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Abstract

The presence of ubiquitinated protein inclusions is a hallmark of most adult onset
neurodegenerative disorders. Although the toxicity of these structures remains controversial, their
prolonged presence in neurons is indicative of some failure in fundamental cellular processes. It
therefore may be possible that driving the elimination of inclusions can help re-establish normal
cellular function. There is growing evidence that macroautophagy has two roles; first, as a non-
selective degradative response to cellular stress such as starvation, and the other as a highly
selective quality control mechanism whose basal levels are important to maintain cellular health.
One particular form of macroautophagy, aggrephagy, may have particular relevance in
neurodegeneration, as it is responsible for the selective elimination of accumulated and aggregated
ubiquitinated proteins. In this review, we will discuss the molecular mechanisms and role of
protein aggregation in neurodegeneration, as well as the molecular mechanism of aggrephagy and
how it may impact disease.
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1. Introduction

Intracellular protein aggregation is a hallmark of a wide array of neurological disorders,
including tauopathies, synucleinopathies, TDP-43 proteinopathies and polyglutamine
disorders. Although the relationship between protein aggregation with disease pathogenesis
is unclear (Caughey and Lansbury, 2003; Jellinger, 2009; Ross and Poirier, 2005; Spires-
Jones et al., 2009; Williams and Paulson, 2008), several studies using mouse genetics,
lentiviral technologies and RNA interference have shown that elimination of the
accumulation-prone proteins permits symptomatic reversal in different neurodegenerative
models (Harper, 1996; Lin et al., 2009; Regulier et al., 2003; Xia et al., 2004; Yamamoto et
al., 2000; Zu et al., 2004). Often correlating with the regression of symptoms is the
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disappearance of aggregated protein, indicating that neurons can eliminate these proteins,
despite their heterogeneous structure and cellular distribution. Moreover, while these studies
do not establish a causative link between protein aggregation and neurodegeneration, they
clearly suggest that elimination of accumulated proteins may alleviate underlying cellular
dysfunction, and potentiate recovery across different disorders.

So, how are aggregation-prone proteins disposed of by neurons? Unlike many cells used to
study protein aggregation, neurons are post-mitotic and cannot dilute their cytosol by cell
division or asymmetrically distribute inclusions (Rujano et al., 2006). Instead, neurons must
rely upon two distinct cellular mechanisms of protein degradation: the ubiquitin-proteasome
system (UPS) and autophagy-mediated lysosomal degradation. The UPS is a highly
conserved system by which proteins are targeted to the proteasome upon covalent
modification by ubiquitin (Glickman and Ciechanover, 2002). Studies examining the role of
the UPS in neurodegeneration are extensive, and are covered elsewhere in this issue. In this
review, we will discuss the emerging importance of lysosome-mediated degradation of
aggregated cytosolic proteins by macroautophagy. Predominantly known as a nonselective
degradative response to starvation, macroautophagy also is required for the selective
elimination of organelles, infective agents, and more recently, protein aggregates. In this
review, we will examine how aggrephagy, the selective elimination of aggregates by
macroautophagy, can play a role in eliminating protein aggregates that have been implicated
in neurodegenerative disease.

2. Protein aggregation in neurodegeneration

The ability of proteins to aggregate or come together as a larger complex is a fundamental
process through which proteins exert their normal function. In the context of
neurodegeneration, protein aggregates generally refer to oligomeric complexes of misfolded
or unfolded proteins that can be structured or amorphous, which are insoluble and
metabolically stable under physiologic conditions (Kopito, 2000). Together with the pattern
of neuronal dysfunction and degeneration, the presence of these structures, termed
histologically as intracellular inclusions, bodies, tangles or threads, is often part of the
diagnostic repertoire of a pathogenic process (Table 1). Their abnormal presence and
prevalence across numerous disorders have led to models implicating their role in
pathogenesis, and have begun to influence how disorders are classified. For example, the
discovery of TDP-43 as the major component of the ubiquitinated inclusions in amyotrophic
lateral sclerosis (ALS) (Arai et al., 2006; Tan et al., 2007; Zhang et al., 2008) and forms of
frontotemporal lobar degeneration (FTLD-TDP) (Liscic et al., 2008; Mackenzie et al., 2010)
has strengthened the link between these diseases.

Most of our fundamental understanding of protein aggregation has been derived from animal
models, cell lines and in vitro studies. From these studies, protein aggregation has emerged
as a complex multistep process reflected in the variability of protein aggregate structure, size
and intracellular localization (Woulfe, 2008). Since all of these variables can be observed
within a single pathologic sample (DiFiglia et al., 1997; Galvin et al., 2001; Gray et al.,
1987; Jellinger, 2009; Katsuse et al., 2003; Liscic et al., 2008), it is critical to keep in mind
which structure we are examining when studying pathogenesis.

2.1 The formation of protein inclusions in neurons

The maturation of misfolded or unfolded protein into protein aggregates can vary across
different disorders, but generally protein aggregation results from proteins that fold into an
abnormal conformation, leading to the formation of oligomeric intermediates (Merlini et al.,
2001). These intermediates can aggregate and further mature into small protein aggregates.
These small protein aggregates can form into a wide variety of structures (Dobson, 2003).
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Due to their structural stability, amyloid fibrils are the most commonly studied structure,
although they may not be the most prevelant (Dobson, 2003). These smaller aggregates,
both structured and unstructured, continue to grow and multimerize into larger aggregates or
inclusions (Grune et al., 2004; Kopito, 2000). Different kinds of aggregates can be found in
the neuropil, soma and nuclei, depending upon the protein and disorder examined (DiFiglia
et al., 1997; Geschwind, 2003; Gray et al., 1987; Gutekunst et al., 1995; Jellinger, 2009; van
der Zee et al., 2007; Wakabayashi and Takahashi, 2006).

