Journal of Genetics, Vol. 97, No. 3, July 2018, pp. 715-727
https://doi.org/10.1007/s12041-018-0959-z

REVIEW ARTICLE

© Indian Academy of Sciences

@ CrossMark

Regulation of membrane dynamics by Parkinson’s disease-associated genes
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Abstract. Parkinson’s disease (PD), the second most common neurodegenerative disease after Alzheimer’s disease, develops
sporadically, and its cause is unknown. However, 5-10% of PD cases are inherited as monogenic diseases, which provides a chance to
understand the molecular mechanisms underlying neurodegeneration. Over 20 causative genes have already been identified and are
being characterized. These PD-associated genes are broadly classified into two groups: genes involved in mitochondrial functions and
genes related to membrane dynamics such as intracellular vesicle transport and the lysosomal pathway. In this review, we summarize
the latest findings on the mechanism by which members of the latter group of PD-associated genes regulate membrane dynamics,
and we discuss how mutations of these genes lead to dopaminergic neurodegeneration.

Keywords. soluble NSF-attachment protein receptor; phosphoinositide; autophagy; retromer; Rab GTPase; endocytosis; synaptic
vesicle.
Introduction Extracellular substances and receptors on biomembranes

A neurodegenerative disorder, Parkinson’s disease (PD)
is pathologically characterized by the loss of dopamin-
ergic neurons in the substantia nigra of the midbrain.
However, clinically, the autonomic nervous system and
olfactory neurons are also affected, suggesting that nerve
dysfunction is wider than it was once thought. The
recent findings of a-synuclein propagation via neural cir-
cuits strengthen this idea. Most PD cases are sporadic,
and their actiology is largely unknown. A small frac-
tion of PD cases are familial, and over 20 causative
genes have been identified. In addition, several risk genes
and risk loci for sporadic PD have also been reported.
These advances have revealed that more than a few PD-
associated genes regulate membrane dynamics, which
includes endocytosis and exocytosis, vesicular transport
and autophagy.

The lipid and protein components of biomembranes
vary between organisms and between organelles, and
those components determine their properties and identi-
ties. These biomembranes provide zones for signal
transduction, metabolism, and transport of substances.

are taken up together with biomembranes by endocytosis
and are first transported to the early endosomes (figure 1).
From the early endosome, some are transported to the late
endosomes and are degraded by the lysosome-mediated
degradation system (figure 1). Others are transported to
the trans-Golgi network (TGN) by retrograde transport
or again transported to the cell membrane via the recy-
cling endosomes (figure 1). Such membrane dynamics are
important to maintain cell and organelle activities. During
the regulation of membrane dynamics, the composition
of the biomembrane changes. Phosphoinositide is one
type of phospholipid that is contained in the biomem-
brane and can become any of seven isomers depending on
the phosphorylation mode of the three hydroxyl groups
of the inositol ring (figure 2). There is no in vivo evi-
dence that the other two hydroxyl groups are subjected
to phosphorylation. The combination of phosphorylation
in phosphoinositides plays a role in distinguishing the
identity of vesicles and organelles, where a variety of pro-
teins that target specific phosphoinositides are involved in
regulating membrane dynamics, vesicular sorting, signal
transduction and lysosome-dependent degradation.
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Figure 1. Membrane trafficking in the cell body. (a) ER-to-Golgi trafficking. Newly synthesized proteins, lipids and sugar chains at
the ER are transport to the Golgi. (b) Exocytosis from the Golgi. Secretory vesicles including newly generated or recycling molecules
depart from the Golgi to the plasma membrane. (c) Clathrin-mediated endocytosis (CME). Clathrin binds to the plasma mem-
brane containing PI(4,5)P, and regulates budding and fission of endocytosed membrane. (d) Fast Endophilin-mediated endocytosis
(FEME). Endophilin-mediated clathrin-independent endocytosis from the plasma membrane. (e) Vesicles retrieved by CME/FEME
are transported to the early endosomes. (f) Some endocytosed molecules are transported to the TGN and parts of them are returned
to the early endosome. (g) Degradation pathway. Molecules to be broken down are transported to the lysosome via the late endosome
and/or multivesicular body. (h) Direct recycling pathway. Membrane budding occurs on the early endosome and recycling vesicles
are transported to the plasma membrane. (i) Recycling endosome pathway. Some molecules in the early endosome are transported to
the plasma membrane via the recycling endosome. The numbers in the circles correspond to those in the names of the Rab proteins

involved in these pathways.
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Figure 2. Metabolism of phosphoinositides. P, phosphate group; P1, phosphatidylinositol; PI(3)P, phosphatidylinositol 3-phosphate;
PI(4)P, phosphatidylinositol 4-phosphate; PI(5)P, phosphatidylinositol 5-phosphate; PI(3,4)P;, phosphatidylinositol 3,4-bispho-
sphate; PI(3,5)P,, phosphatidylinositol 3,5-bisphosphate; PI(4,5)P,, phosphatidylinositol 4,5-bisphosphate; PI(3.4,5)P,, phos-
phatidylinositol 3,4,5-triphosphate. Solid arrows, synthesis pathways are confirmed in vitro and/or in vivo; dashed arrow, synthesis
pathway is unknown.



Regulation of membrane dynamics

Axonal transport and synaptic activity are distinctive
features of neurons. Upon the change in the electrical
potential of the membrane and the subsequent inflow
of Ca”*, neurotransmitter release occurs by the integra-
tion of synaptic vesicle (SV) membrane into presynaptic
membrane. The membranes of SVs after neurotransmit-
ter release are retrieved via recycling mechanisms and
are regenerated as SVs after refilling with neurotrans-
mitters (figure 3). The SV recycling mechanism ensures
sustained synaptic activity, which is particularly important
for dopaminergic neurons with the pacemaking property
(Guzman et al. 2010).

Advances in studies to understand the roles of PD-
associated proteins in neurons have suggested that o-
synuclein, LRRK2, Vps35, Auxilinl DNAJC6, Synaptojanin
1, RME-8IDNAJCI3, Vpsi3C and ATP13A2 are involved
in membrane dynamics, including SV dynamics (figure 4;
table 1). We introduce the latest findings, trying to pro-
pose intersecting pathogenic pathways where multiple PD
genes are involved.

SV regulation by a-synuclein

Accumulation and aggregation of disease-specific abnor-
mal proteins are common features of neurodegenerative
diseases, which suggests that ‘protein management’ is
dysregulated in affected neurons. In PD, the neuronal
inclusions of aggregation-prone presynaptic protein o-
synuclein, which are named Lewy bodies, are believed to be
a key factor for dopaminergic neuron death. a-Synuclein
is an abundant neuronal protein that accounts for 0.1%
of total brain protein (Iwai er al. 1995). Mutations and
SNPs of the a-synuclein gene are highly correlated with
PD risk (Polymeropoulos et al. 1997; Satake et al. 2009;
Simon-Sanchez et al. 2009; Nalls et al. 2014). The find-
ing that the gene triplication of a-synuclein is responsible
for the PARK4 locus strongly indicates that increased
intracellular concentration of a-synuclein becomes a risk
for PD (Singleton et al. 2003; Farrer et al. 2004). The
physiological roles of a-synuclein had not been fully
understood because there are three synuclein homologues,
a-synuclein, B-synuclein and Y-synuclein, in vertebrate
genomes and because single knockout of the a-synuclein
gene in mice does not produce apparent neuronal phe-
notypes. However, the studies on a triple knockout of all
three synuclein genes and the finding that a genetic interac-
tion of a-synuclein with a soluble NSF-attachment protein
receptor (SNARE)-complex assembly chaperone cysteine-
string protein-o (CSP o) suggest that a-synuclein regulates
assembly of the SNARE complex (Chandra ez al. 2005;
Burre et al. 2010; Greten-Harrison et al. 2010) (figure 5).
During the release and retrieval cycle of SVs, a-synuclein is
thought to repeatedly bind and dissociate from the acidic
phospholipid surface of SVs via its N-terminal, seven
repeated motifs of 11 residues with the consensus sequence

Table 1. PD genes related to membrane dynamics.

