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Parkin interacting substrate zinc finger protein
746 is a pathological mediator in Parkinson’s
disease
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a-Synuclein misfolding and aggregation plays a major role in the pathogenesis of Parkinson’s disease. Although loss of function
mutations in the ubiquitin ligase, parkin, cause autosomal recessive Parkinson’s disease, there is evidence that parkin is inactivated
in sporadic Parkinson’s disease. Whether parkin inactivation is a driver of neurodegeneration in sporadic Parkinson’s disease or a
mere spectator is unknown. Here we show that parkin in inactivated through c-Abelson kinase phosphorylation of parkin in three
a-synuclein-induced models of neurodegeneration. This results in the accumulation of parkin interacting substrate protein (zinc
finger protein 746) and aminoacyl tRNA synthetase complex interacting multifunctional protein 2 with increased parkin interacting
substrate protein levels playing a critical role in a-synuclein-induced neurodegeneration, since knockout of parkin interacting
substrate protein attenuates the degenerative process. Thus, accumulation of parkin interacting substrate protein links parkin
inactivation and a-synuclein in a common pathogenic neurodegenerative pathway relevant to both sporadic and familial forms
Parkinson’s disease. Thus, suppression of parkin interacting substrate protein could be a potential therapeutic strategy to halt the
progression of Parkinson’s disease and related a-synucleinopathies.
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Introduction

Parkinson’s disease is the second most common neurodegen-
erative disorder, that leads to a progressive loss of dopamine
neurons in the substantia pars compacta (Dauer and
Przedborski, 2003; Savitt et al., 2006). Accompanying the
loss of dopamine neurons are motor symptoms that include
a rest tremor, bradykinesias, and rigidity. Moreover, patients
with Parkinson’s disease have non-motor symptoms that in-
clude sleep disturbance, anxiety and depression and auto-
nomic dysfunction among others (Bonnet et al., 2012).
Late in the course of the disease, patients also develop cog-
nitive symptoms that progress to dementia. Pathologically,
most forms of Parkinson’s disease have accumulation of o-
synuclein (a-syn, encoded by SNCA) in structures designated
as Lewy bodies and Lewy neurites throughout the nervous
system (Goedert, 2001; Lee and Trojanowski, 2006; Goedert
et al., 2013).

There are a number of genetic causes of Parkinson’s dis-
ease including mutations in o-syn (Polymeropoulos et al.,
1997; Kruger et al., 1998; Singleton et al., 2003; Chartier-
Harlin et al., 2004; Zarranz et al., 2004) and LRRK2
(Zimprich et al., 2004; Di Fonzo et al., 2005, 2006; Ross
et al., 2008), which cause autosomal dominant Parkinson’s
disease. In sporadic Parkinson’s disease, a-syn misfolding
and aggregation is thought to play a major role in the
pathogenesis of the disease (Goedert, 2001; Maries et al.,
2003; Lee and Trojanowski, 2006; Auluck et al., 2010;
Goedert et al., 2013; Lashuel et al., 2013). Several a-syn
transgenic mouse models of familial Parkinson’s disease
have been created and recapitulate most, if not all, the
cardinal features of o-syn-induced neurodegeneration
(Maries et al., 2003; Fernagut and Chesselet, 2004;
Dawson et al., 2010; Chesselet and Richter, 2011; Lee
et al., 2012; Bezard et al., 2013; Deng and Yuan, 2014).
In addition, transgenic mouse models overexpressing famil-
ial Parkinson’s disease-related mutated a-syn (AS3T or
A30P) have been established that show robust gastrointes-
tinal dysfunction, a feature that precedes neurodegeneration
in Parkinson’s disease (Kuo et al., 2010). There are also
mutations in E3 ubiquitin ligase parkin (encoded by
PRKN) (Kitada et al., 1998), the kinase PINK1 (Valente