Larger cytoplasmic inclusions can evolve further and coalesce into an aggresome, a
pericentriolar, membrane-free cytoplasmic inclusion formed specifically at the microtubule
organizing center (MTOC) containing misfolded, ubiquitinated proteins caged within
intermediate filaments such as vimentin or keratin (Johnston et al., 1998; Kopito, 2000). It
has been proposed that the aggresome is a protective structure, formed to sequester proteins
that cannot be degraded by the proteasome and packaged for degradation by autophagy
(Johnston et al., 1998; Kopito, 2000). Although studies in heterologous systems clearly
demonstrate that disease-causing proteins become packaged in this manner (lwata et al.,
2005; Johnston and Madura, 2004; Waelter et al., 2001; Wong et al., 2008), this may not be
the case for neurons. For instance, neuronal cytoplasmic inclusions (NCIs) are ubiquitinated
but rarely vimentin-positive, possibly because vimentin is expressed predominantly in
immature neurons and become replaced by neurofilaments (NFs) as neurons mature
(Bennett et al., 1981; Cochard and Paulin, 1984). Nonetheless, in Multiple Systems Atrophy,
glial cytoplasmic inclusions are also vimentin-negative (Wakabayashi and Takahashi, 2006)
(Table 1). Further, abnormal accumulation of NFs is found across several neurodegenerative
diseases and mutations within the NF light chains have been implicated in their
accumulation in Charot Marie Tooth Type 2 (CMT2) neuropathies; however, NFs are the
major constituent of the inclusion and do not form a ‘cage’ as described for an aggresome
(Perrot and Eyer, 2009; Roy et al., 2005). Moreover, although the readily dividing, stable
cell lines used to study protein aggregation possess MTOCs, studies indicate that after
neurogenesis (Doxsey et al., 2005; Wang et al., 2009), neuronal centrosomes no longer
function as MTOCs, and no longer extend microtubules or recruit y-tubulin (Stiess et al.,
2010). Despite the lack of MTOCs, however, microtubule nucleation is still required for
proper neuronal function and maintenance (Ahmad et al., 1994; Yu et al., 1994), but rather
than at a central perinuclear point, microtubules nucleate across multiple sites throughout the
cell (Stiess et al., 2010). Larger inclusions therefore still may form in a microtubule-
dependent manner (McNaught et al., 2002), but may not fulfill the strict definition of an
aggresome. Moreover, the lack of a single MTOC also may explain why aggregates are not
limited to the soma.

One indication that neurons create aggresome-like structures is found in studies with histone
deacetylase 6 (HDAC6). HDACES is a ubiquitin-binding microtubule deacetylase, that is
required to recruit ubiquitinated, misfolded proteins to the aggresome (lwata et al., 2005;
Kawaguchi et al., 2003). HDAC6 may not be a structural element, however, since depletion
of HDACS did not disrupt preformed inclusions (lwata et al., 2005). Unfortunately, reports
on HDACG6 immunoreactivity of NCIs in disease have been limited- although HDACG6-
positive Lewy Bodies from neocortical and brain stem samples from Parkinson’s disease
(PD) and Dementia with Lewy Bodies (DLB) brains, respectively, were reported
(Kawaguchi et al., 2003), and HDAC6 was shown to be slightly elevated in Alzheimer’s
Disease (AD) cortex and hippocampus possibly through an interaction with tau (Ding et al.,
2008; Perez et al., 2009), its presence in other disorders has not been explored. Overall,
despite structural differences, the function of inclusion body formation in neurons may still
share a functional commonality with aggresomes. In a study by Lucas and colleagues
(Ortega et al., 2010), they found that global impairment of the UPS in an HD mouse model
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diminished upon the appearance of neuronal inclusions. Interestingly, the inhibition of
inclusion formation inhibited the amelioration of the UPS.

2.2 The toxicity of protein aggregates

Although protein aggregation is common across many disorders, the role it may or may not
play in toxicity across different diseases is a complex discussion that cannot be fully
addressed in this review. In general, however, there are three alternative hypotheses as to the
possible role of protein aggregation: Protein inclusions are directly or indirectly toxic;
protein inclusions are protective, and abrogate the toxicity due to a toxic monomeric or
oligomeric species through their sequestration; and protein inclusions are benign by-standers
that may correlate with the disease but have little influence on the disease process. In light of
the duration of adult onset neurodegenerative disorders and the complexity that each disease
presents, it is likely that a combination of the three hypotheses may account for the overall
course of each unique disease.

Despite the features of protein aggregation that may be unique to each disease, protein
aggregation also shares several common traits. The major component of the inclusions is
often ubiquitously expressed, such as huntingtin (Htt), a-synuclein, tau and TDP-43 (Aronin
et al., 1995; Dauer et al., 2002; Georgieff et al., 1993; Jakes et al., 1994; Ou et al., 1995;
Perrot and Eyer, 2009; Trottier et al., 1995). Moreover the inclusions are found throughout
the brain, often in neurons and glia, with little direct correlation to the pattern of
neurodegeneration that occurs. For example, in the polyQ expansion disorder Huntington’s
disease (HD), both the neuronal intranuclear inclusions (NII) and dystrophic neurites are
found throughout the cortex, while the degeneration is predominantly in the striatum
(DiFiglia et al., 1997; Gutekunst et al., 1995; Vonsattel and DiFiglia, 1998). Indeed, the
medium spiny neurons which are most vulnerable in HD, demonstrate little to no Nlls
(Gutekunst et al., 1995). In an inducible model of hereditary tauopathy, neuronal loss
occurred in areas where neurofibrillary tangles were absent, not where they were present
(Santacruz et al., 2005). These and other similar observations lend support to two
hypotheses: Protein inclusions are not toxic; or, rather than a cell autonomous toxicity,
aggregates may promote toxicity to neurons within a circuit or through glia (Di Giorgio et
al., 2007; Garden et al., 2002; Gu et al., 2005; Nagai et al., 2007; Perrot and Eyer, 2009),
possibly promoting ‘murder rather than suicide’ (Ross, 2004; Wexler et al., 1991).

