Chapter 11
Mitochondrial Degradation, Autophagy
and Neurodegenerative Disease

Elsje G. Otten, Diego Manni, and Viktor I. Korolchuk

Abstract Mitochondria are essential for cellular and organismal health, such that
mitochondrial dysfunction can contribute to ageing and age-related diseases. In par-
ticular, impairment of mitochondrial function has been shown to be an underlying
cause of several human neurodegenerative disorders, including Alzheimer’s disease
and Parkinson’s disease. In this chapter, we outline the current understanding of
various mechanisms of mitochondrial quality control with a specific focus on
mitophagy, the process of mitochondrial degradation via the autophagy pathway.
We describe the autophagy and mitophagy pathways and highlight the key molecu-
lar players controlling these processes. Additionally, we discuss how mutations in
the components of the molecular machinery controlling mitophagy can lead to the
loss of neuronal function and viability and eventually result in disease. Studies of
these pathways not only produce an important insight into the mechanisms of neu-
rodegenerative diseases but also suggest molecular components of mitochondrial
quality control which could be used as targets for therapeutic interventions.
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11.1 Introduction

Amongst several cellular pathways involved in mitochondrial quality control, the
process of mitochondrial degradation via the autophagosome-lysosome pathway,
termed mitophagy, has emerged as a key determinant of cellular, and in particular
neuronal, function. The importance of this process became particularly evident
when the mutations in the proteins regulating autophagy and mitophagy pathways
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were found to be genetic determinants in an array of devastating human neurode-
generative diseases [1-3]. This chapter will describe the molecular mechanisms of
these pathways and their perturbation in age-related neurodegeneration.

11.2 The Autophagy Pathway

The term autophagy refers to the cellular self-digestion process that occurs through
the lysosomal degradation pathway. Autophagy can be activated by different stress
conditions including starvation, oxidative stress and an accumulation of damaged
proteins. Since the discovery of the autophagy degradation pathway almost 50 years
ago [4], it has been implicated in ageing, immunity, development of cancer, myopa-
thies and neurodegeneration [5].

Autophagy is the principle mechanism for the turnover of long-lived proteins, as
well as the only known pathway for the degradation and recycling of cytoplasmic
organelles [6]. A rapid degradation of irreversibly damaged proteins is essential to
preserve normal cellular functions and to prevent the formation of abnormal inter-
molecular interactions. Autophagy plays this important proteostatic role, and any
malfunction in this process is likely to lead to the generation of insoluble aggregates
and contribute to the pathology of many human diseases [7].

Autophagy can operate in three different patterns with distinct delivery modality,
specificity and regulation: microautophagy, chaperone-mediated autophagy (CMA)
and macroautophagy. During microautophagy, the lysosomal membrane plays an
active role where it invaginates or protrudes to enclose a portion of cytoplasm [8].
In CMA, proteins presenting the targeting KFERQ motif (a pentapeptide) are rec-
ognised by the hsc70 (heat-shock cognate of 70 kDa), and the protein-chaperone
complex is internalised directly into lysosomes by binding to the LAMP-2a receptor
(lysosomal-associated membrane protein type 2a) [9].

Macroautophagy is the most widely studied and best characterised form of
autophagy. In the macroautophagy pathway (for simplicity frequently referred to as
autophagy), the formation of a double membrane structure called an autophago-
some engulfs cytosolic components. The cargoes are then subsequently delivered to
lysosomes via a fusion process resulting in a hybrid structure termed the autolyso-
some, where hydrolases can degrade trapped material (Fig. 11.1) [10]. After degra-
dation of macromolecules, the building blocks (e.g. amino acids) are exported back
to the cytoplasm for reutilisation as a source of energy or for the synthesis of new
cellular components. This process is orchestrated by a set of Atg (aufophagy-
related) proteins [11]. To date, more than 30 ATG genes have been identified in
yeast, and many of them have mammalian orthologues [12]. The induction of the
autophagic process is typically triggered by a lack of nutrients and growth-promoting
signals. Insulin, growth factors or amino acid deprivation inhibits mMTOR (mecha-
nistic target of rapamycin), an evolutionarily conserved serine/threonine, phospha-
tidylinositol kinase-related protein kinase (PIKK) which is considered the master
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Fig. 11.1 Schematic diagram of autophagy. Mammalian autophagy is typically triggered by nutri-
ent deprivation, which is sensed by mTORC1. The ULK complex (ULK1, Atgl3, FIP200 and
Atgl01) is responsible for autophagy initiation and the PI3K activity of the Vps34 complex
(Vps34, Vpsl5, Atgl4 and Beclin-1) is required for the formation of the phagophore. Atg9-
positive pre-autophagosomal structures (PAS), contribute to the delivery of membrane to the
autophagosome. Next, two conjugation systems add the Atgl2-Atg5-Atgl6 complex and LC3-1I
to the expansion of the phagophore. The membrane grows and engulfs a portion of the cytosol, and
cargo is selectively recruited via receptor proteins and an autophagosome is formed. This is fol-
lowed by autophagosome maturation by fusion with endosomes (results in the formation of amphi-
somes) or lysosomes (results in the formation of autolysosomes) and degradation of the
autophagosomal cargo through lysosomal proteases, and the degradation products then can be
recycled. The steps that are altered in neurodegeneration are indicated in red. HD Huntington’s
disease, PD Parkinson’s disease, AD Alzheimer’s disease, ALS amyotrophic lateral sclerosis

regulator of nutrient signalling [13]. Inhibition of mTOR results in cell growth
arrest and in the activation of the autophagic pathway.

