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Abstract. Mutations in the vacuolar protein sorting 35 ortholog (VPS35) gene encoding a core component of the retromer
complex, have recently emerged as a new cause of late-onset, autosomal dominant familial Parkinson’s disease (PD). A single
missense mutation, AspD620Asn (D620N), has so far been unambiguously identified to cause PD in multiple individuals and
families worldwide. The exact molecular mechanism(s) by which VPS35 mutations induce progressive neurodegeneration
in PD are not yet known. Understanding these mechanisms, as well as the perturbed cellular pathways downstream of
mutant VPS35, is important for the development of appropriate therapeutic strategies. In this review, we focus on the
current knowledge surrounding VPS35 and its role in PD. We provide a critical discussion of the emerging data regarding
the mechanisms underlying mutant VPS35-mediated neurodegeneration gleaned from genetic cell and animal models and
highlight recent advances that may provide insight into the interplay between VPS35 and several other PD-linked gene
products (i.e. ␣-synuclein, LRRK2 and parkin) in PD. Present data support a role for perturbed VPS35 and retromer function
in the pathogenesis of PD.
Keywords: VPS35, retromer, Parkinson’s disease (PD), endosomal sorting, mitochondria, autophagy, lysosome, ␣-synuclein,
LRRK2, parkin

INTRODUCTION
Parkinson’s disease (PD), a common progressive
neurodegenerative movement disorder, belongs to the
family of synucleinopathies that are characterized
by the accumulation of aggregated ␣-synuclein protein. PD affects approximately 1.8% of individuals
over the age of 65 years, increasing to ∼5% over 85
years [1, 2]. PD is predominantly an idiopathic disease with the largest risk factor simply being age,
however, up to 10% of cases occur in a familial
manner with both autosomal dominant and recessive
transmission [3]. PD is clinically characterized by
the development of the cardinal motor symptoms,
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bradykinesia, resting tremor, rigidity and postural
instability, owing to the relatively selective degeneration of nigrostriatal pathway dopaminergic neurons
[1, 2]. Neuropathologically, PD is typically characterized by dopaminergic neuronal loss in the substantia
nigra pars compacta (resulting in reduced dopamine
levels in the caudate-putamen) accompanied by reactive gliosis, and by the presence of intracytoplasmic,
eosinophilic inclusions termed Lewy bodies in surviving brainstem neurons, a major component of
which is fibrillar forms of ␣-synuclein [1, 2].
The etiology of PD remains obscure. In the past
two decades, our understanding of the mechanisms
underlying the pathogenesis of PD has undergone a
remarkable transformation, mainly due to the identification of distinct genetic loci at which mutations
are linked to disease [3]. Familial PD is caused by
mutations that are inherited in an autosomal dominant
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(SNCA [4], LRRK2 [5, 6], VPS35 [7, 8], RAB39B
[9], TMEM230 [10]) or autosomal recessive (Parkin
[11], PINK1 [12], DJ-1 [13], ATP13A2 [14], PLA2G6
[15], FBX07 [16], DNAJC6 [17], SYNJ1 [18, 19])
manner. In addition to being implicated in the development of inherited PD, common genetic variation
at the SNCA and LRRK2 loci confer risk for developing idiopathic PD [3, 20]. Furthermore, mutations
in the lysosomal gene product, glucocerebrosidase
(GBA), represent a major risk factor for PD [3].
These gene products and their disease-associated
mutations have been shown to regulate several cellular pathways, including mitochondrial turnover,
synaptic vesicle exocytosis/endocytosis, endosomal
sorting, autophagy and lysosomal function [21–23].
Accordingly, a common theme has emerged that
involves perturbations in organelle/vesicle trafficking, recycling and turnover that may be central to the
pathophysiology of PD.
IDENTIFICATION OF VPS35 MUTATIONS
IN PD
In 2008, Wider and colleagues initially reported
a Swiss family with late-onset, autosomal dominant PD with a mean age of disease onset of 51
years. The clinical phenotype was slowly progressive, tremor-predominant and levodopa-responsive
parkinsonism [24]. In 2011, Vilariño-Güell and
coworkers applied next-generation sequencing technology to this Swiss PD family. Utilizing exome

sequencing an aspartic acid to asparagine mutation
at residue 620 (D620N) (p.Asp620Asn, c.1858G>A)
was identified in the vacuolar protein sorting 35
ortholog (VPS35, PARK17, OMIM 614203) gene in
all six affected family members who were available for genetic testing [7]. The D620N mutation
was also identified in PD families from the United
States, Tunisia and Israel (Yemenite Jews) and in one
idiopathic PD subject of Yemenite Jewish origin [7].
An independent study identified three Austrian families harboring the D620N mutation in VPS35 that
presented with levodopa-responsive PD occasionally
accompanied by action tremor [8].
Following the initial reports of VPS35 mutations,
other groups have been able to identify the D620N
mutation in a number of individuals and families with
PD worldwide (Table 1) [25–31]. At this time, only
the VPS35 D620N mutation has been confirmed as
pathogenic. The VPS35 D620N mutation has been
identified predominantly in families of Caucasian
descent with autosomal dominant PD. In contrast,
VPS35 mutations are rare in Asian populations with
the exception of Japanese populations [32]. The frequency of the VPS35 D620N mutation in patients
with familial PD is estimated to be 0.1 to 1% [25].
Analyses of the entire VPS35 gene sequence has
also revealed a proline to serine substitution at amino
acid 316 (P316S) in two affected siblings with
PD from a US family (Table 1) [7]. However, the
pathogenicity of the P316S variant is uncertain since
it was also found in an unaffected sibling in the same

Table 1
Summary of the distribution and frequency of VPS35 variants linked to Parkinson’s disease
Mutation

Region where mutation was present

D620N

Switzerland
Austria
United States
Tunisia
Yemenite Jews
United Kingdom
France
Japan
Germany
Others
United States
Austria
Austria
Germany
Spain
Belgium
Belgium
Belgium
Korea
Norway
Others

P316S
R524W
L774M
R32S
I560T
H599R
M607V
G51S

Frequency in PD cohorts

Found in controls?