Although the toxicity of aggregation is under debate, aggregation of proteins not implicated
in any diseases become cytotoxic (Bucciantini et al., 2002; Ordway et al., 1997), indicating
that some abnormal conformation is disadvantageous. There is growing evidence that the
toxic conformer may be the smaller aggregate species (Caughey and Lansbury, 2003).
Studies with one subset of aggregated species, amyloid oligomers, find that rather than the
actual protein that has oligomerized, the structure of the aggregates may dictate their toxicity
(Kayed et al., 2003). Differing hypotheses have been proposed to account for the toxicity.
Both the relatively disorganized prefibrillary aggregate, and the more ordered amyloid
structures, can lead to altered or aberrant interactions with other proteins resulting in
sequestration and dysregulation or loss of function (Chalmers and Love, 2007; Ihara et al.,
2007; Igbal et al., 2008; Lippens et al., 2007; Suhr et al., 2001). An alternative hypothesis is
the “amyloid pore’ hypothesis which states that ordered aggregates form pores in the cellular
membranes thereby causing ionic imbalance in cells (Lashuel et al., 2002; Volles and
Lansbury, 2002). Lastly, protein aggregates have been implicated in interfering with general
protein homeostasis by directly or indirectly inhibiting protein degradation or evoking ER
stress.

In contrast, the larger, visible inclusions that are an integral part of distinguishing different
neurodegenerative diseases may be a structure that sequesters toxic species from causing
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greater harm (Arrasate et al., 2004; Ortega et al., 2010) or inert *bystanders’(Tran and
Miller, 1999). As originally proposed for the aggresome (Kopito, 2000), these large
inclusions may be a “first step” towards targeting the accumulating proteins for degradation
(see below). If this is the case, attempts to prevent aggregation or promote disaggregation
without driving elimination of the aggregating protein may demonstrate little to no benefit
for neurons, since not only is the amount of accumulated protein unchanged, but the
inhibition of inclusion formation may impede further the degradative capacity that remains.

2.3 The accumulation of ubiquitinated proteins

The most common feature observed in proteinopathies is that the accumulating proteins are
invariably positive for ubiquitin (Alves-Rodrigues et al., 1998; Liscic et al., 2008; Tan et al.,
2007). Indeed for some disorders, such as SALS, prior to identification of the aggregating
protein, ubiquitin immunoreactivity was the only means by which abnormal protein deposits
could be identified (Liscic et al., 2008).

In healthy cells, protein misfolding readily occurs; one estimate revealed that over 30% of
the newly synthesized proteins are misfolded and aggregated (Schubert et al., 2000). Those
proteins that are not refolded become ubiquitinated and targeted to the proteasome (Barral et
al., 2004; Bukau et al., 2006; Schubert et al., 2000). Despite the large volume of protein
turnover required, proteins do not accumulate since ubiquitinated proteins are rapidly
targeted to the proteasome and eliminated, with the rate-limiting event being the conjugation
of ubiquitin itself (Chau et al., 1989; Glotzer et al., 1991; Hershko, 1991; Hershko and
Ciechanover, 1998).

Why under neurodegenerative conditions ubiquitinated substrates accumulate remains
unclear. A direct or indirect inhibition of proteasome function has been proposed but
remains controversial (Bedford et al., 2008b; Bence et al., 2001; Bowman et al., 2005; Ding
et al., 2002; Grune et al., 2004; Kabashi et al., 2008; Kabashi et al., 2004; Maynard et al.,
2009; Ortega et al., 2010). Although conditional gene knockout studies have shown that
inhibition of the UPS in mice leads to accumulation of ubiquitinated proteins, inclusions and
neurodegeneration (Bedford et al., 2008), elimination of core components of
macroautophagy, in flies (Lindmo et al., 2006; Nezis et al., 2008; Simonsen et al., 2008) and
in mice lead to similar results (Hara et al., 2006; Komatsu et al., 2006; Liang et al., 2010),
indicating that disruption of protein degradation is generally detrimental to neurons. Using a
form of mass spectroscopy analyses (Kirkpatrick et al., 2005; Kirkpatrick et al., 2006), a
recent study by Kopito and colleagues found that different ubiquitin chains of K48, K63 and
K11 accumulated in patient samples and mouse models of HD (Bennett et al., 2007).
Although these findings do not explain why these chains accumulate, this global change in
ubiquitin indicates that neurons are unable to process proteins properly. Taken together,
although the role of protein aggregation in neurodegeneration continues to be a debate, these
data are suggestive that driving elimination of the accumulated and aggregated ubiquitinated
structures will help to re-establish homeostasis to the cell. There is growing evidence that a
cellular pathway that can degrade such complex aggregated structures is a selective form of
macroautophagy, known as aggrephagy.