11.2.1 The Molecular Machinery of Macroautophagy

The first step in the formation of autophagosomes is the sequestration of cytoplas-
mic components to a unique membrane called the “phagophore” that expands to
enclose the substrate (see Fig. 11.1). This process, called initiation, is triggered by
ULK1, a serine/threonine kinase that becomes active after mTOR inhibition and
forms a complex with Atgl3, FIP200 and Atgl01 (see Fig. 11.1) [14]. Following
initiation, a nucleation event takes place driven by Vps34, a phosphatidylinositol
3-kinase (PI3K) that phosphorylates the phosphatidylinositol (PI) generating the
phosphatidylinositol 3-phosphate (PI3-P). This lipid then promotes the formation of
the autophagosome membrane. The Vps34 forms a complex with Vps15/p150,
Vpsl4 and Vps30/Atg6 (orthologous of mammalian Beclin-1), which starts the
nucleation event (see Fig. 11.1) [15]. An important step in the formation of the
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autophagosome membrane is the involvement of Atg9, a multispanning transmem-
brane protein that has a principal role in the formation of the pre-autophagosomal
structure (PAS) [16]. The elongation of the membrane is controlled by two ubiqui-
tin-like conjugation systems. The first system allows the conjugation of the phos-
phatidylethanolamine (PE) lipid molecule to the C-terminus of Atg8 (orthologous of
mammalian LC3, microtubule-associated protein — MAP — light chain 3). Atg8/LC3
is an ubiquitin-like protein synthesised as a precursor, with an additional sequence
at the C-terminus that is cleaved by Atg4, a cysteine protease [17]. The cleaved form
of LC3 (called LC3-]) is subsequently activated by Atg7 and transferred onto Atg3,
which conjugates LC3-I to PE thus forming LC3-II, the lipidated form of LC3 that
is specifically associated with the autophagosome membrane [18]. The second con-
jugation system involves the covalent attachment of Atgl2 to Atg5 mediated by
Atg7 and Atgl0 enzymes [19]. The Atg5-Atgl2 complex subsequently associates
with Atgl6 in a non-covalent way, and then the 350 kDa Atg5-Atg-12-Atgl6 com-
plex assists the binding of Atg8/LC3 to PE and the extension of the phagophore (see
Fig. 11.1) [20, 21]. Finally, the last step in the autophagosome biogenesis process is
termed maturation, where autophagosomes fuse with endosomes (thus forming the
amphisomes) or directly with lysosomes forming autolysosomes. Amphisomes
eventually mature into autolysosomes following their acidification driven by the
proton pumps located in the endosomal membranes. Formation of autolysosomes
allows the degradation of autophagy substrates (see Fig. 11.1) [22].

11.2.2 Selective Autophagy

For a long time, autophagy was thought to be a non-selective degradation pathway
where cytoplasmic components were destroyed in bulk, usually under starvation
conditions. However, recently the idea of autophagy as a selective degradation pro-
cess, where specific substrates are recognised by cargo receptor proteins and tar-
geted for degradation, has been firmly established [12]. Selective autophagy is
commonly associated with its housekeeping role promoting the maintenance of cel-
lular homeostasis. An important role of selective autophagy, allowing the clearance
of aggregate-prone proteins (aggrephagy) and selective degradation of damaged
organelles including mitochondria (mitophagy), is specifically relevant in the con-
text of many neurodegenerative diseases [23, 24]. Other targets of selective autoph-
agy include peroxisomes (pexophagy), endoplasmic reticulum (reticulophagy),
ribosomes (ribophagy) and bacteria and viruses (xenophagy) [25-28]. Growing evi-
dence suggests that receptor proteins of selective autophagy, such as p62, NBR1,
Nix and NDP52, act to bind ubiquitinated proteins marked for autophagic degrada-
tion and shuttle them to the autophagosomal membrane. This process is mediated
by the interactions of receptor proteins with both ubiquitin and the LC3-II residing
on the autophagic membrane [29].

The signal that leads to the autophagic degradation of substrates appears to be
predominantly ubiquitination, which acts as a signalling molecule in the autophagic
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degradation of both protein aggregates and organelles [30]. It has been reported that
Lys63-polyubiquitin chains are predominantly involved in this process [31]; however,
other types of ubiquitination have also been found to play role in targeting substrates
to autophagic vesicles. Indeed, the lack of autophagy after knocking out the ATG7 or
ATGS genes cause the formation of protein inclusions containing all types of ubiqui-
tin linkages in mice, similar to those observed in neurodegenerative disorders [32].