Lewy body

Age of onset

(early or late) pathology

Hereditary form

Possible functions

Gene name

Gene symbol

+ < e
T

Early

Regulation of synapse vesicle trafficking

Protein kinase

a-Synuclein (SNCA)

LRRK2

PARKI/PARK4

PARKS
PARKY9

PD causative genes

Late
Early
Late
Early
Early
Late
Early

Polyphosphoinositide phosphatase

Retromer component
Endocytosis

Endosomal transport
Endosomal transport

Lysosomal ATPase
Rab family protein

RME-8/TMEM230*

Synaptojanin 1
Vpsli3c

ATP13A2

Vps35
Auxilin

PARKI17
PARKI9
PARK20
PARK21
PARK23

Rab7L1

GAK

RAB7LI1/Rab29

GAK

Risk loci

Cochaperone with a kinase domain

Rab family protein
Phosphoinositide 4-phosphatase

Rab39B
INPPSF

Rab39B
INPP5F/Sac2

*Mutations of TMEM230, which is proposed to regulate SV trafficking, have been reported in the same pedigree in which RME-8 has been assigned as the gene linked to PD

(Deng et al. 2016). However, there are few studies from different populations to support the role of TMEM230 in PD. More evidence is still needed to clarify this question. ?, Brain

pathology is not available from any patient diagnosed with Kufor-Rakeb disease.
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Figure 3. Membrane dynamics in the neuronal presynapse. (a) SVs are docked at the active zone of the synaptic membrane.
Neurotransmitters are released by the activity of the SNARE complex upon neuronal excitation. (b) Ultrafast endocytosis. Clathrin-in-
dependent endocytosis mediates direct recycling of SVs very rapidly. (c) Clathrin-mediated endocytosis. AP-2 binds to the external
membrane sites of the active zone and induces clathrin coating. (d) Endophilin, Synaptojanin and Dynamin regulate the fission
of clathrin-coated vesicles in conjunction with actin as a pulling force. (e) Clathrin uncoating. Auxilin and Hsc70 remove clathrin
from endocytosed vesicles. LRRK?2-mediated phosphorylation of Endophilin A and Synaptojanin 1 promotes the dissociation of
the Endophilin A-Synaptojanin 1 complex from endocytosed vesicles. Vps35 and Rab5 transport vesicles to the synaptic endo-
some. (f) Bulk endocytosis. Strong neuronal activity induces bulk endocytosis to recycle large amounts of membrane. (g) Synaptic
endosome. Endocytosed vesicles are fused to the synaptic endosome. Budding vesicles from the synaptic endosome regenerate SVs,
where Vps35 and Rabl1- and/or clathrin-mediated budding is involved. (h) SV maturation. SVs are filled with neurotransmitters
through transporters such as vesicular monoamine transporter (VMAT). (i) Autophagy. Starvation and/or neuronal activity induces

(macro)autophagy at the synapses.

XKTKEGVXXXX. SVs are tethered to the presynaptic
membrane via the SNARE complex, which is composed of
the t-SNARE proteins syntaxin-1 and SNAP-25, and the
v-SNARE protein synaptobrevin-2/VAMP?2 (figure 5). a-
Synuclein facilitates the assembly of the SNARE complex
by forming a multimer to produce chaperone activity on
the surface of SVs but does not cause a significant change
in synaptic strength (Burre ez al. 2014) (figure 5). When
a-synuclein is released from SVs, a-synuclein presents as
an unfolded monomeric form. These findings imply that
the altered composition of membrane lipids and the dys-
regulation of SV cycling are the elements of a-synuclein
aggregation.

The property of a-synuclein for membrane binding
and deformation activities also appears to modulate
slower exocytosis of large dense core vesicles, which
include monoamines and peptides (Logan et al. 2017).
The increased expression of both wild-type and disease-
associated mutant forms of a-synuclein reduces the num-
ber of exocytotic events, while wild-type a-synuclein, but
not disease-associated mutants, accelerates the kinetics of
exocytosis at physiological levels, promoting fusion pore
dilation (Logan et al 2017). This finding suggests that
exocytotic inhibition by a-synuclein is more relevant to

the pathogenesis of PD. Currently, providing integrative
modeling on the roles of a-synuclein in chaperone activity
for the SNARE complex and exocytotic inhibition is diffi-
cult. Further studies on the physiological and pathological
roles of a-synuclein in synaptic activity are required.

Pathological roles of «-synuclein in membrane
trafficking

Vesicular trafficking in the cell body transports cargos
packed with proteins from the endoplasmic reticulum (ER)
to the cell membrane via the Golgi apparatus (figure 1). At
the TGN, budded vesicles containing the cargos are sorted,
according to their contents, to the plasma membrane,
endosomes, or lysosomes, or are recycled to the ER. Stud-
ies using yeast, nematode and Drosophila models of PD
showed that a-synuclein disrupts the transport between the
ER and the Golgi, leading to ER stress (Cooper ez al. 2006;
Gitler et al. 2008). In these models, overexpression of small
GTPases Rabl, Rab3 and Rab8 suppresses the toxicity
of a-synuclein. Because Rabl and Rab8 regulate ER-
Golgi and post-Golgi trafficking, respectively, and because
Rab3 is involved in SV tethering and docking at the
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Figure 4. Domain structures of PD gene products related to membrane dynamics. ATP13A42 encodes an inorganic ion transporter
that contains a core of multiple transmembrane domains, but it is not shown here (Holemans ez al. 2015). INPP5F encodes an inositol
4-phosphatase that functions in the early endocytic pathway (Hsu et al. 2015; Nakatsu et al. 2015). N, N-terminal region of Chorein;
Vps13-N, N-terminal conserved region in Vpsl3 family proteins; Vps13-C, C-terminal conserved region in Vpsl3 family proteins;
RCR, Repeated coiled region; SHR, SHR (SHORT-ROOT transcription factor)-binding domain; ATG2-C, Region homologous to
the C-terminal domain of ATG2A (1723-1829 aa), which is required for ATG2A localization to both the autophagic membrane
and lipid droplets. IWN, IWN repeat with an approximately 90-amino acid stretch containing seven invariant amino acids; GYF,
glycine-tyrosine-phenylalanine domain; J, J domain; ANK, Ankyrin repeat; LRR, Leucine-rich repeats; ROC, Ras of complex
proteins domain; COR, C-terminal of Roc GTPase domain; Kinase, Serine/threonine protein kinase domain; WD40, WD40 repeat
domain; PTEN, PTEN-like domain that is composed of a phosphatase domain and a following C2 domain; SAC1, SAC1-homology
domain with PI4P phosphatase activity; 5-Phosphatase, PISP phosphatase domain; RRM, RNA recognition motif; PRD, Proline-rich

domain; hSAC2, SAC2 homology domain; SNX3, A region to interact with SNX3; GTPase, Small GTPase domain.

presynapse, a-synuclein may affect several vesicular
trafficking pathways (figure 1).

Mutations in Rab39B, which are primarily responsible
for X-linked mental retardation associated with autism
and epilepsy, also cause intellectual disability i.e. comorbid
with early-onset PD with Lewy body pathology (Gian-
nandrea et al. 2010; Wilson et al. 2014). Hence, loss-of-
function mutations in Rab39B may be a potential risk
factor for a-synuclein accumulation and subsequent devel-
opment of PD. Rab39B is abundantly expressed in the
brain and is localized to the Golgi compartment. Although
the physiological role of Rab39B is largely unknown, a
recent study indicates that Rab39B regulates ER-Golgi
trafficking of GluA2, a subunit of AMPA-type glutamate
receptors, thereby controlling the surface expression of
GluA2 and excitatory synaptic transmission (Mignogna
et al. 2015).

Mutations in the glucocerebrosidase (GCase) gene
(GBAI), which encodes a lysosomal enzyme that catalyses
the hydrolysis of glycolipid glucocerebroside to ceramide
and glucose, is a strong risk for PD. Gaucher disease
(GD) is the most frequent lysosomal storage disorder
caused by homozygous mutations in GBAI, and the for-
mation of a-synuclein-positive Lewy bodies is observed in
GD patients. Impaired GCase activity causes a-synuclein
accumulation, which in turn leads to the inhibition of
intracellular trafficking of GCase, falling in a vicious
cycle of pathogenic progression (Mazzulli et al. 2011). In
a similar context, lysosomal integral membrane protein
type-2 (LIMP-2) regulates the trafficking of GCase, and
loss of LIMP-2 causes the accumulation of a-synuclein in
mice by impairing GCase activity and lysosomal function
(Rothaug et al. 2014). Inhibition of the lysosomal enzyme
trafficking by the accumulation of a-synuclein is rescued
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Figure 5. Physiological roles of a-Synuclein at presynapses. a-Synuclein has an N-terminal helical domain for binding to acidic
phospholipid surfaces and a less conserved acidic C-terminus for binding to Synaptobrevin-2. Cysteine-string protein-a (CSP o)
is a presynaptic Hsp40-like co-chaperone that forms a chaperone complex with Hsc70 and the small glutamine-rich tetratricopep-
tide-repeat protein SGT, facilitating the folding of synaptic SNARE proteins including SNAP-25, Syntaxin-1 and Synaptobrevin-2.
a-Synuclein assists in this step through binding to Synaptobrevin-2. Soluble a-Synuclein is natively unfolded and monomeric. Upon
binding to SVs during docking and priming of the vesicles, a-synuclein folds into an amphipathic a-helix and multimerizes, which

promotes SNARE complex assembly.

by Rabla overexpression, alleviating a-synuclein toxicity
(Mazzulli et al. 2016). Thus, the inhibition of trafficking
of lysosomal enzymes from the ER to lysosomes by the
accumulation of a-synuclein or mutations in the enzyme
receptors appears to be a critical point in PD pathogenesis.