3. Mammalian macroautophagy

Autophagy is a general term for the degradation of cytosolic components by the lysosome,
and can be separated into three types: microautophagy, chaperone-mediated autophagy
(CMA), and macroautophagy. In microautophagy, cytosolic material is brought into the
lysosome through direct invagination of the lysosomal membrane and subsequent budding
of vesicles into the lysosomal lumen (Xie and Klionsky, 2007). Microautophagy has been
studied most extensively in yeast (Uttenweiler and Mayer, 2008) and there is little
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mechanistic understanding of microautophagy in mammalian systems (Xie and Klionsky,
2007). CMA involves a direct import through the lysosomal membrane of substrates
containing a KFERQ motif, which are recognized by a group of molecular chaperones
(Cuervo et al., 1997). CMA has not been described in yeast, and was first described in
hepatocytes by Dice in the late 1980’s (Chiang et al., 1989). Recently a growing role of
CMA and most notably its dysfunction in neurodegeneration has emerged, and is also
further reviewed in this issue.

Macroautophagy is the process whereby cytoplasmic constituents become sequestered into a
de novo synthesized double membrane structure called the isolation membrane or
phagophore, which closes to become an autophagosome (Seglen et al., 1990). To achieve
degradation, the autophagosome then fuses with the lysosome directly, or first forms an
amphisome by fusing with vesicles of the endocytic pathway (Figure 1). The core players
involved in macroautophagy, first identified in yeast, is conserved throughout evolution and
named the Autophagy-related (Atg) proteins (Klionsky et al., 2003). Despite the numerous
advances made over the last decade in understanding the molecular mechanisms of
autophagy, key questions remain unanswered (Hamasaki and Yoshimori, 2010; Reggiori,
2006). Macroautophagy, however, generally can be divided into three main steps: 1)
Nucleation; 2) Expansion; and 3) Maturation (Figure 1). The molecular machineries
required for these steps have been extensively reviewed elsewhere (He and Klionsky, 2009;
He and Levine, 2010; Longatti and Tooze, 2009; Simonsen and Tooze, 2009) and only the
main players involved will be described here.

3.1 Nucleation and Expansion

Several key proteins are required for the early steps of autophagosome formation: i) the
Atg1/Unc-51-like kinase (ULK) complex; ii) the VVps34/class 11 phosphatidylinositol 3-
kinase (PI3K) complex I; iii) the transmembrane protein Atg9 and its associated cycling
machinery; and iv) the two ubiquitin-like proteins Atg12 and the mammalian homologs of
Atg8 and their conjugation systems.

One of the main questions in macroautophagy has focused on the origin of the
autophagosome membrane. The endoplasmic reticulum (ER), Golgi network and
mitochondria have all been implicated (Reggiori, 2006). Recently live cell imaging and EM-
based studies have centered upon the ER: Upon nutrient deprivation, a structure rich in
phosphatidylinositol-3-phosphate (P13P) called the omegasome forms in the ER preceding
the formation of autophagosomes (Axe et al., 2008; Hayashi-Nishino et al., 2009; Yla-
Anttila et al., 2009) (Figure 1). Nonetheless, Atg9, a transmembrane protein that resides in
the trans golgi network (TGN) is also essential for phagophore formation (Young et al.,
2006), but exactly how Atg9 traffics to the phagophore is not yet clear. Finally an alternative
model, suggesting that the outer membrane of ER-associated mitochondria participates in
autophagosome biogenesis also was proposed recently (Hailey et al., 2010). Continued
studies using high resolution microscopy and genetics will make much needed progress in
this field.

The mechanism and regulation by which the autophagosomes nucleate is also not
completely understood. Inhibition of the mammalian Target of Rapamycin (MTOR) is a
critical trigger to evoke autophagy upon nutrient deprivation (Jung et al., 2010; Neufeld,
2010). mTOR is a serine/threonine kinase that, aside from autophagy, has been implicated in
maintenance of basic cellular functions including cell growth, cell proliferation, protein
translation and protein synthesis. Under nutrient rich conditions, mTOR phosphorylates
ULKZ1, the closely related ULK2 and the associated Atg13, thereby inhibiting ULK function
and preventing autophagosome formation. When mTOR activity is inhibited by starvation or
treatment with rapamycin, the ULK complex becomes dephosphorylated and activated to
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stimulate formation of autophagic membranes (Ganley et al., 2009; Hosokawa et al., 2009;
Jung et al., 2009; Jung et al., 2010; Neufeld, 2010). However, the Atgl/ULK complex is
also essential for mTOR-independent autophagy (Hara et al., 2008) as it plays an important
role in recruting other Atg proteins to the sites of autophagosome formation (Mizushima,
2010), as well as in regulation of starvation-induced cycling of mAtg9, the only integral
membrane protein in the core autophagy machinery (Young et al., 2006).

Autophagosome nucleation also requires the Vps34/class 111 PI3K complex | which
generates PI3P. This complex contains four core components; the VVps34/class 111 PI3K, the
Vps15-like serine/threonine kinase p150, the mammalian Atg6 protein Beclinl and Atgl4L
(also known as Barkor) (Simonsen and Tooze, 2009) (Figure 1). Inhibition of Vps34 activity
by 3-methyladenine or wortmannin (Hendil et al., 1990; Seglen and Gordon, 1982; Wu et
al., 2010) can be used to inhibit macroautophagy since it suppresses autophagosome
nucleation. In addition, several Beclin-associated proteins like Ambra-1, Bif-1 and Bcl-2
have been found to regulate the activity of this complex (He and Levine, 2010; Simonsen
and Tooze, 2009).