et al., 2004) and the redox sensitive protein DJ1 (encoded
by PARK?7) (Bonifati et al., 2003). In addition there are a
number of mutations or polymorphisms in other genes that
are either causal or increase the risk of developing
Parkinson’s disease (Ramirez et al., 2006; Satake et al.,
2009; Sidransky et al., 2009; Simon-Sanchez et al., 2009;
Shulman et al., 2011; Vilarino-Guell et al., 2011; Zimprich
et al., 2011; Hernandez et al., 2016). Parkin and PINK1
are linked in a common genetic pathway to regulate mito-
chondrial quality control (Fedorowicz et al., 2014; Eiyama
and Okamoto, 2015; Fiesel et al., 2015). Although loss-of-
function mutations in the E3 ubiquitin ligase parkin are a
rare cause of autosomal recessive Parkinson disease (Kitada
et al., 2007; Corti et al., 2011; Martin et al., 2011), there is
evidence that parkin is also inactivated in the more
common sporadic form of Parkinson’s disease (Chung
et al., 2004; Yao et al., 2004; Ko et al., 2005, 2010;
LaVoie et al., 2005; Imam et al., 2011; Shin et al., 2011;
Dawson and Dawson, 2014; Karuppagounder et al., 2014;
Kurup et al., 2015; for a review see Panicker et al., 2017).
However, whether parkin inactivation is a driver of the
degenerative process of sporadic Parkinson’s disease or a
mere spectator is unknown. Here we evaluate the role of
parkin inactivation and accumulation of parkin substrates
in the pathogenesis of Parkinson’s disease due to pathologic
a-syn. We show that parkin is inactivated leading to the
accumulation of parkin interacting substrate protein
(PARIS) (zinc finger protein 746) (ZNF746) in two A53T
a-syn transgenic models of familial Parkinson’s disease and
in the a-syn preformed fibril (PFF) model of sporadic
Parkinson’s disease. Moreover, knockout of PARIS pre-
vents the neurodegeneration in these models providing evi-
dence that parkin inactivation and accumulation of PARIS
contribute significantly to the degenerative process initiated
by pathological a-syn.

Materials and methods

Animals

The generation of transgenic (Tg) mice that overexpress
human AS53T a-syn using the mouse PrnP (mPrP) has been
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described previously and are designated hA53T a-syn.G2-3 Tg
(Lee et al., 2002). These mice were obtained from Jackson
Laboratories (C57BL/6; Prnp-SNCA*AS53T). PARIS knockout
(KO) and conditional TetP-hAS53T a-syn transgenic mice were
generated and characterized in our laboratory as described
below. Randomized mixed gender cohorts were used for all
animal experiments. All mice were acclimatized for 3 days in
the procedure room before starting any experiments. We
aimed throughout to reduce animal suffering due to pain
and discomfort. All procedures involving animals were
approved by and conformed to the guidelines of the
Institutional Animal Care Committee of Johns Hopkins
University.

Antibodies

Primary antibodies used include the following: mouse anti-o-
synuclein (610787; BD Transduction laboratories), mouse anti-
a-synuclein, LB509 (ab27766; Abcam), rabbit anti-a-synuclein
(2642; Cell Signaling), rabbit anti-pY245 c-Abl (2861; Cell
Signaling), mouse anti-c-Abl (554148; BD Transduction
Laboratories), mouse anti-pS129 a-synuclein (pSyn#64) (015-
25191; Wako), rabbit anti-pY39 a-synuclein (Brahmachari
et al., 2016), mouse anti-ubiquitin (MAB1510; Millipore),
rabbit anti-GFAP (Z0334; Dako), rabbit anti-phosphotyrosine
(610009; BD Transduction Laboratories), mouse anti-PARIS/
ZNF746, Clone N196/16 (75-195; Antibodies Inc), mouse
anti-PGC-1ae  (ST1202; Calbiochem), mouse anti-parkin
(4211; Cell Signaling), rabbit anti-parkin (2132; Cell
Signaling), rabbit anti-MFN1 (13798-1-AP; Proteintech),
rabbit anti-ZNF746 (24543-1-AP; Proteintech), rabbit anti-
PGC-1a (NBP1-04676; Novus), rabbit anti-phosphotyrosine
(61-5800; ThermoFisher), rabbit anti-Bax (2772; Cell signal-
ing), rabbit anti-RHOT1 (Miro1) (PA5-42646; ThermoFisher
Scientific), rabbit anti-STEP61 (9069; Cell signaling), rabbit
anti-NeuN  (ab177487, Abcam), and rabbit anti-pS65
Ubiquitin (Fiesel ez al., 2015) antibodies. Secondary antibodies
used include the following: actin-peroxidase (Sigma), anti-
rabbit and anti-mouse IgG (Santa Cruz), anti-phosphotyrosine,
4G10 platinum-peroxidase (Millipore) and peroxidase-linked
species-specific whole antibody (GE health care).

