20 overexpression cannot attenuate MPTP-induced dopaminergic neuron injury
in vivo.

(A) Representative images of TOM20 and TH immunofluorescence in AAV-hTOM20 mice (n=2).
Scale bar: 150 um. (B) Representative images of TH and COX IV immunohistochemistry in ventral
midbrain sections from sham- and AAV-hTOM20-injected mice treated with vehicle or MPTP (Sham-
Vehicle n=5; Sham-MPTP n=6; AAV-hTOM20-Vehicle n=4; AAV-hTOM20-MPTP n=4). Scale bar: 50
pum. Quantification is depicted as the fold change in COX IV intensity compared with sham-injected
vehicle-treated group. (C) Representative photomicrographs of TH immunohistochemistry in striatum
from sham- and AAV-hTOM20-injected mice treated with vehicle or MPTP (Sham-Vehicle n=7; Sham-
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MPTP n=5; AAV-hTOM20-Vehicle n=8; AAV-hTOM20-MPTP n=7). Quantification is depicted as the
optical densitometry of striatal TH immunoreactivity in the different experimental groups at day 21 post
MPTP. Scale bar: 500 uym. (D) Representative photomicrographs of TH immunohistochemistry in
SNpc from sham- and AAV-hTOMZ20-injected mice treated with vehicle or MPTP (Sham-Vehicle n=14;
Sham-MPTP n=10; AAV-hTOMZ20-Vehicle n=7; AAV-hTOM20-MPTP n=7). Quantification is
represented as the stereological cell counts of SNpc TH-immunoreactive neurons in the different
experimental groups at day 21 post MPTP. Scale bar: 500 ym. (A-D) Data are presented as mean +
s.e.m. * P <0.05, * P < 0.01, *** P < 0.001 after (B-D) two-way ANOVA followed by Tukey’s post hoc

test.

Taken together, these results show that TIM23 overexpression in SNpc partially protects
against cell body degeneration but not axonal degeneration. Strikingly, TOM20
overexpression is able to induce neuroprotection in vitro, but not in vivo, neither at the level

of SN cell bodies nor striatal terminals.
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4.2 Chapter II: mitophagy and HD

4.2.1 Mitophagy is affected in ST-Q111 cells

Here we investigated the genuine role of Htt in neuronal mitophagy in differentiated striatal
neurons. To date, the studies of Htt’s role in autophagy have been done in mitotic dividing
cells and mostly non-neuronal models with overexpression of different proteins involved in
the mitophagy process. Now we know that mitophagy process taking place in neurons under
basal or induced conditions may differ from those mechanisms proposed in cellular models,
where Parkin and PINK1 are artificially overexpressed (Rakovic et al., 2013; Van Laar et al.,
2011). Thus, we first studied whether the clearance of mitochondria inside the lysosomes
under basal and induced conditions was affected in a HD cellular model in a situation as
close as possible to the physiological neuronal conditions. For such, we used differentiated
striatal neurons derived from a knock-in mouse expressing human exon 1 carrying a polyQ
tract with 7 glutamines STHdh-Q7 (ST-Q7, control) or 111 glutamines STHdh-Q111 (ST-
Q111, mutant) inserted into the endogenous mouse Htt gene. We first analyzed
mitochondrial clearance measured by different alternative methods: (i) colocalization of
mitochondria with lysosomes by confocal microscopy, (ii) expression and analysis of the pH-
dependent fluorescent mitochondrial protein mitoKeima and (iii) quantification of

mitochondrial mass with anti-DNA fluorescence labelling.

Mitophagy can be detected as the amount of mitochondria engulfed within an
autophagosome, or also inside a lysosome if lysosomal proteolysis has been properly
inhibited. Under basal conditions, the amount of lysosomes loaded with mitochondrial
material (in the presence of lysosomal inhibitors to avoid completion of the degradation) was
similar between control and mutant striatal cells. However, after mild (rotenone 1 yuM, 4h)
and acute (CCCP 10 pM, 24h) mitochondrial depolarization, control cells showed a clear
increase in the number of lysosomes colocalizing with mitochondria but no increase was
observed in ST-Q111 cells, indicating that mitophagy was not being completed as efficiently
as in control cells when mutant Htt was present (Fig. 36A). This assay reveals that less
amount of mitochondria is being engulfed and digested through selective mitophagy after

induction of mitochondrial depolarization.

To further analyze mitochondrial clearance in our differentiated striatal cell line, we took
advantage of Keima, a pH-dependent fluorescent protein, relatively resistant to lysosomal
degradation (Katayama et al., 2011; Lazarou et al., 2015b). Keima is expressed within the

mitochondria, so when mitochondria are engulfed by the autophagosomes and then the
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autophagosomes are fused with the lysosomes, Keima is released into the lysosomal lumen.
Interestingly, the emission spectrum of Keima peaks at 620 nm and its excitation has a
bimodal spectrum, peaking at 440 and 586 nm depending on the pH. At physiological pH of
mitochondria (pH 8.0) Keima is excited by the 440 nm light, while at acidic lysosomal pH (pH
4.5) there is a shift towards a 586 nm light excitation (Katayama et al., 2011). Since once in
the lysosomal lumen the protein shifts to red excitation and is resistant to lysosomal
degradation, the signal released upon red-laser excitation is a reporter of mitochondria
engulfed inside a lysosome. We transfected the mitochondrial matrix-localizing Keima
(mitoKeima) in differentiated ST-Q7 and ST-Q111 cells and induced a mild or acute
mitochondrial depolarization. In those conditions, mitochondria are delivered into lysosomes
and Keima is present in the lysosomal lumen. For such, we analyzed the mitoKeima intensity
upon ~586 nm excitation. In ST-Q7 cells there was an increase in mitoKeima intensity,
concomitant with the severity of the mitochondrial insult, indicating that mitochondria are
being contained into lysosomes upon depolarization. In ST-Q111 cells there were no
changes and even a tendency towards a decrease in mitoKeima intensity, suggesting an

alteration in the mitophagy process (Fig. 36B).

As another measure of mitochondrial degradation, we quantified mtDNA as reported in
Lazarou et al., using quantification of mtDNA as a reporter of mitochondrial mass (Lazarou
et al., 2015a). For such, we immunostained differentiated ST-Q7 and ST-Q111 cells with
anti-DNA antibody upon mild and acute mitochondrial depolarization. The anti-DNA antibody
used preferentially stains mtDNA (Legros et al., 2004). In ST-Q7 cells there was a loss of
DNA intensity upon rotenone and CCCP treatment, indicative of mitochondrial removal upon
damage. However, no significant changes were observed in ST-Q111 cells, further implying
that mitochondria are not being degraded with the same efficiency as ST-Q7 upon stress-
induction (Fig. 36C).

These results indicate that induced mitophagy, but not basal mitophagy, is impaired in

differentiated ST-Q111 cells, suggesting that mutant Htt might directly or indirectly affect the

efficiency of this process.
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Figure 36. Mitophagy is affected in ST-Q111 cells.

(A) Representative images of LAMP1 and MitoTracker® DeepRed immunostained ST-Q7 and ST-
Q111 cells untreated (UT) or treated with rotenone (Rot, 1 uM, 4h) or CCCP (10 pM, 24h). Insets

show higher magnification images. Colocalization degree was quantified using the Pearson’s
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correlation coefficient and the ratio of LAMP1-stained lysosomes loaded with MitoTracker® DeepRed-
stained mitochondria. A minimum of 30 cells were analyzed per condition. (B) Representative images
of non-transfected or mitoKeima-transfected ST-Q7 and ST-Q111 cells UT or treated with Rot (1 uM,
4h) or CCCP (10 pM, 24h). Lysosomal-positive mitoKeima signal was calculated as the ratio of
intensity (594 nm-light excitation) per cell area, represented as the fold change compared with
mitoKeima-transfected UT conditions. A minimum of 20 cells were analyzed per condition. (C)
Representative images of ST-Q7 and ST-Q111 cells immunostained with anti-DNA UT or treated with
Rot (1 uM, 4h) or CCCP (10 uM, 24h). Quantification is represented as the fold change in DNA
intensity compared with UT conditions. 15 to 50 cells were analyzed per condition. (A-C) Scale bar:
10 ym. Data are presented as mean + s.e.m. * P < 0.05, ** P < 0.01 compared to UT condition after
(A) two-way ANOVA followed by Tukey’s post hoc test (B-C) one-way ANOVA test followed by

Tukey’s post hoc test.

4.2.2 Mitophagy in differentiated striatal cells is not mediated by Parkin
translocation to mitochondria

To study how the presence of mutant Htt could affect the mitophagy process we analyzed
the different steps of the mitophagy mechanism. We first checked whether mutant Htt could
be involved in the initiation of the mitophagy process. According to many studies published
in the last years, the initiation of mitophagy process starts with the retention of full-length
PINKZ1 protein on the mitochondrial surface. PINK1 is normally imported inside mitochondria
and degraded. Upon loss in the mitochondrial membrane potential, PINK1 becomes
stabilized and activated on the OMM (Matsuda et al., 2010; Narendra et al., 2010b; Vives-
Bauza et al., 2010). Upon activation, PINK1 phosphorylates ubiquitin molecules present on
the OMM at their serine 65. Moreover, PINK1 also phosphorylates Parkin at its serine 65 of
the ubiquitin-like domain, leading to Parkin E3 ubiquitin ligase activity activation. In addition,
Parkin binds with high affinity to phospho-ubiquitin, thereby recruiting Parkin onto OMM. In
fact, phospho-ubiquitin is essential for the full activation of Parkin and all together leads to
stimulation of Parkin activity (Kane et al., 2014; Kazlauskaite et al., 2014; Koyano et al.,
2014). Active Parkin ubiquitinates a variety of substrates present on the OMM either
elongating pre-existing ubiquitin chains or ubiquitinating substrates de novo. These ubiquitin
chains will be subsequently phosphorylated by PINK1, generating a feedforward mechanism
in which PINK1 is essential for the phosphorylation of ubiquitin and Parkin, while Parkin has
an amplifier role (Martinez-Vicente, 2017; McWiliams and Mugit, 2017). Thus we
investigated whether PINK1 and Parkin levels could be affected in ST-Q111 upon induction
of mitophagy. In our cellular model, we did not detect differences in the amount of total

PINK1 levels in total cellular homogenates in differentiated ST-Q7 cells upon mild or acute
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depolarization. However, in differentiated ST-Q111 cells, basal PINK1 protein levels were
slightly increased but again, no changes were observed upon rotenone- or CCCP-induced

mitophagy (Fig. 37A).