Once nucleated, the phagophore elongates around the cargo and closes to form an
autophagosome. Studies in yeast and mammalian cells have shown that elongation requires
the ubiquitin-like proteins Atg12 and Atg8 and their respective conjugation machineries
(Ohsumi and Mizushima, 2004) (Figure 1). Six mammalian homologs to Atg8 have been
described: Microtubule associated protein 1 light chain 3 (MAP1LC3) A, B and C; the
GABA receptor associated protein (GABARAP); and the GABARAP-like proteins 1
(GABARAPL1, also known as GATE-16) and GABARAPL2. There is also a possible
seventh homolog, GABARAPLS3, however thus far its expression has not been observed.
Although all Atg8 homologs can conjugate to lipid, MAP1LC3B is the most extensively
studied and will be referred to simply as LC3 (Tanida et al., 2004). Atg12 and LC3 become
activated by the E1-like enzyme Atg7 and then conjugated by E2-like enzymes (Atg10 and
Atg3, respectively) to Atg5 or phosphatidylethanolamine (PE), respectively. The Atg5-12
conjugate then associates with Atg16L in the phagophore membrane, to act as a possible E3-
like ligase for the recruitment and lipidation of LC3 (Hanada et al., 2007). This results in
two measurable forms of LC3: The cytosolic form (called LC3-1), which is first cleaved at
its C-terminus by the cysteine protease Atg4, and the PE-conjugated form (called LC3-11)
(Tanida et al., 2004). In contrast to the other proteins required for nucleation and expansion
of autophagic membranes, LC3-11 remains membrane bound throughout the process and is
therefore a widely used marker for autophagosomes. It is worth noting that examples of
Beclinl-, as well as Atg5- and Atg7-independent autophagy have been reported in cells
subjected to certain stressors (Chu et al., 2007; Nishida et al., 2009; Scarlatti et al., 2008),
but nothing is known about the role of these non-canonical autophagy pathways in neurons.
The molecular mechanisms involved in the final closure of the phagophore to form an
autophagosome are also not known, although a role for LC3 has been suggested
(Nakatogawa et al., 2007).

While mTOR inhibition is required for general macroautophagy, the potentiation of
macroautophagic degradation of aggregated protein can occur in an mTOR independent
manner (Filimonenko et al., 2010; Sarkar et al., 2007; Yamamoto et al., 2006). The
mechanisms underlying mTOR-independent autophagosome formation is not fully
understood. It is possible that rather than enhancing the nucleation of autophagosomes
which is mTOR-dependent, the efficiency of membrane building may be enhanced by
increasing the production of PI3P (Yamamoto et al., 2006). This is further substantiated by
findings that co-stimulation of mTOR-independent and mTOR-dependent autophagy can
enhance the degradation of mutant Huntingtin and aggregate-prone a-Synuclein (Sarkar et
al., 2007).
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3.2 Maturation

Maturation of autophagosomes into fully degradative autolysosomes requires the fusion of
autophagosomes to other vesicle compartments. To prepare the autophagosome for fusion,
LC3-11 is removed from the outer leaflet of the outer membrane by the LC3 cleavage
enzyme, Atg4 (Figure 1) (Tanida et al., 2004). Further maturation may occur by a single or
multi-step fusion process. In yeast, autophagosomes fuse directly with the vacuole, whereas
in mammalian cells autophagosome maturation may require sequential fusion steps with
different endocytic populations, to first create an amphisome before fusion with lysosomes
(Longatti and Tooze, 2009;Simonsen and Tooze, 2009). A stepwise model of
autophagosomes maturation is supported by recent evidence showing that depletion of the
early endocytic protein coat protein complex | (COPI) and subunits of the endosomal sorting
complex required for transport (ESCRT), impedes autophagic degradation (Filimonenko et
al., 2007;Lee et al., 2007;Razi et al., 2009). In both cases, defective autophagosome
maturation was accompanied by an accumulation of autophagosomes and p62- and
ubiquitin-positive protein aggregates. Interestingly, overexpression of an ESCRT-I1I subunit
mutant (Vps2B/CHMP2B!Mton5y corresponding to a mutation found in patients with
frontotemporal lobar degeneration with ubiquitinated inclusions (FTDL-U) caused a similar
phenotype in murine cortical neurons (Lee et al., 2007) or in HeLa cells (Filimonenko et al.,
2007), suggesting that ESCRT-mediated control of autophagy is physiologically important.

Further highlighting the intimacy between the autophagic and endocytic pathways is a
second complex that engages Vps34, p150 and Beclinl known as the class 111 PI3K complex
I1. This complex can contain the positive regulator UVRAG (ultraviolet irradiation resistant-
associated gene) or the negative regulator Rubicon (RUN domain and cysteine-rich domain
containing, Beclinl-interacting protein), and both are involved in regulation of endocytic
trafficking and autophagosome maturation (ltakura et al., 2008; Matsunaga et al., 2009; Sun
et al., 2008; Zhong et al., 2009). In addition, numerous Rab proteins (Fader et al., 2008;
Gutierrez et al., 2004; Hirota and Tanaka, 2009; Itoh et al., 2008; Jager et al., 2004; Munafo
and Colombo, 2002; Ravikumar et al., 2008), as well as the Vps-C complexes HOPS
(homotypic vacuole fusion and protein sorting) and CORVET (class C core vacuole/
endosome tethering) (Lindmo et al., 2006; Nickerson et al., 2009) also have been implicated
in autophagosome maturation. Finally, the recent identification of the PI3P-binding protein
FYCO1 (FYVE and coiled-coil domain-containing protein 1) as an LC3- and Rab7-binding
protein mediating microtubule plus end-directed transport of autophagosomes (Pankiv et al.,
2010) may provide a link between the autophagic and endocytic machineries involved in
regulation of autophagosome maturation.

The transport of autophagosomes for fusion with lysosomes has been found to depend on
microtubules and dynein (Fass et al., 2006; Kimura et al., 2008). Such transport is especially
important in neurons, where autophagosomes might form distant from lysosomes (Wang et
al., 2006). The accumulation of autophagosomes within axons is often associated with
various neurodegenerative disorders (Boland and Nixon, 2006; Yue et al., 2009). Mutations
of the dynein machinery, albeit toxic themselves, also can increase accumulation and
enhance the toxicity of polyQ proteins in flies and mice (Batlevi et al., 2010; Ravikumar et
al., 2005).