Immunohistochemistry for mouse
brain

Immunohistochemistry was carried out as described previously
(Lee et al., 2013; Karuppagounder et al., 2014; Brahmachari
et al., 2016). Mice were put into deep anaesthesia by intraper-
itoneal injection of pentobarbital (Nembutal) sodium solution
[50 pl of 2-fold dilution in phosphate-buffered saline (PBS) of
pentobarbital sodium 50 mg/ml, Lundbeck] and intracardially
perfused with ice-cold PBS followed by 4% paraformaldehyde/
PBS (wt/vol, pH 7.4). Brains were removed and post-fixed for
16 h in the same fixative. After cryoprotection in 30% sucrose/
PBS (wt/vol, pH 7.4), brains were frozen on dry ice, and serial
coronal sections (40pm sections of brainstem, cerebellum,
striatum or 60 pum sections of midbrain) were cut with a cryo-
tome. Free-floating sections were blocked with 5% goat serum
(volivol, Sigma-Aldrich)/PBS plus 0.2% Triton™ X-100 (vol/
vol) and incubated with indicated antibodies, followed by
incubation with biotin-conjugated secondary antibodies to
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rabbit or mouse, ABC reagents (Vector Laboratories)
and  Sigmafast™  3,3’-diaminobenzidine (DAB) tablets
(Sigma-Aldrich). Sections were counterstained with Nissl
(0.09% thionin, wt/vol) after desired antigen staining as
described previously (Shin ef al., 2011), followed by mounting
with DPX (Sigma-Aldrich) before imaging under a microscope
(Axiophot photomicroscope, Carl Zeiss Vision).

Quantitative analysis of
immunohistochemistry

Every fourth serial section (60uM for the substantia nigra
region) was stained for tyrosine hydroxylase (TH) and counter
stained with Nissl. TH-positive and Nissl-positive neurons
from the substantia nigra pars compacta (SNpc) were counted
through optical fractionators, an unbiased method for cell
counting (West, 1993). This method was carried out using a
computer-assisted image analysis system consisting of an
Axiophot photomicroscope (Carl Zeiss Vision) equipped with
a computer controlled motorized stage (Ludl Electronics), a
HitachiHVC20 camera, and Stereo Investigator software
(MicroBright-Field). The total number of TH-stained neurons
and/or Nissl counts was calculated under 100 x (numerical
aperture 1.4, coefficient of error 0.17) magnification (Shin
et al., 2011; Lee et al., 2013). Serial striatal sections were
processed for TH staining following the same procedure as
above. Fibre density in the striatum was quantified by optical
density (OD). Image] software (NIH) was used to analyse the
OD as described previously (Lee et al., 2013).

Tissue lysate preparation

Tissue lysates were prepared as described previously (Lee et al.,
2002; Brahmachari et al., 2016) with some modifications.
Non-ionic detergent-soluble and insoluble fractions were
made by homogenization of tissue in brain lysis buffer [10
mM Tris-HCI, pH 7.4, 150 mM NaCl, 5mM EDTA, 0.5%
Nonidet™ P-40, phosphatase inhibitor cocktail II and III
(Sigma-Aldrich), and complete protease inhibitor mixture].
The homogenate was centrifuged (20 min at 4°C, 100 000g),
and the resulting pellet (P1) and supernatant (S1, soluble) frac-
tions were collected. The P1 was washed once in brain lysis
buffer containing non-ionic detergent (0.5% Nonidet™ P-40)
and the resulting pellet (P2, non-ionic detergent-insoluble) was
homogenized in brain lysis buffer containing 1% SDS and
0.5% sodium deoxycholate. The homogenate was centrifuged
and the resulting supernatant (non-ionic detergent-insoluble)
was collected. Total lysates were prepared by homogenization
of tissue in RIPA buffer [50 mM Tris, pH 8.0, 150 mM NaCl,
1% Nonidet™ P-40, 1% SDS, 0.5% sodium deoxycholate,
phosphatase inhibitor cocktail II and III (Sigma-Aldrich), and
complete protease inhibitor mixture]. The homogenate was
centrifuged (20 min at 4°C, 100 000g), and the resulting super-
natant was collected.

