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Figure 2. Areas of relative reduction in regional cerebral glucose metabolism in the patient groups compared with controls.
Rendered images are shown in the order of the left lateral, left medial, right medial and right lateral.

doi:10.1371/journal.pone.0110547.g002

if the memory-plus converters represented a more advanced stage
of the disease than did the other groups, they would not present
with an equivalent severity of motor symptoms. Second, a
comparison of metabolic patterns between the baseline memory-
only and the baseline memory-plus patients showed a double
dissociation in which posterior neocortical hypometabolism was
more severe in the baseline memory-plus patients, whereas

PLOS ONE | www.plosone.org

hypometabolism in the medial temporal lobe was more severe in
the baseline memory-only patients (Figures 3D and 3E). These
findings suggest that the brainstem and neocortex may be affected
nearly simultaneously without marked limbic involvement in the
memory-plus converters and the baseline memory-plus patients. A
parallel finding was reported in a population-based cohort study in
which incidental Lewy-related pathology was found in the
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" (A) Non-converters <v.Memovr‘y-onI'y converters

~ No significant differences

(B) Memory-plus converters < Non-converters

Figure 3. Group comparisons of regional cerebral glucose metabolism at baseline. (A) to (C) show the results of comparisons between
patient groups with baseline Clinical Dementia Rating (CDR) 0, and (D) and (E) show the results of comparisons between groups with baseline CDR
0.5. Rendered images are shown in the order of the left lateral, left medial, right medial and right lateral. The left side of a coronal section corresponds

to the left side of the brain.
doi:10.1371/journal.pone.0110547.g003

brainstem and neocortex but not in the limbic structures (medial
temporal and cingulate cortices) in 3% of cases. [36].

From the viewpoint of prediction and early intervention, it is
critical to establish the cognitive and neuroimaging features that
are associated with rapid symptomatic deterioration and the future
development of dementia. [2] In the current study, the memory-
plus converters exhibited clinical features that are consistent with
those of the clinical subtype associated with the rapid progression
of motor symptoms and/or dementia, including rapid declines in
the CDR sum of boxes and the UPDRS part III scores, and non-
tremor dominant motor features (Table 1). [4,5,6] They had
impaired performance on the overlapping-figure test (Table 1)

PLOS ONE | www.plosone.org

and posterior cortical hypometabolism at baseline (Figures 2C,
3B and 3C), suggesting that carly visuoperceptual impairment
and posterior neocortical involvement may be risk factors for rapid
symptomatic deterioration and the future development of demen-
tia. The predictive value of visuoperceptual impairment for the
future development of dementia in PD has been demonstrated in 3
of the 4 previous longitudinal neuropsychological studies with a
follow-up of 2 years or more. [37,38,39,40] Similarly, a recent
study demonstrated that patients with non-amnestic multi-domain
MCI that had visuoperceptual deficits were associated with
bradykinesia and gait disturbance (non-tremor-dominant motor
features), suggesting a link to the rapidly progressive, dementia-
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(B) Memory-only converters (D) Baseline memory-only
Metabolic decline over 3 years Metabolic decline over 3 years

(C) Memory-plus converters (E) Baseline memory-plus
Metabolic decline over 3 years Metabolic decline over 3 years

No significant differences

(F) Non-converters vs Memory-only converters
Group x Time Interaction

(G) Baseline memory-only vs Baseline memory-plus

Group x Time Interaction

Figure 4. Longitudinal changes in regional cerebral glucose metabolism. (A) to (E) show 3-year metabolic declines in the individual patient
groups. (F) and (G) show group x time interactions between the non-converters and the memory-only converters and between the baseline memory-
only patients and the baseline memory-plus patients, respectively. Rendered images show the left hemisphere. The left sides of coronal sections
correspond to the left side of the brain.

doi:10.1371/journal.pone.0110547.g004
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related clinico-pathological subtype. [41] Although there is no
neuropathological evidence for the relationship between lesions in
the particular cortical regions and rapid symptomatic progression
and dementia in PD, a previous longitudinal FDG-PET study
demonstrated that parieto-occipital hypometabolism preceded the
development of dementia. [42].

Memory impairment and its predictive value for future
development of dementia in PD

Recent studies have demonstrated that memory impairment is
the most common cognitive deficit in non-demented PD. [43,44]
In agreement with these findings, positive scores on the memory
subdomain were the most commonly observed CDR findings and
baseline impairment in the ADAS-word recall test was found in
45% of the patients in the current study (Tables 1 and 2).
However, the results of the previous longitudinal neuropsycholog-
ical studies were split regarding the predictive value of memory
impairment for dementia in PD. [37,38,39,40] One of the possible
factors associated with this inconsistency is the variability of
memory tests. The materials to be remembered (words, stories or
figures) and the duration of retention (immediate or delayed) vary
from test to test. Another possible factor which contribute to the
low predictive value of memory impairment for dementia is the
varijability of the neural substrates of memory impairment in PD.
Memory impairment in PD is associated with both dysexecutive
retrieval deficits due to fronto-striatal dopaminergic insufficiency
and mnemonic dysfunction due to hippocampal degeneration.
[45] In the current study, baseline impairment on the backward
digit-span observed in the memory-only converters suggests the
possible contribution of executive/working memory deficits to
memory complaints in PD (Table 1), whereas the relative medial
temporal hypometabolism in the memory-only converters and the
baseline memory-only patients suggested the role for hippocam-
pal/medial temporal dysfunction (Figures 3D, 4B and 4F).
Furthermore, a third mechanism of memory impairment is
indicated by the findings of the current study; the memory-plus
converters and the baseline memory-plus patients did not show
significant hypometabolism in the medial temporal lobe despite
their obvious memory problems, but they instead showed
temporo-parietal and medial parietal hypometabolism (Figur-
es 2C, 2E, 3B, 3C and 3E). The involvement of the parietal
lobe in memory tasks has been documented in functional
neuroimaging studies, but its functional role has been a matter

of debate. [46].

Limitations

There are a number of limitations in the current study. First,
although we claim that the memory-plus converters represent the
rapidly progressive clinical subtype, no significant metabolic
changes over 3 years were observed in this patient group. The
following reasons can be suggested for this negative finding: (1) the
small sample size may have result in a low statistical power; and (2)
diffuse metabolic decline across the entire cerebral cortex may
have obscured by the proportional scaling in the PET analysis.
Consistent with the latter, a supplementary PET analysis in which
a cerebellar reference was used instead of the proportional scaling
demonstrated a CMRglc reduction over 3 years in the preforntal
cortex in the memory-plus converters (Figure S1).
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ARTICLE INFO ABSTRACT

Article history: Mutations in vacuolar protein sorting 35 (VPS35) have been linked to familial Parkinson's disease (PD). VPS35, a
Received 3 May 2014 component of the retromer, mediates the retrograde transport of cargo from the endosome to the trans-Golgi
Revised 7 July 2014 network. Here we showed that retromer depletion increases the lysosomal turnover of the mannose 6-
Accepted 28 July 2014

phosphate receptor, thereby affecting the trafficking of cathepsin D (CTSD), a lysosome protease involved in
a-synuclein (aSYN) degradation. VPS35 knockdown perturbed the maturation step of CTSD in parallel with
the accumulation of ®SYN in the lysosomes. Furthermore, we found that the knockdown of Drosophila VPS35

Available online 6 August 2014

g:ﬂgggg;s disease not only induced the accumulation of the detergent-insoluble aSYN species in the brain but also exacerbated
VPS35 both locomotor impairments and mild compound eye disorganization and interommatidial bristle loss in flies
o-Synuclein expressing human aSYN. These findings indicate that the retromer may play a crucial role in aSYN degradation
Retromer by modulating the maturation of CTSD and might thereby contribute to the pathogenesis of the disease.
Cathepsin D © 2014 Elsevier Inc. All rights reserved.
Lysosome