Two PD-associated genes in clathrin-mediated vesicle
trafficking

Clathrin-mediated endocytosis is thought to be one of
the major mechanisms of endocytosis (figure 1). Auxilin
(Edvardson et al. 2012; Koroglu et al. 2013; Olgiati et al.
2016) and Synaptojaninl (Krebs et al. 2013; Quadri et al.
2013; Olgiati et al. 2014; Kirola et al. 2016), the two genes
responsible for autosomal recessive forms of PD with early
onset, are specifically expressed in neurons and are thought
to be involved in neuronal clathrin-mediated endocyto-
sis (figure 6). Clathrin forms a triskelion trimer as a unit
of a heavy chain and a light chain, and covers vesicles
by polymerization of multiple clathrin molecules. Recep-
tor endocytosis begins with the recruitment of clathrin
to the receptor-integrated membrane area, forming a
clathrin-coated pit. The binding of the clathrin adapter
protein AP-2 to phosphatidylinositol-4,5-bisphosphate
(PI(4,5)P;) on the plasma membrane recruits and poly-
merizes clathrin, which stimulates membrane invagination
and subsequent recruitment of membrane squeezing and
scission molecules such as Endophilin, Dynamin and
Synaptojanin family proteins (Rohde ez al. 2002; Ferguson
et al. 2009; Milosevic et al. 2011). Endophilin localizes at

the neck of the clathrin-coated pit and drives membrane
curvature by its N-terminal BAR domain and binds to the
Dynamin GTPase via its C-terminal SH3 domain, which
induces GTP-mediated scission of the neck in coopera-
tion with local tension of F-actin as a pulling force on the
invaginated membrane (Sundborger et al. 2011). Synapto-
janin, which is a neuronal phosphoinositide phosphatase
that hydrolyzes P1(4,5)P,, is also recruited by Endophilin,
and dephosphorylation of PI(4,5)P, by Synaptojanin at
the neck stimulates Dynamin to promote membrane scis-
sion (Cestra et al. 1999; Schuske et al. 2003; Verstreken
et al. 2003; Chang-lleto et al 2011). After the fission
and subsequent vesicle generation, clathrin rapidly disso-
ciates from clathrin-coated vesicles. Auxilin and Hsc70 are
involved in clathrin uncoating (Fotin et al. 2004). Auxilin
binds to phosphatidylinositol phosphates and to Hsc70
through its PTEN-like domain and J domain, respectively
(Guan et al. 2010; Kalli e al. 2013) (figure 4). Animals with
loss of function of Endophilin or Synaptojanin exhibit a
similar phenotype in which clathrin-coated vesicles, but
not clathrin-coated pits, are accumulated in the synaptic
terminals (Milosevic ez al. 2011). These studies suggest that
Endophilin and Synaptojanin are dispensable for fission
of clathrin-coated vesicles from synaptic membranes, but
rather important for clathrin uncoating (Milosevic et al.
2011).

Endophilin-mediated clathrin/AP-2-independent endo-
cytosis of some classes of receptors, including dopamin-
ergic D3 and D4 receptors, has also been character-
ized as fast endophilin-mediated endocytosis (FEME), in
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which at least Dynamin and the PI(3,4)P;-binding protein
lamellipodin are involved (Boucrot er al. 2015; Renard
et al. 2015) (figure 1).

The functional relationship in neuronal synaptic endo-
cytosis between Auxilin and Synaptojanin 1 is strongly
suggested by a study describing a phenotypic similarity
in Auxilin-deficient and Synaptojanin 1-deficient neurons,
in which clathrin and AP-2 but not Synaptobrevin are
abnormally accumulated (Yim et al. 2010). The defect of
clathrin uncoating activity in Auxilin loss is partly res-
cued by GAK, a homolog of Auxilin with an additional
N-terminal kinase domain (figure 4). GAK is ubiqui-
tously expressed, and SNPs in the GAK gene locus have
also been reported as a risk for PD (Pankratz et al
2009).

Clathrin-mediated endocytosis along with AP-2 has
been well characterized in SV endocytosis at presynapses
as well as receptor endocytosis at the plasma membrane
(figures 3 and 6). Upon release of neurotransmitters, SVs
fused with plasma membrane are retrieved by endocytosis
from regions adjacent to the active zones for SV secre-
tion and are regenerated as SVs. A recent study using
electron microscopy with a technique for high spatial and
temporal resolution has proposed that actin-dependent
and Dynamin-dependent ultrafast endocytosis mediates
very fast SV recycling, which occurs within 100 ms at the
external sites of the active zone in a clathrin-independent
manner (figure 3). On the other hand, clathrin function is
required to regenerate SVs from the synaptic endosomes
after ultrafast endocytosis. Similar to the SV budding from
the synaptic endosomes, clathrin also functions in vesi-
cle budding from the TGN to endosome. Supporting that
observation, Auxilin functions in and is enriched in the
ER and Golgi trafficking pathways (Zhou et al. 2011;

Ding et al. 2016). Although knockdown of Auxilin in
dopaminergic neurons of Drosophila affects locomotor
activity and the survival of dopaminergic neurons, poten-
tiating o-synuclein toxicity, which clathrin pathway is
affected in PD by Auxilin deficiency remains an issue for
future research (Song et al. 2017).

In humans, there are two Synaptojanin proteins, Synap-
tojanin 1 and Synaptojanin 2, and the PD-associated
Synaptojanin 1 is almost exclusively expressed in brain and
is enriched at synapses (Nemoto et al. 1997; Verstreken
et al. 2003). Synaptojanin 1 contains an N-terminal SACI
phosphatase domain, a central 5-phosphatase domain
and C-terminal proline-rich domain for the interaction
with SH3 domain-containing endocytic proteins (Krebs
et al. 2013) (figure 4). The PD-associated mutations of
Synaptojanin 1 have been found in the SAC1 domain
that hydrolyzes PI(3)P, PI(4)P, and PI(3,5)P, (Guo et al
1999; Zhong et al. 2012). Knock-in of the PD mutation
R258Q (RQ) of Synaptojanin 1 in mice, in which neu-
rons show a massive accumulation of Auxilin and clathrin
and impaired SV endocytosis, exhibits defects in motor
functions and a shorter lifespan (Cao et al. 2017). More-
over, axons of dopaminergic neurons in the dorsal striatum
of the knock-in mice contain accumulated dopamine
transporter and large multilayered membrane structures,
which might be associated with an early stage of PD
pathology.

Synaptic endocytosis regulated by PD genes
The LRRK?2 gene encodes a Roco family protein con-

taining Roc and COR domains accompanied by a kinase
domain and a WD40 domain, and has been identified
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as a causative gene for autosomal dominant late-onset
PD (Paisan-Ruiz et al. 2004; Zimprich et al. 2004) (fig-
ure 4). Further, its SNPs have also been detected as
PD risk in multiple GWAS analyses (Satake er al. 2009;
Simon-Sanchez et al. 2009). Many reports suggest that
PD-associated mutations cause increased kinase activity,
thus implying dysregulation of the phosphorylation sub-
strate(s) of LRRK2 in PD (West et al. 2005; Gloeckner
et al. 2006; Smith et al. 2006; Imai et al. 2008; Steger
etal 2016). LRRK2 islocalized in Rab5-positive early and
Rab7-positive late endosomes and is suggested to regulate
endosomal trafficking as well as the autophagy—lysosomal
pathway either directly or indirectly (Dodson et al. 2012,
2014; Gomez-Suaga et al. 2012,2014; Orenstein et al. 2013;
Imaieral 2015). Vps35, mutations of which cause an auto-
somal dominant form of PD, forms the retromer complex
with Vps26 and Vps29 and regulates vesicular trafficking
in the endosome-to-Golgi pathway and the endosome-to-
cell surface pathway (Vilarino-Guell et al. 2011; Zimprich
etal 2011).

The GTPase Rab5 is involved in an early step of
presynaptic endocytosis. Expression of dominant-negative
forms of Rab5 produced enlarged endocytic intermedi-
ates at synapses in Drosophila and shows reduced synaptic
transmission, suggesting that SV recycling is impaired
(Shimizu et al. 2003; Wucherpfennig et al. 2003). Similar
synaptic phenotypes were also observed in a Drosophila
close homologue of LRRK?2 (dLRRK), Vps35 and Synap-
tojanin mutant flies, which also suggests that LRRK?2 and
Vps35, along with Synaptojanin 1, function in SV endo-
cytosis (Verstreken et al. 2003; Matta et al. 2012; Inoshita
et al. 2017).

In Drosophila, dALRRK phosphorylates Endophilin A,
one of the Endophilin family proteins, promoting the
detachment of Endophilin A from endocytosed SVs upon
scission; clathrin machinery does not appear to be involved
in this context (Matta et al. 2012). A similar molecular
mechanism has been demonstrated using LRRK2 mutant
mice (Arranz et al. 2015). In contrast, a study using corti-
cal neuron cultures revealed that SV motility and recycling
are enhanced by the reduction of LRRK2 activity (Piccoli
et al. 2011). Another study reported that hyperphospho-
rylation of Synaptojanin 1 in the proline-rich domain by
the PD-associated LRRK2 G2019S mutant promotes the
dissociation of Synaptojanin 1 from Endophilin A, which
results in slowed endocytosis at the synapse (Pan et al
2017).