References

24/14126

No

[7, 8, 26–28, 86]

2/106
1/860
8/9730

Yes (1/3309)
No
Yes (3/7527)

[7]
[8]
[8, 27]

1/134
1/592
1/592
1/592
5/9495

Unknown
No
No
No
Yes (2/6513)

[31]
[29]
[29]
[29]
[27, 30]
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family. Additional human genetic and functional
studies are therefore warranted to establish whether
the P316S variant represents a pathogenic mutation,
a risk variant or a rare benign polymorphism. Several additional rare variants have also been identified
(i.e. R32S, R524W, I560T, H599R and M607V) in
individual PD subjects however their pathogenicity remains inconclusive (Table 1) [25]. Therefore,
the D620N mutation represents the only confirmed
pathogenic VPS35 variant identified to date.
The clinical symptoms and neuroimaging (i.e. DAT
SPECT or Fluorodopa PET) of VPS35-linked PD
subjects suggests a classical disease spectrum similar
to idiopathic PD [7, 8, 24, 25]. PD subjects harboring VPS35 mutations present clinically with at least 3
of 4 cardinal motor symptoms. Subjects occasionally
exhibit action tremor and mild cognitive impairment.
All of the reported subjects have responded to levodopa therapy [25, 33]. Given that VPS35-linked PD
is clinically and neurochemically indistinguishable
from idiopathic PD [3, 33], it would be important
to evaluate the neuropathology of PD subjects with
VPS35 mutations to confirm whether nigral neurodegeneration and Lewy body pathology similarly form
part of the disease spectrum. The neuropathological
features of VPS35-linked PD are not yet known since
only a single D620N mutation carrier with PD has
been assessed at autopsy [24]. The incomplete neuropathological examination of only parts of the cortex
and basal ganglia (excluding the brainstem) in this
subject did not reveal any signs of Lewy body disease or ␣-synuclein immunoreactivity in these areas
[24]. Therefore, it remains to be determined whether
VPS35 mutations lead to PD with classical brainstem
Lewy body pathology.

VPS35 AND THE RETROMER
The VPS35 protein functions as a core subunit
of a heteropentameric complex referred to as the
retromer (Fig. 1) [34]. Originally identified in yeast,
the retromer is a protein complex that associates
with the endosome to facilitate both endosome-toGolgi complex and endosome-to-plasma membrane
transport and recycling of transmembrane protein
cargo [35–37]. In the seminal studies that identified and characterized the retromer, sorting of the
VPS10 receptor between the endosome and transGolgi network (TGN) by the retromer was shown to
be important for the delivery of acid hydrolases to the
endosome for their eventual delivery to the lysosome
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[36, 37]. The retromer is conserved from yeast to
mammals in addition to being involved in discrete
cellular pathways that may play a role in disease [34].
The retromer is commonly divided into two subcomplexes: a cargo-selective complex trimer (CSC)
and a sorting nexin (SNX) dimer (Fig. 1). The
CSC is composed of VPS26, VPS29 and VPS35
and is responsible for binding to and sorting protein cargo [34, 38]. Of the CSC proteins, VPS35
is the largest, being composed of 796 amino acids.
Structural studies of VPS35 reveal a highly flexible
protein that forms an ␣-solenoid fold that extends
throughout the entire length of the protein. The ␣solenoid fold is important in the binding of VPS29,
whose structure includes a metallophosphoesterase
fold that binds to the C-terminal end of VPS35
[39]. The N-terminal portion of VPS35 is responsible for binding to VPS26 through a PRLYL motif
[40]. The CSC associates with a SNX dimer that
canonically consists of SNX1 or SNX2 and SNX5
or SNX6 in mammalian cells (SNX5 and SNX17
in yeast). These SNX proteins are members of the
SNX-BAR family which consist of both a BinAmphiphysin-Rvs (BAR) and phox homology (PX)
domain that aid in retromer association with the endosomal membrane [34, 39]. Specifically, the BAR
domain aids in sensing membrane curvature and possibly in membrane remodeling [35]. The PX domain
binds to phosphatidylinositol 3-phosphate (PI3P) on
the membrane. PI3P production occurs through the
activity of the class III phosphoinositide 3-kinase
(PI3K) VPS34, which is regulated by Beclin1 (or
VPS30 in yeast) and RAB5 [41, 42]. Once activated, VPS34 phosphorylates phosphatidylinositol
resulting in the production of PI3P in the endosomal membrane, which can recruit downstream targets
including RAB7A and SNX proteins [41]. Structurally, the CSC cannot sustain a sufficiently strong
interaction with the SNX dimer to establish association with the endosome, so RAB7A serves as an
additional anchor for retromer association with the
endosomal membrane (Fig. 1) [34].
In addition to its major association with a SNX
dimer and RAB7A, a small proportion of the CSC
can interact with other proteins that demonstrate
the importance of the retromer in discrete endosomal sorting pathways. For example, the retromer can
associate with the Wiskott-Aldrich syndrome and
SCAR homolog (WASH) complex, which is composed of WASH1, strumpellin, FAM21, CCDC53
and KIAA1033/SWIP, and adaptor proteins such
as SNX27, to facilitate both the endosome-to-TGN
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Fig. 1. Retromer-regulated retrograde transport of endosomal-associated protein cargo. The retromer, along with retromer-associated proteins
that assist in membrane binding (Snx3 and Rab7a), is responsible for the retrograde transport of several cargo proteins from the endosomal
network to either the trans-Golgi network (TGN) or the plasma membrane. VPS35, along with VPS26 and VPS29, sit at the endosomal
membrane and recognize cargo (transmembrane proteins) to be sorted. Two canonical cargo proteins that the retromer is responsible for
transporting are the mannose-6-phosphate receptor (CI-MPR) and the ␤2-adrenergic receptor (␤2-AR). These two examples demonstrate
the two major routes of transport that are facilitated by the retromer [34]. CI-MPR is responsible for delivering acid hydrolases (cathepsin D,
for example) to the endosome for eventual delivery to the lysosome. While other mechanisms are responsible for delivering CI-MPR with
its ligand to the endosome, the retromer facilitates the retrieval of CI-MPR to the TGN to bind more ligand, which will eventually make its
way to the endosome once again [85]. On the other hand, ␤2-AR is recycled from the endosome to the plasma membrane where it will stay
until activated. Although the retromer is not responsible for the initial endocytosis of ␤2-AR at the plasma membrane, its role in recycling
the receptor back to the plasma membrane prevents it from lysosomal degradation [48].