Vesicular transport

Introduction movement disability, impaired balance, and a variety of nonmotor
symptoms (Poewe and Mahlknecht, 2009). The pathological hallmark
of PD is the loss of pigmented dopaminergic neurons in the substantia
nigra pars compacta and the presence of Lewy bodies, which are com-
posed primarily of a-synuclein (aSYN) fibrils (Spillantini et al., 1997).
During the assembly of aSYN fibrils, various intermediate-state
oligomers are formed, and these oligomers are suspected to be the
main toxic species (Wales et al., 2013). The mechanisms underlying
the selective neuronal loss in PD remain elusive; however, numerous
etiopathogenic hypotheses have been proposed related to oxidative
stress, endoplasmic reticulum stress, mitochondrial dysfunction,
ubiquitin-proteasome dysfunction, and an impaired autophagy-lyso-
some pathway (Dehay et al,, 2013; Hasegawa et al., 2006; Singleton

Parkinson's disease (PD), the second most common neurodegenera-
tive disease, is clinically characterized by a progressive increase in

Abbreviations: Ab, antibody; AD, Alzheimer's disease; aSYN, a-synuclein; CTSD, cathep-
sin D; CI-MPR, cation-independent mannose 6-phosphate receptor; DMEM, Dulbecco’s mod-
ified Eagle’s medium; elav, embryonic lethal abnormal vision; FBS, fetal bovine serum; GMR,
glass multiple reporter; HMW, high-molecular-weight; HRP, horseradish peroxidase; HSP,
heat shock protein; LAMP, lysosome-associated membrane protein; M6P, mannose 6-
phosphate; MTT, 3-(4,5-dimethylthiazo-2-y1)-2,5-diphenyltetrazolium bromide; NAB, N-
aryl benzimidazole; Nedd4, neural precursor cell expressed developmentally down-
regulated protein 4; PD, Parkinson's disease; PVDF, polyvinylidene difluoride; RFU, relative
fluorescence unit; RIPA, radio-immunoprecipitation assay; RNAi, RNA interference; rp49, ri-

bosomal protein 49; siRNA, small interfering RNA; SDS, sodium dodecyl sulfate; SNX, sorting
nexin; TCA, trichloroacetic acid; Tg, transgenic; TGN, trans-Golgi network; UAS, upstream ac-
tivating sequence; VPS35, vacuolar protein sorting 35; WASH, Wiskott-Aldrich syndrome
protein and SCAR homolog; wt, wild-type.
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et al., 2013; Springer and Kahle, 2011; Sugeno et al., 2008; Tofaris,
2012). Although more than 90% of PD cases occur sporadically, the iden-
tification of several genes linked to familial PD has offered great insight
into the biochemical and molecular mechanisms of the disease. Recent-
ly, a missense mutation (p.D620N) in the vacuolar protein sorting 35
(VPS35) gene was identified as the cause of an autosomal dominant
form of PD (Vilarino-Guell et al.,, 2011; Zimprich et al,, 2011). VPS35, a
vital element of the retromer complex, mediates the retrograde
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transport of cargo from the endosome to the trans-Golgi network (TGN)
(Seaman et al., 1997). Structurally, the retromer comprises two distinct
subcomplexes: a cargo-recognition VPS26-VPS29-VPS35 heterotrimer
and a membrane-targeting dimer of the sorting nexin (SNX1 and/or
SNX2) (Hierro et al, 2007). One of the best-characterized types
of cargo for the retromer is the cation-independent mannose 6-
phosphate receptor (CI-MPR), which participates in the delivery of
lysosomal enzymes, such as the aspartyl protease cathepsin D (CTSD),
to lysosomes (Seaman, 2004). Upon arrival in the Golgi apparatus,
newly synthesized lysosomal enzymes are specifically modified with
mannose 6-phosphate (MGP) residues, which are recognized by the
CI-MPR in the TGN. Under physiological conditions, newly synthesized
CTSD binds CI-MPR in the TGN and is translocated into endosomes;
the CTSD is then released for further transport to lysosomes. The
retromer retrieves the unoccupied MPRs from endosomes and relocates
them to the TGN, where they participate in further cycles of CTSD
sorting. Because CTSD is the main lysosomal endopeptidase responsible
for the degradation of long-lived proteins, including «SYN (Cullen et al,,
2009; Sevlever et al., 2008), it is tempting to speculate that a VPS35 mal-
function may decrease the active form of CTSD in lysosomes and thus
lead to an abnormal aSYN accumulation.

To further clarify the pathophysiological roles of the retromer in
aSYN catabolism, RNA interference (RNAi)-mediated silencing of
VPS35 was performed using cellular and in vive human wild-type (wt)
aSYN (h{wt]-SNCA)-expressing transgenic fly models. In this study, we
found that interference with the retromer function resulted in the aber-
rant maturation of CTSD, which led to the accumulation of intracellular
aSYN, mainly in the late endosome/lysosome compartments. Further-
more, we showed that the knockdown of Drosophila melanogaster
VPS35 (dVPS35) exacerbated the locomotor abnormalities and mild
compound eye disorganization and interommatidial bristle loss in
human aSYN transgenic (Tg) flies. Our study provides evidence that
the retromer may play a critical role in «SYN catabolism and thus
drive the pathogenic process in synucleinopathies.

Materials and methods
Cell culture and plasmid transfection

HEK293 cells were maintained in Dulbecco's modified Eagle's medium
(DMEM) with high glucose (4500 mg/L; Life Technologies/GIBCO,
Carlsbad, CA) supplemented with L-glutamine and 10% fetal bovine
serum (FBS; Thermo Scientific/HyClone, Rockford, IL). Plasmids (5 ug
DNA for 1 x 10° cells) were introduced into these cells using the
NEPA21® square wave electroporator according to the manufacturer's
protocol (NEPA Gene, Chiba, Japan). Electroporation parameters
consisted of a poring pulse (115V, 7.5 ms in length with 50 ms interval)
and a transfer pulse (20 V, 50 ms in length with 50 ms interval). For the
stable transfection of HA-tagged and untagged aSYN in HEK293 cells,
transfected cells were maintained under selective pressure with
800 pg/ml of G418 (InvivoGen, San Diego, CA).

Plasmid construction and preparation

Human CTSD cDNA (NM_001909.4) was subcloned into a pCMV
vector. The ¢cDNA encoding h{wt]-SNCA (NM_000345.3) with a Kozak
consensus sequence was introduced into pcDNA3.1 + and 2xHA pRc/
CMV vectors (RIKEN Bioresource Center, Tsukuba, Japan). Human wt
and mutant (D620N and P316S) VPS35 cDNAs (GenBank AF175265.1)
were subcloned into a pcDNA6.2/N-V5 vector (Life Technologies).
Plasmid DNAs were isolated and purified using the GenoPure Plasmid
Maxi Kit (Roche, Indianapolis, IN). The fidelity and orientation of the
expression constructs were confirmed by restriction digestion and
direct nucleotide sequencing.

RNA interference

The following small interfering RNAs (siRNAs) were used to ablate
the expression of human VPS35: VPS35 siRNA#1, 5'-GCCUUCAGAGGA
UGUUGUAUCUUUA-3" and VPS35 siRNA#2, 5'-GCAUGAGUUGUUAU
GUGCUUAGUAA-3’ (Stealth™ siRNA duplex oligoribonucleotides, Life
Technologies/Invitrogen). Scrambled control siRNA (sc-36869) was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). HEK293
cells were transfected with the target-specific or control scrambled
SIRNA (2 pg siRNA for 1 x 10° cells) using a NEPA21 square wave
electroporator according to the manufacturer's protocol. Electropora-
tion parameters included a poring pulse (115 V, 7.5 ms in length with
50 ms intervals) and a transfer pulse (20 V, 50 ms in length with
50 ms intervals). Thirty-three hours after the gene silencing, the cells
were harvested and subjected to further studies. To evaluate the degra-
dation kinetics of «SYN by CTSD, human CTSD was expressed for 24 hin
HEK293 cells stably expressing «SYN. The cells were then treated with
cycloheximide (0.1 pg/ul, purchased from Sigma) for 24 h. Chloroquine
diphosphate (Sigma; 50 uM for 5 h) was used to examine the role of
lysosomal function on «SYN degradation.