Loss of Vps35 and a PD-associated Vps35 mutant cause
reduced neurotransmission and appearance of enlarged
vesicles at presynapses in Drosophila (Inoshita et al. 2017).
Manipulation of the activity of dLRRK, Endophilin A,
Rab5 or Rabl1 rescues the synaptic defects and impaired
motor behaviours. These observations suggest that defects
in SV endocytosis and recycling at presynapses are among
the major causes of PD aetiology. The retromer contain-
ing Vps35 is also localized at dendritic spines of neurons
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and regulates the recycling of glutamate receptors (Choy
et al. 2014; Munsie et al. 2015). Thus, postsynaptic dys-
regulation in neurotransmission could also contribute to
dopaminergic neurodegeneration.

PD genes involved in retrograde transport and the
autophagy-lysosomal pathway

In the cell body, vesicular transport from the early endo-
some has multiple pathways: retrograde trafficking to
the TGN, the recycling pathway to the plasma mem-
brane and lysosomal degradation pathways (figure 1). A
genetic modifier screen for endosomal trafficking identi-
fied Synaptojanin, Vps35 and Vpsl3 in yeast, which implies
that corresponding PD genes could act in the vesicu-
lar transport of the cell body (Luo and Chang 1997).
Transport from the early endosome to the TGN and the
recycling pathway is mediated by the Vps35-containing
retromer complex. While PD-associated Vps35 mutations
do not inhibit the formation of the retromer complex
with Vps29 and Vps26, these mutations impair the bind-
ing of Vps35 to the FAM21-containing WASH complex,
which nucleates branched F-actin networks on the sur-
face of endosomes (McGough ef al. 2014; Zavodszky et al.
2014; Follett et al. 2016). The retromer complex together
with sorting nexin 27 (SNX27), which has a PX domain
for PI(3)P binding, and the WASH complex cooperate in
endosome-to-cell surface recycling of proteins, whereas the
PX domain-containing protein SN X3 and Rab7 appear to
recruit the retromer to the late endosome (Temkin et al.
2011; Zech et al. 2011; Harrison et al. 2014). PD muta-
tions of Vps35 could affect both the recycling and late
endosome-lysosomal pathways in conjunction with the
trafficking of the autophagy protein ATG9 to autophago-
somes (Zavodszky et al. 2014). The RM E-8 gene, which has
been isolated from the PARK21 locus, is also involved in
retromer-mediated protein sorting (Vilarino-Guell et al
2014). RME-8 interacts with the WASH complex sub-
unit FAM21 along with the PX domain-containing protein
SNXI1 and regulates endosomal tubulation and the retro-
grade sorting pathway (Popoff et al. 2009; Freeman et al.
2014). Identification of RME-8, Vps35, Vpsl13 and Aux-
ilin in a functional screen for endocytosis using Drosophila
S2 cells strongly suggests that the alteration of vesicle endo-
cytosis is a key element of PD aetiology (Korolchuk ef al.
2007). Characterization of LRRK?2, Auxilin and RME-
8 as regulators of the Notch/Delta signalling pathway
in Drosophila supports the idea that these PD genes are
involved in endocytosis and endosomal recycling pathways
(Hagedorn et al. 2006; Gomez-Lamarca et al. 2015; Imai
et al. 2015).

Among four members of Vpsl3 in human genomes,
Vps13C has been identified as associated with an autoso-
mal recessive early-onset form of PD (Lesage et al. 2016).
In yeast, there is a single gene for Vpsl3, which binds
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to a variety of phosphoinositides, including PI(4)P and
PI(4,5)P,, in addition to phosphatidic acid (PA) and is
required for the TGN-late endosome transport (De et al.
2017). Yeast genetic studies suggest roles for Vpsl3 in
organelle contact sites including the ER-mitochondrial
junction (Lang et al. 2015; Park et al 2016). In mam-
malian cells, Vps13C is reported to be localized on
the outer mitochondrial membrane, and knockdown of
Vps13C induced mitochondrial fragmentation and pro-
moted PINKI/Parkin-mediated mitophagy, the lack of
which is believed to be a cause of PD pathogenesis
(Lesage et al. 2016). In contrast, another mammalian study
reported that Vps13C is a lysosome-resident protein that
regulates the stability of a B-galactoside-binding animal
lectin, galectin-12, for adipocyte differentiation. Thus, fur-
ther studies will be required to understand the critical roles
of Vps13C in dopaminergic neurons.

Roles for PD-associated genes in the lysosomal degra-
dation pathways have also been reported. Loss of Vps35
results in enlarged autophagosomes and lysosomes in
Drosophila, which is caused by the block of retromer-
mediated trafficking of lysosomal enzymes such as cathep-
sin L from the TGN to the lysosomes via cargoes, leading
to lysosomal dysfunction (Maruzs et al. 2015). A simi-
lar observation has been reported in Vps35 heterozygous
mice, in which the dopaminergic neurons of Lampl-
positive late endosomes/early endosomes were found to be
enlarged (Tang ef al. 2015). In contrast, Lamp2-positive
lysosomes are reduced in size, a finding caused by the
impairment of Lamp2a endosome-to-Golgi retrieval by
Vps35 that leads to the accumulation of «-synuclein likely
through defects in Lamp2-mediated chaperone-mediated
autophagy (Tang ez al. 2015). A well characterized cargo of
the retromer containing Vps35 is the cation-independent
mannose 6-phosphate receptor that binds to newly syn-
thesized lysosomal enzymes in the TGN and that delivers
them to lysosomal compartments (Seaman 2004). The
iron transporter divalent metal transporter 1 (DMT1) has
also been shown as a cargo regulated by the retromer
(Tabuchi et al. 2010). An alternative splicing isoform of
DMTI-II is involved in iron uptake in cooperation with
the transferrin receptor, which is recycled from endo-
somes to the plasma membrane by the retromer. The
alteration of iron metabolism may lead to mitochondrial
dysfunction and iron deposition in the affected regions in
PD.

LRRK2-deficient rodents exhibit degeneration in kid-
ney’s proximal tubule epithelial cells, where the accumu-
lation of secondary lysosomes as well as the autophagy-
related protein p62/SQSTM 1 is observed (Tong et al. 2010;
Herzig et al. 2011; Hinkle et al. 2012; Ness et al. 2013).
However, there is no evidence that the nigrostriatal path-
way is affected in these rodent models. However, double
knockout of LRRK?2 and its homologue LRRKI in mice
produces lysosomal dysfunction and mild neuronal death
in dopaminergic neurons (Giaime et al. 2017).
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Rab7L1, which encodes a Rab GTPase, is a risk gene
for sporadic PD within the PARKI6 locus. Rab7L1 is
involved in vesicular sorting at the Golgi (Satake et al.
2009; Simon-Sanchez et al. 2009; MacLeod et al. 2013).
A genetic interaction between the clathrin adapter A P-3,
LRRK?2 and Rab7 LI has been shown in the axon terminals
of C. elegans neurons (Kuwahara et al 2016). Impor-
tantly, Rab7L1-deficient mice exhibit lysosomal pathology
in proximal tubule epithelial cells of the kidney, a phe-
notype highly similar to that of LRRK2-deficient mice
(Kuwahara et al. 2016). Double knockout of Rab7L1 and
LRRK?2 does not exacerbate the renal phenotype in mice
and the axonal phenotype in C. elegans, suggesting that
Rab7L1 is an upstream regulator of LRRK?2.

The gene responsible for early-onset PD with pyrami-
dal degeneration and dementia (Kufor—Rakeb syndrome)
encodes ATP13A2, a lysosomal P-type ATPase, which
is proposed to act as a Mn** and/or Zn>* transporter
(Ramirez et al. 2006; Gitler et al. 2009; Tsunemi and
Krainc 2014). The N-terminal hydrophobic extension
of ATP13A2, which is required for its late endoso-
mal/lysosomal localization, binds to PI(3,5)P; and PA
and regulates its ATPase activity, conferring protective
effects against mitochondrial stress (Holemans et al. 2015).
Loss of ATPI3A2 results in a-synuclein accumulation
(Gitler et al. 2009; Tsunemi and Krainc 2014), where the
impairment of the autophagy-dependent or autophagy-
independent lysosomal degradation pathway appears to
be involved (Bento et al. 2016; Demirsoy et al. 2017). A
study reporting genomewide screening and network anal-
ysis of genes modifying a-synuclein toxicity in yeast has
uncovered that ATP13A2 and Vps35, in addition to Synap-
tojanin and Rab7L1, are indeed involved in the turnover
of a-synuclein (Khurana et al. 2017).