and endosome-to-plasma membrane transport of
cargo [43–45]. The WASH complex functions to
facilitate the formation of actin patches on the
endosomal membrane that generate distinct domains
to which cargo are partitioned for transport to
the TGN or plasma membrane. The WASH complex associates with the retromer via an interaction
between the unstructured tail of FAM21 and the Cterminus of VPS35, and this interaction mediates the
endosome-to-TGN retrieval of select cargo such as
the cation-independent mannose 6-phosphate receptor (CI-MPR) [44]. Alternatively, the WASH complex
can associate with the retromer and SNX27 to facilitate the endosome-to-plasma membrane retrieval of
specific cargo including the ␤2-adrenergic receptor (␤2AR), the glucose transporter 1 (GLUT1) and
several metal ion transporters [35, 45]. All of the
interactions with the retromer reported thus far are
dependent on the association of the SNX-BAR dimer

with the CSC, however, SNX3 which lacks a BAR
domain, can bind to the CSC and facilitate endosometo-TGN retrieval primarily of the Wntless protein
independent of the SNX-dimer [46, 47]. Therefore,
the interactions with and within the retromer are multiple and diverse with different subcomplexes most
likely serving to mediate the retrieval of specific cargo
to distinct vesicular compartments.
Retromer function is clearly important for the
transport and recycling of numerous transmembrane cargo from the endosome to the TGN or
plasma membrane in a diverse number of cells
and tissues, however, the distinct role of the
retromer in cells of the central nervous system
(CNS) is incompletely understood. Choy et al.
[48] identified the retromer as an important mechanism for membrane protein transport to the
dendritic processes of neurons. Choy and colleagues
demonstrated that the retromer was responsible
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for the distribution of membrane proteins to
the post-synaptic compartment (␣-amino-3-hydroxy5-methyl-4-isoxazolepropionic acid [AMPA] and
N-methyl-D-aspartate [NMDA] receptors) and to
extra-synaptic locations (␤2AR) along the dendrite
[48]. Whether the dendritic sorting of receptors is
altered in neurodegenerative disease, specifically in
PD, remains unclear. However, over the last few
years, several studies have suggested a specific role
for the retromer in PD.
FUNCTIONAL INSIGHT INTO
PD-ASSOCIATED VPS35 MUTATIONS
Evidence for VPS35-induced pathogenicity
While the identification of disease-associated missense mutations in VPS35 suggests dysfunction of the
retromer complex as a contributor to PD, our understanding of the molecular and cellular mechanisms
of VPS35-dependent neurodegeneration is still rather
limited. The absence of truncation, rearrangement or
deletion mutations in the VPS35 gene and the dominant inheritance pattern of mutations in PD, suggest
that heterozygous VPS35 mutations could potentially
act via either i) a toxic gain-of-function mechanism,
ii) a dominant-negative mechanism (with a partial or
full loss-of-function effect) or iii) via a haploinsufficient mechanism (creating a partial loss-of-function).
Distinguishing between these possibilities for the
pathogenic effects of disease-causing mutations is
rarely simple and is often rather complicated especially when more than one mechanism may be
involved. Experimental studies using cell-based and
in vivo models (i.e. mice, rats, worms and flies;
Table 2) of mutant VPS35-induced neuronal damage
have so far provided important clues to the potential function(s) of VPS35, the cellular pathways that
are potentially perturbed in PD, and have identified
functional interactions with known PD-linked gene
products.
VPS35 and the retromer are essential for normal cellular function and viability, however, several
studies have demonstrated that both silencing and
overexpression of VPS35 is detrimental to cellular health. For example, Drosophila overexpressing
both human ␣-synuclein and RNAi directed against
VPS35 demonstrated that depletion of VPS35
resulted in defective ␣-synuclein lysosomal degradation, mainly due to the impaired recycling of
the retromer cargo CI-MPR and the reduced delivery of its ligand cathepsin D to lysosomes [49].
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This sorting defect resulted in the enhanced accumulation of insoluble ␣-synuclein and exacerbated
␣-synuclein-induced locomotor deficits and compound eye disorganization in flies [49]. These data
suggest that reduced retromer levels may disrupt the
normal lysosomal degradation of ␣-synuclein leading
to its inappropriate accumulation. Such a mechanism is of particular interest to PD as it may offer
one explanation for the accumulation of aggregated
␣-synuclein in Lewy bodies. Similarly, the endosomal sorting of CI-MPR was reported to be disrupted
by the D620N VPS35 mutation in mammalian cells
[50–52], although alterations in CI-MPR trafficking
have not been consistently reported by all studies
including in cultured primary neurons [53–55]. The
impact of the D620N VPS35 mutation on the sorting of other retromer cargo has not been extensively
studied, with reports suggesting no alterations in the
sorting of sortilin-1 and SorLA in primary cortical neurons or patient-derived fibroblasts [53, 54].
In mouse cortical neurons and human iPSC-derived
dopaminergic neurons, D620N VPS35 has been
reported to alter the localization of the AMPA glutamate receptor, GluR1, to dendritic spines suggesting
a role for the retromer in post-synaptic receptor trafficking [53]. Consistent among most studies is the
observation that the D620N mutation does not alter
the subcellular localization of VPS35, the assembly
of the CSC or the stability of retromer components in
different cellular models [51, 53–55]. Therefore, the
D620N mutation is unlikely to influence all retromer
functions but rather may have discrete effects involving select cargo and/or subcellular compartments.
Whether or not the altered sorting of CI-MPR, GluR1
or other retromer cargo by D620N VPS35 is required
or relevant for neurodegeneration remains to be formally established.
To understand the mechanism through which PDassociated mutations in VPS35 contribute to disease
pathogenesis, one study demonstrated that the viralmediated overexpression of human wild-type (WT)
or D620N VPS35 in primary cortical neurons equivalently led to neuronal cell death and impaired neurite
outgrowth [54]. WT and D620N VPS35 overexpression also markedly increased neuronal vulnerability
to PD-relevant cellular stressors, including the mitochondrial Complex-I inhibitors MPP+ and rotenone
[54]. Therefore, both WT and D620N VPS35 expression induce equivalent levels of neuronal damage, and
are therefore similarly functional in this model, supporting either a gain-of-function mechanism for the
D620N mutation or potentially a dominant-negative