Following the mitophagy initiation pathway, we also studied Parkin translocation to
mitochondrial membrane as a marker of mitophagy induction. Depolarization induced by
various effectors did not alter Parkin protein levels in total homogenate but more importantly,
we were unable to detect Parkin protein translocation to mitochondria using two distinct
methods. Parkin protein was not detected by immunoblot in isolated mitochondrial fractions;
instead all Parkin protein remained cytosolic (Fig. 37B). By confocal immunofluorescence
under basal conditions and after mild and severe depolarization, endogenous Parkin protein
also remained cytosolic and was not detected in mitochondria labeled with mitochondrial
probe MitoTracker® DeepRed in neither differentiated ST-Q7 nor ST-Q111 cell lines (Fig.
37C). This scenario is similar to those observed in other neuronal and non-neuronal cells
where endogenous Parkin translocation to mitochondria is not detectable (Cai et al., 2012;
Rakovic et al.,, 2013; Sterky et al., 2011; Van Laar et al., 2011). Even the artificial
overexpression of Parkin protein tagged to a fluorescent protein (EGFP) could not promote a
clear translocation of EGFP-Parkin from the cytosol to the mitochondria at short time and
mild depolarization (Rot 4h). Only after 24h with strong depolarization induced by CCCP 10
MM it was possible to observe a partial translocation of EGFP-Parkin from a diffuse cytosolic
distribution to a mitochondrial localization (Fig 37D). This recruitment of overexpressed-
EGFP-Parkin was only detectable in less than 50% of both differentiated striatal cells ST-Q7
(42,7% =+ 11,75) and ST-Q111 (46,3% =+ 11,18) after this strong and prolonged
depolarization, while the remaining cells still showed non-mitochondrial localization of EGFP-
Parkin.

Since under Parkin overexpression some studies could detect a clear mitochondrial
localization using other cell lines (Ashrafi et al., 2014; Cai et al., 2012; Joselin et al., 2012;
Rakovic et al.,, 2013), we tested whether other neuronal cells could present Parkin
translocation under these conditions. For such we used two human immortalized
neuroblastoma cell lines, BE(2)-M17 and SH-SY5Y cell lines. SH-SY5Y cell line exhibits
some markers of noradrenergic neurons, while BE(2)-M17 cell line expresses adrenergic
properties. Under artificial overexpression of EGFP-Parkin and after 4h of rotenone
treatment some BE(2)-M17 cells started to show Parkin translocation to the mitochondria.
After total depolarization (CCCP 10 uM, 24h) the number of cells presenting mitochondrial
EGFP-Parkin was close to 97% in both cell lines (Fig. 37E), indicating that these cells are
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more predisposed to induce mitochondrial EGFP-Parkin recruitment upon severe

depolarization compared to striatal cells.

According to these results, and in correlation with other studies, Parkin endogenous levels in
striatal neurons seem too low in mitochondria to trigger the feedforward amplification
mechanism of Parkin binding to phospho-ubiquitin and ubiquitination of the substrates. This
means that probably neuronal mitophagy takes place in a slower and less robust process in
contrast with other models used to study mitophagy in which Parkin is overexpressed.
However, despite the low levels of Parkin and the apparent undetectable recruitment of
Parkin to the mitochondrial membrane, mitophagy process takes place and mitochondria are

engulfed by autophagosomes and fused with lysosomes (Fig. 36A).

Homogenate Mitochondria
ST-Q7 ST-Q111 ST-Q7 ST-Q111
UT Rot CCCP UT Rot CCCP UT Rot CCCP UT Rot CCCP

Homogenate

ST-Q7 ST-Q111

UT Rot CCCP UT Rot CCCP

e e A . Parkin

[ e — i —— PINK1
§ ; SRS e e | \/DAC

——————] 3-CiN S N ——— B-actin

T

—

*
3 25 - UT 34 - uT
2 20 T Rot 4h 2 4 Rot 4h
;% 15 @ CCCP 24h ;_:% I @ CCCP 24h
Z 0o € %2
T 510 X 835
(] [ T
2 05 21
S o
2 0.0 20
ST-Q7 ST-Q111 ST-Q7 ST-Q111
C
ST-Q7 ST-Q111
Mitotracker Parkin Merge Mitotracker Parkin Merge

uT

Rot 4h

CCCP 24h

100



D ST-Q7 ST-Q111

Mitotracker EGFP-Parkin Merge Mitotracker EGFP-Parkin Merge

|_

D

£

<

gs)

14

=

<

N

o

O

O

O

E SH-SY5Y BE(2)-M17
Mitotracker EGFP-Parkin Merge Mitotracker EGFP-Parkin Merge

‘_

=]

e =t

F :
gs)

12

- 97.0%
< *2,8
~N

o

(@)

o

&)

Figure 37. Mitophagy in differentiated striatal cells is not mediated by Parkin translocation to
mitochondria.

(A) Representative immunoblots of PINK1 protein levels in total homogenates from ST-Q7 and ST-
Q111 cells untreated (UT) or treated with rotenone (Rot, 1 pM, 4h) or CCCP (10 puM, 24h). Protein
levels were normalized relative to B-actin and quantification is depicted as fold change to ST-Q7
untreated. B) Representative immunoblots of Parkin protein levels in total homogenates and isolated
mitochondria from ST-Q7 and ST-Q111 cells untreated UT or treated with Rot (1 uM, 4h) or CCCP
(10 pM, 24h). Protein levels were normalized relative to (-actin and quantification is depicted as fold
change to ST-Q7 untreated. (C) Representative images of MitoTracker® DeepRed and Parkin
immunostained ST-Q7 and ST-Q111 cells UT or treated with Rot (1 pyM, 4h) or CCCP (10 uM, 24h).
(D) Representative images of MitoTracker® DeepRed and EGFP-Parkin immunostained ST-Q7 and
ST-Q111 cells UT or treated with Rot (1 uM, 4h) or CCCP (10 uM, 24h). (E) Representative images of
MitoTracker® DeepRed and EGFP-Parkin immunostained SH-SY5Y and BE(2)-M17 cells UT or
treated with Rot (1 uM, 4h) or CCCP (10 uM, 24h). (A-B) Data are presented as mean = s.e.m. from
three independent experiments. * P < 0.05 compared to ST-Q7 untreated after two-way ANOVA test

followed by Tukey’s post hoc test. (C-E) Scale bars: 10 um. A minimum of cells 30 were analyzed per
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condition. Data are presented as mean * s.e.m. of the percentage of cells with endogenous Parkin or
EGFP-Parkin colocalizing with MitoTracker® DeepRed labeled mitochondria.

4.2.3 Characterization of the mitochondrial polyubiquitination status in
ST-Q7 and ST-Q111 cells

The ubiquitin code signals for almost every process in cells. A particular protein can be
modified at one or multiple lysine (K) residues with one ubiquitin or with an ubiquitin chain.
The way ubiquitin moieties conjugate through one of their lysine residues adds another level
of complexity to the ubiquitin code (Akutsu et al., 2016). During classical PINK1/Parkin
mediated mitophagy, Parkin is recruited at the outer mitochondrial membrane and can
promote the ubiquitination of several proteins, due to its E3 ubiquitin ligase activity (Matsuda
et al., 2010; Sarraf et al., 2013). Parkin can form different types of polyubiquitin chains, one
of them is the K63-linked chains, which has been classically awarded as a tag for selective
autophagy and can be recognized by different autophagy receptors (Akutsu et al., 2016;
Yamano et al., 2016).

We aimed to analyze whether the ubiquitination step in mitophagy was affected in the
presence of mutant Htt. For such, we analyzed the polyubiquitination pattern of
mitochondrial isolated fractions before and after mitophagy induction. We could not detect
any change in total ubiquitin protein levels upon mild or strong depolarization in homogenate
or in isolated mitochondria from ST-Q7 and ST-Q111 cells (Fig 38A). Since ubiquitin chains
are linked to different cellular process, we studied specifically K63-linked ubiquitin chains. In
isolated mitochondria from differentiated ST-Q7, upon mild and strong depolarization, there
was a tendency towards the increase in poly-ubiquitin K63 levels, while in ST-Q111 there
was no increase and, even, a rather decrease in the poly-ubiquitin K63 signal upon CCCP,
though not significant (Fig. 38B), suggesting that the autophagy-specific K63-poly-
ubiquitination step might be altered in ST-Q111 cells.
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Figure 38. Characterization of the mitochondrial polyubiquitination status in ST-Q7 and ST-
Q111 cells.

(A) Representative immunoblots of total-Ubiquitin (Ub) protein levels in total homogenates (n=3
independent experiments) or isolated mitochondrial fractions (n=2 independent experiments) from ST-
Q7 and ST-Q111 cells untreated (-) or treated with rotenone (Rot, 1 uM, 4h) or CCCP (10 uM, 24h).
Protein levels were normalized relative to Ponceau, for total homogenate, or VDAC, for mitochondrial
fractions. (B) Representative immunoblots of poly-Ubiquitin (Ub) K63 protein levels in isolated
mitochondrial fractions from ST-Q7 and ST-Q111 cells untreated (-) or treated with Rot (1 uM, 4h) or
CCCP (10 pM, 24h). Protein levels were normalized relative to VDAC (n=3 independent experiments).
(A-B) Quantification is depicted as fold change to ST-Q7 untreated. Data are presented as mean *
s.e.m. from three independent experiments. * P < 0.05 compared to ST-Q7 untreated after two-way
ANOVA test followed by Tukey’s post hoc test.

4.2.4 Mutant Htt alters the autophagy initiation step

We next checked the effect of mutant Htt in the autophagy initiation complex. Autophagy
initiation is coordinated by unc-51 like kinase 1 (ULK1) which forms a complex with Atg13

and FIP200 to regulate the initial step of autophagy induction in mammalian cells. Under
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basal conditions, ULK1 protein is bound to the mTORC1 (mammalian target of rapamycin
complex 1) and inactivated by the mTOR-mediated phosphorylation at S757 (Kim et al.,
2011). Another protein involved in autophagy regulation is AMPK, which maintains energy
homeostasis through the sensing of the energy status of the cell (Hardie, 2007). In order to
induce autophagy, ULK1 must be activated and released from the mTORC1, losing the
MTOR-mediated inhibiting phosphorylation at S757. Simultaneously, AMPK activates ULK1
through physical interaction (Lee et al., 2010b) and phosphorylation of different residues
(S555, S777, S317) (Egan et al., 2011; Kim et al., 2011). Previous studies showed that Htt
has a key role as a scaffolding protein binding active ULK1 in its C-terminal domain,
competing with mTORC1 for the ULK1 binding and promoting the initiation of autophagy
(Ochaba et al., 2014; Rui et al., 2015).