Involvement of PD-associated genes in autophagy at
presynaptic terminals has also been proposed, which could
occur in a synaptic activity-dependent manner. LRRK2-
mediated phosphorylation of Endophilin A causes shal-
low membrane curvature, which in turn recruits ATG3,
an ATGS8-activating enzyme, to PI(3)P-containing mem-
branes (Sakoh-Nakatogawa et al. 2013; Soukup et al
2016). In Drosophila Synaptojanin RQ knock-in mod-
els, the roles of Synaptojanin in synaptic autophagy have
been shown. The PI(3)P- and PI(3,5)P,-binding proteins
of the ATG18 family, which are essential for autophago-
some formation, has lost its mobility at autophagosomes
probably due to impaired hydrolysis of phosphoinositides
by Synaptojanin RQ, blocking autophagosome matura-
tion at synapses (Obara er al. 2008; Vanhauwaert et al
2017).

Conclusions

Overall, these studies on the functions of a subset of PD
genes indicate that the impairment of vesicular trafficking
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to the lysosomes, including autophagy as well as lysosomal
maintenance, initiates neurotoxic a-synuclein aggregation,
which is a critical factor for PD pathogenesis. How-
ever, why dopaminergic neurons are especially affected
in PD remains an open question. This issue might be
explained by the properties of dopaminergic neurons. A
recent report has demonstrated that dopamine induces a-
synuclein oligomerization, which is thought to be a seed
for a-synuclein propagation and Lewy body formation
(Luk et al. 2009; Masuda-Suzukake et al. 2013; Mor et al.
2017). Another study has noted that dopamine oxida-
tion inactivates GCase, leading to lysosomal dysfunction
and a-synuclein accumulation (Burbulla er al. 2017). In
this context, mitochondrial oxidative stress caused by
mutations of PD genes that regulates mitochondrial func-
tions could also be involved. Another question arises
from the fact that several PD genes have been charac-
terized as endocytosis-associated molecules. Considering
that Synaptojanin 1 functions primarily at presynapses,
alteration of the SV regeneration pathway must be a risk
of a-synuclein aggregation, along with propagation at
synapses (Verstreken ez al. 2003; Marza et al. 2008; Chen
et al. 2014). Further studies to address this issue are war-
ranted.

Acknowledgements

This study was supported by Grantsin-Aid for Scientific Research
(16K09679 to T1, 17H04049 to Y1, 15H04842 to NH) from JSPS
in Japan and was partly supported by a grant from Otsuka Phar-
maceutical (NH and YT).

References

Arranz A. M., Delbroek L., Van Kolen K., Guimaraes M. R.,
Mandemakers W., Daneels G. ef al. 2015 LRRK2 functions
in synaptic vesicle endocytosis through a kinase-dependent
mechanism. J. Cell Sci. 128, 541-552.

Bento C. F., Ashkenazi A., Jimenez-Sanchez M. and Rubinsztein
D. C.2016 The Parkinson’s disease-associated genes ATP13A2
and SYT11 regulate autophagy via a common pathway. Nat.
Commun. 7, 11803.

Boucrot E., Ferreira A. P., Almeida-Souza L., Debard S., Vallis
Y., Howard G. et al. 2015 Endophilin marks and controls a
clathrin-independent endocytic pathway. Nature 517, 460-465.

Burbulla L. F,, Song P, Mazzulli J. R., Zampese E., Wong Y.
C., Jeon S. et al. 2017 Dopamine oxidation mediates mito-
chondrial and lysosomal dysfunction in Parkinson’s disease.
Science 357, 1255-1261.

Burre J., Sharma M., Tsetsenis T., Buchman V., Etherton M.
R. and Sudhof T. C. 2010 Alpha-synuclein promotes SNARE-
complex assembly in vivo and in vitro. Science 329, 1663-1667.

Burre J., Sharma M. and Sudhof T. C. 2014 Alpha-synuclein
assembles into higher-order multimers upon membrane bind-
ing to promote SNARE complex formation. Proc. Natl. Acad.
Sci. USA 111, E4274-E4283.

Cao M., Wu Y., Ashrafi G., McCartney A. J, Wheeler H.,
Bushong E. A. et al. 2017 Parkinson sac domain mutation
in synaptojanin 1 impairs clathrin Uncoating at synapses and

Tsuyoshi Inoshita et al.

triggers dystrophic changes in dopaminergic axons. Neuron 93,
882-896. e885.

Cestra G., Castagnoli L., Dente L., Minenkova O., Petrelli A.,
Migone N. et al. 1999 The SH3 domains of endophilin and
amphiphysin bind to the proline-rich region of synaptojanin 1
at distinct sites that display an unconventional binding speci-
ficity. J. Biol. Chem. 274, 32001-32007.

Chandra S., Gallardo G., Fernandez-Chacon R., Schluter O.
M. and Sudhof T. C. 2005 Alpha-synuclein cooperates with
CSPalpha in preventing neurodegeneration. Cell 123, 383—
396.

Chang-lIleto B., Frere S. G., Chan R. B., Voronov S. V., Roux
A. and Di Paolo G. 2011 Synaptojanin 1-mediated PI(4,5)P2
hydrolysis is modulated by membrane curvature and facilitates
membrane fission. Dev. Cell 20, 206-218.

Chen C. K., Bregere C., Paluch J,, Lu J. F.,, Dickman D. K. and
Chang K. T. 2014 Activity-dependent facilitation of synapto-
janin and synaptic vesicle recycling by the minibrain kinase.
Nat. Commun. 5, 4246.

Choy R. W,, Park M., Temkin P., Herring B. E., Marley A., Nicoll
R. A. et al. 2014 Retromer mediates a discrete route of local
membrane delivery to dendrites. Neuron 82, 55-62.

Cooper A. A., Gitler A. D., Cashikar A., Haynes C. M., Hill
K. J., Bhullar B. et al. 2006 Alpha-synuclein blocks ER-Golgi
traffic and Rabl rescues neuron loss in Parkinson’s models.
Science 313, 324-328.

De M., Oleskie A. N., Ayyash M., Dutta S., Mancour L.,
Abazeed M. E. et al. 2017 The Vps13p-Cdc31p complex is
directly required for TGN late endosome transport and TGN
homotypic fusion. J. Cell Biol. 216, 425-439.

Demirsoy S., Martin S., Motamedi S., van Veen S., Holemans
T., Van den Haute C. et al. 2017 ATP13A2/PARKY regu-
lates endo-/lysosomal cargo sorting and proteostasis through
a novel PI(3, 5)P2-mediated scaffolding function. Hum. Mol.
Genet. 26, 1656-1669.

Deng H. X., Shi Y., Yang Y., Ahmeti K. B., Miller N., Huang C.
et al. 2016 Identification of TMEM230 mutations in familial
Parkinson’s disease. Nat. Genet. 48, 733-739.

DingJ., Segarra V. A., Chen S., Cai H., Lemmon S. K. and Ferro-
Novick S. 2016 Auxilin facilitates membrane traffic in the early
secretory pathway. Mol. Biol. Cell 27, 127-136.

Dodson M. W,, Zhang T., Jiang C., Chen S. and Guo M. 2012
Roles of the Drosophila LRRK?2 homolog in Rab7-dependent
lysosomal positioning. Hum. Mol. Genet. 21, 1350-1363.

Dodson M. W,, Leung L. K., Lone M., Lizzio M. A. and Guo M.
2014 Novel ethyl methanesulfonate (EMS)-induced null alleles
of the Drosophila homolog of LRRK2 reveal a crucial role in
endolysosomal functions and autophagy in vivo. Dis. Model
Mech. 7, 1351-1363.

Edvardson S., Cinnamon Y., Ta-Shma A., Shaag A., Yim
Y. 1., Zenvirt S. et al. 2012 A deleterious mutation in
DNAJC6 encoding the neuronal-specific clathrin-uncoating
co-chaperone auxilin, is associated with juvenile parkinson-
ism. PLoS One 7, e36458.

Farrer M., Kachergus J., Forno L., Lincoln S., Wang D. S., Huli-
han M. et al. 2004 Comparison of kindreds with parkinsonism
and alpha-synuclein genomic multiplications. Ann. Neurol. 55,
174-179.

Ferguson S. M., Raimondi A., Paradise S., Shen H., Mesaki K.,
Ferguson A. et al. 2009 Coordinated actions of actin and BAR
proteins upstream of dynamin at endocytic clathrin-coated
pits. Dev. Cell 17, 811-822.

Follett J., Bugarcic A., Yang Z., Ariotti N., Norwood S. I,
Collins B. M. et al 2016 Parkinson disease-linked Vps35
R524 W mutation impairs the endosomal association of
retromer and induces alpha-synuclein aggregation. J. Biol.
Chem. 291, 18283-18298.



Regulation of membrane dynamics

Fotin A., Cheng Y., Grigorieff N., Walz T., Harrison S. C. and
Kirchhausen T. 2004 Structure of an auxilin-bound clathrin
coat and its implications for the mechanism of uncoating.
Nature 432, 649-653.