Other players that may be selectively involved in maturation of ubiquitin-containing
autophagosomes, including the AAA-ATPase valosin containing protein (VCP/p97) and
HDACS, have recently been identified (Lee et al., 2010; Tresse et al., 2010). Interestingly,
mutations in VCP linked to Inclusion body myopathy associated with Paget's disease of the
bone and fronto-temporal dementia (IBMPFD) also was found to impair autophagy,
suggesting that impaired autophagosome maturation contributes to the pathology of this
disease (Ju et al., 2009; Tresse et al., 2010). HDACS, initially identified to mediate transport
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of misfolded proteins to the aggresome (Kawaguchi et al., 2003), was recently implicated in
maturation of ubiquitin-positive autophagosomes (Lee et al., 2010). HDACG6 overexpression
in fly eyes exposed expressing expanded polyQ proteins also was found to be
neuroprotective (Pandey et al., 2007).

4. Aggrephagy - the mammalian counterpart to Cvt?

The mechanisms responsible for cargo selection and selective autophagy is currently an area
of intense study and cargo-specific names like aggrephagy (selective degradation of protein
aggregates), pexophagy (selective degradation of peroxisomes) and mitophagy (selective
degradation of mitochondria) have been given (Klionsky et al., 2007; Knaevelsrud and
Simonsen, 2010). Selectivity is achieved by a cargo receptor and a specificity adaptor that
together connect the cargo to the core autophagic machinery. Typically, these autophagy
receptors are not required for starvation-induced autophagy, but more research is needed to
understand the mechanisms involved in selective macroautophagy and how these processes
are regulated.

4.1 The yeast Cvt pathway

Although relatively novel in mammalian systems, selective macroautophagy has long-been
described in yeast. Known as cytosol to vacuole targeting (Cvt), Cvt is a metabolic process
that rely on receptor and adaptor proteins to traffic two vacuolar hydrolases, aminopeptidase
1 (Apel) and the less studied a-mannosidase (Ams1) to the vacuole (Figure 2) (Lynch-Day
and Klionsky, 2010). Apel is synthesized as a precursor (prApel), which in a step-wise
manner multimerizes into the higher order Apel complex prior to being sequestered into
small, autophagosome-like, Cvt vesicles. Unlike autophagosomes, these vesicles form
tightly around the Apel complex, devoid of bulk cytosol. Association of the Apel complex
with the Cvt vesicle membrane requires interaction of the Apel complex with the cargo
receptor Atg19. Atg19 binds specifically to the Apel complex, and possesses an Atg8-
interacting W/Y/FxxL/1/V (WxxL) motif (Noda et al., 2008). WxxL motifs, found in several
autophagy receptors, interact with Atg8/LC3 family members and are commonly referred to
as LC3-interacting regions (LIR) (Pankiv et al., 2007) or LC3 recognition sequences (LRS)
(Ichimura et al., 2008).

Prior to binding to Atg8, however, the prApel-Atgl9 complex binds directly to the adaptor
Atgll, which transports the complex to the pre-autophagosomal structure (PAS) through an
interaction between Atgl1 and the actin cytoskeleton (Monastyrska and Klionsky, 2006).
Atgl1 also interacts with the core Atg proteins Atg9 and the Atgl-Atgl3 kinase complex
(He and Klionsky, 2006; Yorimitsu and Klionsky, 2005), suggesting that Atg11 acts as an
important scaffolding protein. Atgl1 is not required for non-selective autophagy, but seems
to be involved in other forms of selective autophagy, like mitophagy and pexophagy.
Interestingly, Atgl1 over-expression increases recruitment of Atg8 and Atg9 to the PAS,
resulting in more Cvt vesicles, suggesting that Atgl1 levels regulate the rate of selective
autophagy (Lynch-Day and Klionsky, 2010). Once at the PAS, Atg11 is displaced by Atg8
(Shintani et al., 2002). In addition to Atgl1 and Atg19, the PI3P-binding proteins Atg20,
Atg21 and Atg24 are also selectively involved in Cvt (Nice et al., 2002; Stromhaug et al.,
2004). Further studies in yeast have revealed that selective autophagy is not limited to Cvt.
Mitophagy requires the receptor protein Atg32, which is located in the outer mitochondrial
membrane, and like Atg19, has an Atg8-binding LIR and interacts with Atgl1 (Kanki et al.,
2009; Okamoto et al., 2009). Similar regulation has also has been shown with Atg30 and
pexophagy (Manjithaya et al., 2010).
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4.2 Aggrephagy

Over the past several years, it has become increasingly clear that macroautophagy also plays
a critical role in the selective elimination of aggregated proteins in mammalian cells. Studies
indicate that similar to Cvt, the process of aggrephagy requires proteins that are exclusive
for substrate selection and targeting (Bjorkoy et al., 2005; Filimonenko et al., 2010; Kirkin
et al., 2009; Pankiv et al., 2007), as well as the core autophagic machinery (Filimonenko et
al., 2010; Filimonenko et al., 2007; Yamamoto et al., 2006) (Figure 2). Moreover, similar to
Cvt vacuoles, aggregate-containing autophagosomes appear largely devoid of other material,
suggesting that the vesicle membrane expands tightly around its cargo (Filimonenko et al.,
2010).