In order to check the ability of ULK1 to be released from the mTORCL1 and how the presence
of the polyQ tract with 111 glutamines might affect this step, we analyzed the interaction of
ULK1 with mTOR. We also assessed the ability of ULK1 to shift towards the Htt scaffolding
complex by evaluating ULK1 and Htt interaction. For such, we used the Proximity Ligation
Assay (PLA) technology since immunoprecipitation with the endogenous proteins was
technically not feasible due to low amount of these proteins and the fragility of their
interaction. PLA allows the observation and quantification by immunofluorescence of protein-
protein interactions within the cell. In differentiated ST-Q111 cells, ULK1-mTOR interaction
was more stable after depolarization compared to ST-Q7 cells, in which ULK1-mTOR
interaction decreased upon depolarization to allow ULK1 activation. These results suggest
that in mutant cells ULK1 remains more inactive and bound to mTOR than in WT cells (Fig.
39A). In a similar way, the interaction of ULK1 with Htt was clearly increased in ST-Q7 cells
after depolarization, but this interaction was not promoted in ST-Q111 after depolarization,
confirming that ULK1 has less affinity for mutant Htt (Fig. 39B).

While ULK1 remains bound to the mTORCL, it is inactivated by the phosphorylation
mediated by mTOR kinase activity at S757 (Kim et al., 2011). We observed that this
inactivating phosphorylation was again more abundant after depolarization when mutant Htt
was present (Fig. 39C) in correlation with higher presence of mTOR-ULKL1 interaction. In
parallel, AMPK activates ULK1 by phosphorylating at least four sites (Egan et al., 2011). We
observed that mutant Htt was not interfering with the phosphorylation of ULK1 mediated by
AMPK (S555) since similar rates of phosphorylation were detected after depolarization in
both cell lines (Fig. 39C). Even though the phosphorylation of ULK1 mediated by AMPK was
not perturbed by the presence of mutant Htt, we detected lower amount of active ULK1
(phosphorylated at S317) bound to Htt after depolarization in ST-Q111 cells (Fig. 39D). All
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together, these results suggest that the extended polyQ tract present in mutant Htt is

somehow interfering with the proper interaction of active ULK1 from the mTORC1 complex

to the Htt scaffolding complex, a step necessary to initiate autophagy.
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Figure 39. Mutant Htt alters the autophagy initiation step.
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(A) ULK1-mTOR interaction detected by PLA in ST-Q7 and ST-Q111 cells untreated (UT) or treated
with rotenone (Rot, 1 uM, 4h) or CCCP (10 uM, 4h). 24 to 85 cells were analyzed per condition. (B)
ULK1-Htt interaction detected by PLA in ST-Q7 and ST-Q111 cells UT or treated with Rot (1 uM, 4h)
or CCCP (10 uM, 4h). 35 to 115 cells were analyzed per condition. (C) Representative immunoblots
of Phospho-ULK1-S757, Phospho-ULK1-S555, total ULK1 (T-ULK1) and B-actin protein levels in total
homogenates from ST-Q7 and ST-Q111 cells UT or treated with Rot (1 uM, 4h) or CCCP (10 uM,
24h). (D) Phospho-ULK1 S317-Htt interaction detected by PLA in ST-Q7 and ST-Q111 cells UT or
treated with Rot (1 uM, 4h) and CCCP (10 uM, 4h). (A-B, D) Scale bars: 10 um. PLA interaction was
guantified as a ratio of area occupancy by the PLA signal or number of particles represented as the
fold change compared with ST-Q7 UT condition. Data are presented as mean + s.e.m. * P < 0.05, ** P
<0.01, *** P < 0.001 after two-way ANOVA test followed by Tukey’s post hoc test.

Following its activation, ULK1 phosphorylates beclin 1, a component of the autophagy
initiation complex that generates phosphatidylinositol-3-phosphate (Ptdins3P). Ptdins3P
activates the phosphatidylinositol 3-kinase class Ill (PI3KC3 or Vps34) (Russell et al., 2013).
The complex of beclin 1, Vps15, PISKC3 and others is responsible for the autophagosome
formation (Matsunaga et al., 2010). A recent work by Ashkenazi et al. has shown how ataxin
3, the protein altered in spinocerebellar ataxia type 3, binds through its wild type polyQ
domain to beclin 1. Ataxin 3 is a deubiquitinase, therefore protects Beclin 1 from its
degradation by the proteasome since it removes the ubiquitins that signal for proteasomal
degradation. Authors showed that extended polyQ tracts, such as the ones present in
mutant Htt, bind to beclin 1 to a greater extent than wild type forms, thus competing with the
physiological binding of ataxin 3. This observation, suggests that the presence of mutant Htt
could interfere and compete in the normal beclin 1/ataxin 3 interaction, promoting beclin 1
degradation by the UPS (Ashkenazi et al., 2017). Lower levels of beclin 1 are associated to
lower autophagy induction (He et al., 2015; Tassa et al., 2003). Using PLA technology, we
have investigated the possible influence of mutant Htt in the formation of the beclin 1-
Vps15-Vps34 (PIBKC3) complex as one of the initial protein complex required for the
initiation of autophagy. At basal levels, beclin 1-Vps15 interaction was downregulated in the
presence of mutant Htt. Upon depolarization, differentiated ST-Q7 cells showed an
increased beclin 1-Vps15 interaction, meaning that the beclin 1 initiation complex was being
assembled, while differentiated ST-Q111 cells displayed a downregulation (Fig. 40). These
results further confirm that expanded polyQ tracts present in mutant Htt hamper the

formation of the autophagy initiation complex.
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Figure 40. Mutant Htt alters the formation of the nucleation complex.

Beclin 1 - Vps15 interaction detected by PLA in ST-Q7 and ST-Q111 cells untreated (UT) or treated
with Rot (1 pM, 4h) and CCCP (10 pM, 4h). Scale bar: 10 ym. PLA interaction was quantified as a
ratio of area occupancy by the PLA signal or number of particles represented as the fold change
compared with ST-Q7 untreated condition. Data are presented as mean * s.e.m. *** P < 0.001 after

two-way ANOVA test followed by Tukey’s post hoc test.

4.2.5 polyQ tract in mutant Htt affects the scaffolding role of Htt during
mitophagy

Previously, we and others have shown that in addition to the interaction with ULK1, Htt can
also interact with the adaptor of selective autophagy p62 (Martinez-Vicente et al., 2010;
Ochaba et al., 2014; Rui et al., 2015). Besides p62, different protein adapters for selective
autophagy like NDP52, OPTN and NBR1 have been identified (Yoshii and Mizushima,
2015). During mitophagy, these adapters are able to recognize two types of macromolecules
() polyubiquitinated OMM proteins, through the ubiquitin-binding domain (UBD), present on
the mitochondrial surface and, simultaneously, (ii) LC3-II, through the LC3-interacting region

(LIR), present on the autophagosome structure. In this way, adapters can recruit the
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autophagy machinery and promote the elongation of the isolated membrane engulfing the
mitochondria (Wild et al., 2014).

Whereas some studies have shown the requirement of p62 for mitophagy (Geisler et al.,
2010; Lee et al., 2010a), others have reported that lack of p62 does not hamper mitophagy
(Narendra et al., 2010a; Okatsu et al., 2010). In a recent study, Lazarou and coworkers have
shown that optineurin (OPTN) and NDP52 are indeed the primary receptors for mitophagy.
These receptors are recruited to mitochondria by the phospho-ubiquitin signal mediated by
PINK1 (which is essential), and enhanced by Parkin (which is important to amplify the signal,
but not essential) (Lazarou et al., 2015b). Accordingly, and as previously proposed, p62 and
NBR1 can participate in mitophagy as adapters but are not essential (Narendra et al.,
2010a).

Htt has been identified as a mitophagy scaffold due to its ability to couple the induction of
autophagy, through ULK1 binding, and cargo recruitment into autophagosomes, through p62
binding (Rui et al., 2015). Therefore, we first checked whether those mitophagy receptors
that have been shown to be essential are also able to directly interact with Htt scaffolding
complex. To test this, we used PLA technology again to detect in vivo interaction between
Htt and OPTN and NDP52. According to previous works (Hattula and Perdnen, 2000) and to
protein-protein interaction predictions Htt might interact with both adapter proteins. We
confirmed this interaction with both proteins and detected lower OPTN-Htt interaction after
depolarization only when Htt was carrying the mutant polyQ tract (Fig. 41A-B). Moreover,
NDP52-Htt interaction upon mutant polyQ presence was below the detection threshold (Fig.
41B), while NDP52 expression was detected by immunofluorescence in both ST-Q7 and ST-
Q111 cells (Fig. 41C). Therefore, we confirmed that the lack of PLA signal is due to an
impairment in NDP52-Htt interaction and not a loss of NDP52 expression upon mutant Htt.
These results showed that the interaction between the two essential adapters of mitophagy
and Htt is influenced by the number of glutamines in the polyQ tract and, in the case of

ND52, the interaction is totally abolished when mutant Htt is present.
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Figure 41. polyQ tract in mutant Htt affects the scaffolding role of Htt during mitophagy.