Immunoprecipitation and
immunoblot analysis

For immunoprecipitation using mouse brains, tissues were
homogenized and prepared in lysis buffer [10 mM Tris-HCI
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(pH 7.4), 150 mM NaCl, S mM EDTA, 0.5% Nonidet™ P-40
(volivol), 1% Triton™ X-100, 0.5% sodium deoxycholic acid
(wt/vol), Phosphatase inhibitor cocktail II and III (Sigma-
Aldrich), and complete protease inhibitor mixture in PBS].
Protein levels in tissue lysates were quantified using a BCA
protein assay kit (Pierce). The lysates were then rotated at
4°C for 1h, followed by centrifugation at 18000g for
20 min. The supernatants were then combined with 50 ul of
Dynabeads™ Protein G (Life Technologies) preincubated with
indicated antibodies, followed by rotating for 2 h or overnight
at 4°C. Protein G was pelleted and washed four times using
immunoprecipitation buffer or buffer with additional 500 mM
NaCl, followed by three washes with PBS and samples were
prepared by adding 2 x sample loading buffer (Bio-Rad).
Immunoblot analysis or mouse brain samples using total,
detergent-soluble or detergent-insoluble samples were per-
formed as described previously (Lee et al., 2002; Ko et al.,
2010; Brahmachari et al., 2016). Brain tissue lysates or immu-
noprecipitated samples were electrophoresed on SDS-PAGE
gels and transferred to nitrocellulose membranes. Membranes
were blocked with 5% non-fat dry milk (wt/vol) in Tris-buf-
fered saline with Tween-20 (TBS-T) and incubated with pri-
mary antibodies. After horseradish peroxidase-conjugated
secondary antibody incubation, the immunoblot signal was
detected using chemiluminescent substrates (Thermo Scientific).

Generation of PARIS knockout mice

To generate PARIS knockout (KO) mice, we used a targeting
strategy to delete the zinc fingers by deleting the last three
exons 5 to 7 and the 3’'UTR, which were flanked by LoxP
sites. The loss of 3'UTR destabilizes the Znf746/PARIS tran-
script (Supplementary Fig. 2A). The knockout of Znf746/
PARIS was validated by PCR. The genotyping primers
Y225 and Y226 were used for genotyping wild-type, and
the size of the PCR product is 411bp. For the knockout
genotyping, the primers Y203 and Y203 were used and the
PCR product size is 677 bp. The heterozygous mice show two
bands (Supplementary Fig. 2B). The genomic deletion of
PARIS was confirmed by Southern blot analysis
(Supplementary Fig. 2C). Primers P204 and P205 were used
to amplify the internal probe. Mouse genomic DNA was
digested by Sacl. Southern blot analysis confirmed the correct
targeting with a 10 kb wild-type band and a 15 kb knockout
band (Supplementary Fig. 2C, top). Primers P206 and P207
amplified the external 5 probe. Mouse genomic DNA was
digested by Mfel. Southern blot analysis confirmed the cor-
rect targeting with a 12.7kb wild-type band and a 7.5kb
knockout band (Supplementary Fig. 2C, middle). Primers
P208 and P209 amplified the external 3’ probe. Mouse geno-
mic DNA was digested by Hpal. Southern blot analysis con-
firmed the correct targeting with an 8.4 kb wild-type band
and a 5.7kb knockout band (Supplementary Fig. 2C,
bottom). Deletion of the Znf746/PARIS transcript was vali-
dated by RT-PCR (Supplementary Fig. 2D). The primer for
reverse transcription was oligo dT. For PCR, primers Y233
and Y234 were used to amplify 164 bp band for wild-type
and negative for knockout mice. RT-PCR was further con-
firmed by real-time PCR (Supplementary Fig. 2E). Finally, the
deletion of the PARIS protein was confirmed by western blot
analysis (Supplementary Fig. 2F).
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Conditional TetP-hA53T &syn
transgenic mouse generation

To generate mPrP-TetP-human (h) AS53T o-syn mice, the
¢DNA encoding human wild-type SNCA was subcloned into
the unique Xhol site of the 9.0kb mPrP-TetP vector
(Supplementary Fig. 9A). Site-directed mutagenesis was con-
ducted with the mPrP-TetP-hWT a-syn construct as a template
to generate pPrP-TetP-hAS3T a-syn construct (Supplementary
Fig. 9A). The hAS53T mutation was confirmed by DNA
sequencing. The mPrP-TetP-hAS53T a-syn construct was linear-
ized by digestion with Noll and the purified linearized DNA
fragment (7kb) was used for pronuclear microinjection of
single-cell embryos from B6C3F2 strain and the one or two
cell embryos were transferred into B6D2F1 pseudo-pregnant
female mice to produce founder mice. Microinjections were
conducted by the National Cancer Institute Transgenic Core
Facility. Founder animals were screened for transgene incor-
poration by PCR of tail genomic DNA using TetP-a-syn pri-

mers (Supplementary Fig. 9B and C) (Forward: §'-
CGGGTCGAGTAGGCGTGTAC-3’; Reverse: §5-TCTAG
ATGATCCCCGGGTACCGAG-3": PCR product: 173 bp).