Freeman C. L., Hesketh G. and Seaman M. N. 2014 RME-8 coor-
dinates the activity of the WASH complex with the function
of the retromer SNX dimer to control endosomal tubulation.
J. Cell Sci. 127, 2053-2070.

Giaime E., Tong Y., Wagner L. K., Yuan Y., Huang G. and Shen
J. 2017 Age-dependent dopaminergic neurodegeneration and
impairment of the autophagy-lysosomal pathway in LRRK-
Deficient mice. Neuron 96, 796-807.

Giannandrea M., Bianchi V., Mignogna M. L., Sirri A., Carra-
bino S., D’Elia E. et al. 2010 Mutations in the small GTPase
gene RAB39B are responsible for X-linked mental retarda-
tion associated with autism, epilepsy, and macrocephaly. Am.
J. Hum. Genet. 86, 185-195.

Gitler A. D., Bevis B. J,, Shorter J., Strathearn K. E., Hamamichi
S., Su L. . et al. 2008 The Parkinson’s disease protein alpha-
synuclein disrupts cellular Rab homeostasis. Proc. Natl. Acad.
Sci. USA 105, 145-150.

Gitler A. D., Chesi A., Geddie M. L., Strathearn K. E.,
Hamamichi S., Hill K. J. ez al. 2009 Alpha-synuclein is part of a
diverse and highly conserved interaction network that includes
PARKY and manganese toxicity. Nat. Genet. 41, 308-315.

Gloeckner C. J., Kinkl N., Schumacher A., Braun R. J., O’Neill
E., Meitinger T. et al. 2006 The Parkinson disease causing
LRRK2 mutation 12020T is associated with increased kinase
activity. Hum. Mol. Genet. 15, 223-232.

Gomez-Lamarca M. J., Snowdon L. A., Seib E., Klein T. and
Bray S. J. 2015 Rme-8 depletion perturbs notch recycling and
predisposes to pathogenic signaling. J. Cell Biol. 210, 303—
318.

Gomez-Suaga P., Luzon-Toro B., Churamani D., Zhang L.,
Bloor-Young D., Patel S. ef al. 2012 Leucine-rich repeat kinase
2 regulates autophagy through a calcium-dependent pathway
involving NAADP. Hum. Mol. Genet. 21, 511-525.

Gomez-Suaga P., Rivero-Rios P, Fdez E., Blanca Ramirez M.,
Ferrer 1., Aiastui A. et al 2014 LRRK2 delays degrada-
tive receptor trafficking by impeding late endosomal budding
through decreasing Rab7 activity. Hum. Mol. Genet. 23, 6779—
6796.

Greten-Harrison B., Polydoro M., Morimoto-Tomita M., Diao
L., Williams A. M., Nie E. H. et al. 2010 Alphabetagamma-
Synuclein triple knockout mice reveal age-dependent neuronal
dysfunction. Proc. Natl. Acad. Sci. USA 107, 19573-19578.

Guan R., Dai H., Harrison S. C. and Kirchhausen T. 2010
Structure of the PTEN-like region of auxilin, a detector of
clathrin-coated vesicle budding. Structure 18, 1191-1198.

Guo S, Stolz L. E., Lemrow S. M. and York J. D. 1999 SACI-
like domains of yeast SAC1, INP52, and INP53 and of human
synaptojanin encode polyphosphoinositide phosphatases. J.
Biol. Chem. 274, 12990-12995.

Guzman J. N., Sanchez-Padilla J., Wokosin D., Kondapalli J.,
Ilijic E., Schumacker P. T. ez al. 2010 Oxidant stress evoked by
pacemaking in dopaminergic neurons is attenuated by DJ-1.
Nature 468, 696-700.

Hagedorn E. J., Bayraktar J. L., Kandachar V. R., Bai T., Englert
D. M. and Chang H. C. 2006 Drosophila melanogaster auxilin
regulates the internalization of delta to control activity of the
notch signaling pathway. J. Cell Biol. 173, 443-452.

Harrison M. S., Hung C. S, Liu T. T., Christiano R., Walther T.
C. and Burd C. G. 2014 A mechanism for retromer endosomal
coat complex assembly with cargo. Proc. Natl. Acad. Sci. USA
111, 267-272.

Herzig M. C., Kolly C., Persohn E., Theil D., Schweizer T.,
Hafner T. et al. 2011 LRRK2 protein levels are determined

725

by kinase function and are crucial for kidney and lung home-
ostasis in mice. Hum. Mol. Genet. 20, 4209-4223.

Hinkle K. M., Yue M., Behrouz B., Dachsel J. C., Lincoln S. J.,
Bowles E. E. et al. 2012 LRRK?2 knockout mice have an intact
dopaminergic system but display alterations in exploratory
and motor co-ordination behaviors. Mol. Neurodegener. 7,
25.

Holemans T., Sorensen D. M., van Veen S., Martin S., Hermans
D., Kemmer G. C. et al. 2015 A lipid switch unlocks Parkinson’s
disease-associated ATP13A2. Proc. Natl. Acad. Sci. USA 112,
9040-9045.

Hsu F., Hu F. and Mao Y. 2015 Spatiotemporal control of
phosphatidylinositol 4-phosphate by Sac2 regulates endocytic
recycling. J Cell Biol. 209, 97-110.

Imai Y., Gehrke S., Wang H. Q., Takahashi R., Hasegawa
K., Oota E. et al 2008 Phosphorylation of 4E-BP by
LRRK?2 affects the maintenance of dopaminergic neurons in
Drosophila. EMBO J. 27, 2432-2443.

Imai Y., Kobayashi Y., Inoshita T., Meng H., Arano T., Uemura
K. et al. 2015 The Parkinson’s disease-associated protein
kinase LRRK2 modulates notch signaling through the endo-
somal pathway. PLoS Genet. 11, e1005503.

Inoshita T., Arano T., Hosaka Y., Meng H., Umezaki Y., Kosugi
S. et al. 2017 Vps35 in cooperation with LRRK?2 regulates
synaptic vesicle endocytosis through the endosomal pathway
in Drosophila. Hum. Mol. Genet. 26, 2933-2948.

Iwai A., Masliah E., Yoshimoto M., Ge N., Flanagan L., de
Silva H. A. et al. 1995 The precursor protein of non-A beta
component of Alzheimer’s disease amyloid is a presynaptic
protein of the central nervous system. Neuron 14, 467-475.

Kalli A. C., Morgan G. and Sansom M. S. 2013 Interactions
of the auxilin-1 PTEN-like domain with model membranes
result in nanoclustering of phosphatidyl inositol phosphates.
Biophys. J. 105, 137-145.

Khurana V., Peng J., Chung C. Y., Auluck P. K., Fanning S.,
Tardiff D. F. et al. 2017 Genome-scale networks link neurode-
generative disease genes to alpha-synuclein through specific
molecular pathways. Cell Syst. 4, 157-170. e114.

Kirola L., Behari M., Shishir C. and Thelma B. K. 2016 Identifi-
cation of a novel homozygous mutation Argd59Pro in SYNJ1
gene of an Indian family with autosomal recessive juvenile
Parkinsonism. Parkinsonism Relat. Disord. 31, 124-128.

Koroglu C., Baysal L., Cetinkaya M., Karasoy H. and Tolun A.
2013 DNAJCG is responsible for juvenile parkinsonism with
phenotypic variability. Parkinsonism Relat. Disord. 19, 320—
324.

Korolchuk V. I., Schutz M. M., Gomez-Llorente C., Rocha J.,
Lansu N. R., Collins S. M. et al. 2007 Drosophila Vps35 func-
tion is necessary for normal endocytic trafficking and actin
cytoskeleton organisation. J. Cell Sci. 120, 4367-4376.

Krebs C. E., Karkheiran S., Powell J. C., Cao M., Makarov V.,
Darvish H. et al. 2013 The Sacl domain of SYNJ1 identified
mutated in a family with early-onset progressive Parkinsonism
with generalized seizures. Hum. Mutat. 34, 1200-1207.

Kuwahara T., Inoue K., D’Agati V. D., Fujimoto T., Eguchi T.,
SahaS. etal 2016 LRRK2 and RAB7L1 coordinately regulate
axonal morphology and lysosome integrity in diverse cellular
contexts. Sci. Rep. 6,29945.

Lang A. B., John Peter A. T., Walter P. and Kornmann B. 2015
ER-mitochondrial junctions can be bypassed by dominant
mutations in the endosomal protein Vps13. J Cell Biol. 210,
883-890.

Lesage S., Drouet V., Majounie E., Deramecourt V., Jacoupy M.,
Nicolas A. et al. 2016 Loss of VPS13C Function in autosomal-
recessive Parkinsonism causes mitochondrial dysfunction and
increases PINK 1/Parkin-dependent mitophagy. Am. J. Hum.
Genet. 98, 500-513.



726

Logan T., Bendor J., Toupin C., Thorn K. and Edwards R.
H. 2017 Alpha-synuclein promotes dilation of the exocytotic
fusion pore. Nat. Neurosci. 20, 681-689.