The nonspecific nature of macroautophagy in mammalian systems was challenged with the
identification of the autophagy cargo receptors p62/SQSTM1 (Bjorkoy et al., 2005; Pankiv
et al., 2007) and NBR1 (neighbor of BRCA1 gene 1) (Kirkin et al., 2009). p62 and NBR1
link ubiquitinated proteins via their ubiquitin-associated (UBA) domain to the core
autophagic proteins LC3/GABARAP through their LIR domain (Kirkin et al., 2009; Pankiv
etal., 2007). A PB1 domain permits both proteins to interact with other binding partners.
Both proteins also homo-oligomerize, p62 through its PB1 domain, and NBR1 through its
coiled-coil domain (Lamark et al., 2009). In contrast to Cvt, for which prApel oligomerizes
independently of Atg19 (Lynch-Day and Klionsky, 2010), p62 and NBR1 are required for
the formation of ubiquitin-positive inclusions (Bjorkoy et al., 2005; Clausen et al., 2010;
Kirkin et al., 2009; Nezis et al., 2008), and p62 have been associated with inclusions in
several human neurological disorders, including Lewy bodies, neurofibrillary tangles and
Huntingtin aggregates (HD) (Kuusisto et al., 2001; Zatloukal et al., 2002). Interestingly,
while nestin-specific deletion of Atg7 led to intraneuronal ubiquitinated inclusions, their
appearance was suppressed when the mice were crossed with p62 knockout mice (Komatsu
etal., 2007). Thus, p62 and NBR1 may structurally maintain larger aggregates of
accumulating ubiquitinated proteins (Korolchuk et al., 2009; Lamark et al., 2009).
Interestingly, the loss of larger inclusions did not impede neurotoxicity, indicating that
smaller aggregated species may not require p62 to form. Consistent with this observation,
the accumulation of ubiquitinated aggregated proteins have been reported in a subset of
brain regions in p62 knockout mice starting from 6 months of age (Wooten et al., 2008).

Both p62 and NBR1 are continuously degraded as autophagic substrates, and thus often are
used as indirect indicators of general macroautophagic activity (Bjorkoy et al., 2005; Kirkin
et al., 2009; Pankiv et al., 2007). p62 also is a cargo receptor for other ubiquitinated
substrates, like midbody remnants after mitosis (Pohl and Jentsch, 2009), peroxisomes (Kim
et al., 2008; Platta and Erdmann, 2007), mitochondria (Geisler et al., 2010), intracellular
bacteria (Deretic, 2010; Zheng et al., 2009) and ribosomal proteins (Ponpuak et al., 2010).

Recently, the 400kDa, P13P-binding Autophagy-linked FYVE domain protein (Alfy) was
identified to be required for aggrephagy, but not for starvation-induced autophagy
(Filimonenko et al., 2010). Alfy interacts directly with p62 through its PH-BEACH domain
(Clausen et al., 2010) and with Atg5 through its five WDA40 repeats (Filimonenko et al.,
2010). In cells, Alfy is required to scaffold the Atg5-Atgl2-Atgl6 E3-ubiquitin ligase-like
complex and LC3 to the ubiquitin- and p62-positive polyQ inclusion (Filimonenko et al.,
2010). These data suggest that Alfy functions as a scaffolding adaptor protein, similar to
Atgll in the Cvt pathway: Alfy connects the receptor-bound cargo to the core autophagic
machinery and permits the autophagic membrane to form closely to the cargo, excluding
bulk cytoplasm. As mentioned above, overexpression of Atgl1 increases the formation of
Cvt vesicles and increases turnover of prApel. Interestingly, overexpression of Alfy or its
C-terminal p62- and Atg5-binding region was found to decrease the number of protein
inclusions in primary neurons expressing polyQ Htt and be neuroprotective in a Drosophila
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eye model of polyQ disease, suggesting that increased Alfy levels can stimulate aggrephagy
(Filimonenko et al., 2010). The requirement of Alfy for aggrephagy is consistent with earlier
observations in Drosophila deficient in the Alfy homologue Blue Cheese (bchs). Bchs
mutant flies had a reduced lifespan, accelerated accumulation of ubiquitin-positive protein
aggregates and neuronal degeneration (Finley et al., 2003). It will be interesting to learn
whether Alfy, as p62, is involved in selective autophagy of other cargo such as the midbody
ring structure or mitochondria.

4.3 Regulation of aggrephagy

Very little is understood about the regulation of aggrephagy. Since acute inhibition of
macroautophagy during starvation can lead to cell death (Scarlatti et al., 2009), and since
aggrephagy shares the core autophagic machinery, it would be important that cells can
regulate an aggrephagic response. Interestingly, protein levels of Alfy are highest in brain
and lowest in liver, thus inversely correlating with responsiveness to starvation (Simonsen et
al., 2004). Alfy also undergoes stress-induced nucleocytoplasmic shuttling; although Alfy is
usually found in the nucleus and decorating the nuclear membrane, it becomes recruited to
cytoplasmic inclusions upon cellular stress like starvation, UPS inhibition and expression of
aggregate-prone proteins (Filimonenko et al., 2010; Simonsen et al., 2004). Although it is
uncertain what signals to Alfy to exit the nucleus, it is tempting to speculate that nuclear
localization of Alfy might be a means by which the cell limits readily available levels of
Alfy to impede aggrephagy in healthy cells. This hypothesis is supported by experiments
showing that overexpression of Alfy increases clearance of polyQ inclusions in neurons
(Filimonenko et al., 2010).

