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Abstract

Substantial progress has been made in the genetic basis of Parkinson’s disease (PD). In particular,
by identifying genes that segregate with inherited PD or show robust association with sporadic
disease, and by showing the same genes are found on both lists, we have generated an outline of
the cause of this condition. Here, we will discuss what those genes tell us about the underlying
biology of PD. We specifically discuss the relationships between protein products of PD genes and
show that common links include regulation of the autophagy-lysosome system, an important way
by which cells recycle proteins and organelles. We also discuss whether all PD genes should be
considered to be in the same pathway and propose that in some cases the relationships are closer,
whereas in other cases the interactions are more distant and might be considered separate.
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Autophagy refers to a series of processes related to how cells can recycle specific
components, the term being derived from the Greek for self-eating (Zhang and Baehrecke
2015). Autophagy in its various forms has been linked to many aspects of fundamental
biology, but also to some specific disease states (Feng et a/. 2015). In this review, we will
discuss the various lines of evidence suggesting that dysregulated autophagy might play a
causal role in the pathogenesis of Parkinson’s disease (PD), a common neu-rodegenerative
condition.

The interested reader is directed toward many high-quality reviews on the basic biology of
autophagy, but before discussing PD we will highlight a few essential concepts. Most
importantly, ‘autophagy’ covers at least three distinct phenomena. Macroautophagy
functions to degrade unnecessary or damaged proteins and organelles using a double
membranous organelle, the autophagosome (Feng et al. 2014). In a series of regulated
events, the autophagosome matures and fuses with lysosomes. In contrast, microautophagy
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involves direct invagination of lysosomal membranes to engulf cellular components
(Mijaljica et al. 2011). Chaperone-mediated autophagy (CMA) is a distinct pathway
dependent on recognition of proteins by a complex including the 70 kDa heat-shock cognate
protein (Hsc70) that then is transferred across the lysosomal membrane (Cuervo and Wong
2014). In each form of autophagy, the net result is that the material to be degraded will be
subject to hydrolysis by lysosomal enzymes and the final products are then available to the
cell for re-use. Autophagy is therefore important in homeostasis, maintenance of cellular
pools of nutrients such as amino acids, as well as in triggering some forms of cell death.
Autophagy also plays a role in infectious diseases, by regulating the removal of bacterial or
viral agents. Therefore, in broad concept there is no single ‘autophagy’ pathway but a series
of inter-related events using overlapping sets of machinery that have multiple biological
functions.

In recent years, it has been recognized that disruption of autophagy has specific effects in the
central nervous system. For example, genetic ablation of key autophagy genes results in
neurodegenerative phenotypes in mice (Komatsu et a/. 2006). In parallel, the identification
of many genes associated with PD and related conditions led to substantive understanding of
how neurodegeneration can occur in this disease (Bonifati 2014). Interestingly, some of
these genes appear to have specific roles in how autophagy is regulated. Here, we will
critically discuss the evidence for regulation of autophagy in PD, focusing on gene products
that appear to have related functions.

Mitophagy: Parkin, PINK1, and Fbxo7

Mutations in parkin were first reported in an early onset form of PD in 1998 and mutations
in PTEN-induced novel kinase 1 (PINK1) were identified in several families with similar
phenotypes a few years later (Kitada et a/. 1998; Valente et al. 2004). Looking at the primary
sequence of the encoded proteins, it was recognized that parkin is an E3 protein-ubiquitin
ligase and PINK1 was a serine/threonine protein kinase with a mitochondrial targeting
sequence. Mutations were associated with loss of protein function, in that several were large
deletions or truncating mutations (Bonifati 2014). However, it was not immediately obvious
what the function of these proteins was in cells and whether PINK1 and parkin had any
relationship with each other.

Two sets of results in very different systems demonstrated that PINK1 and parkin were
involved in related pathways. First, when PINK1 knockout flies were examined they were
seen to have phenotypes that were related to the accumulation of damage to mitochondria in
a variety of tissues (Clark et al. 2006; Park et al. 2006). This phenocopied a set of
phenotypes previously reported in parkin knockout flies (Greene et al. 2003), and through a
series of genetic experiments it was shown that PINK1 was genetically upstream of parkin
function. Some of the key data include that double knockout PINK1/parkin flies had no
worse phenotype than each knockout alone and that parkin could rescue PINK1 knockout
but not vice-versa (Clark et al. 2006; Park et al. 2006).

Second, while parkin is present predominantly in the cytoplasm and nucleus (Cookson et a/.
2003), it was shown first by the Youle group that parkin could be recruited to mitochondria
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under conditions that induce mitochondrial depolarization (Narendra et a/. 2008).
Subsequently, it was demonstrated that this was a PINK1-dependent phenomenon (Matsuda
et al. 2010; Narendra et al. 2010; Vives-Bauza et a/. 2010). PINKZ1 is normally subject to
rapid processing by proteases in mitochondria that are themselves inactivated by loss of
membrane polarization (Jin et a/. 2010; Deas et al. 2011; Meissner et al, 2011; Sekine et al.
2012). Thus, when mitochondria are damaged, there is an accumulation of PINK1 on the
surface of that subset of the organelle. More recently it was shown that the key enzymatic
events were the phosphorylation of Ubiquitin by PINK1 (Kane et al. 2014; Koyano et al.
2014), which then acts as a receptor for parkin (Okatsu ef a/. 2015). Parkin is simultaneously
activated, likely by one or more phosphorylation events (Ordureau et a/. 2014), and attaches
phosphorylated ubiquitin to a series of proteins on the outer mitochondrial membrane (Chan
et al. 2011; Sarraf et al. 2013). The key steps of this pathway are shown in Fig. 1.

After the ubiquitylation of mitochondrial membrane proteins by activated parkin, the marked
mitochondria are degraded by a specialized form of macroautophagy called mitophagy
(Narendra et al. 2008). It has been proposed that the turnover of mitochondria, specifically
those that have lost mitochondrial membrane potential, that is, that are depolarized as above,
is a way in which damaged mitochondria can be removed from the normal mitochondrial
pool. It is likely that mitophagy is an important homeostatic mechanism that prevents
accumulation of organelles that are diminished in their ability to make ATP, a critical
function of mitochondria (Youle and Narendra 2011).

The PINKZ1/parkin pathway may also involve other genes related to inherited parkinsonism.
For example, it has been shown that Fbxo7, a rare cause of recessive disease (Bonifati 2014)
interacts physically with parkin and is required for mitophagy (Burchell et al. 2013).
Interestingly, in Drosophila, Fbxo7 over-expression can rescue phenotypes linked to parkin
deficiency, which suggests that that physical interaction with parkin is not required for at
least some protective effects including /n vivo.

In this way, PINKZ1, parkin, and Fbxo7 have been shown to be critically linked to mitophagy.
While there are many details that still need to be mechanistically resolved, what is perhaps
most interesting about these data are that they show how two different forms of protein
degradation pathways, namely the ubiquitin—proteasome system and macroautophagy, co-
operate to control a fundamental aspect of cellular homeostasis. Where there is less clarity is
how disruption in these processes leads to a neurodegenerative phenotype.