Luk K. C., Song C., O’Brien P, Stieber A., Branch J. R., Brunden
K.R.etal 2009 Exogenous alpha-synuclein fibrils seed the for-
mation of Lewy body-like intracellular inclusions in cultured
cells. Proc. Natl. Acad. Sci. USA 106, 20051-20056.

Luo W. and Chang A. 1997 Novel genes involved in endosomal
traffic in yeast revealed by suppression of a targeting-defective
plasma membrane ATPase mutant. J. Cell Biol. 138, 731-
746.

MacLeod D. A., Rhinn H., Kuwahara T., Zolin A., Di Paolo G.,
McCabe B. D. et al. 2013 RAB7LI interacts with LRRK2 to
modify intraneuronal protein sorting and Parkinson’s disease
risk. Neuron 77, 425-439.

Maruzs T., Lorincz P., Szatmari Z., Szeplaki S., Sandor Z.,
Lakatos Z. et al. 2015 Retromer ensures the degradation
of autophagic cargo by maintaining lysosome function in
Drosophila. Traffic 16, 1088-1107.

Marza E., Long T., Saiardi A., Sumakovic M., Eimer S., Hall D.
H. et al. 2008 Polyunsaturated fatty acids influence synapto-
janin localization to regulate synaptic vesicle recycling. Mol.
Biol. Cell 19, 833-842.

Masuda-Suzukake M., Nonaka T., Hosokawa M., Oikawa T.,
Arai T., Akiyama H. et al. 2013 Prion-like spreading of patho-
logical alpha-synuclein in brain. Brain 136, 1128-1138.

Matta S., Van Kolen K., da Cunha R., van den Bogaart G., Man-
demakers W., Miskiewicz K. et al. 2012 LRRK2 controls an
EndoA phosphorylation cycle in synaptic endocytosis. Neuron
75, 1008-1021.

Mazzulli J. R., Xu Y. H., Sun Y., Knight A. L., McLean P. J.,
Caldwell G. A. et al. 2011 Gaucher disease glucocerebrosidase
and alpha-synuclein form a bidirectional pathogenic loop in
synucleinopathies. Cell 146, 37-52.

Mazzulli J. R., Zunke F., Isacson O., Studer L. and Krainc D.
2016 Alpha-Synuclein-induced lysosomal dysfunction occurs
through disruptions in protein trafficking in human midbrain
synucleinopathy models. Proc. Natl Acad. Sci. USA 113,
1931-1936.

McGough 1. J., Steinberg F., Jia D., Barbuti P. A., McMillan K. J.,
Heesom K. J. et al. 2014 Retromer binding to FAM21 and the
WASH complex is perturbed by the Parkinson disease-linked
VPS35(D620N) mutation. Curr. Biol. 24, 1670-1676.

Mignogna M. L., Giannandrea M., Gurgone A., Fanelli F., Rai-
mondi F., Mapelli L. et al. 2015 The intellectual disability
protein RAB39B selectively regulates GluA2 trafficking to
determine synaptic AMPAR composition. Nat. Commun. 6,
6504.

Milosevic I., Giovedi S., Lou X., Raimondi A., Collesi C., Shen
H. et al. 2011 Recruitment of endophilin to clathrin-coated pit
necks is required for efficient vesicle uncoating after fission.
Neuron 72, 587-601.

Mor D. E., Tsika E., Mazzulli J. R., Gould N. S., Kim H., Daniels
M. J. et al. 2017 Dopamine induces soluble alpha-synuclein
oligomers and nigrostriatal degeneration. Nat. Neurosci. 20,
1560-1568.

Munsie L. N., Milnerwood A. J., Seibler P, Beccano-Kelly D.
A., Tatarnikov I., Khinda J. et al. 2015 Retromer-dependent
neurotransmitter receptor trafficking to synapses is altered by
the Parkinson’s disease VPS35 mutation p.D620 N. Hum. Mol.
Genet. 24, 1691-1703.

Nakatsu F., Messa M., Nandez R., Czapla H., Zou Y., Strittmat-
ter S. M. et al. 2015 Sac2/INPPSF is an inositol 4-phosphatase
that functions in the endocytic pathway. J. Cell. Biol. 209, 85—
95.

Nalls M. A., Pankratz N., Lill C. M., Do C. B., Hernandez D.
G., Saad M. et al. 2014 Large-scale meta-analysis of genome-

Tsuyoshi Inoshita et al.

wide association data identifies six new risk loci for Parkinson’s
disease. Nat. Genet. 46, 989-993.

Nemoto Y., Arribas M., Haffner C. and DeCamilli P. 1997
Synaptojanin 2, a novel synaptojanin isoform with a distinct
targeting domain and expression pattern. J. Biol. Chem. 272,
30817-30821.

Ness D., Ren Z., Gardai S., Sharpnack D., Johnson V. J., Brennan
R. J. et al. 2013 Leucine-rich repeat kinase 2 (LRRK2)-
deficient rats exhibit renal tubule injury and perturbations
in metabolic and immunological homeostasis. PLoS One 8,
€66164.

Obara K., Sekito T., Niimi K. and Ohsumi Y. 2008 The Atgl8-
Atg2 complex is recruited to autophagic membranes via
phosphatidylinositol 3-phosphate and exerts an essential func-
tion. J. Biol. Chem. 283, 23972-23980.

Olgiati S., De Rosa A., Quadri M., Criscuolo C., Breedveld G. J.,
Picillo M. et al. 2014 PARK?20 caused by SYNJ1 homozygous
Arg258GIn mutation in a new Italian family. Neurogenetics 185,
183-188.

Olgiati S., Quadri M., Fang M., Rood J. P, Saute J. A., Chien H.
F. et al. 2016 DNAJC6 mutations associated with early-onset
Parkinson’s disease. Ann. Neurol. 79, 244-256.

Orenstein S. J., Kuo S. H., Tasset I., Arias E., Koga H.,
Fernandez-Carasa I. et al. 2013 Interplay of LRRK2 with
chaperone-mediated autophagy. Nat. Neurosci. 16, 394—
406.

Paisan-Ruiz C., Jain S., Evans E. W., Gilks W. P, Simon J., van der
Brug M. et al. 2004 Cloning of the gene containing mutations
that cause PARKS8-linked Parkinson’s disease. Neuron 44, 595—
600.

Pan P. Y., Li X., Wang J., Powell J., Wang Q., Zhang Y. et al. 2017
Parkinson’s disease associated LRRK?2 hyperactive kinase
mutant disrupts synaptic vesicle trafficking in ventral midbrain
neurons. J. Neurosci. 37, 11366-11376.

Pankratz N., Wilk J. B., Latourelle J. C., DeStefano A. L., Halter
C., Pugh E. W. et al. 2009 Genomewide association study for
susceptibility genes contributing to familial Parkinson disease.
Hum. Genet. 124, 593-605.

Park J. S., Thorsness M. K., Policastro R., McGoldrick L. L.,
Hollingsworth N. M., Thorsness P. E. e al. 2016 Yeast Vps13
promotes mitochondrial function and is localized at mem-
brane contact sites. Mol. Biol. Cell 27, 2435-2449.

Piccoli G., Condliffe S. B., Bauer M., Giesert F., Boldt K., De
Astis S. et al. 2011 LRRK2 controls synaptic vesicle storage
and mobilization within the recycling pool. J. Neurosci. 31,
2225-2237.

Polymeropoulos M. H., Lavedan C., Leroy E., Ide S. E., Dehe-
jia A., Dutra A. et al. 1997 Mutation in the alpha-synuclein
gene identified in families with Parkinson’s disease. Science
276, 2045-2047.

Popoff V., Mardones G. A., Bai S. K., Chambon V., Tenza
D., Burgos P. V. et al. 2009 Analysis of articulation between
clathrin and retromer in retrograde sorting on early endo-
somes. Traffic 10, 1868—1880.

Quadri M., Fang M., Picillo M., Olgiati S., Breedveld G. I,
Graafland J. et al. 2013 Mutation in the SYNJI gene asso-
ciated with autosomal recessive, early-onset Parkinsonism.
Hum. Mutat. 34, 1208-1215.

Ramirez A., Heimbach A., Grundemann J., Stiller B., Hamp-
shire D., Cid L. P. et al 2006 Hereditary parkinsonism
with dementia is caused by mutations in ATP13A2, encod-
ing a lysosomal type 5 P-type ATPase. Nat. Genet. 38, 1184—
1191.

Renard H. F., Simunovic M., Lemiere J., Boucrot E., Garcia-
Castillo M. D., Arumugam S. er al. 2015 Endophilin-A2
functions in membrane scission in clathrin-independent endo-
cytosis. Nature 517, 493-496.



Regulation of membrane dynamics

Rohde G., Wenzel D. and Haucke V. 2002 A phosphatidylinositol
(4,5)-bisphosphate binding site within mu2-adaptin regulates
clathrin-mediated endocytosis. J. Cell Biol. 158, 209-214.