Subcellular fractionation

Subcellular fractionation was performed according to methods
described previously (Hasegawa et al,, 2011). In brief, mechanically har-
vested cells (1 x 10%) were resuspended in 2 ml ice-cold fractionation
buffer (10 mM Tris/acetic acid pH 7.0 and 250 mM sucrose) and homog-
enized using 20 strokes in a 2-ml Dounce tissue grinder with a tight pes-
tle (GPE, Bedfordshire, England). The homogenate was cleared by three
successive centrifugation steps (500 xg for 2 min, 1000 xg for 2 min
and 2000 xg for 2 min). The supernatant was centrifuged at 4000 xg
for 2 min to pellet the plasma membrane and nuclei. The supernatant
was then ultracentrifuged at 100,000 xg (P50S2 swing rotor, Hitachi
Koki Co., Ltd., Tokyo, Japan) for 2 min to pellet the mitochondria,
endosomes, and lysosomes (fraction EL). Lysosomes were isolated
from the fraction EL by a 10-min osmotic lysis using 5 times the
pellet volume of distilled water. After another centrifugation step at
100,000 xg for 2 min, the lysosomes remained in the supernatant,
whereas the endosomes and mitochondria were in the pellet.

Protein extraction from culture medium

Protein in the medium was extracted using a trichloroacetic acid
(TCA)/acetone precipitation (Hasegawa et al,, 2011). In brief, the culture
medium was cleared by three successive centrifugation steps (800 xg
for 5 min, 2000 xg for 10 min, and 10,000 xg for 20 min at 4 °C). The
supernatant was transferred to a new tube, and an equal volume of
ice-cold 20% TCA/acetone was added, followed by incubation at
—20 °C for 3 h. After adding 3 volumes of acetone, the protein was
allowed to precipitate overnight at — 20 °C. The protein was pelleted
by centrifugation at 5000 xg for 60 min, dissolved in 8 M urea/5% SDS
with sonication, and subjected to Western blotting.

Cathepsin D activity assay

The bioactivity of CTSD in cultured cells was measured by a
fluorescence-based assay using MCA-GKPILFFRLK(DNP)-dR-NH, as a
synthetic substrate (CTSD Activity Assay Kit; BioVision, Mountain
View, CA). Fluorescence was measured at an excitation/emission =
328/460 nm using a Varioskan Flash microplate reader (Thermo
Scientific, Asheville, NC). The specific enzymatic activity was calculated
as the relative fluorescence unit divided by the total protein concentra-
tion (relative fluorescence unit; RFU/ug protein). Pooled data from 5 in-
dependent experiments were statistically analyzed using one-way
ANOVA with a post-hoc Dunnett's test using GraphPad Prism version
6 for Mac OS X (GraphPad Software, CA).
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Western immunoblot analysis

After preparing the cell lysates using radio-immunoprecipitation
assay (RIPA) buffer (1% NP-40, 0.5% deoxycholate, 0.1% sodium dodecyl
sulfate (SDS), 1 mM EDTA, 10 m M sodium pyrophosphate, 50 mM so-
dium fluoride, 1 mM sodium orthovanadate, 150 mM sodium chloride,
50 mM Tris-HCl (pH 8.0) plus 1x Cemplete protease inhibitor cocktail;
Roche), the protein concentration was determined using a BCA protein
assay kit (BioRad, Hercules, CA). The lysate (15 pg) was electrophoresed
on SDS-PAGE gels and transferred onto polyvinylidene difluoride
(PVDF) membranes using the Trans-Blot Turbo® transfer system
(BioRad). For the detection of human aSYN in the fly brain, five dissect-
ed fly heads were homogenized in Triton lysis buffer (50 mM Tris-HCl
(pH 7.4), 1% Triton X-100, 150 mM NaCl, 1 mM EDTA plus protease in-
hibitors) using a Biomasher lI® tissue grinder (Nippi Inc., Tokyo, Japan).
After centrifugation at 15,000 xg for 20 min, the supernatant was col-
lected as the Triton-soluble fraction. The remaining pellet was further
dissolved into a 2 x Laemmli buffer with sonication and was centrifuged
at 15,000 xg for 20 min. The supernatant was collected as the Triton-
insoluble fraction. For improved detection of aSYN in fly brain, trans-
ferred PVDF membranes were soaked in 0.4% paraformaldehyde/PBS
for 30 min prior to the blocking step (Lee and Kamitani, 2011). After
blocking with 5% milk in Tris-buffered saline with 0.1% Tween 20, the
membranes were incubated with the following antibodies (Abs); anti-
VPS35 ([C3], C-term Ab, 1:2000; GeneTex, Irvine, CA), anti-CTSD
(clone C-20, 1:2000; Santa Cruz), anti-CI-MPR (#5230-1, 1:20,000;
Epitomics, Burlingame, CA), anti-VPS26 (ab23892, 1:4000; Abcam,
Cambridge, UK), anti-VPS29 (H00051699-A01, 1:500; Abnova, Taipei,
Taiwan), anti-a-tubulin (clone DM1A, 1:1000; Sigma, St. Louis, MO),
anti-syn-1 (610787, 1:1000; BD Bioscience, San Jose, CA), anti-HA-tag
(clone 6E2, 1:1000; CST, Danvers, MA), anti-V5-tag (R960-25, 1:1000;
Invitrogen), anti-albumin (#4929, 1:4000; CST), anti-Rab5 (clone S-
19, 1:2000; Santa Cruz), anti-LAMP-2 (clone H4B4, 1:1000; DSHB,
lowa City, IA) and anti-Hsp90 (SPA-846, 1:4000; Stressgen, Victoria,
BC, Canada). Primary Abs were followed by incubation with HRP-
conjugated secondary Abs (1:10000; Jackson ImmunoResearch Labora-
tories, West Grove, PA). Bands were visualized with Luminata Forte HRP
Substrate (Millipore, Bedford, MA) and images were captured by an
Omega Lum G™ image analyzer (Aplegen, Pleasanton, CA). Quantifica-
tion of the band intensity was performed using Image ] software (NIH,
Bethesda, MD). Pooled data from four independent experiments were
statistically analyzed by a one-way ANOVA or unpaired Student's t-test.

Coimmunoprecipitation

Coimmunoprecipitation was performed according to the method
described previously (Hasegawa et al., 2010). In brief, 48 h post-
transfection, HEK293 cells were lysed in TNE buffer containing
50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.5% NP-40, 1 mM EDTA and
1x protease inhibitor cocktail (Roche). Lysate containing 500 pg of pro-
tein was immunoprecipitated with 3 ul of V5 Ab (Life Technologies/
Invitrogen) overnight on a carousel at 4 °C. Immune complexes were
allowed to bind to Protein A/G PLUS-Agarose (Santa Cruz) for 2 h at
4 °C. After washing 5 times with TNE buffer containing 0.1% NP-40, pro-
tein complexes were eluted with 2x non-reducing Laemmli buffer and
subsequently analyzed by Western blotting.

Immunofluorescence confocal microscopy

Immunostaining was performed according to methods previously
described (Hasegawa et al., 2010). The primary Abs used included
anti-VPS35 (GeneTex) and anti-CI-MPR (Epitomics) Abs. Positive
immunostainings were detected using Alexa 488- and Alexa 568-
conjugated secondary Abs (Molecular Probes/Life Technologies). Nuclei
were counterstained with the far-red fluorescent DNA dye DRAQ7™
(CST) and were pseudocolored blue. Images were analyzed with a

FluoView FV300 confocal laser microscope system equipped with
HeNe-Green (543 nm), HeNe-Red (633 nm) and Ar (488 nm) laser
units (Olympus, Tokyo, Japan). In multi-labeling experiments, images
were collected using a single excitation for each wavelength separately,
and were then merged using Fluoview image analysis software (version
4.1, Olympus).

Drosophila stocks

Fly culture and crosses were performed under standard conditions
at 25 °C. The fly lines bearing elav-GAL4, Act5¢-GAL4, UAS-EGFP, UAS-
GFP dsRNA (GFP-RNAI), and UAS-h[wt]-SNCA transgenes were obtained
from the Bloomington Drosophila Stock Center at Indiana University
(BDSC, Bloomington, IN). The VPS35 RNAi fly lines (#45570 and
#22180, designated as dVPS35 RNAi-1 and dVPS35 RNAi-2, respectively)
were provided by the Vienna Drosophila RNAi Center (VDRC, Vienna,
Austria). Tg fly lines bearing the GMR-GAILA4 have been described previ-
ously (Yamaguchi et al,, 1999).