11.3 Mitochondrial Quality Control

Mitochondria are the cellular power plants responsible for aerobic production of
ATP. In addition to energy production, mitochondria are involved in calcium signal-
ling and storage, metabolite synthesis and apoptosis. Mitochondria are also the
main cellular source of intracellular reactive oxygen species (ROS). These highly
reactive molecules, in particular superoxide anion (O2e-), hydrogen peroxide (H,O,)
and hydroxyl radical (*HO), are potentially toxic by-products of oxidative phos-
phorylation (see Chap. 1 for detail). ROS can cause oxidative damage to mitochon-
drial lipids, DNA and proteins, thus damaging the mitochondrial machinery involved
in electrochemical reactions and contributing to further ROS production. Under
normal physiological conditions, oxidative damage caused by ROS is buffered by
antioxidants like thioredoxin- or glutathione-dependent peroxidases [33]. When the
capacity of this antioxidant system is exceeded, cells use several other lines of
defence, such as the mitochondrial unfolded protein response (UPR™), the ubiquitin-
proteasome system (UPS) and mitophagy. The UPR™ involves the upregulation of
mitochondrial chaperones and proteases that remove misfolded and non-assembled
polypeptides in mitochondria [34]. Similarly, the UPS recognises and removes mis-
targeted and misfolded mitochondrial proteins, including those localised to the
outer mitochondrial membrane [35]. The proteases upregulated by the UPR™
include mitochondrial matrix and the intermembrane space (IMS) targeted AAA*
metalloproteases. These are of central importance for the quality control of the inner
mitochondrial membrane (IMM), the site where most ROS are produced. However,
the selective removal of damaged/oxidised mitochondrial proteins is not sufficient
to remove large numbers of damaged proteins or whole mitochondria. Hence, cells
have developed a mechanism to eliminate dysfunctional mitochondria via mitoph-
agy. It has been shown that mitochondria can be completely renewed within 14 days
in certain cell types and tissues [36].

11.3.1 Mitophagy

Mitophagy is a type of selective autophagy that mediates clearance of damaged mito-
chondria, as well as being important in specific cellular contexts such as during matu-
ration of erythrocytes or for the elimination of sperm-derived mitochondria after
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Fig. 11.2 Schematic diagram of PINK1/Parkin-dependent mitophagy. In healthy mitochondria
with a high membrane potential (A¥Ym), PINKI1 gets proteolytically cleaved by PARL (presenilin-
associated rhomboid-like protein), leading to proteasomal degradation. However, upon loss of
AWm, PINK1 accumulates at the outer mitochondrial membrane and gets activated. PINK1 phos-
phorylates Parkin, resulting in its activation. Ubiquitin also gets phosphorylated by PINK1, which
is required for the recruitment of Parkin to damaged mitochondria. Several mitochondrial mem-
brane proteins can be ubiquitinated in a Parkin-dependent manner, thereby creating a signal for the
removal of the damaged mitochondria. The presence of ubiquitin on the outer mitochondrial mem-
brane results in the recruitment of receptor proteins, which bind to LC3 and target the mitochon-
dria for autophagy-dependent degradation. The steps that are altered in neurodegeneration are
indicated in red. PD Parkinson’s disease, AD Alzheimer’s disease

fertilisation [37-39]. Due to the importance of mitochondria in the development of
various degenerative diseases, a lot of interest centres around their selective degrada-
tion through mitophagy [40]. Different signals have been shown to result in mitoph-
agy activation, including loss of mitochondrial membrane potential [41], accumulation
of misfolded mitochondrial proteins [42], loss of iron from intracellular stores [43]
and ROS [44, 45]. Mitochondrial dynamics (fission and fusion (see also Chap. 7) play
a critical role in mitochondrial degradation. Specifically, increased fission, resulting
in smaller mitochondria that are easier to engulf by autophagosomes, favours degra-
dation of mitochondria, whilst fusion prevents mitophagy [46, 47]. Different mitoph-
agy pathways have been elucidated in the last decade; these will be described in the
coming sections. The types of mitophagy taking place during erythrocyte differentia-
tion and oocyte fertilisation are programmed mitochondrial degradation pathways
and are relevant to the topic of this chapter due to the mechanistic insight they offer
into the molecular events underlying this process, whilst the third pathway, the
PINK1/Parkin-dependent mitophagy, is particularly important as it has been exten-
sively implicated in human disease, including neurodegeneration (Fig. 11.2).

11.3.1.1 Mitochondrial Clearance During Erythrocyte Differentiation

During differentiation of reticulocytes to mature erythrocytes, mitochondria and
other organelles are eliminated from the cell in a programmed fashion [48]. Nix is a
BH3-domain-containing protein and was reported to be a mitochondrial receptor
required for the clearance of mitochondria in reticulocytes [49]. Therefore, Nix-
deficient mice develop anaemia and severe reticulocytosis caused by inefficient
elimination of mitochondria [37]. The basic autophagy machinery is functional in
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the absence of Nix, but the targeting of mitochondria to autophagosomes is impaired.
Nix functions as an adaptor protein and recruits LC3 or gamma-aminobutyric acid
receptor-associated proteins (GABARAP) to damaged mitochondria via a LIR
(LC3-interacting region) motif in its N-terminus [23, 49]. Mitochondrial clearance
during reticulocyte differentiation is mainly dependent on ULKI1 and to a lesser
extent on ATGS5 [50]. Even though the molecular mechanism for mitochondrial
elimination during this process is well studied, the upstream signal to target the
mitochondria for degradation is unknown. The relevance of this mitophagy pathway
to human pathophysiology is highlighted by the role of Nix in hypoxia-induced
mitochondrial degradation [51].