(A) OPTN-Htt interaction detected by PLA in ST-Q7 and ST-Q111 cells untreated (UT) or treated with
rotenone (Rot, 1 pM, 4h) or CCCP (10 uM, 4h). 20 to 30 cells were analyzed per condition. (B)
NDP52-Htt interaction detected by PLA in ST-Q7 and ST-Q111 cells UT or treated with Rot (1 pM, 4h)
or CCCP (10 uM, 4h). 38 to 46 cells were analyzed per condition. (C) Representative images of
NDP52 immunostained ST-Q7 and ST-Q111 cells UT or treated with CCCP (10 uM, 4h). (A-C) Scale
bars: 10 ym. (A-B) PLA interaction was quantified as a ratio of area occupancy by the PLA signal

CCCP 4h

represented as the fold change compared with ST-Q7 untreated condition. Data are presented as
mean = s.e.m. * P < 0.05, ** P < 0.01, *** P < 0.001 after two-way ANOVA test followed by Tukey’s

post hoc test.
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4.2.6 polyQ tract in Htt affects the interaction of mitophagy receptors
with the nascent autophagosome

As last step of substrate recognition during mitophagy, receptors interact directly and recruit
LC3-Il, the main component of the autophagosome membrane, allowing the elongation of
the autophagosome membrane around mitochondria. Previously, it was shown that p62
could interact with the Htt complex (Rui et al., 2015) and the presence of the mutant form
could interfere with this interaction (Martinez-Vicente et al., 2010). To analyze if the
previously observed alterations in the interaction between Htt and the receptors could finally
have a consequence in the ability of the receptors to recruit LC3-1l, we studied the
interaction of these receptors with LC3-11 during mitophagy induction. First, we analyzed the
interaction between the selective autophagy receptors p62 and NBRI with LC3-Il by
immunoprecipitation, since the level of these proteins allowed this method. By co-
immunoprecipitation in ST-Q7 and ST-Q111 cells, we observed that the presence of mutant
Htt dramatically impairs p62 and NBRI interaction with LC3-1l (Fig 42A), further confirming
the pivotal role of Htt as an scaffold for several components in the autophagy process. To
take a closer look in the mitophagy process, we analyzed by PLA the interaction between
the two essential mitophagy receptors OPTN and NDP52 with LC3. Upon depolarization,
OPTN-LC3 interaction and NDP52-LC3 interaction was increased in differentiated ST-Q7
cells. Conversely, the presence of mutant polyQ tract hampered OPTN-LC3 interaction and
decreased NDP52-LC3 interaction (Fig. 42B and C). These data are in agreement with the
previous results showing both decreased interaction of ULK1 with the scaffolding Htt protein
(Fig. 39B) as well as decreased interaction of Htt with OPTN and NDP52 (Fig. 41A and B).
These results further indicate that the polyQ presence impairs the scaffolding ability of Hitt,
which facilitates autophagy receptors interaction with the nascent pre-autophagosomal

structure.
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Figure 42. polyQ tract in Htt affects mitophagy receptors interaction with the nascent
autophagosome.

(A) Representative images of immunoprecipitation of p62 and NBR1 in ST-Q7 and ST-Q111 and
immunoblotting against LC3-Il. (B) OPTN-LC3 interaction detected by PLA in ST-Q7 and ST-Q111
cells untreated (UT) or treated with rotenone (Rot, 1 uM, 4h) or CCCP (10 uM, 4h). 25 to 38 cells
were analyzed per condition. (C) NDP52-LC3 interaction detected by PLA in ST-Q7 and ST-Q111
cells UT or treated with Rot (1 puM, 4h) or CCCP (10 uM, 4h). 25 to 45 cells were analyzed per
condition. (B-C) Scale bars: 10 um. PLA interaction was quantified as a ratio of area occupancy by
the PLA signal represented as the fold change compared with ST-Q7 untreated condition. Data are
presented as mean + s.e.m. * P < 0.05, ** P < 0.01, *** P < 0.001 after two-way ANOVA test followed

by Tukey’s post hoc test.
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4.2.7 Impaired mitophagy leads to accumulation of damaged
mitochondria in ST-Q111 cells

At this point, we have already described an important impairment in several steps during
mitophagy initiation when mutant Htt is present, thus affecting the ability of the neuron to
respond to mitophagy induction upon depolarization. As a consequence of this lower
efficiency of mitophagy after depolarization, an accumulation of damaged mitochondria can
be observed in differentiated ST-Q111 neurons. The ratio between healthy mitochondria and
total mitochondrial pool can be detected by using a mitochondrial probe sensible to
mitochondrial membrane potential like TMRM, in parallel with a mitochondrial probe like
MitoTracker® Deep Red as control of total mitochondria (healthy and unhealthy). The TMRM
signal corrected by total amount of mitochondria with MitoTracker® Deep Red, indicate the
amount of healthy mitochondria remaining in the cell after depolarization. We observed that
this was higher in the control cells (ST-Q7) while mutant cells (ST-Q111) showed lower
capacity to properly turn over damaged mitochondria upon depolarization. Consequently,
differentiated ST-Q111 cells presented lower rates of healthy mitochondria after 24 hours of

mild or acute depolarization (Fig. 43A).

Furthermore, we analyzed the mitochondrial function by measuring the oxygen consumption
ratio (OCR) of differentiated striatal cells under basal conditions and after a respiration stress
by using Seahorse technology. Initially, both differentiated neuronal cell lines presented
similar basal respiration levels, which is strongly controlled by ATP turnover and to a lesser
extent by substrate oxidation and proton leak. Inhibition of ATP synthase (complex V) with
oligomycin caused an expected decrease in both ST-Q7 and ST-Q111 cells without
significant differences. Addition of the uncoupling agent CCCP collapsed the proton gradient
and caused an increase in the OCR until the maximum respiration rate is achieved. ST-
Q111 cells clearly showed a lower rate of maximal respiration and lower spare capacity
(ability of the cell to respond to increased energy demand) compared with control cells.
These results indicate that mitochondria from ST-Q111 cells are bioenergeticaly less active

and have lower ability to respond to an increased energy demand (Fig. 43B and C).

If cells were mildly depolarized with rotenone 4 hours and recovered for 24 hours, the
remaining mitochondria from mutant ST-Q111 cells presented lower basal respiration, lower
ATP production, lower maximal respiration and lower spare capacity compared to control
cells under the same treatment (Fig. 43D). This assay clearly shows that as a consequence

of inefficient induced mitophagy, the remaining pool of mitochondria present in the cell are
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not fully healthy mitochondria, thus contributing to the general mitochondrial dysfunction

observed in HD.

One of the main consequences of the cell inability to properly eliminate damaged
mitochondria is the increase of reactive oxygen species (ROS), produced at least in part
from the damaged mitochondria and detected by the fluorescent probes CellROX® Green
(Fig. 43E and F) and CM-H,DCFDA (Fig 43G). Both probes are cell-permeant and non-
fluorescent in the reduced state, but upon oxidation with intracellular free radicals both
reagents exhibit strong fluorescence. CellROX® is known to detect ‘O,  (superoxide radical)
and OH’ (hydroxyl radical) and CM-H,DCFDA can react with several ROS including
hydrogen peroxide, hydroxyl radicals and peroxynitrite. Data showed increased ROS levels
in ST-Q111 cells compared with ST-Q7 cells, which might accumulate in part due to the

decreased induced-mitophagy rate observed in these cells.
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Figure 43. Impaired mitophagy leads to the accumulation of damaged mitochondriain ST-Q111
cells.

(A) Flow cytometry was used to determine TMRM and MitoTracker® DeepRed staining in ST-Q7 and
ST-Q111 cells untreated (UT) or treated with rotenone (Rot, 1 uM, 4h) or CCCP (10 uM, 4h). Cells

were added chloroquine with the rotenone and CCCP treatments (60 pM; n=3 independent
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experiments). Quantification is represented as fold change compared with the corresponding UT
condition. (B) Seahorse XF-24 instrument analysis of oxygen consumption rate (OCR). Mitochondrial
respiration reflected by OCR levels was detected in ST-Q7 and ST-Q111 cells under basal conditions
or following the addition of oligomycin (olig, 1 uM), the uncoupler CCCP (CCCP, 0.5uM each time)
and Rotenone and Antimycin (Rot/Ant, 1 uM) at the indicated times (n=3 independent experiments).
(C) The rates of basal respiration, ATP production, maximal respiration and spare capacity were
guantified by normalization of OCR level to the total protein OD values (n=3 independent
experiments). (D) The rates of basal respiration, ATP production, maximal respiration and spare
capacity in ST-Q7 and ST-Q111 cells after 4h of rotenone treatment and 24h of recovery were
guantified by normalization of OCR level to the total protein OD values. (E) Representative images of
CellROX® Green immunostained ST-Q7 and ST-Q111 cells UT or treated with Rot (1 uM, 4h). Scale
bar: 10 uym. Intracellular ROS levels were quantified as a measure of the area fraction occupied by
CellROX® staining and represented as the fold change compared with ST-Q7 UT. 44 to 80 cells were
analyzed per condition. (F) Flow cytometry was used to determine CellROX® intensity in ST-Q7 and
ST-Q111 cells UT or treated with Rot (1 puM, 4h). Intracellular ROS levels were quantified as a
measure of CellROX® intensity and represented as the ratio between rotenone and untreated
conditions (n=3 independent experiments). (G) Flow cytometry was used to determine CM-H,DCFDA
staining in ST-Q7 and ST-Q111 cells UT or treated with Rot (1 uM, 4h). Intracellular ROS levels were
guantified as a measure of CM-H,DCFDA intensity and represented as mean fluorescence intensity
(n=3 independent experiments). (A-G) Data are presented as mean + s.e.m. * P < 0.05, ** P < 0.01,
*** P < 0.001 after (A; E; G) two-way ANOVA test followed by Tukey’s post hoc test (C-D; F) Student’s
t test.
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5 Discussion

PD and HD are two neurodegenerative disorders with some common traits. Both are
movement disorders marked by aberrant protein aggregation in the brain, though the specific
proteins that aggregate and types of neurons affected differ between them. Moreover, they
can be viewed as mirror-images of each other; while in HD GABAergic medium spiny
neurons in the striatum are the neuronal type that neuropreferentially degenerate, they are
spared in PD. On the contrary, dopaminergic neurons that selectively degenerate in PD are
spared in HD. Even though they have been described more than 100 years ago, there are
still not current therapies that can modify the progression of both diseases, and drugs
available only target the symptoms but not the neuodegenrative process itself. To develop a
treatment that has an impact on the course of these diseases, it is necessary to understand
the pathways that lead to cell dysfunction and death. Proteostatic defects,
neuroinflammation, calcium dysregulation and mitochondrial dysfunction are some of the
common pathways that underlie the pathology in these two neurodegenerative disorders.
Nonetheless, effective drugs for neuroprotection may be applicable at all stages of the
disease, but would rather be best started in the earliest phase detectable (Fig. 44). A
paradigmatic example is the use of antiapoptotic drugs as a treatment for PD. Caspase
inhibitors such as CEP-1347 and THC346 had very promising results in preclinical trials
(Andringa et al., 2003; Saporito et al., 1999) but failed in clinical trials (Olanow et al., 2006;
Parkinson Study Group PRECEPT Investigators, 2007). This could be explained because
anti apoptotic drugs act too late in the degeneration process to have a disease-modifying
effect. Therefore, we strongly believe that we have to focus on dysfunction taking place
earlier in the deleterious cascade in order to find new therapeutic targets that could have a
chance to slow or prevent the progression of neurodegeneration. Interestingly, the role of
mitochondrial quality control in neuronal health is a recently growing subject for investigation,
and it has been suggested to be central to maintain healthy mitochondria. For that reason,
we have focused on two different mitochondrial quality control mechanisms that have not
been studied in depth in PD and in HD. Whereas mutant Htt had previously been reported to
impair mitochondrial protein import, less is known in the field of PD. In contrast, mitophagy
has been extensively studied in the context of PD, due to the roles of PINK1 and Parkin
proteins, while there is much less data about the effect of polyQ expansion on Htt’s role in

mitophagy.
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Figure 44. Schematic diagram depicting an hypothesized scenario responsible for

mitochondrial dysfunction in PD and HD.