Unknown
↓ climbing ability

Larval locomotion defects

VPS35D620N/D620N

Lentiviral vector expressing
human VPS35D620N
AAV2/6-VPS35D620N (human)

KN555 vps-35 (hu68) II

ddc-Gal4 or
GMR-Gal4/UAS-VPS35

ddc-Gal4/UAS-huVPS35D620N

da-Gal4 or hedgehog-Gal4/UAShuVPS35D620N
vps35MH20 /vps35E42

mouse KI (D620N)

mouse viral-mediated gene
transfer
rat viral-mediated gene transfer

C. elegans deletion mutant

Drosophila transgenic

Drosophila transgenic

Drosophila KO

Unknown

None

melanotic masses

larval stage lethality

Defects in NMJ development

↓ in DA neurons at 60 days in
PPL cluster
Slight ↓ in lifespan

↓ in DA neurons compared to
contralateral side
∼30% DA neuron loss (12 weeks
post-injection)
impaired DA9 formation in the
presence of A53T ␣-syn
expression
Unknown

None (∼5 months)

↑ ␣-syn levels in VM

Cellular pathology

[83]
[49, 83]

Mild eye disorganization in ␣-syn
transgenic flies
Exacerbates ␣-syn transgenic fly
locomotor impairment

[58]

[76]

[80]

[54]

[57]

[62]

[56]

[60]

Reference

Rescues parkin KO phenotypes

Rescues mutant LRRK2 eye and
locomotor phenotypes, protects
against rotenone toxicity
↑ sensitivity to rotenone toxicity

Neurite degeneration (Gallyas
silver)
genetic interaction of VPS35 and
␣-syn

↓ evoked striatal dopamine
release
↑ mitochondrial fragmentation

↓ levels of MFN2 resulting in
impaired mitochondrial fusion

↓ LAMP2a resulting in ↑ ␣-syn
in DA neurons

Abbreviations: KO, knockout; cKO, conditional knockout; KI, knockin; DA, dopaminergic; TH, tyrosine hydroxylase; VM, ventral midbrain; NMJ, neuromuscular junction; ␣-syn, ␣-synuclein

RNAi-mediated VPS35 silencing

Weak/unsteady gait
↓ hindlimb stepping
None (∼5 months)
Unknown

↓ performance in open field test

VPS35–/– /DAT-Cre

mouse cKO

Neuropathology
∼20% DA neuron loss by
12 months
↑ ␣-syn levels in VM
↓ DA neurons by 2–3 months

Motor phenotype
↓ performance in open field test
(12 and 18 months)

Construct
VPS35+/–

mouse KO (germline)