11.3.1.2 Sperm-Derived Mitochondrial Clearance After Fertilisation

Another example of programmed mitochondrial degradation has been reported dur-
ing oocyte fertilisation; in sexual reproduction, mitochondria are usually inherited
from the mother; thus the paternal mitochondria have to be eliminated when the
sperm-derived mitochondria and mitochondrial genome enters the oocyte. In C.
elegans, mitophagy has been shown to actively target paternal mitochondria for
degradation after fertilisation [38, 39]. Immediately after fertilisation, parental
mitochondria are surrounded by autophagosomes, which then fuse with lysosomes.
In worms with a knock-down or mutation of the homolog of LC3, paternal mito-
chondria are still present in late-stage embryos [38, 39]. Interestingly, no ubiquitin
was detected on parental mitochondria entering the oocyte. This does not rule out
that low levels of ubiquitination occur; however, it is possible that another mecha-
nism primes the paternal mitochondria for degradation in worms. In Drosophila
melanogaster and mice, ubiquitination has been shown to be involved in the degra-
dation of sperm mitochondria. In all studied species, LC3, together with the recep-
tor protein p62, were found on the surface of the ubiquitination mitochondria [39,
52, 53]. Surprisingly, despite recruitment of these autophagy proteins, they are not
required for the elimination of paternal mitochondria [53]. Therefore, it remains
controversial whether mitophagy is indeed the mechanism of paternal mitochondria
and mtDNA elimination after fertilisation.

11.3.1.3 PINK1/Parkin-Dependent Mitophagy

Probably the most studied mitophagy pathway is dependent on the PINK1/Parkin
pathway, which is an ubiquitin-dependent process (see Fig. 11.2). When the mito-
chondrial membrane potential (A¥m) is high, PINK1, a serine/threonine kinase,
binds to PGAMS (phosphoglycerate mutase family member 5) in the inner mito-
chondrial membrane, where it gets proteolytically cleaved by PARL (presenilin-
associated rhomboid-like protein), leading to proteasomal degradation (see
Fig. 11.2) [54-56]. However, upon loss of A¥m, PINK1 accumulates at the mito-
chondrial membrane where its activity recruits the E3 ubiquitin ligase, Parkin, from



262 E.G. Otten et al.

the cytosol to the depolarised mitochondrion [57]. Parkin then ubiquitinates many
mitochondrial membrane proteins, thereby creating a signal for the removal of the
damaged mitochondrion (see Fig. 11.2) [58]. It is thought that the recruitment and
activation of Parkin relies on PINK1 phosphorylation of Parkin itself, but also phos-
phorylation of mono-ubiquitin and ubiquitin chains, which are required for recruit-
ment of Parkin to damaged mitochondria [59, 60]. Recently, several E2
ubiquitin-conjugating enzymes were identified for Parkin, such a UBE2D?2,
UBE2D3 and UBE2L3 and UBE2N [61, 62].

The mitochondrial anchored deubiquitylases (DUBs), USP30 and USP15, have
been identified as negative regulators of Parkin-mediated mitophagy [63—65].
Another DUB, USP8 selectively deubiquitinates Parkin, but not Parkin substrates
[66]. Recently, in a screen to identify positive and negative regulators of mitophagy
in yeast, more DUBs were identified. Interestingly, one of the deubiquitination com-
plexes (Ubp3-Bre5) inhibits mitophagy but promotes other types of autophagy [67].

The presence of ubiquitin on the outer mitochondrial membrane results in the
recruitment of receptor proteins such as NBR1 and p62 (see Fig. 11.2) [29]. These
receptor proteins contain an UBA (ubiquitin-associated) domain and a LIR (LC3-
interacting region) motif, which facilitates simultaneous binding of these adaptors
to the ubiquitin-labelled mitochondria and the autophagosomal machinery. As a
result, damaged mitochondria are engulfed by phagophores and processed for
autophagic degradation.

The importance of these autophagy receptors for the process of Parkin-
mediated mitophagy, however, remains controversial. Thus, p62, possibly
together with histone deacetylase 6 (HDAC6), has been suggested to work as the
key mitophagy receptor [68]. Following Parkin-mediated ubiquitination, p62 and
HDACS6 bind ubiquitin and drive damaged mitochondria along microtubules to
the perinuclear site for degradation [68]. Similarly, Geisler et al. demonstrated
that Parkin-dependent mitophagy is dependent on p62 [69]. In support of the role
of p62 as a mitophagy receptor protein, studies in Drosophila melanogaster dem-
onstrated that ref(2)p, the homolog of mammalian p62, is required for mitophagy
[70, 71]. At the same time, Narendra et al. showed that p62 may be required for
Parkin-induced mitochondrial clustering, but is not limiting for mitophagy [57,
69]. One possible explanation for these contradictory findings is functional
redundancy. In the absence of p62, several intracellular proteins such as NBR1,
Alfy (autophagy-linked FYVE protein), BAG3 (Bcl-2-associated athanogene 3),
optineurin, NPD52 (nuclear dot protein 52 kDa) or TAX1BP (Tax1-binding pro-
tein 1) may be able to link Parkin-mediated ubiquitination to autophagic degra-
dation [30]. Indeed, Lazarou et al. recently demonstrated that optineurin and
NPD52, but not p62, are required for mitophagy. HeLa cells with a knock-out of
five different autophagy receptors, including optineurin, NPD52, p62, TAX1BP
and NBR1, were used, followed by the reintroduction of the different receptors
to study their role in mitophagy. Optineurin and NDP52 single knock-out did not
affect mitophagy, whilst double knock-out did prevent mitochondrial degrada-
tion, suggesting that optineurin and NDP52 are the primary, yet redundant,
receptors [72].