Positive founder mice with a high copy of number the trans-
gene (hA53T-4360, hA53T-4299 and hAS53T-4454) were
crossed to hemizygous CamKIla-tTA transgenic mice to drive
hAS53T a-syn protein expression in vivo (Supplementary Fig.
9D). Using this approach, we generated bigenic PrP-TetP-
hA53T o-syn/CamKII o-tTA mice designated as CamK-
hAS53T (Supplementary Fig. 9D). We found that hAS3T o-
syn protein was overexpressed throughout the forebrain (hip-
pocampus, cortex and striatum) and the ventral midbrain in
the bigenic mice (Supplementary Fig. 9E and F). As the foun-
der line hA53T-4360 expressed the highest level of a-syn
(Supplementary Fig. 9E and F), it was selected for further
characterization. The CamK-hAS3T mice (line 4360) were
used for AAV-tTA injections to drive hAS3T a-syn protein
expression in the ventral midbrain (Fig. 3, Supplementary
Figs 9G and H, and 10-14).

Measurement of neurotransmitters
in the striatum

Biogenic amine concentrations were measured by high perfor-
mance liquid chromatography with electrochemical detection
(HPLC-ECD). Briefly, mice were sacrificed by decapitation
and the striatum was quickly removed. Striatal tissue was
sonicated in 0.150 ml ice-cold 0.01 mM perchloric acid con-
taining 0.01% EDTA and 60ng 3,4-dihydroxybenzylamine
(DHBA) as an internal standard. After centrifugation
(15000 g, 30 min, 4°C), the supernatant was passed through
a 0.2mm filter. Twenty microlitres of the supernatant were
analysed in the HPLC column (4.6mm 3 150mm C-18
reverse phase column, Waters Atlantis T3) by a dual channel
Coulochem III electrochemical detector (Model 5300, ESA,
Inc). The protein concentrations of tissue homogenates were
measured using the BCA protein assay kit (Pierce). Data were
normalized to protein concentrations and expressed as nano-
grams or milligrams of protein (Karuppagounder et al.,
2014).
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Stereotaxic intranigral virus injection

Stereotaxic injection was performed as described previously
(Lee et al., 2013). For stereotaxic injection of AAV1-IRES-
zsGreen overexpressing tTA and zsGreen, 8-week-old mice of
indicated genotypes were anaesthetized with pentobarbital
(60 mg/kg). An injection cannula (26.5 gauge) was applied
stereotaxically into the SNpc (anteroposterior, 3.2mm from
bregma; mediolateral, 1.3 mm; dorsoventral, 4.3 mm) unilater-
ally (applied into the right hemisphere). The infusion was per-
formed at a rate of 0.2pwmin, and 1 or 2l of a high-titre
AAV1+4TA-IRES-zsGreen (3.5 x 10" AAV vector genomes
per ml in PBS) was injected into each mouse. After the final
injection, the injection cannula was maintained in the substan-
tia nigra for an additional 5 min for a complete absorption of
the virus and then slowly removed from the mouse brain. The
head skin was closed by suturing, and wound healing and
recovery were monitored following surgery. For western blot
analysis, brains were removed 1 month or 6 months after viral
injection and lysates were prepared as described above. For
stereological analysis, mice were perfused and fixed intracar-
dially with ice-cold PBS followed by 4% paraformaldehyde
(PFA) at 6 months after intranigral viral injection. The brain
was processed for immunohistochemistry. Amphetamine-
induced stereotypic rotation was performed at 6 months
after the unilateral intranigral virus injection prior to sacrifi-
cing the mice.

Amphetamine-induced stereotypic
rotation

Six months after mice received the AAV1-tTA intranigral injec-
tion into the right hemisphere, 5 mg/kg body weight ampheta-
mine (Sigma-Aldrich) was administered intraperitonially. Mice
were placed into a white paper cylinder of 20-cm diameter and
monitored for 30 min. The behaviour of mice was recorded for
at least S min between 20 and 30 min following amphetamine
administration. Full body ipsilateral rotations (clockwise) were
counted for each mouse from the video recordings. The animal
genotypes were blinded and randomly used during the experi-
ment and the blind was removed for final quantification and
statistical assessment.