At this point, it is worth noting that the phenotype in people with disease related to parkin or
PINK1 has some features that are distinct from ‘typical’ sporadic PD. Although the number
of autopsied cases are rather few, neurodegeneration in parkin/PINK1 seems to be limited to
loss of dopamine neurons in the substantia nigra pars compacta (Poulopoulos et al. 2012).
While loss of nigral neurons is a major and important feature of sporadic PD, it has been
known for some time that many other brain regions can also be involved (Langston 2006). In
addition, sporadic PD tends to progress substantially over time, whereas PINK1 and parkin
cases generally show slower progression and sustained response to low dose dopaminergic
medication (Bonifati 2012). Thus, in some ways, these recessive diseases represent a very
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dopamine-focused form of PD. Mutations in Fbxo7 can be variable clinically and include
features such as chorea (Gundiz et al. 2014).

The reason why the phenotype of PINK1/parkin/Fbox7 merits discussion is that there is no
obvious link between the physiological functions of dopamine neurons and a specific need
for mitophagy. Autophagy in general, and mitophagy specifically, are very general cell
biological phenomenon conserved over a large evolutionary space from yeast through
humans. So why, at least in humans, there might be any specific cells that are lost with aging
after disruption of mitophagy is difficult to resolve.

Adding to this difficulty, there has been some controversy about the role of PINK1/parkin-
dependent mitophagy in neurons. While some studies have reported that neurons are
susceptible to depolarization-induced parkin recruitment (Cai et a/. 2012; Joselin et al. 2012;
Ashrafi et al. 2014; Ye et al. 2015), others have not (Van Laar ef a/l. 2011, 2015). Some
studies have suggested that excessive excitatory stimuli might be sufficient to trigger parkin
recruitment in neurons (Van Laar et a/. 2015), with a potential implication being that
pathological rather than physiological situations might have a bigger impact on parkin
function. One key idea is that the bioenergetics of neurons are distinct from other cell types.
Our laboratory has shown that hexokinase, which converts glucose to glucose-6-phosphate
and is the first committed step in glycolysis, is required for parkin recruitment at least in
cultured cells (McCoy et al. 2014). While it is often stated that neurons use glycolysis only
sparingly and instead predominantly rely on oxidative metabolism, recent measurements of
ATP suggest that both major pathways can be used to support synaptic function in cultured
hippocampal neurons (Rangaraju et a/. 2014). To what extent dopamine neurons, which are
reported to have unusual bioenergetic demands, might use different ways to generate ATP is
not clear but worth pursuing in the future.

It is also important to note that mutations in PINK1 and parkin may impact mitochondrial
regulation by mechanisms that are potentially separate from mitophagy. For example, loss of
PINKZ1 is associated with lower mitochondrial complex I activity possibly because of direct
phosphorylation of the inner mitochondrial membrane component of complex | ndufal0
(Morais et al. 2009, 2014). Work in Drosophila models has suggested that ndufal0 can
rescue PINKZ1 deficiency independent of effects on mitophagy or parkin (Pogson et al.
2014). PINK1 and parkin can increase turnover of proteins of the respiratory chain in vivo
(Vincow et al. 2013) and have been shown to influence the translation of mMRNA species that
are important for respiratory chain function, which may represent a mechanism of
mitochondrial quality control again independent of mitophagy (Gehrke et a/. 2015).

These results collectively suggest that while the regulation of mitophagy is likely to explain
some aspects of the function of PINK1 and parkin, it is also possible that the overall
pathway is more complex than a simple linear relationship, as others have discussed (Scarffe
et al. 2014). Some of the additional functions assigned to either PINK1 or parkin include
regulation of mitochondria along neuronal axons (Weihofen et al. 2009; Liu et al. 2012;
Birsa et al. 2014) and control of mitochondrial biogenesis (Pacelli ef a/. 2011; Shin et al.
2011). There are also important data supporting the idea that parkin can play an important
role in ER-mitochondrial cross talk (Van Laar et al. 2015), including control of the
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translocation of a subset of mitochondrial proteins to the ER during mitophagy (Saita et a/.
2013), suggesting that parkin may impact multiple organelles in the neuron.

The considerations illustrate a central contention that we will expand upon later in this
article; that although there are sometimes direct mechanistic links between proteins encoded
by genes that cause PD, the pathways that link genes can be more complex than implied by a
simple linear relationship. In a sense, this is an unsurprising thought as a given cell has many
different processes to co-ordinate under variable physiological conditions. Thus, the genes
involved in recessive parkinsonism may have functions outside of mitophagy that allow for
the control of distinct cellular events that need to be tied together either spatially or
temporally, as indicated by the boxes distinct from the mitophagy pathway in Fig. 1.
Interestingly, Mendelian inheritance of mutations in some of the proposed effector genes for
these functions (such as Mirol, ndufal0, or Pcgla) is extremely rare, which might indicate
that disruption of the central functions of mitochondria is poorly tolerated.

There is substantial evidence that mitochondrial turnover occurs by additional, PINK1/
parkin-independent pathways. Mitophagy can be triggered by diverse stimuli including
hypoxia (Liu et al. 2014), mitochondrial toxins such as rotenone (Dagda et a/. 2013), or the
mitochondrial lipid cardiolipin (Li ef a/. 2015), and it is not clear if PINK1/parkin is always
required for these effects. For example, in cell culture, iron chelators (Allen et al. 2013) or
the protein AMBRAL (Strappazzon et al. 2015) can promote mitophagy in the absence of
parkin. /n vivo, parkin deficiency does not result in the accumulation of damaged
mitochondria in a model of chronic mitochondrial complex | impairment in dopaminergic
neurons, the mitopark mouse (Sterky et a/. 2011). Similarly, there are circumstances where
mitophagy can proceed in the absence of PINK1 (Dagda et a/. 2009; East et al. 2014). In
some tissues, the mitochondrial protein Drpl acts in a parallel, parkin-independent pathway
to control mitochondrial ubiquitylation and turnover (Kageyama et a/. 2014), and Drpl can
rescue phenotypes resulting from the loss of function of PINKZ1 /in vivo (Liu et al. 2011).

Collectively, these considerations indicate that PINK1 and parkin are regulatory proteins that
are particularly important in mitophagy after exposure to some cellular signaling pathways
but are unlikely to be central players in all forms of mitophagy. This point, that PD genes
play modulatory rather than essential roles, will be returned to when discussing some of the
dominant genes that appear to have roles in the regulation of other forms of autophagy.