11 Mitochondrial Degradation, Autophagy and Neurodegenerative Disease 263

Vincow et al. showed that the Pink/Parkin pathway not only promotes mitoph-
agy, but also promotes the selective turnover of mitochondrial respiratory subunits
[73]. This is interesting, because the respiratory subunits are prone to oxidation;
therefore, quality control of these proteins is essential for mitochondrial function.
The mechanism for the selective turnover of respiratory subunits is unknown, and it
would be of great interest to further study. Suggested models at the moment are
chaperone-mediated extraction of mitochondrial proteins or degradation via
mitochondria-derived vesicles [73, 74]. The latter process has been demonstrated to
directly deliver parts of the mitochondrion to the lysosomes for degradation in a
PINK1/Parkin-dependent manner [75, 76].

The great majority of studies on PINK1/Parkin-dependent mitophagy are done in
tissue culture using the acute loss of A¥m model, mediated by uncouplers such as
CCCP and FCCP [69]. However, depolarisation of the mitochondrial membrane is
not sufficient for Parkin recruitment to mitochondria in neurons. Rather, the genera-
tion of ROS is required to trigger this mitophagy pathway [44, 77]. The relevance of
PINK1/Parkin-dependent mitophagy in neurons remains controversial [78]. Thus,
the PINK1/Parkin mitophagy pathway has been robustly demonstrated in immor-
talised cells and in Drosophila melanogaster [79]; however, other models fail to
replicate this. For example, in Parkin knock-out mice, no increased neurodegenera-
tion or accumulation of damaged mitochondria was observed [80]. The physiologi-
cal relevance of mitophagy and the mechanism in neurons remain largely unclear,
and future research should focus on mitophagy in neurons in physiologically rele-
vant conditions. This might lead to the discovery of new therapeutic targets for
Parkinson’s disease and other neurodegenerative diseases.

11.3.1.4 Other Mechanisms of Mitophagy

In addition to the most studied mitophagy pathways as described above, other
mechanisms have been observed. One of them involves the translocation of cardio-
lipin from the inner mitochondrial membrane (IMM) to the mitochondrial surface
in neuronal cells, followed by the binding of cardiolipin to the autophagosomal
machinery, thereby targeting the mitochondria for degradation [81]. In addition,
Melser et al. identified a Rheb-dependent mitophagy pathway that is induced upon
stimulation of oxidative phosphorylation [82]. The small GTPase Rheb (Ras homo-
log enriched in brain protein) is recruited to the mitochondrial outer membrane
upon high oxidative phosphorylation activity, where it promotes mitophagy through
an interaction with the mitochondrial adaptor protein Nix and the autophagosomal
protein LC3-II. This Rheb-dependent mitophagy pathway is suggested to be impor-
tant for the renewal of mitochondria and the maintenance of a healthy population of
mitochondria. Intriguingly, levels of ROS are also increased upon oxidative condi-
tions, but their role in the initiation of Rheb-dependent mitophagy is not well
understood.

In conclusion, mitophagy has been a subject of intense investigations in recent
years and significant advances have been made. However, the Pink/Parkin pathway
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is primarily studied in a very artificial experimental setting requiring overexpression
of Parkin and complete depolarisation of mitochondrial membrane; thus, the bio-
logical relevance of this pathway in human pathophysiology, specifically in neuro-
degenerative diseases, requires further clarification. Additionally, whilst the basal
mitophagy clearly occurs in neurons [83], mechanistic studies of mitophagy have
been largely performed in non-neuronal cells. It will be important to establish
whether different mitophagy pathways also occur in neurons and how their impair-
ment can result in neurodegeneration. Some of the existing links between mitochon-
drial quality control via mitophagy and human age-related neurodegenerative
diseases are outlined below.

11.3.2 Impaired Mitophagy and Neurodegeneration

One of the side effects of an extended lifespan in the human population is the incre-
ment of age-related neurodegenerative diseases, which are chronic, incurable and
terminal conditions affecting the brain, where a structural and functional decline
leads to neuronal death. Well-known examples of neurodegenerative diseases are
Alzheimer’s disease (AD), Parkinson’s disease (PD) and Huntington’s disease (HD),
as well as frontotemporal dementia (FTD), dementia with Lewy bodies (DLB) and
many others. Despite identification of some hereditary cases, the overwhelming
majority have a sporadic onset, and the causes of which are unknown. Mitochondrial
dysfunction as well as autophagy dysregulation is strongly linked to different neuro-
degenerative diseases [84, 85]. Neurons are postmitotic cells, and therefore, they
cannot rely on cell division to dilute the burden of damaged cellular components. It
could be predicted that neurons may be particularly dependent on homeostatic pro-
cesses such as autophagy and specifically mitophagy to prevent accumulation of
cellular waste. Indeed, neurons with dysfunctional autophagy accumulate ubiquiti-
nated protein aggregates and damaged mitochondria [86, 87]. In neurodegenerative
diseases, autophagy dysfunction can occur at different stages of autophagy, giving
rise to different pathologic outcomes. In the following subsections, we will discuss
how dysregulation of autophagy and mitophagy might contribute to the pathology of
several key neurodegenerative diseases (see Figs. 11.1 and 11.2).