RT-PCR analysis

Total RNA was extracted from fly heads and their cDNA was synthe-
sized with a SuperScript® III (Life Technologies). PCR amplification of
dVPS35 was performed with 1 pl of cDNA solution and PrimeSTAR
Max® DNA polymerase (Takara, Tokyo, Japan) with the following prim-
er pairs: dVps35#2-F (5’-ATGGTTTGGATGACCAGGAGAAG-3') inexon 1
and dVps35#2-R (5'-TCGTTCTCCTCAACCATCACATC-3’) in exon 3.
Human aSYN was amplified using the set of primer pairs Syn-F (5’-
TCGTGAGCGGAGAACTGGGAG-3') and Syn-R (5’-TCAAGAAACTGGGA
GCAAAGAT-3') (Hasegawa et al., 2004). To normalize sample variations,
the cDNA of ribosomal protein 49 (rp49), a housekeeping gene, was am-
plified using the primer pairs rp49-F (5’-AGCGCACCAAGCACTTCATCCG
CCA-3’) and rp49-R (5'-GCGCACGTTGTGCACCAGGAACTTC-3'). After
amplification, 10-ml aliquots were electrophoresed on 2.5% agarose
gels, followed by photographic recording of the gels stained with
ethidium bromide.

Immunohistochemistry

Sections of adult fly brain were immunostained according to
the methods described previously (Feany and Bender, 2000). Briefly,
4-week-old adult flies were fixed in formalin and embedded in paraffin.
To assess brain morphology, 5-um frontal paraffin sections of heads
were obtained and stained with hematoxylin and eosin. To evaluate
the expression of human «SYN in the fly brain, anti-syn-1 monoclonal
Ab (BD Bioscience) was applied at a 1:1000 dilution. Positive signals
were detected by the avidin-biotin-peroxidase complex (Vectastain
Elite ABC Kit, Vector Laboratories) method as described previously.
The pictures were taken with a Biozero BZ-8000 digital microscope
(Keyence, Tokyo, Japan). The numbers of aSYN-positive inclusions
were counted per 15 x 15 um? area in a defined area of the cortex
(Kenyon cells) (Chen and Feany, 2005). Eight hemibrains were
examined per genotype. The pooled data were statistically evaluated
by a one-way ANOVA followed by a Bonferroni multiple comparison
test.

Eye images

The eye phenotypes of 4-week-old anesthetized flies were evaluat-
ed. A minimum of 25 flies were evaluated for each genotype and condi-
tions. Scanning electron microscopic images were obtained using a
Miniscope TM-1000 (Hitachi, Tokyo, Japan). For the quantification of in-
tact bristle numbers, a high-resolution image of a compound eye was
printed, and the maximal visible surface was delimited (usually 300-
500 ommatidia). The number of visible interommatidial bristles was
counted and divided by the total number of ommatidia (Hilgers et al.,
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2010). At least 10 eyes were analyzed for each genotype. The pooled
data were statistically analyzed by a one-way ANOVA followed by a
Bonferroni multiple comparison test.

Climbing assay

The climbing assay was performed, with slight modifications, ac-
cording to published protocols (Feany and Bender, 2000). Ten to 20
male flies were placed into a conical glass tube (length, 15 cmy; diameter,
2.5 ¢cm) without anesthesia. Ten seconds after being tapped to the
bottom of the tube, the number of flies in each vertical area was counted
and scored as follows: score of 0 (0-2 cm), 1 (2-3.9¢cm), 2 (4-5.9cm), 3
(6-7.9cm),4 (8-9.9cm), or 5 (10-15 ¢cm). Five trials were performed in
each group at 20 s intervals and the climbing index was calculated as
follows: each score multiplied by the number of flies was divided by
the total number of flies, and the mean score of each trial was calculated.
The results are presented as the means -+ standard errors of the scores
obtained in 5-7 independent experiments. All climbing assay experi-
ments were conducted at 25 °C. Pooled data from at least five indepen-
dent experiments were statistically analyzed using a two-way ANOVA
with a Bonferroni multiple comparison test.

Results
VPS35 RNAi alters CI-MPR distribution and impairs maturation of CISD

The RNAi-mediated silencing of retromer subunits, such as VPS26
and Rab7, prevents the retrieval of unoccupied CI-MPR from endosomes
to the TGN, leading to the lysosomal turnover of CI-MPR and a decrease
in the cellular level of lysosomal hydrolases (Rojas et al., 2008). To de-
termine whether the depletion of VPS35 also affects the intracellular
distribution of CI-MPR, we downregulated VPS35 in HEK293 cells
using two different siRNAs (#1 and #2) targeting VPS35. Consistent
with previous findings (Rojas et al., 2008), the punctate signals of Cl-
MPR in cells expressing a normal level of endogenous VPS35 were
preferentially localized in the perinuclear space, in which the TGN and
late endosomes are usually located (Fig. 1A, left inset). In contrast, the
CI-MPR signals in the VPS35-deficient cells were strikingly decreased
and showed a more dispersed distribution in the periphery (Fig. 1A,
right inset). As shown in Fig. 1B, human CTSD is first synthesized as
pre-pro-CTSD, which is further converted to pro-CTSD (52 kDa), by
the removal of the signal peptide, in the endoplasmic reticulum. The
transport of pro-CTSD from the Golgi to the downstream acidic
compartments is mainly mediated by the MGP pathway, i.e., the MGP
residues on pro-CTSD are recognized by CI-MPR in the TGN, which seg-
regates CTSD into transport vesicles that are delivered to the late
endosomes and lysosomes. In late endosomes, pro-CTSD is processed
to an intermediate form (48 kDa) and subsequently converted to ma-
ture CTSD (34 kDa) in lysosomes (Laurent-Matha et al., 2006). We con-
firmed that the ablation of the VPS35 component of the retromer by
RNAi in HEK293 cells caused a considerable increase in intracellular
pro-CTSD (indicated by an asterisk), whereas the amount of intracellular
mature CTSD (indicated by an arrowhead) was markedly decreased.
Notably, these changes were accompanied by a concomitant increase

in pro-CTSD in the culture medium (Fig. 1C and D). The reduction
in CI-MPR expression observed in VPS35-deficient cells implies a
rerouting of CI-MPR to the lysosome for degradation, which is indicative
of retromer dysfunction. As suggested by previous studies, the level
of VPS26, a known interaction partner of VPS35, was substantially
decreased in VPS35-silenced cells, The aberrant processing of CTSD
in VPS35-deficient cells was further confirmed by an enzymatic
assay showing that the activity of CTSD in VPS35 siRNA-treated cells
was significantly lower than that in scrambled siRNA-treated cells
{Fig. 1E).

VPS35 downregulation induces the oSYN accumulation in parallel with the
reduction of mature CISD in late endosomes and lysosomes