Autophagy: a-synuclein, Vps35, LRRK2

a-Synuclein is one member of a group of small proteins predominantly found in the pre-
synaptic terminals of neurons (Clayton and George 1999). In 1997, mutations in familial
cases with Parkinson’s disease were discovered in the gene encoding a-synuclein, SNCA
(Polymeropoulos et al. 1997). Subsequently, a-synuclein was found to be a major
constituent of Lewy bodies and Lewy neurites, the pathological hallmarks of PD (Spillantini
et al. 1997). In 2003 Singleton and colleagues reported a triplication of the SNCA locus in a
large family with PD and dementia (Singleton et a/. 2003). Subsequently, duplications and
triplications of the a-synuclein locus were found in several families (Farrer et al. 2004;
Ibafez et al. 2004; Ikeuchi et al. 2008). The mRNA and protein levels of a-synuclein in
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triplication cases are twice the amount present in controls (Miller et a/. 2004), showing that
increased a-synuclein levels can cause Parkinson’s Disease. Remarkably, genome wide
association studies (GWAS) identified the a-synuclein locus as contributing to lifetime risk
of sporadic PD (International Parkinson Disease Genomics Consortium et a/. 2011).

As increased a-synuclein levels are implicated in PD pathogenesis, a logical question is
therefore to examine the pathway by which a-synuclein is degraded in cells. For example,
Cuervo et al. (2004) found that a.-synuclein is a substrate for the specialized form of
autophagy, CMA. The amino acid sequence of a-synuclein contains a CMA-like recognition
motif that is sufficient to allow translocation of a-synuclein through isolated intact
lysosomes and further degradation in a CMA-dependent fashion. It was subsequently shown
that CMA is a major pathway for degradation of a.-synuclein in primary neuronal cultures
and human neuronal cell lines (Vogiatzi et al. 2008). The siRNA-mediated knockdown of
lysosome-associated membrane protein 2 (LAMP2a) resulted in slower turnover of wild-
type a-synuclein, and a-synuclein mutant lacking the CMA motif exhibited slower
degradation compared to wild type. In addition, inhibition of CMA can lead to the formation
of insoluble, oligomeric a-synuclein species (Mogiatzi et al. 2008). Knockdown of LAMP2a
in SH-SY5Y cells also results in increased half-life of a-synuclein (Alvarez-Erviti et al.
2010).

In addition to these effects of CMA on a-synuclein, mutant, or modified forms of the
protein may inhibit CMA. Specifically, phosphorylated a-synuclein (Martinez-Vicente et al.
2008), A53T mutant (Cuervo et al. 2004; Xilouri et al. 2009), and dopamine-modified forms
of the wild-type protein (Martinez-Vicente et al. 2008; Xilouri et al. 2009) lead to CMA
dysfunction, and may induce compensatory macroautophagy (Xilouri et a/. 2009). Indeed,
pharmacological inhibition of macroautophagy resulted in a-synuclein accumulation in the
lysosome (Webb et al. 2003; Vogiatzi et al. 2008) and activation of macroautophagy
facilitated the degradation of both wild-type and mutant forms of a-synuclein (Webb et a/.
2003; Spencer et al. 2009). A study in transgenic mice over-expressing a-synuclein under
the regulatory control of the Thy-1 promoter provided evidence that CMA provides a major
mechanism for a-synuclein degradation /n vivo. Enhanced lysosomal content of a.-
synuclein, and up-regulation of CMA-related proteins (LAMP2a, Hsc70) were directly
correlated with the level of a-synuclein over-expression throughout the brain (Mak et al.
2010). Impairment of the autophagy system in general, and CMA in particular, is therefore
likely to increase the amount of a-synuclein in brain, thus contributing to PD development.
There are additional genes that may have roles in macroautophagy and CMA that, therefore,
may affect a-synuclein through overlapping mechanisms.

Mutations in leucine-rich repeat kinase 2 (LRRK2) (Paisan-Ruiz et al. 2004; Zimprich et al.
2004) are a relatively common genetic cause of late-onset PD, accounting for up to 40% of
familial cases in some populations (Bras et al. 2005; Deng et al. 2006; Ozelius et al. 2006;
International Parkinson Disease Genomics Consortium, Nalls M. A., Plagnol V., Hernandez
D. G., Sharma M., Sheerin U.-M., Saad M., et a/. 2011). Similar to a-synuclein, GWAS
have also identified variants at the LRRKZ2 locus as having increased risk for sporadic PD
(International Parkinson Disease Genomics Consortium, Nalls M. A., Plagnol V., Hernandez
D. G., Sharma M., Sheerin U.-M., Saad M., et al. 2011). LRRKZ2encodes a large (286 kDa)
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protein with multiple protein—protein interaction domains, namely ankyrin repeats, leucine-
rich repeats, C-terminal WD40 domain, and two enzymatic regions, the ROC-COR
bidomain that acts as a GTPase and kinase. Although many LRRK2 mutations have already
been described, only a few have been proven to cause PD: G2019S, R1441C/G/H, Y1699C,
12020T (Cookson 2010). Interestingly, pathogenic mutations tend to cluster within the three
domains that form the enzymatic core of LRRK2, namely the ROC-COR and kinase
domain.

LRRK2 has been implicated in multiple functions, including cytoskeletal organization,
endosomal vesicle trafficking, translational control, and miRNA processing (Cookson 2010),
but here we will discuss the connections to autophagy. An important set of observations
linking LRRK?2 with macroautophagy came from cellular localization investigations. A
study of HEK?293 cells expressing low levels of LRRK2 localized the protein to several
structures associated with autophagy, including microvilli/filipodia, neck of cave-olae,
multivesicular bodies, and autophagosomes (Alegre-Abarrategui et a/. 2009). In human
brains, LRRK2 is present in cytoplasmic punctae corresponding to multivesicular bodies and
autophagic vacuoles (Biskup ef al. 2006). LRRK2 can be co-localized with the late
endosomal markers Rab7, and less frequently with the lysosomal marker LAMP2 (Higashi
et al. 2009). LRRK2 is also found in autophagic vesicles when expressed in cells or mouse
models (Biskup et al. 2006; Plowey et al. 2008; Alegre-Abarrategui ef al. 2009; Ramonet et
al. 2011).

Protein interactions of LRRK2 may also provide clues as to its function. It has been shown
to interact with early endosomal marker Rab5b (Shin ef a/. 2008; Heo et al. 2010). More
recent data suggest that LRRK2 might phosphorylate Rab5b and activate its GTPase activity,
negatively regulating its signaling (Yun et al. 2015). A Drosophila melanogaster homolog,
Irrk, physically interacts with the late endosomal GTPase rab7 and to negatively regulate
rab7-dependent perinuclear localization of lysosomes (Dodson et a/. 2012). Gdmez-Suaga
and colleagues reported that pathogenic LRRK2 mutations reduce Rab7 activity in
mammalian cells, causing a delay in trafficking of Rab7 out of late endosomes (Gomez-
Suaga et al. 2014).