11.3.2.1 Parkinson’s Disease

Mitochondrial dysfunction has been widely implicated in Parkinson’s disease (PD),
which is a disorder characterised by the loss of the dopamine containing neurons of
the substantia nigra and the presence of Lewy bodies (intracellular inclusions con-
taining a-synuclein) in remaining cells. Mutations in the genes encoding PINK],
Parkin and DJ-1 account for most autosomal-recessive cases of PD and lead to
dysfunctional mitophagy and accumulation of damaged mitochondria, which are
thought to contribute to neuronal cell death [88, 89].
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The first gene identified to be associated with autosomal-recessive PD was
Parkin (see Fig. 11.2). One hundred twenty-seven pathogenic PD mutations in
Parkin have been identified to date, and these are spread throughout the different
domains, suggesting that all domains are important for its function [90] (www.mol-
gen.ua.ac.be/PDmutDBY/). In the last few years, the structure of the different Parkin
domains has become available, thus helping in the understanding of its function.
Parkin has a ubiquitin-like domain (Ubl) and four zinc-binding RING domains
(RINGO, RINGI, IBR and RING2) [91-94]. The Ubl is required for substrate bind-
ing, whereas RING is the binding site for the ubiquitin-conjugated E2 enzyme and
RING? is the catalytic domain [95]. At the same time, the function of the RINGO
and IBR domains remains a mystery. In mice, loss-of-function mutations in Parkin
cause mitochondrial dysfunction and oxidative damage, and this seems to precede
neurodegeneration within the substantia nigra [96]; therefore, mitochondrial dys-
function might be the cause of PD and not a consequence.

The second most frequent gene linked to PD is PINK1, which is intimately linked
to Parkin. Twenty-eight pathogenic mutations have been described for PINK1, and
most of these are located in the kinase domain and result in the loss of kinase activ-
ity (www.molgen.ua.ac.be/PDmutDB/). PINK1 deficiency also leads to mitochon-
drial dysfunction [97], which can be explained by its role in PINK/Parkin-dependent
mitophagy (see Fig. 11.2). However, PINK1 also has some Parkin-independent
functions, which affect mitochondrial function as well. For example, subunit
NDUFA 10 of mitochondrial complex I is phosphorylated by PINK, which is impor-
tant for complex I activity. Expression of a phosphomimetic NDUFA10 in neurons
derived from iPS (induced pluripotent stem) cells from PD patients with PINK1
mutations rescued complex I function and mitochondrial membrane potential [98].
In addition, in Drosophila melanogaster, expression of the NDUFA10 homolog
partially rescues complex I activity and restores locomotor function. Parkin overex-
pression also rescues the phenotypes of PINK1 mutations in Drosophila, but does
not restore complex I function [99]. Together, these observations suggest that com-
plex I dysfunction is not sufficient to cause impairment of locomotor function in
PD.

The DJ-1 gene has also been associated with PD with six pathogenic mutations
identified to date. The role of DJ-1 in PD is less understood compared to PINK1 and
Parkin, but it appears to function in the same pathway [89]. This is supported by the
fact that loss of DJ-1 results in mitochondrial dysfunction and can be rescued by
Parkin overexpression [100]. DJ-1 is a small oxidation sensing protein, but
surprisingly its biochemical function is still not completely clear. What is known is
that DJ-1 takes part in the oxidative stress response [101, 102].

Above-mentioned genes all have a significant role in maintaining mitochondrial
homeostasis and mitophagy. In contrast, mutations in some other PD-related pro-
teins primarily locate to the cytosol, like LRRK?2 (leucine-rich repeat kinase 2) and
a-synuclein, and these cause autosomal dominant forms of PD. a-synuclein is an
aggregate-prone protein, and mutations or gene duplications/triplications result in
the formation protein aggregates, resulting in PD [103]. The mutant form of
a-synuclein is degraded via autophagy, causes the accumulation of autophagic-
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vesicular structures and impairs lysosomal function (see Fig. 11.1) [104, 105].
Moreover, a-synuclein overexpression inhibits autophagy by inhibition of Rabla,
which causes mislocalisation of Atg9, leading to impaired autophagosome forma-
tion (see Fig. 11.1) [106]. Also, a PD-related mutation in VPS35 (vacuolar protein
sorting-associated protein 35), disrupts autophagosome formation [107], similar to
LRRK?2, which localises to autophagosomes and is important for autophagic induc-
tion [108, 109]. The interplay between LRRK?2 and autophagy appears to be com-
plex; in cultured cells, mutations in LRRK2 resulted in increased autophagy, whilst
in knock-out mice, autophagy was reduced [110-112]. Furthermore, two other lyso-
somal proteins have been linked to PD, ATP13A2 (type 5 P-type ATPase) [113] and
glucocerebrosidase [114]. To conclude, mutations in genes resulting in defective
autophagy (and particularly mitophagy) can result in PD. Autophagosome matura-
tion, cargo loading and lysosomal function are all implicated and thus will be
important to further study how these mutations affect mitochondrial function in
neuronal models of PD.