To examine whether CTSD effectively degrades oSYN in cultured
cells, we over-expressed human CTSD in HEK293 cells that constitu-
tively expressed human aSYN. When CTSD was highly over-
expressed (3 pg of plasmid DNA per transfection) for 48 h, the level
of mature CTSD was increased and the signal intensity of the monomeric,
full-length aSYN (17 kDa) was significantly decreased (Fig. 2A, upper
panel). Notably, in the presence of the protein synthesis inhibitor cyclo-
heximide, the effect of CTSD on aSYN degradation was augmented and
the amount of aSYN was significantly decreased in proportion to the
dosage of CTSD expression (Fig. 2A, lower panel). Because pro-CTSD
has a relatively long half-life (3-6 h) compared to aSYN (1.84 +
0.16 h) (Bennett et al., 1999; Capony et al., 1989), it is likely that the
cycloheximide blockage of protein synthesis did not affect CTSD levels
dramatically. In agreement with a previous report (Cullen et al., 2009),
the decrement in the «SYN monomer level was not accompanied by
the appearance of low-molecular-weight aSYN fragments even with a
long exposure of the immunoblot to the synuclein-1 Ab, which had pre-
viously shown reactivity with C-terminally truncated aSYN fragments
in vivo. We used an MTT (3-(4,5-dimethylthiazo-2-y1)-2,5-diphenyltet-
razolium bromide) assay to confirm that the observed effect of CTSD
on lowering aSYN expression was not caused by impaired viability of
the transfected cells (data not shown). In the second set of experiments,
we examined whether the reduction in mature CTSD in response to
VPS35 knockdown altered the expression level of ®SYN in the HEK293
cells stably expressing HA-tagged aSYN. Remarkably, the loss of VPS35
induced the accumulation of cellular HA-aSYN concomitant with incor-
rect processing of CTSD (Fig. 2B). The relative decrease in MPR in VPS35-
depleted cells was interpreted as compromised retromer recruitment.
Because CTSD is only active in an acidic environment, such as in late
endosomes and lysosomes, serial fractionation was conducted to clarify
the subcellular distribution of HA-aSYN in the VPS35-silenced cells.
Thirty-six hours after silencing, the cells were harvested and sequentially
fractionated into cytosol, endosome, and lysosome fractions. All samples
were subjected to an immunoblot analysis, and the relative purity of the
fractions was assessed using Abs directed against specific markers in-
cluding Heat shock protein 90 (HSP90; cytosol), Rab5 (early endosome),
and lysosome-associated membrane protein-2 (LAMP-2; lysosome). The
results, shown in Fig. 2C, revealed that after silencing VPS35, the expres-
sion level of CI-MPR was slightly decreased in the endosomes but simul-
taneously increased downstream, in the lysosomal compartment. It

Fig. 1. Silencing of VPS35 caused a reduction in CI-MPR distribution and impaired maturation of CTSD. (A) The punctate signals of CI-MPR (red) in HEK293 cells expressing a normat level of
endogenous VPS35 (green) were preferentially localized in the perinuclear space (left inset). In contrast, the signal of CI-MPR in VPS35-deficient cells was strikingly decreased and had a
more dispersed distribution throughout the cell (right inset). White dotted lines show the contour of the cells. Nuclei were counterstained with DRAQ7. Scale bar: 10 um. (B) Schematic
diagram of the maturation process of CTSD. Human CTSD is first synthesized as pre-pro-CTSD, which is converted to pro-CTSD (52 kDa) by the removal of the signal peptide in the endo-
plasmic reticulum. The transport of pro-CTSD from the Golgi to the downstream acidic compartments is mainly mediated by the CI-MPR. In late endosomes, pro-CTSD is processed to an
intermediate form (48 kDa) and subsequently converted to mature CTSD (34 kDa) in lysosomes. (C) The aberrant processing of CTSD in VPS35-deficient cells. The silencing of VPS35 by
two different siRNAs (#1 and #2) in HEK293 cells caused a striking increase in the intracellular pro-CTSD (asterisk), whereas the amount of intracellular mature CTSD (arrowhead) was
markedly decreased. This finding was accompanied by a concomitant increase in pro-CTSD in the medium. The left inset is CTSD with a longer exposure time. The reduction in CI-MPR
expression observed in VPS35-deficient cells is indicative of retromer dysfunction. Note that the level of VPS26, another component of the retromer, was substantially decreased in
VPS35-silenced cells. a-Tubulin and BSA were used as the internal controls for the total cell lysate and the medium, respectively. Representative blots from five independent experiments
are presented. (D) The ratio of the densitometric values of mature/pro-CTSD both in cells and the medium is presented. Data are expressed as the means = standard errors. 'p < 0.05 and
p < 0.01 (one-way ANOVA followed by Dunnett’s test; n = 5). (E) The activity of CTSD in VPS35-specific siRNA (#1 and #2)-treated cells significantly declined compared to the activity in
scrambled siRNA-treated cells. Data are expressed as the means =+ standard errors. *p < 0.05 (one-way ANOVA followed by Dunnett's test; n = 5).
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should be noted that the late endosome and lysosome share many fea-
tures and both endosomal and lysosomal fractions are usually positive
for LAMP2. The endosomal fraction isolated by our method contains
both early and late endosomes because this fraction was positive for
Rab5 and LAMP-2. In this study, the Rab5-negative, LAMP-2 positive
component was defined as the lysosomal fraction. These findings suggest
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that treatment with chloroquine, a lysosomotropic agent that prevents
endosomal acidification, further augmented the accumulation of HA-
aSYN by VPS35 RNAI (Fig. 2D). This indicates that VPS35 knockdown
does not completely inhibit lysosomal aSYN degradation. These obser-
vations indicate that if the retromer machinery is compromised, the
pro-CTSD is entrapped in upstream structures and cannot be properly
transported to the downstream acidic compartment. In an inverse
correlation with the level of mature CTSD, the level of HA-aSYN was sub-
stantially upregulated in the lysosome fraction and the cytosol in the
VPS35-silenced cells. Since autophagosomes should engulf cytosolic
aSYN (Vogiatzi et al., 2008), increased cytosolic aSYN can be interpreted
as the result of insufficient autophagic/lysosomal clearance of aSYN. To
determine the possible effects of PD-linked mutations of VPS35 on
retromer function and aSYN degradation, we co-expressed HA-aSYN
and mutant VPS35 (D620N and P316S) in HEK293 cells. Surprisingly,
the over-expressed wt and the mutant VPS35 led to an equal aSYN accu-
mulation, with no significant difference in the impaired maturation of
CTSD (Fig. 2E). Furthermore, coimmunoprecipitation analyses of the wt
and mutant VPS35 detected no differences in the binding affinity toward
its known binding partners, VPS26 and VPS29 (Fig. 2F). Together, these
findings indicate the essential role of the retromer machinery in lyso-
somal CTSD function in regulating the proteolytic pathway that is impor-
tant for «SYN metabolism.

RNAi-mediated silencing of dVPS35 not only increased the insoluble aSYN
species in brain but also deteriorated eye organization and locomotor
function in human oSYN transgenic Drosophila

Although the retromer is implicated in PD pathogenesis, there is no
evidence showing that deficiencies in the retromer sorting pathway
cause the key phenotypes of the disease. Because the retromer complex
is highly conserved and homologs have been found in yeast, nematode,
fly, mouse, and human (Korolchuk et al., 2007), we investigated the
effects of endogenous VPS35 on aSYN-induced neurotoxicity using
flies that express the hjwt]-SNCA and dVPS35 RNAi transgenes. The
sequence-specific silencing of dVPS35 in the fly brain was confirmed
by RT-PCR (Fig. 3A). We found that the silencing of dVPS35 strikingly in-
creased the amount of the Triton-insoluble high-molecular-weight
(HMW) aSYN species accompanied by a concomitant reduction in the
level of Triton-soluble «SYN monomer in the brains of human aSYN-
expressing flies under the panneural embryonic lethal abnormal vision
(elav)-GAL4 driver (Fig. 3B). This finding is well corroborated by the
immunohistochemical findings showing that the numbers of SYN-
positive inclusions in the fly cortex (Kenyon cells) were significantly in-
creased in the brain of VPS35-deficient flies compared to controls
(Fig. 3C). We attempted to detect human aSYN in the fly brain with
or without proteinase K treatment, but did not observe a significant dif-
ference (data not shown). The mRNA levels in the brain of 4 fly lines
were analyzed by RT-PCR (Fig. 3D). Note that the transcript levels of h

[wt]-SNCA versus 1p49 were statistically identical between the hjwt]-
SNCA x GFP RNAi and hfwt]-SNCA x dVPS35 RNAI-1 fly lines. Further-
more, the cathepsin D activity in the brain was significantly decreased
in dVPS35 depleted flies (Fig. 3E). We then analyzed the eye phenotypes
of flies expressing aSYN under the eye-specific glass multiple reporter
(GMR)-GAL4 driver (Fig. 4A and B). When dVPS35 was silenced, the
human aSYN-Tg flies showed a slight shrinkage of each ommatidium
with the loss of interommatidial bristles compared to control flies ex-
pressing both hfwt]-SNCA and GFP RNAi or both EGFP and dVPS35
RNAi. We then investigated the impact of dVPS35 silencing on the
motor performance of flies that over-expressed human aSYN in the
nervous system. For this purpose, we utilized a simple but powerful be-
havioral assay: the climbing assay. As shown in Fig. 5A and B, the flies
overexpressing human wt-aSYN with dVPS35 RNAi (dVPS35 RNAi-1
and dVPS35 RNAI-2) showed a significant, age-dependent deterioration
in climbing ability compared to those expressing GFP-RNAI. Note that
the flies that expressed a:SYN in the absence of dVPS35 did not have a
shortened life span compared to the control flies (data not shown).