Physical interaction with another homolog of Rab7, Rab7L1 has been reported by our lab
and by others (MacLeod et al. 2013; Beilina et al. 2014). In our hands, we found that
LRRK2 forms a complex with Rab7L1, Hsc70, chaperone regulator BCL2-associated
athanogene 5 (Bag5), and cyclin G-associated kinase (GAK) to promote the removal of
Golgi derived vesicles by autophagy-dependent mechanisms (Beilina et al. 2014), as shown
in Fig. 2. Interestingly, GAK and Rab7L1 genes have been nominated as risk factors for
sporadic PD by GWAS (Simon-Sanchez et al. 2009; International Parkinson Disease
Genomics Consortium, Nalls M. A., Plagnol V., Hernandez D. G., Sharma M., Sheerin U.-
M., Saad M., et al. 2011; Sharma et al. 2012). Previous functional studies demonstrated that
GAK is recruited to the trans-golgi network (TGN) (Zhao et al. 2001; Kametaka et al. 2007)
and promotes the uncoating of endocytosed clathrin-coated vesicles (Greener et al. 2000;
Lee et al. 2006). Experimental evidence demonstrated that depletion of GAK in cells
impaired the sorting of cathepsin D to lysosomes (Kametaka et a/. 2007).
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Collectively, the observations of LRRK2 interaction with one or more small GTPases in the
Rab family support that LRRK2 plays a critical role in sorting of a variety of vesicles in the
cell. However, this does not indicate a direct role of LRRK2 in autophagy specifically.
Strong evidence supporting the role of LRRK2 in autophagy comes from studies of LRRK2
knockout mice (Herzig et al. 2011; Tong et al. 2012). These mice appeared to have kidney
and lung pathology with lipofuscin accumulation and biphasic alteration in the autophagy-
lysosomal markers. Interestingly, striking accumulation and aggregation of a-synuclein was
observed in kidney of LRRK2 —/— mice at 20 months of age (Tong et al. 2012).

Studies using iPSc-derived dopaminergic neurons bearing the G2019S mutation in LRRK2
showed a basal increase in autophagy LC3- and p62-positive puncta and increase in LC311
protein levels compared to control cells (Sanchez-Daneés et al. 2012). In addition, inhibition
of autophagy in these dopaminergic cells resulted in mutant-specific reduction in autophagic
flux measured by LC311 immunoblotting, suggesting problems in clearance of
autophagosomes (Sanchez-Danés et al. 2012). Increased levels of a-synuclein were
observed in iPSc-derived G2019S mDA neurons and these increases are not associated with
increased mRNA levels of a-synuclein, suggesting impaired degradation of a-synuclein
(S&nchez-Danés et al. 2012; Reinhardt et a/. 2013). As discussed above, because a-
synuclein is degraded in part by CMA, a reasonable interpretation is that inhibition of
general macroautophagy by LRRK2-G2019S would secondarily result in excessive stability
of a-synuclein because of the disruption of the more specialized form of autophagy, CMA.
It has also been reported that LRRK2 may inhibit CMA directly, perhaps by a similar
mechanism to that reported for a-synuclein (Orenstein et al. 2013), suggesting that LRRK?2
mutations may have effects on both bulk macroautophagy and CMA. Whether LRRK2
mutations also affect other specialized forms of autophagy, and whether the mechanisms by
which they do are shared with a more general inhibition of macroautophagy, is not resolved
at this time.

There is also some evidence that this observation with G2019S might generalize to other
mutations in LRRK2. In response to starvation, fibroblasts from patients with different
LRRK?2 mutations across multiple functional domains showed lower levels of lipidation of
LC3 compared to wild-type controls (Manzoni et al. 2013b). Conversely, inhibition of kinase
activity of LRRK2 enhanced LC3 lipidation and the effects of kinase inhibitors required the
presence of LRRK2 (Manzoni ef al. 2013a). Consistent with the reports in LRRK2 knockout
mice, these results suggest that LRRK2 normally acts to suppress autophagy, as measured by
LC3-11 formation. How these results relate to the observations of LRRK2 on various
vesicular structures marked by Rab GTPases remains to be clarified. That LRRK2 can be
found in several different compartments, including the TGN, endosomes, and autophagic
vesicles, is consistent with earlier localization data (Alegre-Abarrategui et al. 2009).

Despite this substantial body of literature suggesting that LRRK2 plays a regulatory role in
macroautophagy, there are some unresolved questions about the mechanisms and direction
of effect. For example, expression of G2019S LRRK?2 increased the number of LC3-positive
punctae, presumably representing autophagic vacuoles, in SH-SY5Y cells (Plowey et al.
2008), whereas G2019S expressed at endogenous levels in human fibroblasts has been
reported to decrease LC3-I1 levels under starvation conditions (Manzoni et al. 2013b). While
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some of the discrepancies could be because of technical differences between studies, such as
the use of slightly different measures in different cell lines, it is also possible that some
important biology could be discerned by investigating the mechanism(s) underlying how
LRRK2 impacts macroautophagy. For example, the observation that LRRK2 knockout
results in autophagy markers can be both increased or decreased /n vivo depending on the
age of the animals (Tong et a/. 2012) shows that some autophagy markers are potentially
regulated at stages downstream of LRRK2 itself. In other words, measurement of any given
marker of macroautophagy could reflect both primary consequences of LRRK2 alterations
and compensatory changes that follow.

Two independent exome sequencing studies of Swiss (Vilarifio-Giell ef a/. 2011) and
Australian families (Zimprich et a/ 2011) with autosomal dominant Parkinson’s disease
identified a D620N mutation in the vacuolar protein sorting 35 (VPS35) gene. Other variants
—P316S and L774M — have been identified for this gene, however, their pathogenicity is less
clear as only D620N shows clear evidence of segregation in families (Vilarifio-Gliell et al.
2011; Zimprich et al. 2011; Ando et al. 2012).

VPS35 is a part of the retromer complex involved in endosomal-lysosomal retrograde
transport of vesicles to trans-Golgi network (Seaman et al. 1997). The retromer has two
subcomplexes: the cargo selection trimer consisting of Vps26, Vps29, and Vps35 and the
membrane association sorting nexin dimer (Hierro et al. 2007). One of the well-studied
types of cargo for retromer is a cation-independent mannose-6-phospate receptor (CI-MPR)
that binds to the newly made lysosomal enzymes in the TGN and delivers them to the
lysosome (Seaman 2004). After delivering lysosomal enzymes to lysosomes, the retromer
returns CI-MPR back to the TGN.

Cathepsin D is a lysosomal enzyme that is modified by the mannose-6-phospate at the TGN
(Fig. 2). This modification of cathepsin D is recognized by CI-MPR, which enables the
delivery of the protease to lysosomes. Cathepsin D matures during the delivery and becomes
active in lysosomes. Interestingly, cathepsin D is one of the main lysosomal endopeptidases
responsible for the degradation of a-synuclein (Sevlever et a/. 2008; Cullen et al. 2009).
Moreover, marked increase in aggregated levels of a-synuclein have been observed in
cathepsin D knockout mice (Qiao et a/. 2008). In studies with transgenic flies expressing
human wild-type a-synuclein, RNAi-mediated silencing of VPS35 resulted in the aberrant
maturation of cathepsin D and the absence of cathepsin D led to the accumulation of a-
synuclein in late endosomal and lysosomal compartments, accompanied by locomotor
abnormalities in flies and mild eye disorganization (Miura et a/. 2014). These data suggest
that retromer may play an important role in the control of the degradation of a.-synuclein
and that depletion of VPS35 function may result in an increased load of synuclein.