11.3.2.2 Alzheimer’s Disease

Alzheimer’s disease (AD) is the most common neurodegenerative disorder and
cause of dementia, characterised by neuronal loss in the cerebral cortex and accu-
mulation of amyloid plaques and neurofibrillary tangles [115]. Mitochondrial dys-
functions have been implicated in the neuropathogenesis of AD since changes in
their appearance occur when neurofibrillary tangles are not yet evident in neurons
[116, 117]. Abnormalities in mitochondrial morphology in the neurons of AD brains
have been suggested to cause an impairment in the ATP production, which can lead
to loss of synaptic activity and cognitive decline [118]. It has been reported that AD
patients possess defective mitochondrial cytochrome ¢ oxidase in both temporal
cortex and hippocampus, which may be the cause of reduced energy generation
[119]. Importantly, amyloid B [A] can also directly disrupt mitochondrial function
by inhibiting the activity of respiratory enzymes such as cytochrome oxidase,
a-ketoglutarate dehydrogenase and pyruvate dehydrogenase [120]. Expression of
several proteins implicated in mitochondrial fission/fusion is abnormal in AD, lead-
ing to reduced mitochondrial density and increased fragmentation [121]. Thus,
together with the observation of increased autophagic degradation of mitochondria
in AD [122] and decreased number of mitochondria together with increased amounts
of mitochondrial DNA and proteins [116], it suggests that mitophagy may be
increased in AD in an attempt to degrade damaged mitochondria or that the proteo-
lytic turnover is impaired. On the other hand, impaired macroautophagy has been
also implicated in the pathogenesis of AD, where high amounts of autophagic vacu-
oles (AVs) accumulate in neurons [123, 124]. The increased amount of AVs in AD
brains, compared to the low levels seen in healthy neurons, has been firstly con-
nected with increased autophagic activity [124, 125]. Rather, it has become clear
that impairment in the clearance of AVs in AD was instead the case, where the
fusion between autophagosomes and lysosomes is not efficient (see Fig. 11.1) [123].
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Additionally, the regulatory protein beclinl which activates autophagy appears to
be decreased in AD affected brains (see Fig. 11.1) [126]. Autophagy inhibition also
appeared to increase the accumulation of hyperphosphorylated and fragmented tau,
responsible for the formation of neurofibrillary tangles [127]. Lysosomal function
was also inhibited by deposition of fragmented tau on the outer membrane, leading
to lysosomal leakage and further release of toxic tau in the cytoplasm [127]. Due to
its role in microtubule stabilisation, dysfunctional tau has been implied to interfere
with autophagosome trafficking and clearance, as well as with mitochondrial and
lysosomal mobility [128].

Parkin, involved in targeting mitochondria to the autophagosomes, has been
shown to be reduced in the frontal and temporal cortex of AD brains together with
increased AP accumulation (see Fig. 11.2) [129]. Importantly, amyloid precursor
protein (APP) and AP have been found in AVs, together with components of the
y-secretase complex involved in the cleavage of APP [125, 130]. Thus, macroau-
tophagy itself seems to be linked to the production of Af in AD brains. Presenilinl
(PS1), a component of the y-secretase complex, has been shown to be essential for
lysosomal acidification and for correct autophagic degradation [131]. AD-related
mutations of PS-1 have shown lysosomal and autophagic dysfunctions in AD
patients, leading to abnormal accumulation of autophagic vesicles and early-onset
AD pathology [131, 132].

In conclusion, it is clear that autophagy dysfunction plays an important role in
the development of AD, where accumulation of insoluble protein aggregates and
dysfunctional mitochondria lead to neuronal loss.

11.3.2.3 Huntington’s Disease

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder
leading to cognitive and motor disorders, caused by an expanded trinucleotide
CAG repeat in exon 1 of the gene encoding for the Huntingtin (Htt) protein. Htt is
ubiquitously expressed in the brain, and the mutated version (mHtt) aggregates
causing neuronal dysregulation and death [133]. Several lines of study suggest the
involvement of respiratory chain defects in mitochondria in HD. A remarkably
decreased activity in complex II/III and IV in basal ganglia samples from HD
patients has been observed [134]. Also mitochondrial biogenesis dysregulation has
been implied in the pathogenesis of HD, due to transcriptional repression of the
mitochondrial regulator PGC-1a by mHtt [135]. In addition, mitochondrial mobil-
ity and axonal transport are thought to be impaired in HD due to mHtt aggregation
[136, 137].

Amongst its numerous functions that have been described in the cell, it has
recently emerged that Htt plays an important role in the autophagy process [138].
Whilst a decrease in the autophagic flux often occurs in other neurodegenerative
diseases [139], this has been reported to be increased in HD, together with an
enhanced number of autophagosomes [140, 141]. The induction of autophagy in
HD has been attributed to the sequestration of mTOR by mHtt aggregates, leading
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to the inactivation of this autophagy-inhibitory kinase [142]. In contrast, recruit-
ment and sequestration of beclinl by mHtt has been suggested to result in reduction
of autophagy levels in HD brains, leading to defective protein turnover [143].