The aggrephagy cargo receptor p62 is also known to be a stress response protein, and both
its MRNA and protein levels are induced upon exposure to various stressors (Ishii et al.,
1997; Nagaoka et al., 2004). p62 also undergoes nucleocytoplasmic shuttling and may
recruit Alfy from the nucleus to cytoplasmic inclusions (Clausen et al., 2010; Filimonenko et
al., 2010). It was recently found that p62 expression is upregulated by the transcription
factor NF-E2-related factor 2 (Nrf2) in response to oxidative stress (Jain et al., 2010) and
that increased p62 levels again contribute to the activation of Nrf2, creating a positive loop
resulting in expression of anti-oxidant genes (Fan et al., 2010; Jain et al., 2010; Komatsu et
al., 2010; Lau et al., 2010). The p62-mediated Nrf2 activation is due to p62 blocking the
interaction between Nrf2 and the Kelch-like ECH-associated protein 1 (Keapl), which under
basal conditions leads to ubiquitination and UPS-mediated degradation of Nrf2 (Kobayashi
et al., 2004). Interestingly, the drug deprenyl, a candidate for neuroprotection in PD, can
mediate nuclear accumulation of Nrf2 and Nrf2-induced activation of oxidative stress-
related proteins (Nakaso et al., 2006). Thus, activation of the p62-Nrf2 system may be a
useful therapeutic strategy for PD, as well as other neurodegenerative disorders.

A complex network of post-translational modifications of aggregated proteins seems to
regulate their clearance by autophagy. As discussed above, K63-linked ubiquitination may
be critical to permit p62 and NBRL1 to recognize cargo (Kirkin et al., 2009; Long et al.,
2008; Wooten et al., 2008) and inclusions labelled with K63-linked ubiquitin chains have
been associated with autophagic degradation (Tan et al., 2008). Furthermore, HDAC6 also
preferentially binds K63-linked ubiquitin chains in vivo (Olzmann et al., 2007). The specific
ubiquitin ligases involved in aggrephagy are at present unknown.

Aside from ubiquitination, other post-translational modifications, like acetylation and
phosphorylation, also have been shown to enhance the degradation of aggregate-prone
proteins by autophagy. When the normally occuring acetylation of the mutant Htt protein
was prevented, its oligomerization and autophagy-dependent degradation was inhibited. A
modest dependence on p62 was observed, however the mechanism by which trafficking to
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the autophagosomes is promoted remains unclear (Jeong et al., 2009). Phosphorylation of
Htt by the inflammatory kinase IKK was found to enhance its degradation, but also to
regulate additional post-translational modifications of Hitt, like ubiquitination,
SUMOylation, and acetylation (Thompson et al., 2009). Thus, a complex network of post-
translational modifications is likely involved in regulation of protein aggregate clearance.
How these changes modify autophagic degradation in neurons will give us further insight
into how proteins are selected for degradation by aggrephagy or other macroautophagic
pathways.

5. Concluding remarks

Although the toxicity of protein inclusions may be debatable, a strong argument exists that
the elimination of the aggregating proteins and inclusions may be an effective means to
ameliorate pathogenesis in different neurodegenerative models. Recently, macroautophagy
has emerged as a highly selective quality control mechanism whose basal levels are
important to prevent accumulation of protein. The mechanisms responsible for selective
autophagy of various cargos is currently an area of intense study, but the cargo receptor p62,
together with the adaptor protein Alfy, seem to be critical for selective autophagic
degradation of protein aggregates and inclusions. Thus, stimulation of aggrephagy by
modifying these proteins might be a beneficial approach in neurodegeneration. Nonetheless,
care must be taken to degrade only those inclusions that represent “cellular garbage’ and not
cellular protein bodies that represent functional cellular structures. Furthermore, up-
regulation of any form of autophagy is unlikely to be effective if dysfunctional
macroautophagy is a root cause. It is thus critical that we continue further study in
macroautophagy, especially in neurons, if we are to use it to combat effectively
neurodegenerative disease.
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Figure 1. Schematic summary of macroautophagy

Although the origin of the autophagosomal membrane is still a matter of discussion, the
early steps of autophagosome formation (nucleation and expansion) are known to require the
following proteins: i) the Atgl/unc-51-like kinase (ULK) complex; ii) the VVps34/class Il1
phosphatidylinositol 3-kinase (P13K) complex I; iii) the transmembrane protein Atg9 and its
cycling from the TGN and iv) the two ubiquitin-like proteins Atg12 and LC3 (the
mammalian homologue of Atg8) and their conjugation systems (see text for details).
Autophagosome maturation involves fusion with different endocytic compartments (early
endosomes, multivesicular bodies and late endosomes) to form amphisomes containing both
autophagosomal and endosomal content or autophagosomes might fuse directly with
lysosomes. Finally the sequestered cytoplasmic material becomes degraded and the resulting
macromolecules recycled back to the cytosol to be reused by the cell.
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Figure 2. Schematic comparison between models of Cvt and aggrephagy

A. Cvt. The precursor Apel is oligomerized into a 12-mer then further aggregated into the
Apel complex. The autophagy receptor protein Atg19 then binds to the Apel complex and
attracts Atg11 which brings the complex to the phagophore. Atg11 is displaced by PE-bound
Atg8 and Cvt vesicle forms around the complex. The PI3P-binding proteins Atg20, Atg21
and Atg24 are also involved in the Cvt pathway. B. Aggrephagy. The aggregate-prone
protein becomes ubiquitinated and oligomerize. p62 binds to the ubiquitinated proteins and
drives the formation of aggregates. Aggresome-like larger aggregates may continue to form
but are not shown. The inclusion attracts Alfy, which is important for recruitment of Atg5-
Atg12 to the inclusion. The presence of Alfy also stabilizes the interaction of LC3 with the
inclusion. Alfy binds to PI3P in the autophagic membrane and may facilitate binding of
Atg5-Atgl12 to the membrane associated Atgl6, creating the Atg5-Atg12-Atgl6 complex,
which might work as an E3-like ligase to permit LC3 conjugation to PE in the membrane,
and formation of the autophagomes around the inclusion.
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