Retromer containing the D620N VVPS35 mutation incorrectly traffics CI-M6PR, resulting in
improper processing, and increased secretion, of unprocessed cathepsin D (Follett et a/.
2014). The impairment of cathepsin D processing was also confirmed in fibroblasts of
patients carrying the same mutation (Follett ef a/. 2014). It is worth noting, that another
study on pathogenicity of D620N in the rodent primary neurons and patient-derived human
fibroblasts did not find any changes in localization of the retromer complex between
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endosomal and lysosomal vesicles, or the vesicular sorting of the retromer cargo, CI-M6PR
(Tsika et al. 2014).

The D620N mutation does not disrupt interaction of VPS35 with any of the other retromer
subunits (Follett et al. 2014; Tsika et al. 2014; Zavodszky et al. 2014) but selectively impairs
the interaction between retromer and the WASH complex (McGough et a/. 2014; Zavodszky
et al. 2014), which functions to promote F-actin nucleation on endosomes and proper sorting
of multiple cargo proteins (Derivery et al. 2009; Gomez and Billadeau 2009).
Consequentially, the disrupted WASH-retromer interaction results in perturbed trafficking of
the autophagy-related protein 9A (ATG9A), which is necessary for proper autophagy
induction. ATGO9A is retained more at TGN-golgi areas, and was not able to traffic to
autophagic structures, leading to impairment in autophagy measured by decrease in LC3lI
levels resulted in increased levels of a-synuclein (Zavodszky et al. 2014). There is additional
experimental evidence showing that retromer plays specific roles in autophagy. The
autophagosome protein Atg9 cycles between the Golgi and endosomes under normal
conditions but upon induction of autophagy Atg9 moves toward endosomes and then
autophagosomes (Young et al. 2006). These data suggest that there are multiple links
between retromer function and autophagy and, as discussed above, from autophagy to
LRRK2.

Supporting this, MacLeod and colleagues have linked LRRK2 to retromer function in cells
by showing that VPS35 can physically interact with LRRK2 (MacLeod ef a/. 2013). In fly
models, over-expression of wild-type VPS35 rescued DA neuronal loss and shorter life span
caused by expression of G2019S LRRK2 (MacLeod et a/. 2013). A functional interaction
between LRRK2 and VPS35 has been independently confirmed in lines expressing
pathogenic mutations 12020T, Y1699C, and 11122V (Linhart et a/. 2014). Again, locomotor
deficits, shortened life span and abnormal eye phenotype were rescued by expression of two
retromer subunits VPS35 or VPS26 (Linhart et al. 2014).

The cumulative evidence discussed here suggests that three genes, LRRK2, VPS35, and a-
synuclein, along with risk factor genes such as Rab7L1 and GAK, have functional and/or
physical links to each other. In our opinion, a likely nexus for these events is at the TGN,
which a key vesicular environment that mediates overlapping function between the retromer
and autophagy control. It is likely that the function of this set of genes is to regulate
autophagy, suggesting that the pathway that is perturbed in these forms of Parkinson’s
disease is macroautophagy. A likely outcome, at least in neurons, is that there would be
accumulation of a-synuclein as a downstream event, although there are other models that
might also be reasonable.

Lysosomal genes: GBA and ATP13A2

There are many other genes and risk factor loci for PD, and it is not our intention here to try
to link all of them to autophagy-related functions. However, there are two genes in particular
that bear some further examination as they are linked to autophagy-lysosome function,
which in turn is required for the execution of degradation in autophagy. However, the two
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examples discussed here, PD is only part of the clinical picture and we will emphasize that
these are in some ways distinct from the autophagy genes discussed above.

Mutations in the gene encoding glucocerebrosidase (GBA) cause Gaucher’s disease, a
condition that is characterized by enlargement of multiple organs and, in a subset of cases,
neurological problems. Gaucher’s disease shows autosomal recessive inheritance and is
related to the loss of normal function of GBA, which is to degrade glycosylceramide, an
important lipid for cell membranes and as a source for ceramide for cell signaling. In
patients, usually children, lack of GBA activity causes the accumulation of glycosylceramide
in lysosomes and, as such, Gaucher’s is the most common lysosomal storage disease (Baris
et al. 2014).

Several years ago, it was noted clinically that grandparents of Gaucher’s children had PD
more often than would be expected by chance alone. Sequencing was used to identify
heterozygous variants in the GBA gene in PD patients (Lwin ef a/. 2004). A multicenter
analysis confirmed that these results generalize across cases, and that possession of a single
copy of the defective GBA allele confers an ~5fold increase in risk of PD over lifetime
(Sidransky et al. 2009). Similar estimates of risk have been seen in other studies (Lesage et
al. 2011) and there is signal around the GBA gene in recent GWAS (Nalls et al. 2014).

These genetic results suggest that while full loss of GBA function is associated with a
multisystem lysosomal storage disease, single mutant alleles are tolerated during
development but increase the risk of a late-onset neurodegenerative disease. There has
therefore been a great deal of interest in examining the links between GBA and other PD
genes, particularly a-synuclein. An important study from Mazzulli et a/. (2011) suggested
not only that GBA dysfunction would impact a-synuclein accumulation via altered
lysosomal processing, but also that the presence of a a-synuclein in an oligomeric form
would limit the maturation of GCase, which similar to cathepsin D discussed above, requires
the enzyme to transit from the ER to the TGN. Supporting this idea, iPSC lines from PD
patients who have mutant GBA alleles have higher synuclein levels compared to controls
(Schondorf et al. 2014), as do cell lines edited to have diminished GCase activity (Bae et a/.
2015).

There is an ongoing discussion as to whether the risk of PD is associated with lower GCase
activity or whether gain of function mechanisms might contribute to disease risk. For
example, increasing the expression of mutant forms of GBA was associated with increased
amounts of a-synuclein, irrespective of the effects of the mutations on enzyme activity
(Cullen et al. 2011). A similar dissociation between enzyme activity and levels of a-
synuclein was noted /n vivo by comparing mutant knockin and knockout GBA alleles in
mice (Cullen et al. 2011). While these studies indicate that there are still important
mechanistic aspects of the role of GBA in PD that need to be resolved, they also show that
risk factor genes are difficult to place easily into loss of gain of function categories.

Along the same lines, there have been several attempts to link the function of the lysosomal
enzyme ATP13A2 with a-synuclein. Mutations in ATP13A2 were first reported in a
recessively inherited disease, Kufor—-Rakeb syndrome (Ramirez et a/. 2006). The phenotype
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of Kufor-Rakeb syndrome is complex, with multiple brain regions being involved leading to
immobility, mutism, and dementia. However, mutations in A7P13AZ2are also found in early
onset parkinsonism cases without these additional features (Di ef al. 2007), suggesting that
the protein has one or more functions relevant to PD even if the overall clinical picture can
be broader.