ROS are continuously produced in vivo by all body tissues. The presence of mitochondrial
translocases, chaperones and proteases within the mitochondrial matrix and intermembrane
space acts as a first line of defense against unfolded and oxidized soluble proteins. Mitochondrial
unfolded protein response (MtUPR) is believed to be activated by cytosolic transcription factors
(ATFS-1, UBL-5, DVE-1) which upregulate the expression of genes involved in mitochondrial
proteostasis. To maintain a healthy network, mitochondrial are dynamic and can fuse, divide and
move. Once the accumulation of mitochondrial defects exceeds a certain threshold, patches of
mitochondria can be removed through the generation of mitochondrial-derived vesicles (MDVs),
which transit to the lysosome. Upon complete mitochondrial dysfunction, the entire organelle can
be targeted for degradation via mitophagy. When none of the rescue strategies are able to
restore mitochondrial function, the cell enters in its ultimate destiny, apoptosis. Clinical trials using
general caspase inhibitors such as CEP-1347 and TCH346 failed, maybe because it was too late
in the process to intervene. Other compounds were tested in clinical trials, from fission inhibition
using mdivi to PPARy activation, but none were able to show clear treatment benefits.
Interestingly, the role of mitochondrial quality control in neuronal health is a recently growing
subject for investigation, indicating that mitochondrial quality control might be central to maintain

healthy mitochondria.
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5.1 Chapter |

Our work has focused on better characterize the mitochondrial protein import system in the
context of PD with the aim of finding a putative therapeutic target that could be modulated.
We have found that complex | inhibition leads to a mitochondrial protein import deficit, both
in vitro and in vivo. This deficit is characterized by downregulation of key translocases
protein levels together with decreased presence of nuclear-encoded mitochondrial proteins.
This results in mitochondrial protein aggregation, hampered mtUPR activation, increased
ROS production and loss of mitochondrial membrane potential. Overexpression of TOM20
on complex | inhibited cells restored mitochondrial protein import activity but only partially
rescued mitochondrial membrane potential, ROS levels and cell death in vitro. In the MPTP
mouse model, stereotaxically-delivered TOM20 did not restore mitochondrial protein import
and could not protect against MPTP-induced neurodegeneration, [even exerting increased
degree of nigrostriatal system demise]. Overexpression of TIM23 on complex | inhibited cells
restored mitochondrial protein import but exhibited a milder effect in vitro compared with
TOMZ20 regarding membrane potential, ROS production and cell death. Overexpression of
TIM23 in the MPTP-mouse model was able to reestablish mitochondrial protein import and

exerted a mild protection against degeneration of TH-positive neurons.

Mitochondrial protein import was previously described to be impaired in the context of HD.
Yano et al. found that mutant Htt binds to TIM23 complex in the IMM in isolated brain
mitochondria. As a consequence, protein import into mitochondria was inhibited in a manner
dependent on the concentration and length of the Htt polyglutamine stretch. Synaptosomal
mitochondria, a specific group of mitochondria with high energetic demands, from R6/2 mice
exhibited markedly compromised protein import even at early disease stages, in comparison
with non-synaptosomal mitochondria, suggesting that this defect is one of the earliest
alterations present in the course of the disease. Furthermore, overexpression of the major
subunits of TIM23 complex (TIM23, TIM50 and TIM17A) was able to improve metabolic
health and neuronal survival in cortical neurons expressing mutant Htt (Yano et al., 2014). In
the field of PD, a-synuclein has also been reported to impair mitochondrial protein import
system. Devi et al. described a cryptic mitochondrial targeting sequence in a-synuclein and
found that a-synuclein was imported into the mitochondria through the TOM complex. A
component of the complex, TOM40, was reported to directly interact with a-synuclein.
Mitochondrial a-synuclein accumulation was correlated with decreased complex | activity
and elevated ROS in human fetal dopaminergic primary neuronal cells. Furthermore,
mitochondria isolated from SN of PD patients presented higher levels of a-synuclein

compared to control mitochondria and this correlated as well with decreased complex |
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activity (Devi et al., 2008b). Some years after, TOM40 levels were found specifically
decreased in SN from PD patients and a-synuclein transgenic mice. In vitro and in vivo
overexpression of a-synuclein led to TOM40 downregulation, decreased mitochondrial mass
and increased oxidative damage, whereas TOM40 overexpression decreased a-synuclein
protein levels and reverse a-synuclein-induced mitochondrial toxicity (Bender et al., 2013).
Shortly after, Di Maio et al. uncovered the presence of a mitochondrial protein import deficit
in the context of PD. In their work, they observed decreased NDUFS3 staining in the
rotenone rat model, in the AAV2-viral mediated overexpression of human a-synuclein rat
model and in human PD brain samples. Upon analysis of different a-synuclein species on
mitochondrial protein import, an interaction between those species and TOM20 was
unraveled, in contradiction with the previously reported a-synuclein-TOM40 link. Specifically,
some a-synuclein modified species interacted with TOM20 and prevented TOM20-TOM22
normal binding. In contrast to previous work, Di Maio and coworkers failed to find a specific
a-synuclein-TOM40 interaction using PLA technology (Di Maio et al., 2016). To sum up, the
few reports about mitochondrial protein import in PD have linked those defects to a-
synuclein localization to mitochondria. In fact, a-synuclein has long been reported to interact
with mitochondria in different experimental settings (Devi et al., 2008b; Li et al., 2007; Martin
et al., 2006; Parihar et al., 2008) although its exact localization, binding mechanisms and
dependence on mitochondrial membrane potential remains a matter of debate. Besides,
whether a-synuclein hampers protein import into mitochondria through TOM40 or TOM20
interaction is also controversial. Therefore, there is a need to clarify the mechanisms leading
to impaired mitochondrial protein import in a context of mitochondrial dysfunction
independent of a-synuclein. This is the reason why we have worked with complex | deficient

mice and neuronal cultures.

Here, we have not only characterized the expression of different nuclear-encoded
mitochondrial proteins as a read-out of mitochondrial protein import in vivo, but also
analyzed some key translocases proteins, important for the system. Moreover, we have
controlled for mitochondrial mass changes to ensure that we were observing decreases in
mitochondrial protein import and not only a reduction in mitochondrial mass. Regarding
TIM23 and TOM20 protein levels, we have found both of them decreased in all the models
analyzed (MPP*-treated cells and MPTP-treated mice) and also in post-mortem human brain
samples from PD patients. However, a previous study only found a specific decrease in
TOMA40 but not in TOM20 (Bender et al., 2013) in human samples, so more data is needed
to clarify which of the components of the mitochondrial protein import system are actually
hampered in the human context. We think that whereas working with post-mortem tissue

strengthens the value of the results, caution must be taken to extrapolate those results. This
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is because post-mortem samples likely reflect the end-stage of the disease and some
alterations present in this kind of samples could be secondary thus, not reflecting the exact
disease phenotype on a cellular level. For such, we propose to use other human-derived
samples, as fibroblasts or iPSC cells, which in turn can be reprogrammed to neurons or
other cellular types. This kind of samples are available at different stages of the disease and
can be used to study mechanistic details, to elucidate signaling pathways and to identify

novel therapeutic strategies (Zhang et al., 2017).

We have used complementary assays to characterize the consequences of complex |
inhibition in BE(2)-M17 cells on mitochondrial protein import function. For such, we have
analyzed the intramitochondrial processing and fluorescence intensity of an exogenous
protein (mitoGFP) and also we have analyzed the presence of nuclear-encoded
mitochondrial endogenous proteins. To assess whether the inhibition of mitochondrial
protein import was direct, we isolated mitochondria an analyzed the effect of MPP™ treatment
on the import of OTC. With all these alternative approaches we have shown that complex |

inhibition leads to a significant mitochondrial protein import deficiency.

We have also analyzed OXPHOS protein levels upon MPP" intoxication. Since MPP" is a
complex | inhibitor (Cleeter et al., 1992) it impairs OXPHOS activity (Desai et al., 1996).
Moreover, we have observed reduced protein levels of NDUFB8, SDHB, UQCRC2 and COX
II, similar to other report also showing decreases in proteins from complex I, 1ll and IV and
no effects on complex V upon MPP" intoxication. Interestingly enough, authors show how the
exposure to a low-dose of MPP* sustained over time specifically impairs mitochondrial
translation activity in cells (Zhu et al., 2012). Therefore, is very tempting to speculate that in
our model MPP* is exerting a double detrimental effect; on one side disrupts the
mitochondrial protein import hampering the entry of the nuclear-encoded mitochondrial
proteins, and, on the other side, downregulates the translation of the mitochondrial-encoded
proteins. Moreover, MPP" intoxication also leads to protein misfolding inside mitochondria as
shown by increased levels of detergent-insoluble subunits of respiratory chain complexes.
Mitochondrial stress is able to elicit a response called mtUPR which is characterized by the
transcriptional upregulation of mitochondrial proteases and chaperones (Fiorese et al., 2016;
Haynes et al., 2010; Zhao et al., 2002). Indeed, we observed a ~2-fold increase in CLPX and
HSP9 chaperones mRNA which is not translated into increased protein levels. It is apparent
that import defects might impair the translocation of proteases and chaperones of mtUPR
into the mitochondria and the subsequent mtUPR activation. Besides, HTRA2 protease
deficiency in mice leads to protein misfolding in the mitochondria (Moisoi et al., 2009b) which

could exemplify that a deficit in the mitochondrial quality control could lead to mitochondrial
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protein aggregation. A recent report, though, has put into question the beneficial effects of
long lasting mtUPR activation in the context of PD. In a C. elegans model of human a-
synuclein authors observed that mtUPR response is highly activated. However, this was
associated with enhanced dopaminergic neurotoxicity (Martinez et al., 2017b), highlighting
the potential detrimental role of prolonged mtUPR activation. In fact, the current view
encompasses the mtUPR response in an integrated mitochondria stress response (ISRmt)
(Suomalainen and Battersby, 2017). This stress response leads to the activation of
transcripts that encode proteins that are involved in the regulation of lipid and glucose
metabolism, as well as the anabolic one-carbon cycle (Bao et al., 2016; Nikkanen et al.,
2016). In a mouse model of mitochondrial myopathy, ISRmt is controlled by mTORC1 in
muscle and rapamycin treatment downregulated all components of ISRmt and reversed the
progression of the disease (Khan et al., 2017). This exemplifies that mitochondrial
dysfunction can elicit an ISRmt, which upon long-term induction can have a detrimental

effect.