Discussion

In this study, we first showed that the silencing of VPS35 in cultured
cells caused a reduction in the distribution of CI-MPR and impaired the
maturation of CTSD. Second, we found that the amount of pro-CTSD was
substantially increased in the culture medium of the VPS35-deficient
cells. Third, we demonstrated that silencing VPS35 impairs the matura-
tion of CTSD, which occurs concomitant with a striking accumulation
of aSYN in lysosomes. Finally, we showed that the RNAi-mediated
silencing of dVPS35 not only induced the accumulation of the
detergent-insoluble aSYN species in the brain but also exacerbated
mild eye disorganization, as well as causing locomotor impairment in
the flies expressing the human wild-type aSYN. Cumulatively, these
data suggest that the retromer-dependent sorting machinery plays a
role in aSYN catabolism by modulating the intracellular processing
and activation of CTSD and might thereby contribute to the pathogene-
sis of PD (Fig. 6).

Although the evidence suggests that VPS35 is involved in the patho-
genesis of PD, the mechanisms by which the mutant VPS35 causes
retromer dysfunction and the subsequent neurodegeneration remain
elusive. Given that the expression of VPS35 is significantly decreased
in the brain regions selectively vulnerable to PD and AD and the studies
in animal models (MacLeod et al., 2013; Muhammad et al., 2008; Smail
et al., 2005; Wen et al., 2011), the loss-of-function mechanism may ex-
plain the VPS35-related defective vesicle trafficking and subsequent
neurodegeneration. As suggested by previous studies, our immunopre-
cipitation analyses indicate that the over-expressed VPS35 mutants
(D620N and P316S) seem to maintain the binding capacity for the
retromer subunits VPS26 and VPS29 (Vilarino-Guell et al., 2011). Never-
theless, the expression of the yeast VPS35 mutation (p.R98W) in the

Fig. 2. VPS35 depletion impairs the maturation of CTSD concomitantly with the accumulation of «SYN mainly in the late endosomes and lysosomes. (A) The level of exogenously expressed
human aSYN (17 kDa) in HEK293 cells was decreased when the CTSD was highly over-expressed (3 pg plasmid for transfection) for 48 h (upper panel). Notably, under the existence of
protein synthesis inhibitor cycloheximide, the effect of CTSD on aSYN degradation was augmented and the amount of aSYN was significantly decreased in proportion to the dosage of
CTSD expression (lower panel). Pro-CTSD and mature CTSD are indicated by an asterisk and an arrowhead, respectively. Representative immunoblots from three independent experiments
are shown. The densitometric quantification of aSYN versus «-tubulin is presented in the right panel. Data are expressed as the means + standard errors. **p < 0.05 (one-way ANOVA
followed by Dunnett's test; n = 5). (B) The depletion of VPS35 by siRNA (#1 and #2) induced the accumulation of intracellular HA-aSYN concomitant with the incorrect processing of
CTSD in HEK293 cells stably expressing HA-aSYN. Pro-CTSD and mature CTSD are indicated by an asterisk and an arrowhead, respectively. Retromer dysfunction in VPS35-deficient
cells was confirmed by the reduction in CI-MPR expression. Representative immunoblots from three independent experiments are presented. The relative band intensity of «SYN versus
o-tubulin was calculated and is presented in the right panel. Data are expressed as the means = standard errors. 'p < 0.05 (one-way ANOVA followed by Dunnett's test; n = 5). (C) A
marked increase in HA-aSYN in the lysosome fraction, as well as the cytosol, in VPS35-silenced HEK293 celis expressing HA-aSYN. Note that the expression level of CI-MPR was slightly
decreased in the endosomes but simultaneously increased in the downstream lysosome compartments. CTSD was detected both in the endosome and lysosome fractions in HEK293 cells;
however, after silencing VPS35, the level of mature CTSD (arrowhead) was substantially decreased in the lysosomes, whereas the pro-CTSD (asterisk) appeared upregulated in the
endosomes. HSPI0, Rab5, and LAMP-2 were used as the subcellular markers for the cytosol, endosome, and late endosome/lysosome, respectively. The fractionation and immunostaining
were performed five times and exhibited consistent results. The densitometric quantification of HA-aSYN in each fraction is presented in the right panel. Data are expressed as
the means + standard errors. ¥p < 0.05 (unpaired Student's t-test; n = 5). (D) Treatment with the lysosomal inhibitor, chloroquine (50 uM for 5 h), significantly augmented the
accumulation of HA-aSYN by VPS35 RNAI. The relative band intensity of HA-aSYN versus a-tubulin is presented in the right panel. Data are expressed as the means + standard errors.
Tp<0.05and *p < 0.01 (one-way ANOVA followed by Dunnett's test; n = 5). (E) The over-expressed wt as well as mutant VPS$35 in HEK293 cells equally led to aSYN accumulation, with
no significant difference in the impaired CTSD maturation. (F) Coimmunoprecipitation analyses using HEK293 cells co-expressing wt and the mutant VPS35 detected no difference in the
binding affinity toward its known binding partners, VPS26 and VPS29. Experiments were performed 3 times and yielded similar results.
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Fig. 3. Knockdown of dVPS35 in human aSYN transgenic Drosophila. (A) Generation of dVPS35-knockdown flies. The sequence-specific silencing of dVPS35 in the fly brain was confirmed by
RT-PCR analysis. Ribosomal protein 49 (rp49), a housekeeping gene, was used as an internal control. RNAi-mediated knockdown was induced by Act5c-GAL4, which expresses GAL4 ubig-
uitously. (B) Neuron-specific knockdown of dVPS35 affects the catabolism of the human wt «SYN, The elav-GAL4 driver was used for the transgene expression. Note that the silencing of
dVPS35 strikingly increased the amount of Triton-insoluble HMW aSYN species, which was accompanied by the concomitant reduction in Triton-soluble «SYN monomer in the brains of
human aSYN-expressing flies under the elav-GAl4 driver. Equal loading was confirmed by an immunocblot using a p-actin Ab. An asterisk indicates the unspecific band that emerged due
to the synuclein-1 Ab. The normalized band intensity data of monomeric aSYN in the Triton-soluble fraction (gray bar) as well as the HMW a:SYN (above 100 kDa) in the Triton-insoluble
fraction (black bar) are presented in the right panel. Data are expressed as the means = standard errors. 'p < 0.05 and *p < 0.01 (one-way ANOVA followed by Dunnett's test; n = 5).
(C) The immunohistochemical staining of fly brains using a human aSYN-specific antibody. The aSYN-positive inclusions (arrowhead) were counted in a defined area of the cortex
(Kenyon cell). Note that the numbers of aSYN-positive inclusions in the fly cortex were significantly increased in the brain of VPS35-deficient flies compared to controls. Scale bar:
10 um. (D) The mRNA levels in the brains of 4 fly lines were analyzed by RT-PCR. Rp49 was used as an internal control. Note that the transcript levels of hfwt]-SNCA are statistically identical
between the hjwt]-SNCA x GFP RNAi and hfwt]-SNCA x dVPS35 RNAI-1 fly lines. The relative hfwt]-SNCA mRNA expression levels normalized to rp49 were calculated. Data are expressed as
the means -+ standard errors (one-way ANOVA followed by Dunnett's test; n = 5). (E) The CTSD activity in the brain was significantly decreased in dVPS35 depleted flies. Results are pre-
sented as means + standard errors. *p < 0.05 (one-way ANOVA with the post-hoc Dunnett's test; n = 5).
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Fig. 4. Silencing of dVPS35 induces mild eye disorganization in human aSYN transgenic Drosophila. (A) Eye-specific expression of hfwt]-SNCA with dVPS35 RNAI resulted in compound eye
disorganization. The eye phenotype was normal in 1-week-old transgenic flies over-expressing hfwt]-SNCA with GFP RNAI. By contrast, when dVPS35 was silenced, the hfwt]-SNCA-Tg flies
showed a slight shrinkage of each ommatidium with disarrayed bristles compared to the control flies expressing both hjwt]-SNCA and GFP RNAI or both EGFP and dVPS35 RNAI. The white
square indicates the magnified area. Scale bar: 100 pm. (B) For the quantification of intact interommatidial bristle numbers, the number of visible bristles was counted and divided by the
total number of ommatidium. Note that the silencing of dVPS35 in SNCA transgenic flies significantly decreased the numbers of bristles compared to other fly lines. The pooled data were
statistically analyzed by a one-way ANOVA followed by a Bonferroni multiple comparison test. *p < 0.001 (n > 10).