RT-PCR and real-time quantitative
RT-PCR

Total RNA was extracted with TRIzol® reagent (Invitrogen),
and cDNA was synthesized from total RNA (0.5 ug) using a
First Strand c¢DNA synthesis kit (Invitrogen). Aliquots of
cDNA were used as templates for RT-PCR and real-time
qRT-PCR procedure. Relative quantities of mRNA expression
were analysed using real-time PCR (Applied Biosystems
ViiA™ 7 Real-Time PCR System). The SYBR® GreenER™
reagent (Invitrogen) was used according to the manufacturer’s
instruction. Primer sequences for RT-PCR are as follows:
PARIS (Znf746), forward 5'-AGTTGGACTCTGGAGCAGG

A-3', reverse 5'- GCTGCTGTGTTGAGCTTCAG-3'; parkin
(Prkn), forward 5’-TGGAAAGCTCCGAGTTCAGT-3,
reverse 5-CCTTGTCTGAGGTTGGGTGT-3'; Aimp2, for-
ward 5'-ACCAGGTAAAGCCCTATCATGG-3, reverse 5'-GA
GCCGGTACATGCAGGTT-3'; Gapdh, forward 5'- AGGTC
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GGTGTGAACGGATTTG-3, reverse 5'- TGTAGACCATGT
AGTTGAGGTCA-3'. Primer sequences for RT-PCR and
Southern blot analysis for characterization of PARIS knockout
mice are as follows: Y233, 5'-GGGACACTGAAGCTCAACA
CAGCAG -3'5 Y234, 5'- GGGAAGAATCTTGTGGCTTGGC
CTG-3'; P204, 5-GAAAAGCACAGGTGCTTCTC-3'; P20S5,
5’-GGGCATAAAATTGTGAAGCTTC-3'; P206, 5'-CTCTAT
CCCATCAACCCAGAAG-3'; P207, -GTGTTAGCCATAAA
ACTACAGAGTG-3'; P208, 5-GTGTTAGCCATAAAACTAC
AGAGTG-3’; P209, 5-GAGTTCTTGGGTATTTAAGCATG
C-3.

Southern blot

Southern blot analysis was performed with DIG-High prime
DNA labelling and Detection starter kit II (Roche
#11585614910), as follows. The internal probe, external 5’
probe and external 3’ probe were amplified with primers
P204/205, P206/207 and P208/209, respectively. All the
probes were purified and labelled with digoxigenin-11-dUTP
using DIG-High Prime. Mouse genomic DNA was isolated,
purified and digested by Sacl, Mfel and Hpal, respectively.
Digested DNA was loaded to 1% agarose gel and run at
20V overnight. DNA denaturation and gel neutralization
were performed by standard protocols. DNA was transferred
and fixed to positively-charged nylon membranes (Roche
#11209299001). DNA hybridization and detection were per-
formed as described in the kit instructions. A wild-type band
of 10kb, and a knockout band of 15 kb are expected with the
internal probe and Sacl digestion; a wild-type band of 12.7 kb
and a knockout band of 7.5 kb are expected with the external
5’ probe and Mfel digestion; and a wild-type band of 8.4kb
knockout band of 5.7kb are expected with the external 3’
probe and Hpal digestion. All the primer sequences are listed
in the ‘RT-PCR and real-time quantitative RT-PCR” section.

a-Syn preformed fibril preparation

Purification of recombinant of a-syn proteins and in vitro fibril
generation was performed as published (Mao et al., 2016).
Assembly reactions of a-syn were performed by continuous
agitation of a-syn for 7 days in an amber glass vial with a
magnetic stirrer (10g at 37°C). a-Syn PFFs were harvested and
evaluated for the quality of the fibrils. To avoid repeated freeze
and thaw, the PFFs were aliquoted and stored at —80°C.