The ATP13A2 gene encodes a P-type ATPase normally initially localized to lysosomes, with
some mutations preventing maturation through the ER-TGN and promoting degradation of
the protein product (Ramirez et al. 2006). ATPases are known to transport metal cations, and
so several studies have focused on the role of metal ions in ATP13A2-dependent phenotypes.
In a range of organisms from yeast to mammals, it has been shown that loss of ATP13A2
sensitizes cells to excess divalent metal cations of various types (Gitler et a/. 2009; Chesi et
al. 2012; Podhajska et al. 2012; Ramonet et al. 2012; Kong et al. 2014; Park et al. 2014).
Interestingly, some data suggest that ATP13A2 is expressed in components of the
autophagy-lysosomal system other than the lysosomes themselves (Kong et al. 2014).

A picture therefore emerges that ATP13A2 mutations lead to an inability to regulate divalent
metal cations in the lumen of various vesicular structures, including but not limited to
lysosomes (Lopes da Fonseca and Outeiro 2014). Given that GBA is also involved in
lysosomal function, it becomes reasonable to think that both GBA and ATP13A2have
common effects (Fig. 3). This would put both genes in a pathway that indirectly regulates a.-
synuclein clearance via the autophagy—lysosome system. Supporting this contention, patient
fibroblasts carrying A7P13A2 mutations have been shown to have higher levels of a-
synuclein (Tsunemi and Krainc 2014) and accumulation of a-synuclein may occur in one
ATP13A2 knockout mouse model (Schultheis et al. 2013). It has further been suggested that
part of the effects of ATPI13A2 mutations on a-synuclein may be mediated via exocytosis
(Kong et al. 2014).

Although elegant, this proposal is not fully supported by all the available data. For example,
genome editing using zinc finger nucleases to remove ATP13A2 does not result in either
lysosomal dysfunction or a-synuclein accumulation (Bae et a/. 2014), despite the
observation that manipulation of GBA does have the expected effects in the same cell line
(Bae et al. 2015). In an ATP13A2knockout mouse where lysosomal and protein trafficking
deficiencies were noted, locomotor phenotypes were found to be independent of a-synuclein
(Kett et al. 2015). In fact, in this /7 vivo model, which does show motor dysfunction and a
variety of neuropathological phenotypes, no accumulation of a-synuclein was observed. A
similar lack of dependency of ATP13A2 mutant induced neuropathology was noted in a rat
model (Daniel et al. 2014). How these different observations will be resolved is not yet clear
and will likely require confirmation or refutation of the key data.

Further complicating where to place ATP13A2, mitophagy can be impaired cells where
ATP13A2 is knocked down with siRNA (Gusdon et a/. 2012) or mutated at the endogenous
level in patient fibroblasts (Griinewald et a/. 2012). These studies might imply that
ATP13A2 should be considered to be part of the PINK1/parkin/Fbxo7 pathway alluded to
above. However, the available data suggest that the mitophagy phenotype in ATP13A2-
deficient cells is secondary to an autophagy defect, presumably related to lysosomal
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dysfunction as, for example, the same effects can be achieved by siRNA against Atg7
(Gusdon et al. 2012).

Collectively, these observations suggest that while a substantial loss of lysosomal function is
associated with lysosomal storage disorders, in some cases, parkinsonism can be part of the
phenotype, but the phenotype tends to be broader than PD alone. The affected pathways at a
cellular level are also broader for lysosomal enzyme deficiency than for recessive
parkinsonism, but include defects in mitophagy as a consequence of the primary defects in
the autophagy—-lysosome system.

Sporadic PD

Predating the identification of genes, it was known that sporadic PD cases have pathologic
features that might indicate dysregulation of autophagy. For example, Anglade and
colleagues performed ultrastructural analysis of dopaminergic neurons in the substantia
nigra of patients with PD, and found autophagic degeneration, accumulation of high density
lysosome-like vacuoles, and presence of lipofuscin granules (Anglade ef a/. 1997). Similar
results were seen by other groups (Chu et al. 2009; Alvarez-Erviti et al. 2010).

Postmortem studies in the substantia nigra pars compacta and amygdala of PD brains
revealed significant reductions in expression levels of autophagy proteins LAMP2a and
Hsc70 compared to age-matched controls or Alzheimer’s disease samples (Chu et al. 2009;
Alvarez-Erviti et al. 2010, 2013; Wu et al. 2011b; Murphy et al. 2015). Neuropathological
examination of human brains derived from PD patients found alterations in the main CMA
components, Hsc70 and LAMP2A using immunohistochemistry (Chu et a/. 2009). In
addition, this study found changes in other auto-lysosomal components, suggesting more
generalized autophagy impairment, not specific to CMA (Chu et a/. 2009). Similarly, using
immunoblotting, Alvarez-Erviti et al. (2010) showed significant decreases in both Hsc70 and
LAMP2A in the nigra and amygdala of PD brains compared to controls. An additional study
correlated the loss of LAMP2 and Hsc70 proteins with the increased levels of a-synuclein
seen in PD brains (Murphy et al. 2015). Mechanistically, several miRNAs that down-
regulate CMA are significantly increased in substantia nigra compacta and amygdala PD
brains compared to both age-matched controls and brain samples with AD (Alvarez-Erviti et
al. 2013).

There is some evidence that these diminished autophagy functions may be a systemic effect
rather than brain specific. For example, in one study, reduced LAMP2A and Hsc70
expression, along with impairment in fusion of autophago-some and lysosome has been
noted in sporadic PD patients (Wu et al. 2011b). Others have confirmed the diminished
Hsc70 expression but did not note changes in LAMP2A (Sala et al. 2014). Examination of
cerebrospinal fluid (CSF) from PD patients showed significant decreased activity of multiple
lysosomal hydrolases compared to age-matched controls (Balducci ef al. 2007). Another
study in the peripheral leukocytes of sporadic PD patients found significant reduction in
activity of alpha-galactosidase A (GLA), one of the enzyme active in lysosomes (Wu et al.
2011a).
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As discussed above, diminished function in the autophagy—lysosome system may contribute
to the accumulation of a-synuclein. Interestingly, Gegg et a/. (2012) found reduced
glucocerebrosidase protein levels and enzyme activity in a range of affected brain regions in
patients with sporadic PD. Supporting this observation GBA protein levels and enzyme
activity were selectively reduced in brain regions that accumulate abnormal a.-synuclein
(Murphy et al. 2014).

Collectively, these observations suggest that, as well as being involved in familial PD, there
may be some contribution of autophagy-lysosomal pathways to the more common sporadic
form of the same disease. Whether the observed responses in sporadic disease indicate that
autophagy is causal or a consequence of the disease process is less clear. However, it is
reasonable to ask to what extent autophagy-related pathways contribute to the pathogenic
mechanism relevant to the different forms of PD.

Linking the pathways: could we and should we?

An ongoing debate in the PD field revolves around the extent to which we can integrate what
we have found about genetic forms of the disease. There are really parts to this question: are
all genetic forms of parkinsonism related to each other and what do they tell us, if anything
about sporadic disease?