highly conserved PRLYL motif at the N-terminus destabilizes VPS26 and
disrupts cargo sorting in the prevacuolar endosome and retrieval of the
retromer to the TGN, indicating that this mutation converts VPS35 to a
dominant-negative protein in Saccharomyces cerevisiae (Zhao et al.,
2007). Similarly, in a rat insulinoma cell line, the exogenous expression
of the human VPS35 R107W mutant (the functional equivalent of the
R98 residue in yeast) has an altered intracellular membrane distribution
that perturbs a number of post-Golgi trafficking functions (Zhao et al,,
2007). Moreover, a recent study has shown that the expression of

D620N VPS35 induces the marked degeneration of dopaminergic neu-
rons both in primary neuron culture and in a rat model (Tsika et al.,
2014). These findings suggest that mutant VPS35 may have an influence
on retromer function via a potentially toxic gain-of-function with a
dominant negative effect. This notion is supported by a recent observa-
tion demonstrating that the PD-linked VPS35 D620N mutation disrupts
the cargo-sorting function of the retromer, causing an abnormal traf-
ficking of CTSD (Follett et al., 2014). We also produced the over-
expression of the PD-linked mutant VPS35 (D620N and P316S) in
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Fig. 5. RNAi-mediated silencing of dVPS35 deteriorates locomotor function in human
aSYN transgenic Drosophila. (A) Knockdown of dVPS35 induced an age-dependent decline
in climbing performance in flies expressing the human «SYN in the nervous system. Five
trials were performed in each group at 20 s intervals and the climbing index was calculat-
ed. Results are presented as the means - standard errors of the scores obtained in 5-10
independent experiments. All climbing assay experiments were conducted at 25 °C. The
Elav-GAL4 driver was used for the experiment. (B) In order to make it easier to compare
each climbing performance in different fly lines, the climbing scores of 4-week-old flies
are also presented as a categorized scatter plot with mean segments. Pooled data from
at least 5 experiments were statistically analyzed. *p < 0.05, **p < 0.01, ***p < 0.005, and
< 0.001 (two-way ANOVA with the Bonferroni multiple comparison test; n z 5).

HEK293 cells to determine its distinct influence on retromer function.
Unexpectedly, not only the exogenously expressed mutants, but also
the wt VPS35 equally resulted in the aberrant trafficking of CI-MPR to-
gether with the impaired maturation of CTSD. This finding is apparently
contradictory to a report by Follett et al,, which demonstrated that exog-
enous expression of the mutant D620N, but not the wt VPS35, abnor-
mally traffics CI-MPR in HEK293 cells, resulting in the incorrect
processing of CTSD. Although the reasons for these discrepancies are
not clear, a possible explanation is the difference in the protein

expression level in each experiment. The retromer requires an apparent
equimolar stoichiometry of the subunit to exert its normal function
(Hierro et al,, 2007; Seaman et al,, 2009). Thus, it is possible that even
the wt VPS35 may be able to negatively perturb the function of the
retromer when heavily over-expressed.

Regardless of the modes of gene action, the genetic modification of
VPS35 can result in the disruption of retromer function and the aberrant
trafficking of cargo proteins such as CI-MPR. CI-MPR appears to be the
primary receptor for the major lysosomal ‘c-synucleinase’ CTSD that
is abundantly expressed in the brain (Ludwig et al., 1994; Press et al.,
1998). Indeed, Sevlever et al. found that the main degradation activity
of aSYN in the lysosomal fractions from cultured neurons was greatly
inhibited by the CTSD inhibitor pepstatin A (Sevlever et al., 2008).
They showed that other protease inhibitors such as leupeptin weakly
reduced aSYN degradation. This result indicates that in addition to
CTSD, other proteolytic activities play a role in «SYN degradation within
lysosomes. This notion is corroborated by our data showing that treat-
ment of the lysosomal inhibitor chloroquine slightly but significantly
augmented aSYN levels in cells transfected with VPS35 siRNA. Never-
theless, the altered processing and prominent accumulation of insoluble
species of endogenous aSYN in three different mammals with CTSD de-
ficiency indicate that its enzyme activity plays a fundamental role in
aSYN metabolism (Cullen et al., 2009). Although both the proteasome
and the lysosome have been proposed to play a role in the degradation
of aSYN (Ebrahimi-Fakhari et al., 2011; Konno et al.,, 2012), recent
observations have underscored the contribution of the autophagy-
lysosome pathway (Mak et al., 2010; Vogiatzi et al,, 2008). CTSD,
lysosome-associated membrane protein-1 (LAMP-1), and heat shock
protein 73 (Hsp73) immunoreactivities are significantly decreased
(approximately 50% versus control) in the substantia nigra neurons of
idiopathic PD patients (Chu et al., 2009). Furthermore, parkinsonism
has been noted in lysosomal deficiencies such as the adult forms of neu-
ronal ceroid lipofuscinosis, Gaucher disease, and Kufor-Rakeb syn-
drome (Schneider and Zhang, 2010). The CTSD deficiency is thought
to broadly influence the lysosomal and autophagic degradation of its
substrate proteins (Koike et al., 2000). Moreover, recent work has re-
vealed that the D620N mutant VPS35 fails to associate with the WASH
(Wiskott-Aldrich syndrome protein and SCAR homolog) complex, an
important regulator of vesicle trafficking. This failure impairs the au-
tophagic clearance of huntingtin proteins with Q74 repeats and the
A53T mutant of aSYN (Zavodszky et al., 2014), raising the question of
how the impaired autophagic-lysosomal degradation by retromer dys-
function can specifically lead to aSYN accumulation. One possible
mechanism is the involvement of the chaperone-mediated autophagy
(CMA). Indeed, the amino acid sequence of aSYN contains a pentapep-
tide succession consistent with a CMA recognition motif and in vitro
experiments demonstrated that this motif is essential for the internali-
zation of aSYN into the lysosomal lumen and for degradation by lyso-
somal proteases (Cuervo et al., 2004). Another regulatory mechanism
which may control the selective sorting and degradation of «SYN in ly-
sosomes is the ubiquitin-modification. It has been shown that Nedd4
(neural precursor cell expressed developmentally down-regulated pro-
tein4), a ubiquitin E3 ligase that targets protein substrates to lysosomes,
catalyzes K63-mediated «SYN ubiquitination and enhances its clear-
ance in lysosomes (Sugeno et al., 2014; Tofaris et al., 2011). Moreover,
the over-expression of wt-Nedd4 reduces aSYN accumulation in the
nervous tissue and induces neurodegeneration and locomotor abnor-
mality in both fly and rat models (Davies et al,, 2014). This finding is
well corroborated by the yeast model experiment showing that N-aryl
benzimidazole (NAB) strongly and selectively counteracts the aSYN cy-
totoxicity through its influence on Rsp5, a yeast homolog of Nedd4
(Tardiff et al., 2013). Our experiments using a novel fly model of
VPS35-linked PD provide evidence for a modulatory effect of endoge-
nous VPS35 expression on aSYN toxicity in vivo. Despite the lack of di-
rect evidence showing that fruit fly CTSD accepts human oSYN as a
substrate, we found that the knockdown of dVPS35 significantly
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Fig. 6. Schematic illustrations of retromer-mediated trafficking of CTSD and possible contribution to lysosomal aSYN degradation. VPS35, a critical component of the retromer complex,
mediates retrograde transport of cargo protein (CI-MPR) from endosome to the TGN. Under physiological condition (upper panel), upon arrival in the Golgi apparatus, newly synthesized
CTSD precursor is specifically modified with M6P residues, which are recognized by CI-MPR in the TGN. CI-MPR escorts CTSD into endosomes, in which the CTSD are released for further
transport to lysosomes. During this process, CTSD is activated by the proteolytic cleavage of the signal peptide sequence. The retromer retrieves the unoccupied MPRs from endosomes to
the TGN, where they participate in further cycles of CTSD sorting. If the retromer function is perturbed (lower panel), the retromer fails to retrieve CI-MPR from the endosome to the TGN,
which results in increased secretion of precursor CTSD as well as the impaired trafficking of CTSD. As a consequence, the amount of mature CTSD in the lysosome is decreased, which in-
creases the accumulation of aSYN and might influence the neurodegenerative process linked to PD.