Model

Table 2
Summary of pathological features of animal models of VPS35-linked PD
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mechanism whereby VPS35 overexpression interferes with the endogenous retromer. These effects
are further substantiated by in vivo confirmation of
the pathogenicity of the D620N mutation by the
adeno-associated virus (AAV)-mediated overexpression of human WT and D620N VPS35 in the rat
substantia nigra. D620N VPS35 induced marked
degeneration of substantia nigra dopaminergic neurons in addition to neurite degeneration compared
to a control virus over a 12 week period, with an
intermediate effect of WT VPS35 [54]. Recent studies using viral-mediated D620N VPS35 expression
confirmed nigral dopaminergic neurodegeneration in
rodents, lending further support for a toxic gain-offunction or dominant-negative mechanism for the
D620N mutation [56, 57]. In agreement with these
rodent studies, the overexpression of human D620N
or P316S VPS35 in the Drosophila brain induces
modest age-dependent dopaminergic neuronal loss,
locomotor deficits and reduced survival compared to
control flies with an intermediate effect of WT VPS35
[58]. Additionally, the D620N and P316S mutations
exacerbate rotenone-induced dopaminergic neurodegeneration in this fly model compared to WT VPS35
[58]. Therefore, the overexpression of mutant VPS35
in rodent or fly models serves to recapitulate some of
the hallmark features of PD. However, it is not yet
clear whether the pathogenic effects of the D620N
mutation in vivo result from a toxic gain-of-function
or a dominant-negative mechanism.
While these in vivo overexpression studies suggest
that VPS35 mutations may act through a toxic gainof-function or a dominant-negative mechanism to
induce neurotoxicity, some inconsistencies with this
notion have been observed in other models. For example, WT VPS35 overexpression was shown to protect
against MPP+ -induced toxicity in cultured dopaminergic neurons whereas the D620N mutation partially
impairs this protective effect [59]. This observation
may suggest that PD-associated VPS35 mutations
act via a partial loss-of-function mechanism. While
the homozygous deletion of VPS35 in mice results
in embryonic lethality, heterozygous knockout (KO)
mice exhibit progressive PD-related neurodegenerative phenotypes including nigral dopaminergic
neuronal loss, decreased striatal dopamine levels,
the accumulation of ␣-synuclein and motor deficits
[60]. Although these KO mice lend some support
to a loss-of-function mechanism for VPS35 mutations in PD, KO mice may not accurately model
the specific pathogenic effects of PD-linked dominant VPS35 mutations (i.e. D620N) which have not
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been demonstrated to result in a full loss-of-function
effect in the majority of models and assays employed
so far. Indeed, many of the normal functions of the
retromer remain intact in the D620N VPS35 variant
compared to the WT protein [53–55]. Furthermore,
whether nigrostriatal pathway dopaminergic neurons
are selectively vulnerable compared to other neuronal populations in these VPS35 KO mice is not
yet clear but would be important to clarify, especially since the heterozygous deletion of VPS35
also enhances Alzheimer’s disease-like phenotypes
of APP-sw transgenic mice (Tg2576) that largely
occur in the hippocampus and cortex [61]. Therefore,
hippocampal and cortical neurons also appear vulnerable in these heterozygous VPS35 KO mice. While
VPS35 mutations are clearly able to induce neurodegeneration in vivo in PD models, the exact molecular
mechanism through which they act is not yet known
and the cellular pathways and protein interactions
that are important for neurodegeneration remain
unclear.
Recently, a new D620N VPS35 knockin mouse
model was reported that suggested a role for the
D620N mutation in impaired striatal dopamine
release [62]. Using CRISPR/Cas9 gene-editing, a
homozygous knockin mouse line was generated that
expressed murine D620N VPS35 at similar levels
to the WT protein. The endogenous expression of
D620N VPS35 did not alter the stability of VPS35,
VPS26 or VPS29 proteins or retromer assembly
in brain tissue [62], as supported by several prior
studies [53–55]. No evidence was found for altered
levels of autophagy markers (LC3-II), cathepsin D
species, endolysosomal pathway proteins (GM130,
EEA1, LAMP1), mitochondria-associated proteins
(VDAC1, Drp1, parkin, Mfn2, MUL1, Tom20) or
␣-synuclein in the brains of D620N VPS35 knockin
mice at ∼5 months of age [62]. Degeneration of the
nigrostriatal dopaminergic pathway was not observed
at 5 months whereas the level of striatal dopamine and
its metabolites where also normal at this early age.
However, in vivo microdialysis revealed that evoked
striatal dopamine release was modestly impaired in
the D620N knockin mice at this age [62]. This study
suggests that the D620N mutation may act as a partial loss-of-function by causing an early deficit in
dopamine release perhaps prior to the onset of neurodegeneration or neuropathology [62]. While this is
an interesting new mouse model, a note of caution
is warranted as these studies used extremely small
group sizes, a single early time point and did not
quantify dopaminergic neuronal number or evalu-
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ate neuropathology. Therefore, confirmation of these
phenotypes and additional phenotypic analysis of this
knockin mouse model with advancing age will be
important in future studies.
MECHANISMS OF VPS35-INDUCED
NEURODEGENERATION
To date, three potential cellular mechanisms have
been proposed to underlie mutant VPS35-induced
neurodegeneration: i) impaired binding to the WASH
complex resulting in defects in macroautophagy, ii)
disrupted AMPA receptor trafficking to dendritic
spines, and iii) altered mitochondrial dynamics and
turnover. While it remains unclear if these mechanisms are relevant for neurodegeneration or causally
related to each other, these studies have provided
important insight into cellular pathways that are
perturbed by the D620N mutation in VPS35 in
neurons.
Impaired WASH complex binding and autophagy
defects
Two independent studies have identified impaired
binding of the WASH complex to VPS35 in human
cell lines caused by the D620N mutation [51, 55].
The D620N mutation confers a decreased affinity of
VPS35 for binding to FAM21, an important component of the WASH complex, resulting in the reduced
endosomal recruitment of the WASH complex. In one
study, the endosomal sorting of CI-MPR and GLUT1
was disrupted by the decreased binding of D620N
VPS35 to FAM21 [51]. In the other study, decreased
WASH complex binding to D620N VPS35 impaired
macroautophagy in cells in part via the abnormal
sorting of the autophagy protein ATG9A which
decreased autophagosome formation [55]. ATG9A
is known to regulate early autophagosome formation although its distinct role in this process remains
unclear [55]. Since these studies were conducted in
non-neuronal cell lines, it is not yet clear whether
defective ATG9A sorting and impaired macroautophagy are required for neuronal damage induced
by PD-linked VPS35 mutations or whether impaired
WASH complex binding to VPS35 is relevant in cell
types of the mammalian brain. Although not directly
shown to relate to impaired WASH binding, VPS35
deficiency has also been observed to cause autophagy
defects. Tang and colleagues observed that VPS35
deficiency in heterozygous KO mice caused a reduction in LAMP2a, a receptor for chaperone-mediated