There are good reasons to distinguish between the different genes for parkinsonism. It has
been argued persuasively, for example, that a-synuclein positive Lewy bodies are important
for assignment of a disease to PD (Hardy and Lees 2005) but this position is complicated by
the fact that not all LRRK2 cases have Lewy bodies despite being clinically homogenous
(Cookson et al. 2008). Clinical information is also useful, and would suggest distinction
between recessive and dominant genes, but as discussed for A7P13A2and Fbxo7, there can
be a wide range of symptoms for mutations in a single gene (Ramirez et a/. 2006; Gunduz et
al. 2014). In addition, because the number of cases, especially those with autopsy
information, is small for the rarer inherited conditions, then defining pathways by patient
information is a fraught process.

However, there is good evidence to think that at least some of the genetic forms of disease
have relevance to sporadic PD. Strongest among these ideas is the observation that some of
the known genes for inherited PD are in loci that are nominated by GWAS for risk of
sporadic PD. This leads to the concept of pleomorphic risk loci, regions of the genome that
contain multiple variants, some of which cause disease by changing amino acids whereas
others affect disease risk because of differences in gene expression levels (Singleton and
Hardy 2011). PD has multiple such loci, including a-synuclein and LRRK2 but to date none
of the recessive genes has been shown to act as strong risk factors for sporadic PD.
Therefore, for a subset of PD genes, but not all of them, it is reasonable to assume that there
is a relationship with sporadic disease.

The functional data discussed above relating PD genes and proteins to forms of autophagy
may be helpful in resolving these issues. It is clear that PINK1 and parkin are in a tightly
related pathway linked to mitophagy and it is likely that this can be extended to Fbxo7
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(Burchell et al. 2013). Therefore, for this form of parkinsonism there is reasonable evidence
to support the idea that one form of autophagy is important in the disease process.
Importantly, however, because mitophagy is a specialized form of autophagy it is not
reasonable to infer that the disease in this case is a generalized defect in autophagy—
lysosomal system. In addition, because some of the protein products of genes in the PINK1/
parkin/Fbxo7 pathway have functions outside of mitophagy, it is possible that diminished
mitophagy is not sufficient for parkinsonism.

It is also reasonably well established that LRRK?2 is that it has physical and/or genetic
partners that link it in to other forms of PD. Interactions with Rab7L1 and GAK (MacLeod
et al. 2013; Beilina et al. 2014) suggest relevance to sporadic disease, as these are candidates
from GWAS, and physical interaction with VPS35 (MacLeod et a/. 2013) would provide a
link to inherited PD. Furthermore, it has been shown that lack of LRRK2 limits the toxic
effects of inflammation or a-synuclein over-expression in cells and animals (Lin ef a/. 2009;
Daher et al. 2014; Skibinski ef al. 2014). Therefore, LRRK2 appears to be a highly
connected hub in the network of PD genes. Given the multiple links, it has been suggested
previously that LRRK2 and a-synuclein each contribute to the toxicity seen in dopamine
neurons in the disease (Taymans and Cookson 2010).

The crucially difficult question that next arises is whether the mitophagy defect in PINK1/
parkin/Fbxo7 disease is functionally related to the regulation of autophagy that occurs as a
result of mutations in LRRK2 and its interaction partners. To some extent this depends upon
what the meaning of the word ‘is’ is. If it is the case that LRRK2 exerts an upstream effect
on general autophagy, as might be inferred from the effects of mutations on autophagosome
formation (Manzoni et al. 2013a,b), then it would be reasonable to infer that one could see
defects in mitophagy as a secondary consequence. There is some evidence of such defects in
cells expressing mutant LRRK2 (Su et a/. 2015), although such results need confirmation
and mechanistic development to be certain of their applicability to different models. At this
time, we think that the distinction between PINK1/parkin and LRRK2 is sufficient to
consider them separately but with the reasonable possibility that those pathways may
intersect at the level of autophagic regulation of mitochondria. This will certainly be a hot
topic area for the PD field in the next few years.

Along the same lines, the relationship between each of these genes and GBA and ATP13A2
also requires clarification. A reasonable interpretation of the data available to date is that
loss of function of either of these genes results in a lysosomal storage disease that, as part of
the spectrum, can include symptoms of PD. Again, the real question here is to what extent
do we consider the effects of LRRK2 and interaction partners on autophagy regulation to be
‘the same’ pathway as lysosomal function. On the one hand, it is certainly reasonable to
infer that a block in lysosomal function would result in limited ability to turn over clients by
all forms of autophagy. On the other hand, the examples of parkin and LRRK2 suggest that
in those causes of disease, the proteins are regulatory for forms of autophagy rather than
essential to lysosomal function, which is an important distinction at least at the mechanistic
level.
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There are data that would be consistent with the concept that even though there are
groupings of genes as outlined above, there are effects that cross any boundaries placed
between them. For example, PINK1 and parkin are reported to influence diverse autophagic
pathways including starvation responses (Parganlija et al. 2014), recognition of intracellular
pathogens (Manzanillo et a/. 2013) and perhaps most relevant to PD, a-synuclein turnover
(Lonskaya et al. 2013). Conversely, expression of a-synuclein can influence mitochondrial
morphology in the mouse brain (Chinta ef a/. 2010; Chen et a/. 2015), as can expression of
LRRK2 in cell culture models (Cherra et al. 2013; Su et al. 2015).

Our view at this time is that there are three broad groupings of PD genes; the mitophagy
regulators, the effectors of autophagy—endosomal recycling and the lysosomal proteins.
There are likely to be important higher level relationships between these groups and those
are worth pursuing further experimentally in the future. Nonetheless, the discreteness of
subsets of genes supports the idea that there are distinctions in disease mechanisms at the
level of the individual causative mutations.

Future directions

There are some key areas that must be explored in the near future. Most narrowly, additional
mechanistic data are required. To give one example, exactly how LRRK2 influences
autophagy is not well understood at this time. By analogy to parkin, it is possible that
LRRK2 is not active basally but requires activation steps, which remain to be fully
elucidated. Understanding mechanisms related to control of these genes are likely to provide
important ways in to understanding pathways in more depth.

Mechanistic data are also important to clarify some of the genetic data that are currently
available. Although most GWAS studies list genes that are near to the peak of statistical
association, this gives a false sense of precision as any gene that is within a region of linkage
disequilibrium remains a valid candidate until it can be disproved. Thus, while at some loci
such as that around SVCA we can be reasonably certain of the best candidate, in other
regions there are not such obvious ‘smoking guns’. We have claimed recently that
interactions between candidates, especially those that come from unbiased approaches,
might be one way to rationally promote one gene over all others (Beilina et al. 2014),
although whether that generalizes to all loci remains to be proven.

Importantly, the role of a-synuclein in different forms of PD needs to be clarified. The issue
of Lewy bodies remains difficult to understand, but the available data still support a-
synuclein as being required for neuronal damage (Lin et a/. 2009; Daher et al. 2014;
Skibinski et al. 2014). Perhaps, a better way to think about the role of a-synuclein is to
consider Lewy bodies and contribution to cell death as separate hypotheses. If so, then
testing whether a-synuclein is required for neurodegeneration in the context of other genes,
such as ATP13A2 or VPS35 would be instructive.