To our knowledge, this is the first time that components of the mitochondrial protein import
system are modulated as a potential target to prevent neurodegeneration in PD. Previous
studies have focused on the study of the mechanism by which a-synuclein impairs import (Di
Maio et al., 2016) or have used models in which there is no overt neurodegeneration
(Bender et al., 2013). Knockdown of TOM40 or TIM23 in primary cortical and striatal neurons
caused increased cell death (Yano et al., 2014), reinforcing the notion that mitochondrial
protein import is essential for neuronal survival. We have used different strategies to
increase translocases protein levels in vitro: transient overexpression of TIM23- or TOM20-
plasmids and generation of stable cell lines. Upon transient delivery of TIM23 or TOM20
plasmids, we observed an increased cell death at basal levels, which could be due to a
massive protein overexpression. Upon MPP* treatment there were no differences in cell
death between vehicle, TIM23- or TOM20-overexpressing cells. Another report in which
TIM23 was overexpressed did not show any basal toxicity. However, authors co-
overexpressed TIM23 with TIM50 and TIM17A through a lentiviral-mediated strategy (Yano
et al., 2014), which generally has better transfection efficiency rates and leads to sustained
but lower protein expression levels. In fact, in the case of TOM20, when we used the stable
cell line to assess MPP*-induced cell death, we observed a partial protection against cell
death (Fig. 45).
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Figure 45. Schematic representation of TIM23/TOM20 protective role in MPP+- treated

Cell death

cells.

Pathological condition: MPP" intoxication in vitro leads to complex | deficiency and
downregulation of TIM23 and TOM20 levels through an unknown mechanism. Upon complex I-
deficiency, there is a loss of protein import and mitochondrial membrane potential (Ay,,) together
with an increase in ROS production and protein aggregation. All together, this leads to
mitochondrial dysfunction and cell death. TIM23/TOM20 overexpression partially reduces ROS
production and restores mitochondrial protein import and membrane potential, possibly
contributing to reduce cell death. We have not assessed complex | activity or protein aggregation
upon TIM23/TOM20 overexpression (indicated by question marks).

Our studies have also focused on in vivo modulation of mitochondrial protein import system
on PD-context. For such, we stereotaxically delivered AAV2/9-hTIM23 or AAV2/9-hTOM20
prior to the intoxication with the parkinsonian neurotoxin MPTP. TIM23 delivery in vivo
restored mitochondrial import and exerted a slight degree of neuroprotection. Strikingly,
TOM20 overexpression did not restore mitochondrial protein import activity nor protect
against MPTP-induced neurodegeneration. Indeed, we observed even more cell death
compared with MPTP-intoxication alone. Moreover, upon transient TOM20 overexpression
but not TIM23, mitochondria appeared hyperfused and clusered around the nucleus. This
effect on mitochondrial morphology was already reported by Yano and collaborators,
showing that the glutamine-rich segment of TOM20 is essential for perinuclear mitochondrial
aggregation (Yano et al., 1997). Authors also analyzed the structure of the mitochondrial
aggregates and reported that they are in fact composed of individual round-shape
mitochondria, confined to the aggregates but not fused (Yano et al., 1998). Importantly,

TOMZ20 overexpression in COS-7 cells is linked to increased mitochondrial protein import
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(Yano et al., 1997, 1998), in the same way that TOM20 overexpression in our cellular model
also stimulates mitochondrial import, indicating that overexpression of only one component
of the receptor complex may result in import stimulation. Intriguingly, authors reported that
the same glutamine-rich regions that seemed responsible for mitochondrial aggregation are

also essential for the stimulation of mitochondrial protein import (Yano et al., 1998).

However, in vivo results failed to show TOM20-mediated restoration on protein import. It is
plausible that the long-lasting overexpression of TOM20, leading to high levels of protein
expression in vivo, could explain its toxicity. Indeed, AAV2/9-TOM20 overexpressing SN
neurons display mitochondrial aggregation. Aggregation and perinuclear clustering of
mitochondria has been observed in relation to some forms of apoptotic cell death (De Vos et
al., 1998; Suen et al., 2000; Yee et al., 2009) and also upon Bax (Desagher and Martinou,
2000), Bim (Puthalakath et al., 1999) and Bid (Li et al., 1998) induction. Moreover,
perinuclear mitochondrial clustering is also present during the mitophagy process upon
Parkin translocation to the mitochondria (Okatsu et al., 2010). Thus, we can hypothesize that
the observed perinuclear mitochondrial clustering correlates with the increased cell death
observed upon AAV2/9-hTOM20 overexpression. However, the exact mechanism by which
TOMZ20 overexpression in vivo induces cell death is unclear. In any case, the contradicting
results found here also pose a critic to the current PD models. In general, none of the up-to-
date models can recapitulate all the features present in PD. Models can represent some
aspects of PD pathology and the choice of the model will depend on what we want to study.
In our case, we have worked with an in vitro model, the BE(2)-M17 dopaminergic cell line
intoxicated with MPP®, and an in vivo model, the MPTP mouse model. MPP* and MPTP
have already demonstrated that cause mitochondrial dysfunction and cell death (Bové and
Perier, 2012). We have moved from the mechanistic characterization of mitochondrial
protein import impairment in vitro, towards an in vivo model because we wanted to study
whether restoration of mitochondrial protein import through TIM23 and TOMZ20
overexpression could represent a therapeutic target in a more physiologic environment, in
which several cell types are present and interact with each other. Even though we had
promising results in vitro for both TIM23 and TOM20 to prevent cell death, this was partially
attenuated in an in vivo environment (Fig. 46), highlighting the need for any therapeutic
target to be tested in the context of a whole animal and not just in vitro. It is true, though, that
even very promising therapies that have worked in different in vivo models have failed in
clinical trials. Hence, there is an urgent need to fine-tune our current in vivo models in order

to facilitate the translation of potential therapies to the clinic.
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Figure 46. Schematic representation of the dopaminergic nigrostriatal system integrity

upon different genetic manipulations in MPTP-treated mice.

A) MPTP treatment leads to striatal fiber loss and degeneration of SN TH-positive neurons, as
represented with light brown color. B) AAV-hTIM23 overexpression in the right side of MPTP-
intoxicated mice, only protects mildly against degeneration of SN TH-positive neurons
(represented in bright brown color) but not against striatal-fiber loss. C) AAV-hTOM20
overexpression in the right side of MPTP-intoxicated mice does not protect against doapaminergic
nigrostriatal system degeneration. Moreover, AAV-hTOM20 delivery leads to increased cell death

in comparison to MPTP-intoxication only, as represented in white color.

In summary, our results have identified the disruption of mitochondrial protein import system
as a key pathogenic event in the context of PD. Even though overexpression of single
subunits of the translocases system has not been enough to fight against
neurodegeneration, we strongly think that an strategy aimed to target several key elements
in the pathway could have a major impact. Thus, identification of potential drugs/compounds
able to boost mitochondrial protein import activity could represent a potential therapeutic

strategy in the field of PD.
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5.2 Chapter Il

In the second chapter we have focused on the study of neuronal mitophagy in the context of
HD. We have shown that in differentiated striatal cells and other neuronal cell lines, induced
mitophagy is not driven by Parkin translocation to the mitochondria. Additionally, in the
presence of mutant Htt, lower levels of induced mitophagy are observed, most likely
because endogenous Htt participate as an scaffold protein in different steps of the
mitophagy mechanism and the presence of the polyQ tract in mutant Htt impairs the
following processes: (i) the ULK1 activation after release from the mTORC1 complex, (ii) the
formation of the nucleation complex (beclin 1-Vps15-Vps34), (iii) the interaction between Htt
and mitophagy adapters, (iv) the interaction of mitophagy adapters and the autophagosome
membrane. As a consequence of the hampered mitophagy, damaged mitochondria
accumulate leading to deficits in mitochondrial respiration and increased ROS production,

which amplifies the cellular damage.

Our study is one of the few studies that has aimed to characterize mitophagy under
conditions as close as possible to the physiological ones. First, we have used full-length Htt
protein instead of exonl-constructs to study not only the gain of toxic function, due to the
presence of the polyQ expansion, but also the loss of normal full length Htt function as an
scaffolding protein due to the presence of the polyQ tract. The observed alterations in Htt
interactions during induced mitophagy can only be achieved with full-length Htt, since most
of the protein-protein interactions modulated by Htt cannot be studied just with Htt-exonl
constructs. As HD is regarded as a primarily toxic gain-of-function disease, most of the
studies only use Htt-exonl constructs. However, increasing lines of evidence (Schulte and
Littleton, 2011; Van Raamsdonk et al., 2005; Zuccato et al., 2003) suggest a loss-of-function
component in the pathology of HD, since wild type Htt has important activities in neurons
and loss of these activities may play a role in HD. For instance, homozygous Htt knockout
mice are embryonic lethal at pre-gastrulation stage (Duyao et al., 1995; Nasir et al., 1995;
Zeitlin et al., 1995) while heterozygous knockout still show some physical and behavioral
alterations (Nasir et al., 1995). These evidences have important consequences, regarding

the need to study wild type Htt function and also therapeutic implications.