autophagy (CMA), resulting from its increased lysosomal degradation due to impaired recycling to the
TGN [60]. CMA has been shown to regulate the
lysosomal degradation of ␣-synuclein [63]. Reduced
LAMP2a levels and presumably impaired CMA
resulted in the accumulation of ␣-synuclein in the
brains of heterozygous VPS35 KO mice [60]. Overexpression of human D620N VPS35 in dopaminergic
neurons of mice similarly reduced LAMP2a levels
and induced the accumulation of ␣-synuclein [60].
In contrast, studies in rats with the AAV-mediated
overexpression of human VPS35 variants failed to
observe alterations in ␣-synuclein levels, phosphorylation or pathology in substantia nigra dopaminergic
neurons [54]. Whether CMA defects and the subsequent abnormal accumulation of ␣-synuclein are
responsible for dopaminergic neurodegeneration in
the VPS35 KO mice has not been determined but
would provide an important validation of this putative
mechanism.
Disrupted AMPA receptor trafﬁcking
Retromer is localized throughout the neuron,
including within the cell soma, axon and dendrites
[48, 53, 60, 64]. VPS35 and the retromer are reported
to localize to dendritic spines where they are responsible for binding to and trafficking the AMPA receptor
GluR1 [53]. Overexpressed D620N VPS35 does not
localize as readily to dendritic spines compared to
the WT protein, and induces defective trafficking
of GluR1 resulting in altered synaptic transmission
[53]. These effects are suggested to support a lossof-function effect for the D620N mutation, however,
other aspects of VPS35 function such as retromer subunit interactions (i.e. with VPS26 and VPS29) and
endosomal sorting of several retromer cargo are not
affected by the D620N mutation in several studies
[54, 55], including this one [53]. These observations
might instead suggest a dominant-negative mechanism (i.e. partial loss-of-function) for the actions of
the D620N mutation [53–55]. D620N VPS35 overexpression causes GluR1 to mislocalize to the cell
surface instead of to dendritic spines [53], which
could also be interpreted as a gain-of-function effect.
A recent study also implicates abnormal AMPA
receptor trafficking as a consequence of VPS35 lossof-function similar to the actions of the D620N
mutation. Tian and coworkers initially demonstrated
impaired dendritic spine maturation in heterozygous VPS35 KO mice [65]. VPS35-depleted neurons
exhibit decreased synaptic transmission that may
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result from abnormal trafficking of both GluR1 and
GluR2. Abnormal spine maturation could be rescued
by the overexpression of GluR2 but not GluR1, suggesting that abnormal GluR2 trafficking is mainly
responsible for this phenotype [65]. WT and mutant
VPS35 overexpression in primary cortical neurons
has similarly been shown to result in the loss of dendritic spines and synaptic boutons, with more severe
effects induced by D620N VPS35 relative to the WT
and R524W proteins [57]. Collectively, these studies
suggest that the D620N mutation alters the retromermediated sorting of GluR1/R2 to dendritic spines
and perturbs synaptic transmission and morphology
but whether these post-synaptic effects serve to elicit
neurodegeneration in vivo is unclear.
Impaired mitochondrial dynamics and function
Mitochondrial dysfunction has been consistently
implicated in the pathogenesis of both familial
and idiopathic PD. Several mitochondrial processes,
including defective mitophagy, mitochondrial DNA
mutations, altered mitochondrial dynamics (i.e. fission and fusion), impaired mitochondrial biogenesis
or defective calcium homeostasis, are altered by a
number of genetic mutations in different PD models [66–68]. VPS35 has recently been implicated
in mitochondrial function through its reported role
in mediating vesicle transport from mitochondria
to peroxisomes or lysosomes by regulating the formation of mitochondrial-derived vesicles (MDVs)
[69, 70]. It is not yet known whether the generation and trafficking of MDVs is directly altered by
PD-linked VPS35 mutations. A recent study demonstrates that the overexpression of human VPS35
variants induces mitochondrial fragmentation and
neuronal loss both in cultured cells (rat cortical
neurons, M17 cells and human fibroblasts) and in
vivo in mouse substantia nigra neurons, with more
pronounced effects induced by D620N relative to
WT or R524W VPS35 [57]. These effects could
be rescued by inhibition of the mitochondrial fission protein dynamin-like protein 1 (DLP1) with the
DLP1 inhibitor mdivi-1 [57], suggesting that VPS35
mutations may cause neurodegeneration by disrupting mitochondrial dynamics and function. VPS35
mutations also induced mitochondrial dysfunction,
including increased ROS production, decreased ATP
levels, decreased mitochondrial membrane potential and impaired bioenergetics, in different cellular
models [57]. The D620N mutation enhances the
interaction of VPS35 with DLP1 resulting in its
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inappropriate recycling, mediated by the enhanced
turnover of mitochondrial DLP1 complexes via their
MDV-dependent transport to lysosomes for degradation, which most likely results in mitochondrial
fragmentation and neuronal loss [57]. Collectively,
VPS35 mutations potentially induce neurodegeneration by enhancing DLP1-dependent mitochondrial
fission.
VPS35 mutations have also been linked to impaired
mitochondrial fusion through their interaction with
the mitochondrial E3 ubiquitin ligase 1 (MUL1)
[56]. Tang and colleagues, using a conditional
KO mouse model with the selective deletion of
VPS35 in dopaminergic neurons, observe a reduction of the mitochondrial fusion protein, mitofusin
2 (MFN2), in the ventral midbrain of these mice
[56]. Neurons lacking VPS35, both in vitro and
in vivo, display increased mitochondrial fragmentation consistent with impaired MFN2-dependent
mitochondrial fusion that could be rescued by expression of WT VPS35 but not the D620N mutant [56].
Reduced MFN2 levels were due to its increased
ubiquitination and proteasomal degradation resulting from increased MUL1 levels, a known regulator
of MFN2 turnover [56]. Silencing MUL1 expression in the brain of VPS35-deficient mice restored
MFN2 levels and suppressed dopaminergic neuronal degeneration [56]. Notably, the overexpression
of PD-linked VPS35 mutants (D620N, P316S or
R524W) and VPS35 deficiency were similarly able
to increase MUL1 levels and subsequently reduce
MFN2 levels [56]. The mechanism by which VPS35
mutations or loss leads to an increase in mitochondrial MUL1 levels is not known. However, it
remains unclear whether mutations in VPS35 cause
neurodegeneration in PD through this mechanism,
especially since the P316S and R524W mutations
have not yet been definitively linked to PD [25]. Additionally, this study suggests that VPS35 mutations
act purely through a loss-of-function mechanism,
although several of the known functions of the
retromer are not compromised by these mutations
[51, 53–55]. Although the conditional KO of VPS35
in dopaminergic neurons successfully recapitulates
PD-like pathology, this may or may not be relevant to
VPS35-linked PD because disease-linked mutations
do not globally impair retromer function but rather
tend to have discrete effects [51, 53–55]. It is also not
yet clear in these VPS35 KO models whether nigrostriatal pathway dopaminergic neurons are selectively
vulnerable to VPS35 loss-of-function or whether neurons in general critically require VPS35 for their
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normal function, maintenance and viability. This
selective neuronal vulnerability would be important
to clarify, particularly for understanding the specific role of VPS35 in PD, and especially given that
germline VPS35 KO mice exhibit early embryonic
lethality thus highlighting a critical role for VPS35
in normal physiology [60, 61].
PD-LINKED GENE PRODUCTS THAT
INTERACT WITH VPS35
It is conceivable that multiple pathogenic events
arising from different genetic mutations in PD could
converge on one or more common cellular pathways central to the maintenance or viability of
dopaminergic neurons, leading to the manifestation
of parkinsonism. Recent studies have demonstrated
that VPS35 and other PD-linked gene products may
operate together in a common pathway where they
may interplay to precipitate neurodegeneration in
PD. Establishing the nature and hierarchy of their
functional interactions and identifying converging
pathogenic cellular pathways would expedite the
development of pathway-targeted therapeutic interventions for PD.
LRRK2
Mutations in the leucine-rich repeat kinase 2
(LRRK2) gene cause late-onset, autosomal dominant
PD that clinically and neurochemically resembles
idiopathic PD [71]. To date, LRRK2 mutations
account for the most cases of familial PD compared
to other PD-linked genes [71, 72]. At least seven
mutations in LRRK2 are proven to be pathogenic
based upon segregation with disease in PD families, including N1437H, R1441C/G/H, Y1699C,
G2019S and I2020T, with G2019S being the most
frequent variant [71, 72]. While the normal function
of LRRK2 is not yet clear, it has been suggested to
influence several cellular processes, including microtubule/cytoskeletal dynamics, protein translation,
macroautophagy and CMA, mitochondrial function,
endolysosomal sorting pathways and synaptic vesicle
recycling [73, 74]. Furthermore, LRRK2 can endogenously phosphorylate and regulate a subset of RAB
GTPases that are known to play roles in multiple
vesicular trafficking events throughout the cell [75].
Of particular interest is the putative role of LRRK2
in endolysosomal sorting pathways. A recent study
used a transcriptome approach to connect common
genetic risk variants for idiopathic PD to gene expres-