A much more difficult question alluded to above is why changes in autophagy or its
regulation would result in a neurodegenerative condition, much less one that affects the
motor system prominently. Some of the genes nominated for risk for PD, specifically a-
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synuclein and tau, encode proteins with relatively restricted neuronal expression, which may
contribute to expression of a brain disease. However, some proteins are also expressed in
other cell types — LRRK2 is expressed in macrophages and microglia, for example (Moehle
et al. 2012), leaving open the possibility that some of the neurodegenerative process in PD is
non-cell autonomous. We therefore need consider that proteins expressed outside of neurons
may also contribute to disease.

It should also be noted that while it is possible, with nuanced views, multiple genes to a
series of related pathways, it is not yet clear if all PD genes can be placed in one of these
categories. A full discussion of this complex problem is probably outside the scope of this
review, but as an example we might consider the MAPT gene encoding tau that is a
nominated gene for PD risk (Simén-Séanchez et a/. 2009). Tau is a microtubule binding
protein and could therefore be linked to autophagy either because vesicular transport
depends on cytoskeletal transport (Yan 2014) and/or because some forms of tau are
substrates for degradation by the autophagy-lysosomal system (Chesser et al. 2013).
However, additional mechanism-based studies are required to distinguish whether risk factor
variants in MAPT or other risk genes require alterations in autophagy for their actions
relevant to PD pathogenesis.

At the end, of all these considerations comes the acknowledgement that despite the advances
in understanding causes of disease there has been relatively little published on curing PD.
While wanting to contribute to lessening symptoms or progression for PD patients is
aspirational, an additional appeal of mechanism-based therapeutics is that they may further
resolve some of the questions raised above. As a thought experiment, would a parkin-based
drug work on LRRK?2 disease? If so, then this would suggest that the different pathways
alluded to above are in fact closely related.

Conclusions

Many significant discoveries about the causation of PD have occurred in the past two
decades by studying the different genetic contributions to disease risk. More recently, it has
become clear that at least some of the nominated genes are functionally related. Our working
hypothesis is that there are strong relationships between subsets of these proteins but that
there are distinct themes that relate to the regulation of autophagy. Further testing this
hypothesis is critical for moving these observations toward clinical application.
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CMA chaperone-mediated autophagy

COR C-terminal of ROC

GAK cyclin-G-associated kinase

GBA Glucocerebrosidase

GWAS genome-wide association study

Hsc70 heat-shock cognate protein, 70 kDa

IPSC induced pluripotent stem cells

LC3 microtubule-associated protein light chain 2

LRRK2 leucine-rich repeat kinase 2
PD Parkinson’s disease

PINK1 PTEN-induced novel kinase 1

ROC ras of complex proteins
TGN trans-Golgi network
VPS vesicular protein sorting
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Fig. 1.
Mitophagy. Mitochondria normally exhibit polarization across their membranes as a result of

an imbalance in H+ ion flow because of oxidative metabolism — this is known as
mitochondrial membrane potential (A'Y'm). Mitochondria can be depolarized, in which case
they can undergo fission and either recover membrane potential and rejoin the network by
fusion or become isolated and be turned over via mitophagy. The mechanisms of mitophagy
involve several PD-related genes. PINK1 (pink in the diagram) becomes stabilized on the
mitochondrial surface, then phosphorylating ubiquitin (small black dots). Parkin is then
recruited from the cytosol and activated, adding phosphorylated ubiquitin to multiple
proteins on the outer mitochondrial membrane. Some data suggest that the adaptor protein
Fbxo7 is required for this step. Once marked in this way, the damaged mitochondria are then
engulfed by the nascent phagophore, a de novo lipid structure marked by the accumulation
of LC3 (black ovals), a ubiquitin-like molecule that is lapidated once autophagy is initiated.
The autophagic vesicle is completed and fuses with lysosomes, resulting in degradation of
the damaged mitochondria.
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Ct?aperone-mediated autophagy (CMA) and macroautophagy. At least two PD genes are
thought to play roles in CMA and macroautophagy, shown here integrated into some of the
other major vesicular transport systems in cells. a-Synuclein (red) is associated with several
lipid structures, but particularly in vesicles coming from the plasma membrane. When bound
to a complex of chaperones (mainly Hsc70) and co-chaperones, a-synuclein can be
transported to the lysosome and translocated through a pore formed by dimerized LAMP2A
and degraded. Recycling vesicles can fuse with endosomes that then mature, a process that
includes switches of small GTPases from Rab5 to Rab7. Late endosomes fuse with
autophagic vesicles to generate amphisomes, which then also target their contents to the
lysosome. The endosomal system is also important in the sorting of proteins to the
lysosome; here in blue the protease cathepsin D is shown maturing through the ER and
Golgi via binding to mannose-6-phosphate that is recognized by the cation-independent
mannose-6-phosphate receptor (CI-M6PR). A portion of CI-M6PR is recycled back to the
trans-Golgi network (TGN) via the retromer complex (light blue). Two genes for PD,
LRRK2 (shown as a dimeric protein in brown) and VPS35 are involved in different aspects
of these mechanisms. LRRK2 can be found in several different vesicular structures from the
TGN where it interacts with the PD risk factor protein Rab7L1, through several autophagic
vesicles. Current data support the hypothesis that LRRK2 has a general inhibitory effect on
autophagy. VPS35 is a direct component of the retromer and is reported to change
interactions within the recycling aspect of this pathway. Although the diagram here presents
the CMA and macroautophagy pathways as somewhat distinct, in practice they are likely to
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influence each other. For example, there is some evidence that mutant forms of a-synuclein
and LRRK?2 both inhibit CMA.

J Neurochem. Author manuscript; available in PMC 2018 March 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Beilina and Cookson Page 31

Plasma membrane

Mature
endosome  Late endosome Nucleus
(Rab5s) /MVB (Rab7)

\

ATP13A2

Mutant GCase

Golgi
baumphagosome } /\
Proteasome

Amphisome v )
Wild type GCase
HOH o RR'=(CH),,CH, o HO\(szn\{“
e oy _n__, GCase w
L h w " Y O OH 3
= ! o OH H HO=~C ="\ _FR
i ~ g
i HO=C="\ _F
ATP13A27? : A .
Glucosylceramide B-glucose Ceramide

Fig. 3.

L)?sosomal proteins. Similar to figure 2, two additional genes for PD are shown in the
context of the regulation of some of the broader aspects of function in the autophagy-
lysosomal system. Glucocere-brosidase (GCase) is, like cathepsin D in figure 2, trafficked
from the ER through the Golgi to the lysosome where it catalyzes the degradation of
glycosylceramide to glucose and ceramides (in the reaction outlined in the box). Mutant
forms of GCase are often improperly folded and degraded by the proteasome, leading to
accumulation of glucosylceramides. ATP13A2 is reported to be present on a number of
regulatory vesicles in the autophagy—lysosome system, where it allows for the transport of
Zn and potentially other divalent metal cations (not shown) into the lumen of those vesicles.
There is some evidence that amphisomes containing ATP13A2 can fuse with the plasma
membrane, thus influencing exocytosis.
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