Rothaug M., Zunke F., Mazzulli J. R., Schweizer M., Altmeppen
H., Lullmann-Rauch R. ef al. 2014 LIMP-2 expression is crit-
ical for beta-glucocerebrosidase activity and alpha-synuclein
clearance. Proc. Natl. Acad. Sci. USA 111, 15573-15578.

Sakoh-Nakatogawa M., Matoba K., Asai E., Kirisako H., Ishii
J., Noda N. N. et al. 2013 Atgl2-Atg5 conjugate enhances E2
activity of Atg3 by rearranging its catalytic site. Nat. Struct.
Mol. Biol. 20, 433-439.

Satake W., Nakabayashi Y., Mizuta I., Hirota Y., Ito C., Kubo
M. et al. 2009 Genome-wide association study identifies com-
mon variants at four loci as genetic risk factors for Parkinson’s
disease. Nat. Genet. 41, 1303-1307.

Schuske K. R., Richmond J. E., Matthies D. S., Davis W. S., Runz
S., Rube D. A. et al. 2003 Endophilin is required for synaptic
vesicle endocytosis by localizing synaptojanin. Neuron 40, 749—
762.

Seaman M. N. 2004 Cargo-selective endosomal sorting for
retrieval to the Golgi requires retromer. J. Cell. Biol. 165, 111—
122.

Shimizu H., Kawamura S. and Ozaki K. 2003 An essential role
of Rab$ in uniformity of synaptic vesicle size. J. Cell Sci. 116,
3583-3590.

Simon-Sanchez J., Schulte C., Bras J. M., Sharma M., Gibbs J.
R., Berg D. ef al. 2009 Genome-wide association study reveals
genetic risk underlying Parkinson’s disease. Nat. Genet. 41,
1308-1312.

Singleton A. B., Farrer M., Johnson J., Singleton A., Hague
S., Kachergus J. et al. 2003 alpha-Synuclein locus triplication
causes Parkinson’s disease. Science 302, 841.

Smith W. W,, Pei Z., Jiang H., Dawson V. L., Dawson T. M. and
Ross C. A. 2006 Kinase activity of mutant LRRK?2 mediates
neuronal toxicity. Nat. Neurosci. 9, 1231-1233.

Song L., He Y., Ou J,, Zhao Y., Li R., Cheng J. et al. 2017 Aux-
ilin underlies progressive locomotor deficits and dopaminergic
neuron loss in a Drosophila model of Parkinson’s disease. Cell
Rep. 18, 1132-1143.

Soukup S. F., Kuenen S., Vanhauwaert R., Manetsberger J.,
Hernandez-DiazS., Swerts J. ez al. 2016 A LRRK2-Dependent
EndophilinA Phosphoswitch Is Critical for Macroautophagy
at Presynaptic Terminals. Neuron 92, 829-844.

Steger M., Tonelli F, Ito G., Davies P, Trost M., Vetter M.
et al. 2016 Phosphoproteomics reveals that Parkinson’s dis-
ease kinase LRRK2 regulates a subset of Rab GTPases. Elife
5.

Sundborger A., Soderblom C., Vorontsova O., Evergren E., Hin-
shaw J. E. and Shupliakov O. 2011 An endophilin-dynamin
complex promotes budding of clathrin-coated vesicles during
synaptic vesicle recycling. J Cell Sci. 124, 133-143.

Tabuchi M., Yanatori I., Kawai Y. and Kishi F. 2010 Retromer-
mediated direct sorting is required for proper endosomal
recycling of the mammalian iron transporter DMTI1. J Cell
Sci. 123, 756-766.

TangF. L., ErionJ.R., Tian Y., LiuW., Yin D. M., Ye J. et al. 2015
VPS35 in Dopamine neurons is required for endosome-to-
golgi retrieval of Lamp2a, a receptor of chaperone-mediated
autophagy that is critical for alpha-synuclein degradation and
prevention of pathogenesis of Parkinson’s disease. J. Neurosci.
35, 10613-10628.

Temkin P., Lauffer B., Jager S., Cimermancic P., Krogan N. J. and
von Zastrow M. 2011 SNX27 mediates retromer tubule entry
and endosome-to-plasma membrane trafficking of signalling
receptors. Nat. Cell Biol. 13, 715-721.

727

Tong Y., Yamaguchi H., Giaime E., Boyle S., Kopan R., Kelleher
R.J. 3rd et al. 2010 Loss of leucine-rich repeat kinase 2 causes
impairment of protein degradation pathways, accumulation of
alpha-synuclein, and apoptotic cell death in aged mice. Proc.
Natl. Acad. Sci. USA 107, 9879-9884.

Tsunemi T. and Krainc D. 2014 Zn(2)(+) dyshomeostasis caused
by loss of ATP13A2/PARKY leads to lysosomal dysfunc-
tion and alpha-synuclein accumulation. Hum. Mol. Genet. 23,
2791-2801.

Vanhauwaert R., Kuenen S., Masius R., Bademosi A., Manets-
berger J., Schoovaerts N. et al. 2017 The SAC1 domain in
synaptojanin is required for autophagosome maturation at
presynaptic terminals. EMBO J. 36, 1392-1411.

Verstreken P, Koh T. W,, Schulze K. L., Zhai R. G., Hiesinger P.
R.,Zhou Y. et al. 2003 Synaptojanin is recruited by endophilin
to promote synaptic vesicle uncoating. Neuron 40, 733-
748.

Vilarino-Guell C., Rajput A., Milnerwood A. J., Shah B., Szu-
Tu C., Trinh J. et al. 2014 DNAJC13 mutations in Parkinson
disease. Hum. Mol. Genet. 23, 1794-1801.

Vilarino-Guell C., Wider C., Ross O. A., Dachsel J. C., Kachergus
J. M., Lincoln S. I. et al. 2011 VPS35 mutations in Parkinson
disease. Am. J. Hum. Genet. 89, 162-167.

West A. B., Moore D. J., Biskup S., Bugayenko A., Smith W. W,,
Ross C. A. et al. 2005 Parkinson’s disease-associated mutations
in leucine-rich repeat kinase 2 augment kinase activity. Proc.
Natl. Acad. Sci. USA 102, 16842-16847.

Wilson G. R., Sim J. C., McLean C., Giannandrea M., Galea C.
A., Riseley J. R. et al. 2014 Mutations in RAB39B cause X-
linked intellectual disability and early-onset Parkinson disease
with alpha-synuclein pathology. Am. J Hum. Genet. 95, 729—
735.

Wucherpfennig T., Wilsch-Brauninger M. and Gonzalez-Gaitan
M. 2003 Role of Drosophila Rab5 during endosomal traffick-
ing at the synapse and evoked neurotransmitter release. J. Cell
Biol. 161, 609-624.

Yim Y. I., Sun T., Wu L. G., Raimondi A., De Camilli P., Eisen-
berg E. et al. 2010 Endocytosis and clathrin-uncoating defects
at synapses of auxilin knockout mice. Proc. Natl. Acad. Sci.
USA 107, 4412-4417.

Zavodszky E., Seaman M. N., Moreau K., Jimenez-Sanchez
M., Breusegem S. Y., Harbour M. E. et al. 2014 Mutation
in VPS35 associated with Parkinson’s disease impairs WASH
complex association and inhibits autophagy. Nat. Commun. 5,
3828.

Zech T., Calaminus S. D., Caswell P., Spence H. J., Carnell M.,
Insall R. H. ez al. 2011 The Arp2/3 activator WASH regulates
alphaSbetal-integrin-mediated invasive migration. J. Cell Sci.
124, 3753-3759.

Zhong S., Hsu F., Stefan C. J.,, Wu X., Patel A., Cosgrove M.
S. et al. 2012 Allosteric activation of the phosphoinositide
phosphatase Sacl by anionic phospholipids. Biochemistry 51,
3170-3177.

Zhou X., Fabian L., Bayraktar J. L., Ding H. M., Brill J. A.
and Chang H. C. 2011 Auxilin is required for formation of
Golgi-derived clathrin-coated vesicles during Drosophila sper-
matogenesis. Development 138, 1111-1120.

Zimprich A., Biskup S., Leitner P, Lichtner P, Farrer M.,
Lincoln S. e al. 2004 Mutations in LRRK?2 cause autosomal-
dominant parkinsonism with pleomorphic pathology. Neuron
44, 601-607.

Zimprich A., Benet-Pages A., Struhal W., Graf E., Eck S. H.,
Offman M. N. et al. 2011 A mutation in VPS35, encoding a
subunit of the retromer complex, causes late-onset Parkinson
disease. Am. J Hum. Genet. 89, 168-175.



	Regulation of membrane dynamics by Parkinson's disease-associated genes
	Abstract
	Introduction
	SV regulation by -synuclein
	Pathological roles of -synuclein in membrane trafficking
	Two PD-associated genes in clathrin-mediated vesicle trafficking
	Synaptic endocytosis regulated by PD genes
	PD genes involved in retrograde transport and the autophagy–lysosomal pathway
	Conclusions
	Acknowledgements
	References