lowered the CTSD activity in fly brain and the deletion of the homolo-
gous CTSD-encoding gene in the fly promoted the toxicity of the ectop-
ically expressed human aSYN in the fly retina (Cullen et al., 2009).
These observations suggest that the altered expression level of dVPS35
may interfere with CTSD activation and thereby have an effect on the
cellular burden of aSYN. Indeed, the accumulation of the HMW
Triton-insoluble aeSYN species accompanied by a decrease in soluble
monomeric &SYN in our fly model is consistent with the results in
CTSD-deficient mouse brain showing that the level of soluble endoge-
nous aSYN was reduced, whereas the levels of insoluble, oligomeric
aSYN species were increased (Cullen et al., 2009). The reason that the

aSYN monomer was decreased in the dVPS35-deficient fly brain
whereas the monomeric aSYN was increased in VPS35-silenced
HEK?293 cells is uncertain. However, it is possible that the long-lasting
CTSD deficiency caused by retromer malfunction may facilitate the
buildup of the HMW aSYN species. The eye phenotype of the dVPS35-
deficient aSYN transgenic fly is relatively mild compared to that of
CTSD-knockout flies that showed age-dependent vacuolar degeneration
and thinning of the retinal architecture (Cullen et al., 2009). Further-
more, the life span of our flies was roughly comparable to that of normal
flies, whereas the CTSD-knockdown flies manifested a clearly shortened
life span (Tsakiri et al., 2013). Presumably, there may be an inverse
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correlation between the severity of the disease and the level of residual
CTSD enzyme activity. The observed mild eye degeneration and the age-
dependent decline of motor performance in «SYN Tg flies with a
dVvPS35-null background may recapitulate the slowly progressive fea-
ture of the human disease. Although the underlying molecular mecha-
nism by which VPS35 deficiency facilitates eye disorganization and
progressive motor disability in human «SYN Tg flies remains enigmatic,
there is substantial evidence to suggest that the toxic conversion of
aSYN from soluble monomers to aggregated, insoluble forms in the
brain is a key event in the pathogenesis of PD and related diseases
(Cookson, 2005). Thus, the intracellular buildup of the potentially nox-
ious aSYN species in the fly brain may partly provide a plausible expla-
nation for the cytotoxicity.

In summary, we found that retromer depletion impaired CTSD
maturation in parallel with the accumulation of aSYN in lysosomes.
Moreover, the newly established fly model of VPS35-linked PD provided
evidence for a possible modulatory effect of endogenous VPS35 expres-
sion on «SYN toxicity in vivo. Interestingly, MacLeod et al. (2013) have
demonstrated that wt VPS35 (PARK17) could rescue the phenotypes
caused by LRRK2 (PARKS) or RAB7L1 (PARK16) risk variants both
in vitro and in vivo. Furthermore, the locomotor abnormalities and
shortened lifespan in flies expressing mutant human LRRK2 can be
rescued by the overexpression of VPS35 (Linhart et al., 2014). These
findings indicate that these PD-associated genes may configure a com-
mon cellular pathway. The functional interrelationship of the endo-
lysosomal system in PD is also highlighted by the recent identification
of pathogenic mutations in DNAJC6 and DNAJC13, recently identified
genes encoding the DNAJ domain-bearing proteins involved in
endosomal trafficking, in rare familial forms of PD (Edvardson et al.,
2012; Vilarino-Guell et al., 2014). Further studies will be required to
gain insight into the pathophysiological role of the endocytosis and
endo/lysosomal trafficking systems in synucleinopathy and to identify
molecular targets for potential therapeutic interventions.
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Background: Nedd4-1 catalyzes the Lys-63-linked ubiquitination of aS.

Results: The Lys-63-linked ubiquitination of aS by Nedd4-1 facilitates endosomal targeting of extracellular aS.

Conclusion: Compared with C-terminal deficient mutants, wild type-aS is preferentially internalized and translocates to
endosomes. The overexpression of Nedd4-1 leads to the accumulation of aS in endosomes.

Significance: Nedd4-1-mediated Lys-63 ubiquitination specifies the fate of internalized aS.

a-Synuclein (aS) is a major constituent of Lewy bodies, which
are not only a pathological marker for Parkinson disease but also
a trigger for neurodegeneration. Cumulative evidence suggests
that aS spreads from cell to cell and thereby propagates neuro-
degeneration to neighboring cells. Recently, Nedd4-1 (neural
precursor cell expressed developmentally down-regulated pro-
tein 4-1), an E3 ubiquitin ligase, was shown to catalyze the Lys-
63-linked polyubiquitination of intracellular aS and thereby
facilitate aS degradation by the endolysosomal pathway.
Because Nedd4-1 exerts its activity in close proximity to the
inner leaflet of the plasma membrane, we speculate that after the
internalization of aS the membrane resident a$ is preferentially
ubiquitinated by Nedd4-1. To clarify the role of Nedd4-1 in aS
internalization and endolysosomal sequestration, we generated
aS mutants, including APR1(1-119 and 129 -140), AC(1-119),
and APR2(1-119 and 134-140), that lack the proline-rich
sequence, a putative Nedd4-1 recognition site. We show that
wild type aS, but not APR1, APR2, or AC aS$, is modified by
Nedd4-1 in vitro, acquiring a Lys-63-linked ubiquitin chain.
Compared with the mutants lacking the proline-rich sequence,
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wild type-a$ is preferentially internalized and translocated to
endosomes. The overexpression of Nedd4-1 increased aS in
endosomes, whereas RNAi-mediated silencing of Nedd4-1
decreased endosomal aS. Although aS freely passes through
plasma membranes within minutes, a pulse-chase experiment
revealed that the overexpression of Nedd4-1 markedly
decreased the re-secretion of internalized aS. Together, these
findings demonstrate that Nedd4-1-linked Lys-63 ubiquitina-
tion specifies the fate of extrinsic and de novo synthesized aS by
facilitating their targeting to endosomes.

The intraneuronal aggregation of misfolded a-synuclein
(aS),® known as a component of Lewy bodies (LB), is a path-
ological hallmark of Parkinson disease (PD). After the dis-
covery of LB-like inclusions in the grafted neurons of PD
patients who had previously received transplants of fetal
mesencephalic neurons (1), increasing evidence has sug-
gested that both monomeric and oligomeric aS can be
secreted into the extracellular milieu (2), thereby affecting
the physiological state of neighboring cells. Previous studies
have revealed that the cellular uptake of fibrillar aS requires
physiological temperatures and dynamin-1 (3, 4), a master
regulator of endocytic vesicle formation, suggesting the

3 The abbreviations used are: aS, a-synuclein; CQ, chloroquine; HECT, homol-
ogous to the E6-AP C terminus; HMW, high molecular weight; LB, Lewy
body; LMW, low molecular weight; Nedd4, neural precursor cell expressed
developmentally down-regulated protein 4; pAb, polyclonal antibody; PD,
Parkinson disease; PR, proline-rich; aS, a-synuclein; Tricine, N-[2-hydroxy-
1,1-bis(thydroxymethyl)ethyllglycine; ESCRT, endosomal sorting complex
required for transport; BN, blue native.
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