Second, we also have used differentiated striatal cells, since in contrast with dividing cells,
neurons require basal and continuous autophagy activity for survival (Hara et al., 2006;
Komatsu et al., 2006). Mitophagy, as one type of selective autophagy, is also essential for
neurons to assurance the maintenance of the healthy mitochondrial pool and properly

eliminate the damaged or old mitochondria that become a source of ROS and ultimately
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contribute to cell death (Amadoro et al., 2014; Bolafios et al., 2010; Oliveira, 2011). Thus, is
extremely important to study mitophagy and the consequences of mitophagy impairment in
differentiated, non-dividing neurons. Third, most of the works studying mitophagy have
employed artificial introduction, overexpression or deletions of the different proteins involved
in this mechanism. Even though this approach is completely valid and has revealed crucial
details of mitophagy process, when trying to reproduce these results in endogenous
conditions in neurons authors have observed, instead, that other types of mitophagy might
be taking place in neurons (Chu et al., 2013; Shi et al., 2014). Classically, endogenous
Parkin translocation to mitochondria has not been detected in neuronal cell lines (Cai et al.,
2012; Rakovic et al., 2013; Sterky et al., 2011; Van Laar et al., 2011). We have confirmed
also these results in our striatal cell line. Only the artificial overexpression of Parkin together
with a long-lasting and severe depolarization could reproduce the typical translocation of
Parkin to mitochondria in less than 50% of differentiated striatal cells. This is in contrast to
other neuroblastoma cells like SH-SY5Y and BE(2)-M17 which under these forced
conditions presented almost 100% of cells with overexpressed-parkin cocalizing with
mitochondria. These results suggest that the mitophagy process occurring in striatal cells
might be Parkin-independent and, consequently, mitophagy probably takes place at a lower

rate.

Finally, we have tried to induce mitophagy in a more subtle way. For such, we have used not
only the classical m-clorophenyl hydrazone (CCCP) uncoupler to induce mitophagy, but also
a mild, subtoxic rotenone concentration, which causes a more subtle mitochondrial damage.
lonophores such as CCCP, which induce a rapid and massive loss of the mitochondrial
membrane potential in the entire mitochondrial pool, have been widely used to study
damage-induced mitophagy (Ding and Yin, 2012; Vives-Bauza et al., 2010). However, the
signaling pathways activated by CCCP treatment are ill-defined and do not reflect the
mitochondrial dysfunctional state during chronic neurodegenerative disease (Grenier et al.,
2013). For instance, giving the high dependence of neurons on mitochondrial respiration
(Bolafios et al., 2010; Oliveira, 2011), it is not likely that a complete depolarization and

degradation of the mitochondria pool might take place.

Initial work by Martinez-Vicente et al, described the presence of “empty autophagosomes” in
HD cells, suggesting that mutant Htt impairs the cargo sequestration step, leading to
inefficient cargo loading with lipid droplets and mitochondria being excluded from autophagic
vacuoles (Martinez-Vicente et al.,, 2010). As a consequence of altered autophagy,
chaperone-mediated autophagy is upregulated in HD striatal cells (Koga et al., 2011).

Conversely, others argued that Htt was not required for autophagosome formation or cargo
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loading. Instead, they pointed at defective autophagosome transport, which is disrupted
upon polyQ presence, as the reason for undigested mitochondria, suggesting that
misregulation of autophagosome transport leads to inefficient autophagosome maturation
(Wong and Holzbaur, 2014). However, more recent work has unraveled the role of wild type
Htt at the cargo recognition step in stress-induced selective autophagy due to its ability to act
as a scaffold bringing together different proteins required for autophagy to take place
(Ochaba et al., 2014; Rui et al., 2015). These works using Htt-knock out models and Hit-
deletion constructs showed that endogenous Htt participates in cargo recognition by
interacting with and facilitating p62 binding to ubiquitin-K63-modified cargos and LC3.
Moreover, Htt also binds to ULK1, releasing its mTOR-mediated inhibition, thereby leading to
its activation and interacting with Htt in a kinase-active form (Rui et al., 2015). Nevertheless,
Htt is only implicated in some types of selective autophagy, such as mitophagy, aggrephagy
and lipophagy and only in response to certain stresses, such as FCCP (carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone), UPS inhibition and lipotoxic stress but not starvation
stress. All in all, this ability of Htt to physically interact with several partners provides
structural stabilization to different protein complexes and allows the proximity required to
trigger different cellular mechanisms. However, these works did not assess the
consequences of the polyQ expansion in the scaffolding role of Htt, since they worked with

Htt loss of function constructs and conditional knockouts.
In this thesis, our goal was to analyze in detail the mitophagy process in differentiated striatal

neurons carrying wildtype and mutant Htt to understand the consequences and contribution
of polyQ expansion to mitophagy mechanism (Fig. 47).
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Figure 47. Schematic representation of mitophagy process with Htt acting as an

scaffolding protein.

For autophagy activation, ULK1 has to be released from mTOR interaction and inhibition. AMPK
phosphorylates ULK1 at S555 and S317; which acts as well as an activation signal. Htt competes
with mTOR for ULK1 interaction. Moreover, the nucleation complex needs to be formed (Beclin 1-
Vpsl1l5-Vps34) which activates de formation of the pre-autophagosomal structure. Damaged
mitochondria are tagged with K63 ubiquitin chains that are phosphorylated (pUb). These signals
in the cargo are recognized by mitophagy adapters (OPTN and NDP52) and general autophagy
adapters (p62). Htt interacts with OPTN, NDP52 and p62, thus bringing together all the elements
required for mitophagy to take place. Mitophagy adapters interact as well with LC3-Il in the
autophagosome membrane and tagged mitochondria are engulfed by autophagosomes and

fused with lysosomes for degradation.

To understand the role of Htt particularly in mitophagy we analyzed different steps required
for mitophagy mechanism. Despite our inability to observe Parkin translocation to
mitochondria, we found that mitochondria was being ubiquitinated with the typical K-63
linkage, which signals for autophagy (Tan et al., 2008). PolyQ expansion in Htt did not
interfere with this particular step, as previously reported (Khalil et al., 2015). This is in
contrast with a previous report showing accumulation of ubiquitin K11, K48 and K63 chains
in mouse neuroblastoma cell line and brains from R6/2 mice (Bennett et al., 2007). However,
the increase in ubiquitin K63 chains in vitro was transient, bringing back together both

observations.

One of the key proteins involved in autophagy initiation is ULK1, which has been shown to

interact with Htt (Rui et al., 2015) and, in that way, release its mTOR-inactivating interaction.
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Htt has been shown to have an important role in the release of ULK1 from mTORC1 by
competing in the inhibitory binding of mMTORC1 to ULK1. We confirmed in our neuronal
model that the interaction of Htt with ULK1 is increased after the addition of mitochondrial
uncouplers. On the contrary, in differentiated ST-Q111 cells, mutant Htt loses its ability to
interact with ULK1 upon depolarization. This is translated in an increased ULK1-mTOR
binding in mitophagy-inducing conditions and increased S757-inhibitory phosphorylation of
ULK1. Another protein implicated in autophagy initiation is beclin 1. Beclin 1 forms a
transient complex with Vps15 and the phosphatidylinositol 3 kinase Vps34, which generates
phosphatidylinositol 3-phosphate (Ptdins3P). This complex, called the nucleation complex, is
involved in autophagic vesicle nucleation (Kang et al., 2011; Kihara et al., 2001). Beclin 1
was shown to interact with the deubiquitinase ataxin 3 through its polyQ domain, thus
protecting beclin 1 from proteasomal degradation. Moreover, beclin 1 binds more strongly to
longer polyQ domains. In that way, Beclin 1 affinity to longer polyQ stretches displace
normal binding of beclin 1 to ataxin 3 in the presence of mutant Htt, increasing beclin 1
degradation (Ashkenazi et al., 2017). Consistently, we have reported decreased interaction
of beclin 1 with Vps15 in ST-Q111 cells, further confirming that the presence of mutant Htt

alters different steps in mitophagy initiation.

Once mitochondria have been tagged for mitophagy, different mitophagy receptors can
recognize dysfunctional mitochondria and act as a bridge between the autophagosome
(LC3-Il) and the cargo (mitochondria) (Stolz et al., 2014). In this context, it was previously
described that the receptor for selective autophagy p62 was able to interact with Htt (Rui et
al., 2015) and this interaction was altered in mutant Htt (Martinez-Vicente et al., 2010). As a
result, p62 interaction with ubiquitin-K63 chains of the substrate and LC3 of the
autophagosome was altered (Rui et al., 2015). Recently, the role of p62 in mitophagy has
been questioned since p62 has been reported to be dispensable for mitophagy, while OPTN
and NDP52 have been found to be the primary receptors for mitophagy (Lazarou et al.,
2015b). Similarly, interactions between Htt and the essential mitophagy adaptors have
already been described (del Toro et al., 2009; Hattula and Peré&nen, 2000) or predicted in
silico. We have confirmed in our neuronal model that Htt binds not only to general autophagy
adapters, p62 and NBRI, but also to specific mitophagy adapters, OPTN and NDP52 and
that these interactions are lost in the presence of the polyQ stretch upon depolarization-
induced mitophagy. Similarly, mutant Htt was previously reported to impair the interaction
between optineurin/Rab8 complex (del Toro et al., 2009). The main consequence of the
hampered interaction between the scaffolding protein Htt and the different receptors is that
lower LC3-Il is recruited to the targeted mitochondria, as demonstrated by the loss in OPTN

and NDP52 interaction with LC3 in the presence of mutant Htt and mitochondrial uncouplers.
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As a result, striatal cells carrying mutant Htt did not respond with the same efficiency to the
elimination of damaged mitochondria and as a consequence higher number of these
damaged mitochondria are accumulated in the neurons and become a new source of ROS.
We are aware that in addition to the role of Htt in selective mitophagy described in this study,
many other works have linked mutant Htt to mitochondrial dysfunction by alteration in other
mitochondrial processes such as mitochondrial fusion/fission dynamics, mitochondrial
protein import system, mitochondrial complex assembly and mitochondrial axonal transport
(Guedes-Dias et al., 2016). These events might act simultaneously to the mitophagy
impairment described in this work, and all together probably contribute to the pathogenic
increase of mitochondrial dysfunction and ROS accumulation observed in neurons affected
by HD (Johri and Beal, 2012).

In this work we have used only striatal cells, since we wanted to characterize at the
molecular level all the interactions between wild type and mutant Htt with mitophagy key
proteins. However, there are evidences in vivo that sustain our findings. For instance, using
a mitoKeima transgenic mouse model in which human Htt transgene was expressed,

decreased levels of mitophagy were observed in the dentate gyrus (Sun et al., 2015).