sion changes [50]. Interestingly, common variants
at the LRRK2 and PARK16 loci that confer PD
risk had similar effects on the brain transcriptome.
RAB7L1 was nominated as the gene responsible at the
PARK16 locus for the genetic interaction with LRRK2
[50]. Functional analyses of LRRK2 and RAB7L1
revealed that both proteins interact and that RAB7L1
overexpression protects against neurotoxic phenotypes induced by G2019S LRRK2 in primary culture
and Drosophila models [50]. Reducing RAB7L1
levels in these models correspondingly induced neuronal toxicity which may be similar to the effects
of common variants at the PARK16 locus that confer PD risk i.e. by reducing RAB7L1 expression [20,
50]. Both G2019S LRRK2 expression and RAB7L1
gene silencing modulate the sorting of CI-MPR, in
a similar manner to D620N VPS35 or VPS35 gene
silencing, whereas WT VPS35 overexpression is able
to rescue the sorting defects induced by G2019S
LRRK2 [50]. WT VPS35 overexpression can also
rescue the neurotoxic phenotypes induced by G2019S
LRRK2 in neuronal or Drosophila models [50].
Therefore, these data suggest that G2019S LRRK2
and RAB7L1 silencing may commonly induce neuronal toxicity by converging on the retromer complex
to manifest its deficiency or dysfunction. However,
while the overexpression of mutant LRRK2 in mammalian cell lines or brains of BAC transgenic mice
has been shown to reduce the levels of retromer
subunits including VPS35 [50], VPS35 protein levels are not altered in brain tissue from G2019S
LRRK2 or idiopathic PD cases [54]. A second study
has provided further support for a LRRK2/VPS35
functional interaction whereby the overexpression
of VPS35 can rescue mutant LRRK2 (I2020T and
Y1699C)-induced phenotypes in Drosophila [76].
Although LRRK2 and VPS35 seem to interact and
converge on endosomal sorting pathways, the molecular mechanism by which PD-linked LRRK2 mutants
decrease VPS35 levels or retromer function is not
known and whether this reduction occurs in PDrelevant brain regions or neurons of G2019S LRRK2
rodent models and human PD cases requires additional evaluation. LRRK2 could potentially influence
retromer-dependent sorting via the phosphorylation
of certain RAB GTPases (i.e. RAB7L1 or RAB7A)
although this mechanism has not been explored [75].
It remains to be determined whether the interaction
with LRRK2 is relevant to the mechanism by which
PD-linked VPS35 mutations precipitate neurodegeneration or whether VPS35 simply lies downstream of
LRRK2 in a common pathway.
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SNCA/α-synuclein
Lewy bodies, one of the pathological hallmarks
of PD, contain aggregated ␣-synuclein, a protein
encoded by the SNCA gene [77]. Mutations or multiplications of SNCA cause early-onset autosomal
dominant PD [3, 78]. The normal function of ␣synuclein is not yet clear although it is highly
expressed in the brain at pre-synaptic compartments
where it may play a role as a chaperone for the assembly of SNARE complexes involved in synaptic vesicle
recycling [79].
What causes ␣-synuclein aggregation and Lewy
body formation in PD is still not known, however,
VPS35 deficiency has been suggested to increase
␣-synuclein accumulation in the brain via impaired
lysosomal function. In Drosophila, VPS35 depletion
results in the inappropriate trafficking of CI-MPR
and indirectly its ligand cathepsin D [49]. Cathepsin
D is a lysosomal protease that aids in the degradation of lysosomal cargo, including ␣-synuclein
[63]. Impaired lysosomal degradation due to cathepsin D missorting potentially promotes ␣-synuclein
accumulation in the Drosophila brain. Additionally,
VPS35 depletion in a transgenic fly model expressing
human WT ␣-synuclein exacerbated ␣-synucleininduced phenotypes including locomotor impairment
and eye disorganization [49]. These observations are
consistent with another study suggesting that VPS35
loss-of-function increases the toxicity induced by
human ␣-synuclein variants in transgenic yeast and
worm models [80]. Furthermore, the viral-mediated
overexpression of WT VPS35, but not the P316S
mutant or VPS35 silencing, was shown to rescue hippocampal neuronal loss and pathology that
occurs in transgenic mice expressing human WT
␣-synuclein [80]. This and other observations potentially suggest that ␣-synuclein, similar to LRRK2,
may induce neurotoxicity by manifesting VPS35 or
retromer deficiency and that simply restoring VPS35
is potentially neuroprotective in these models. It
should be noted, however, that VPS35 deletion in
KO mice is also sufficient to induce ␣-synuclein
accumulation in the brain but whether ␣-synuclein
is required for mediating VPS35-dependent neurodegeneration has not been established [56, 60].
These studies collectively raise the tantalizing possibility that VPS35 and ␣-synuclein may converge
in a common pathologic pathway to influence neurodegeneration in PD. At this juncture, however, the
exact nature of this neurodegenerative interaction
requires additional investigation to clarify whether
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␣-synuclein-induced neurotoxicity is mediated by
inducing VPS35 deficiency or dysfunction and/or
whether ␣-synuclein accumulation contributes to
the neurotoxicity induced by VPS35 deletion or
PD-linked mutations in rodent models. A functional interaction between VPS35 and ␣-synuclein
would have major implications for understanding the