Although autophagosome production and clearance by lysosomes was enhanced,
cargo recognition and engulfment failed to occur in HD cells, leading to impaired
turnover of cytosolic components and accumulation of damaged mitochondria (see
Fig. 11.1) [140]. Hence, this would contribute to the increase in protein aggregates
and dysfunctional mitochondria seen in HD cells. However, a defect in the axonal
transport of autophagosomes mediated by mHtt has also been connected with mito-
chondrial accumulation, due to defects in autophagosome/lysosome fusion events
[144]. Therefore, it has been proposed that Htt acts as an autophagy scaffold in the
cell, also due to its similarities with yeast’s autophagy regulatory proteins and the
prediction of LC3-interacting repeats in its sequence [138, 145]. Moreover, it has
been recently reported that Htt positively modulates selective autophagy by inter-
acting with p62, facilitating its interaction with LC3 and Lys63-poly-ubiquitinated
substrates [146]. The interaction between Htt and ULK1, which releases it from the
mTOR-negative regulation, has also been connected with the induction of selective
autophagy [146].

In summary, Htt has a central role in the regulation of protein trafficking and
turnover, where disruption of its function leads to the deficiency of selective autoph-
agy and defective mitochondrial function.

11.3.2.4 Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disorder
characterised by motor neuron death and muscle wasting. Approximately 10 % of
all the cases are familial (fALS), where 20% of them are caused by a dominant
mutation in the gene SOD1 (superoxide dismutase 1) [147, 148]. Abnormalities in
mitochondrial structure and localisation have been shown in both spinal cord and
muscle of ALS patients, together with defective respiration and electron transport
chain [149, 150]. Interestingly, mutant SOD1 has been demonstrated to localise to
the mitochondrial outer membrane, intermembrane space and matrix and appears to
be concentrated in vacuolated mitochondria [151, 152]. This interaction would lead
to damage of the mitochondrial outer membrane proteins as well as cytochrome ¢
release and apoptosis [153, 154].

Overexpression of the G93A-SOD1 mutation in mice leads to mitochondrial
degeneration and the formation of mitochondrial vacuoles, possibly triggering
the onset of the disease [155]. Additionally, the same transgenic mice have shown
increased autophagy levels during the presymptomatic and symptomatic stages,
exhibiting increased LC3-II levels and inhibition of mTOR [156, 157]. However,
the involvement of autophagy in ALS and its role in the disease progression are
controversial [158]. Enhanced autophagy has been linked to increased degrada-
tion of mutant SOD1, whereas autophagy inhibition led to drastic accumulation
of mutant SODI1 and increased neurotoxicity [159]. It has been also shown that
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p62 accumulates in the G93A-SOD1 mouse spinal cord and mediates the poly-
ubiquitination and aggregation of mutant SOD1, possibly contributing to the
ALS aetiology [160]. The identification of several mutations in p62 sequence
related to late-onset alS also suggests the importance of selective autophagy in
the disease progression (see Fig. 11.1) [161, 162]. However, an opposite role of
autophagy in ALS has been shown after treating G93A-SOD1 mice with rapamy-
cin, an inducer of autophagy [163]. Surprisingly, activation of autophagy by
rapamycin in the presymptomatic ALS increased motor neuron death and
decreased the lifespan of the animals. Thus, accumulation of autophagosomes
and p62 would mean impairment in the autophagic flux rather than enhanced
autophagic activity.

Nevertheless, as mitochondrial abnormalities and degeneration seem to contrib-
ute with the onset of ALS, mitophagy could play an important role in the disease
progression. Degradation of damaged mitochondria would possibly ameliorate the
mitochondrial pool and attenuate the disease furtherance.

11.4 Conclusion

Impairment of autophagy (and specifically mitophagy), associated either with age-
related decline in the pathway’s efficiency or caused by the mutations in the key
regulatory components, became evident as an important determinant of many
human diseases. Neurons appear to be particularly susceptible to the perturbations
in these mitochondrial quality control pathways, possibly due to the damage pro-
duced by undegraded toxic cellular components which accumulate over the course
of decades in these extremely long-lived cells. Whilst accumulation of general cel-
lular “junk” such as aggregate-prone toxic proteins due to their insufficient degra-
dation via autophagy is undoubtedly contributing to the pathology of
neurodegenerative diseases (hence their classification as proteinopathies), it is the
perturbation of mitochondrial degradation via the mitophagy pathway which
appears to be particularly damaging for the neurons [87, 164]. This, in turn, offers
a novel concept for the treatment of these diseases by targeting regulatory compo-
nents of the mitophagy machinery and upregulating this pathway [165]. Thus,
drugs promoting the activity of the general autophagy pathway, and which would
also be expected to stimulate mitophagy, have now been shown to protect against a
wide range of neurodegenerative diseases with several such drugs having already
reached clinical trials [166—168]. Whilst similar therapeutic strategies are yet to be
established for the specific activation of the mitophagy pathway, studies in animal
models show that overexpression of mitophagy proteins such as Parkin can indeed
produce beneficial effect and prevent age-related neuronal decline [169-172].
Further mechanistic studies of mitophagy are likely to lead to the identification and
validation of therapeutic targets and eventually identification of specific and potent
drugs stimulating mitophagy and protecting neurons against senescence and
degeneration.
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