In contrast with our findings and previous publications by many other groups (Khalil et al.,
2015; Martinez-Vicente et al., 2010; Wong and Holzbaur, 2014), a recent work reported that
valosin-containing protein (VCP) binds preferentially to mutant Htt on mitochondria in striatal
Q111 cells and VCP translocation to mitochondria mediates excessive mitochondrial
turnover and subsequent cell death (Guo et al., 2016). However, our findings do not support
the presence of an excessive mitochondrial clearance in basal conditions. In fact, to our
knowledge, this is the only work in which mutant Htt has been linked with increased or
excessive mitophagy, leading to a decrease in mitochondrial mass, energy and neuronal
survival. Moreover, another report has shown that VCP translocation to mitochondria has a
positive effect on mitochondrial respiration and prevents mitochondrial permeability transition
pore (MPTP) opening in cardiomyocytes (Lizano et al., 2017). These differences could be
explained by the intrinsic characteristics of each cellular type. Since we have worked with
differentiated cells we cannot rule out that mutant Htt displays different roles on mitotic and

postmitotic cells.

It is important to mention that we have measured the mitophagy process upon basal and
depolarized-induced conditions. While mutant Htt impaired mitophagy induced by mild or
strong mitochondrial damaging agents, it did not affect basal mitophagy taking place in

striatal neuronal cells. Moreover, there are other types of mitophagy mediated by receptors
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present in mitochondrial membranes (BNIP3, NIX, FUND1, AMBRA, cardiolipin, etc) as well
as other forms of partial mitochondrial degradation (Martinez-Vicente, 2017) that have not
been studied. All these forms of mitochondrial degradation may occur simultaneously or in
response to specific stimulus and may contribute all together to the mantainance of a healthy
mitochondrial network. Therefore, we cannot rule out that mutant Htt also affects these other

mitophagy-related mechanisms.

In summary Htt can physically put together at the same time the active ULK1 complex,
mitophagy receptors and LC3-Il to facilitate depolarized-induced mitophagy process. Thus,
when Htt is mutated, the inefficiency of mutant Htt to bind ULK1 and the receptors and
therefore recruit LC3-11, will definitely affect the effectiveness of the neuronal mitophagy (Fig.
48).
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Figure 48. Schematic representation of the different steps where mutant Htt impairs
induced-mitophagy.

When mitophagy is induced in the presence of mutant Htt (mHttt) ULK1 binds preferentially to
MTOR, which phosphorylates ULK1 at S757. Moreover, the interaction between beclin 1 and
Vpsl5 is reduced, suggesting that the formation of the nucleation complex is impaired.
Mitochondria to be degraded are tagged with K63 ubiquitin chains that are phosphorylated (pUb).
However, mitophagy adapters OPTN and NDP52, and the general autophagy adapter p62 do not
interact with Htt. Besides, OPTN and NDP52 interact poorly with LC3-1l in the autophagosome
membrane. Mitochondria are less efficiently engulfed by the autophagosomes and degraded in
the lysosomes. As a consequence, damaged mitochondria accumulate, leading to an increased

ROS production and probably damaging more mitochondria.
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5.3 Mitochondrial quality control and neurodegeneration: a
potential therapeutic target?

Neurons are a type of cells with some particular features. They have high energy demands
in order to (i) maintain membrane potential, (ii) re-establish the ion balance after the firing of
an action potential, (iii) trigger the release and (iv) recapture of neurotransmitters. Moreover,
neurons rely almost exclusively on the mitochondrial OXPHOS for energy production
(Schonfeld and Reiser, 2013). On top of that, they are post-mitotic cells, meaning that their
lifespan is similar to that of the whole organism. Therefore, it is apparent that they are more
sensitive to the accumulation of oxidative damage compared to dividing cells and are more
prone to accumulate defective mitochondria during ageing (Kowald and Kirkwood, 2000;
Terman et al., 2010). It is not surprising, then, that impaired mitochondrial function has long
been revealed as a common theme in neurodegenerative disorders, despite their phenotypic
diversity (Schon and Przedborski, 2011).

In fact, some therapeutic strategies regarding mitochondria have advanced into clinical trials
for both, PD and HD. Coenzyme Q10 and creatine were both aimed at improving overall
function for HD patients. These two trials were the largest trials ever conducted in HD but
closed prematurely owing to futility (Hersch et al., 2017; McGarry et al.,, 2017). The first
clinical trial investigating drugs targeting mitochondrial function and oxidative stress in PD
was the DATATOP study, in which selegiline, a monoamine oxidase B inhibitor, together
with tocopherol, an antioxidant, were assessed. While the use of selegiline had a clear
beneficial effect, tocopherol did not delay the onset of disability associated with PD
(Parkinson Study Group, 1993). Similarly, creatine has also been tested in a clinical trial for
PD, but the trial was again terminated due to futility reasons (Kieburtz et al., 2015). These
are some examples of mitochondrial-based therapies that have gone into clinical trials.
Table 9 summarizes the major clinical trials targeting mitochondria in PD and HD.
Unfortunately, none of them have had a positive result. Therefore, there is an urgent need to

find new therapeutic targets for mitochondrial dysfunction.
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Table 9. Therapeutic strategies targeting mitochondria in PD and HD

Disease  Therapeutic Mechanism  Clinical outcome Result Reference
agent

PD Tocopherol Antioxidant Time to levodopa. Negative Parkinson Study
(vitamin E) Group, 1993

PD Coenzyme Bioenergetic  Rate of deterioration Negative Beal et al., 2014
Q10 S in UPDRS score

from baseline

PD Creatine Bioenergetic  Clinical decline Negative Kieburtz et al.,
S 2015
PD Pioglitazone = PPARYy Change in total Negative NINDS
activator UPDRS score Exploratory
Trials in
Parkinson

Disease (NET-
PD) FS-ZONE

Investigators,
2015
PD Exenatide Agonist  of Difference in the Positive but Athauda et al.,
glucagon-like UPDRS motor unknown 2017
peptide 1 subscale part 3 disease-
(GLP-1) modifiying
effects
PD N- Antioxidant Blood GSH/GSSG Negative Holmay et al,
acetylcystein ratios and brain GSH 2013
e levels.
PD Glutathione Antioxidant Change in total Negative Mischley et al.,
UPDRS score 2017
HD Coenzyme Antioxidant Change from Negative McGarry et al.,
Q10 baseline in TFC 2017
score combined with
time to death.
HD Creatine Bioenergetic  Change in TFC. Negative Hersch et al.,
S 2017
HD Resveratrol Antioxidant Change in caudate Ongoing
atrophy at 12
months.

UPDRS: Unified Parkinson’s Disease Rating Scale, TFC: total functional capacity
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Noteworthy, clinical trials might also have failed due to factors implying the design of the trial
itself. The first obstacle to overcome is the selection of the patients, because the
heterogeneity of the populations studied can lead to confounding results. For instance, in PD
there is now great interest in the use of defined populations with specific deficits, such as
carriers of LRRK2 or glucocerebrosidase mutations, in order to reduce variability and
increase the chance of detecting a treatment effect (Schapira and Olanow, 2004). Another
important factor for patient selection is the disease stage. Patients in more advanced states
are more accurately diagnosed but have less chances to see a benefit even if a drug is
neuroprotective since they have less neurons left to preserve than early untreated patients
(Kordower et al., 2013). For HD it is a bit different since it is a genetic disease and mutant
Htt is present from the very first moment of the protein’s expression. Therefore, the
prodromal presymptomatic phase would be the ideal phase to start a putative treatment
(Hersch and Rosas, 2008).

When attempting to find a neuroprotective therapy, attention in the study design has to be
paid. In the past years, new study designs have been used to distinguish a disease-
modifying effect from a symptomatic effect. However, to date, no intervention has proven
sufficient to conclude that it has a disease-modifying effect (Olanow et al., 2017). Specifically
in the field of PD there is also a need to develop new biomarkers that allow (i) earlier PD
diagnosis (ii) higher accuracy in the diagnosis to minimize diagnostic errors in clinical trials
and (iii) provide an objective measure of the underlying disease progression (Olanow et al.,
2017; Schapira, 2013).

To sum up, the mitochondria-related molecules already tested are mostly antioxidants or
molecules that target bioenergetics. These strategies have already failed in clinical trials,
thus, in the next years new approaches will be needed to target mitochondrial dysfunction in
neurodegenerative disorders. These disorders, despite their origin, progression and
heterogeneity, all share mitochondrial dysfunction and ROS production (Bose and Beal,
2016; Moreira et al.,, 2010; Ross and Tabrizi, 2011). In some cases, there is a direct
involvement of the genetic defect with mitochondria, such as in Friedreich’s ataxia, while in
others the link is more indirect, such as in PD, HD or Alzheimer’s disease. Therefore, a
mitochondrial-targeting therapy with efficacy for one disease may hold promise for several

neurodegenerative disorders.
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6 CONCLUSIONS

10.

11.

12.

Mitochondrial protein import system is impaired in human midbrain post-mortem
tissue from PD patients, complex I-deficient mice midbrain and in complex I-deficient
neuroblastoma cells.

Complex | inhibition in neuroblastoma cells results in a general mitochondrial
dysfunction, characterised by decreased OXPHOS protein levels, impaired mtUPR
activation, mitochondrial membrane depolarization, increased ROS production and
increased cell death.

Overexpression of key translocases proteins, TIM23 and TOM20, partially restores
mitochondrial membrane potential, ROS production and partially protects against
MPP*-induced cell death.

TIM23 overexpression in MPTP mice restores mitochondrial protein import deficiency
and partially protects against SN dopaminergic neuronal loss.

TOM20 overexpression in MPTP mice does not restore mitochondrial protein import
deficiency and increases SN dopaminergic neuronal loss. Therefore, despite
promising results in vitro, TOM20 is not a good therapeutic candidate for PD.

Mutant huntingtin impairs induced mitophagy in differentiated striatal cells.
Endogenous neuronal mitophagy is not mediated by Parkin translocation to the
mitochondria.

Mutant huntingtin does not impair mitochondrial polyubiquitination.

The presence of mutant polyQ tract impairs the interaction of huntingtin with ULK1.
Consequently, ULK1 activation is affected and favors that ULK1 remains inactive and
attached to mTOR.

Beclin 1 - Vps15 interaction is also hampered in the presence of mutant huntingtin,
affecting the formation of the nucleation complex.

Wild type huntingtin is able to bind to the essential mitophagy adapters OPTN and
NDP52 and these interactions are impaired in the presence of mutant huntingtin.
Therefore, OPTN/NDP52 interaction with LC3 decreases, avoiding the proper
recognition and engulfment of the targeted mitochondria by the nascent
autophagosome

Dysfunctional mitochondria accumulate in ST-Q111 cells. Therefore, mutant cells
exhibit impaired mitochondrial respiration, depolarization and increased ROS

production.
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