pathophysiological mechanisms underlying VPS35dependent neurodegeneration and PD.
Parkin
Mutations in the PARK2 gene encoding parkin
cause early-onset, autosomal-recessive PD and so far
over 100 deletions, truncations or point mutations
have been identified that confer a parkin loss-offunction [3, 81]. Parkin is an E3 ubiquitin ligase that
belongs to the RING-between-RING (RBR) family
of ubiquitin ligases [82]. Parkin normally functions
in a neuroprotective manner potentially by targeting
abnormal substrates for ubiquitination and proteasomal degradation, by promoting the degradation of
defective mitochondria through mitophagy in concert
with PINK1, and/or by participating in signaling or
trafficking pathways involving non-degradative ubiquitination of substrates [66, 81, 82].
Parkin was first linked to the retromer by genetic
interaction studies in Drosophila. Flies deficient in
VPS35 were crossed with transgenic flies expressing human VPS35 variants (WT, D620N R524W or
L774M) to determine if these disease-linked variants are able to rescue VPS35-deficient phenotypes
including larval stage lethality, climbing deficits,
melanotic masses and defects in the formation of neuromuscular junctions [83]. WT VPS35 expression
could rescue these null phenotypes but pathogenic
variants could rescue some phenotypes but not others. It was hypothesized that VPS35 might interact
with parkin and/or PINK1 due to their shared role
in the formation of MDVs [69, 70, 84]. Accordingly, VPS35 was shown to genetically interact with
parkin but not with PINK1. Flies with a heterozygous deletion of either VPS35 or parkin displayed
no phenotype alone yet combining these deletions
in VPS35/parkin double heterozygotes decreased
climbing ability, increased sensitivity to the oxidative stressor paraquat and induced mild dopaminergic
neuronal loss [83], suggesting that these two gene
products may function in a common pathway. Importantly, the overexpression of WT or PD-linked VPS35
variants were equally capable of rescuing parkin null
phenotypes suggesting that VPS35 may lie down-
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stream of parkin and that PD-linked mutations in
VPS35 are at least partly functional [83]. Although
this study supports a genetic interaction of VPS35
and parkin, with parkin most likely acting upstream
of VPS35, it does not determine a role for parkin
in mediating the pathogenic effects of VPS35 mutations in precipitating neurodegeneration. It remains
unclear how parkin specifically contributes to the
function of VPS35 or retromer-mediated sorting,
although both proteins have been linked to MDV
formation [69, 84], raising the possibility that these
proteins might converge on this pathway.
CONCLUSIONS AND FUTURE
PERSPECTIVES
The discovery of VPS35 mutations linked to autosomal dominant forms of PD has highlighted a
role for retromer-mediated endosomal sorting in the
pathogenesis of PD. So far only a single mutation
(D620N) is known to be truly pathogenic based
upon segregation with disease in large multigenerational families with PD. Numerous cellular and in
vivo models have now been developed to explore
the mechanisms of the D620N mutation in VPS35
and what has emerged so far is evidence that this
dominant mutation most likely acts either via a toxic
gain-of-function or a dominant-negative mechanism,
or potentially via a combination of these mechanisms.
VPS35 KO mice also develop PD-like pathology
but they are also likely to develop additional severe
phenotypes and susceptibilities unrelated to PD that
may complicate the identification of specific disease
mechanisms [56, 60]. This is perhaps best exemplified by the observation that the homozygous deletion
of VPS35 in dopaminergic neurons of mice leads
to their marked and early degeneration within 2–3
months of age [56], whereas homozygous D620N
knockin mice do not exhibit dopaminergic neurodegeneration within a similar age range [62]. What
is also clear is that the overexpression of human
VPS35 variants can induce PD-like phenotypes in
rodents [54, 57], suggesting that a simple loss-offunction effect caused by PD-linked mutations is
highly unlikely. The molecular mechanisms underlying neurodegeneration induced by D620N VPS35
are also not yet understood with suggestions of
abnormal sorting of different retromer cargo (i.e.
CI-MPR/cathepsin D, GluR1/R2, GLUT1, ATG9A)
and/or that the primary defect may lie at the level of
WASH complex recruitment to the endosome [49–53,
55, 65]. Downstream of these initial pathogenic

events, a number of cellular perturbations have been
identified including impaired mitochondrial fusion
[56], enhanced mitochondrial fission [57], defects in
macroautophagy and CMA [55, 60], altered dendritic
sorting of receptors [53, 65] and intriguing connections to other PD-linked gene products (i.e. LRRK2,
␣-synuclein and parkin) [49, 50, 76, 80, 83]. Many
of these putative pathogenic effects still require additional validation in disease-relevant animal models
and confirmation of their importance for neurodegeneration mediated by D620N mutant VPS35. Many
key questions remain to be asked and answered but
for now the pathogenic role of VPS35 in PD has
thrust endosomal sorting and related pathways firmly
into the limelight as a central mechanism underlying
disease pathophysiology.
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