Stereotaxic procedure for a-syn
preformed fibril injection

Stereotaxic procedure was performed as described previously
(Mao et al., 2016). On the day of intrastriatal injections, pre-
parations were diluted in sterile PBS and briefly sonicated in a
temperature controlled sonicator waterbath. Two-month-old
mice were anaesthetized with pentobarbital and PBS, recombi-
nant o-syn PFF (5pg/2ml) or recombinant o-syn monomer
(5 ug/2ml) was stereotactically delivered into one striatum.
The following reference coordinates for the dorsal neostriatum
were used: +0.2mm medial-lateral (ML); +2.0mm antero-
posterior (AP) and +2.8mm dorso-ventral (DV) from
bregma. Injections were performed using a 2pl syringe
(Hamilton) at a rate of 0.1ul/min with the needle left in
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place for =5 min before slow withdrawal of the needle. After
surgery, animals were monitored and post-surgical care was
provided. Animal behaviour studies were performed at 180
days and mice were euthanized for biochemical, neurochemical
and histological studies. For biochemical studies, tissues were
immediately frozen after removal and stored at —80°C. For
histological studies, mice were perfused transcardially with
PBS and 4% PFA and brains were removed, followed by over-
night fixation in 4% PFA and transfer to 30% sucrose for
cryoprotection.

Behavioural tests

Open-field test

The Open-field test was performed by placing of animals into
an infrared beam chamber. Activity was monitored using the
Photobeam Activity System (San Diego Instruments), which
provides a grid of infrared beams. The total number of beam
breaks over a period of 30 min was recorded and analysed.

Pole test

The Pole test was performed as described previously (Mao
et al., 2016). A 9-mm diameter 2.5-foot metal rod wrapped
with bandage gauze was used as the pole. Mice were placed on
the top of the pole (3 inches from the top of the pole) facing
head-up. The time taken to turn and total time taken to reach
the base of the pole was recorded. Before the actual test the
mice were trained for two consecutive days and each training
session consisted of three test trials. The maximum cut-off time
to stop the test was 120s. Results were expressed in turn and
total time (in seconds) (Mao et al., 2016).

Grip strength test

The grip strength test was performed as described before (Mao
et al., 2016). Neuromuscular strength was measured by max-
imum holding force generated by the mice (Bioseb). Mice were
allowed to grasp a metal grid with either their fore and/or hind
limbs or both. The tail was gently pulled, and the maximum
holding force recorded by the force transducer when the mice
released their grasp on the grid. The peak holding strength was
digitally recorded and displayed as force (in grams) (Mao
et al., 2016).

Rotarod test

The rotarod test was performed as described previously (Yun
et al., 2018). Briefly, the mice were trained on the rotarod
apparatus three consecutive days before the test. Mice were
placed on a rotating rod (4 rpm) and then tested for the accel-
erating trial of 5min with the speed changing from 4 to
40rpm. The latency to fall from the rod was recorded and
data were presented as mean latency from three trials under
blind condition to different groups.

Cylinder test

The cylinder test has been designed to measure spontaneous
movement in rodents placed in a novel environment (Yun
et al., 2018). The mice were monitored for asymmetry in spon-
taneous forelimb use by being placed in a small transparent
cylinder 14.5cm in diameter and 20.5cm in height.
Independent use of the ipsilateral or contralateral forelimb
for contacting the vertical surface of the cylinder was measured
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in at least 20 exploratory movements over a 10-min recording.
The number of ipsilateral forelimb contacts was expressed as a
percentage of the total forelimb contracts.

Statistics

All data were analysed using GraphPad Prism 6 software. Data
were presented as mean =+ standard error of the mean (SEM)
with at least three biologically independent experiments.
Unpaired two-tailed Student’s #-tests, one-way ANOVA, or
two-way ANOVA followed by Sidak’s or Tukey’s multiple
comparisons test were used to assess the statistical significance.
Assessments  with P < 0.05 were considered significant.
Statistical analysis for the survival curves was performed by
the Mann-Whitney-Wilcoxon test.

Data availability

Authors declare that data supporting the findings of this study
are included in this manuscript and additional supporting data
are available from the corresponding authors upon reasonable
request.

Results

Human A53T asynuclein overex-
pression triggers c-Abl activation and
impairment of parkin activity

Parkin undergoes auto-ubiquitination, and this self-ubiqui-
tination of parkin reflects its ubiquitination activity (Imai
et al., 2000; Zhang et al., 2000; Ko et al., 2010). To
determine whether parkin activity is reduced in the setting
of a-syn-induced neurodegeneration, we carried out a time-
course study of the levels of auto-ubiquitinated parkin as a
measure of the activation state of parkin in the G2-3 line of
the mouse prion promoter human A53T (hA53T) a-syn
transgenic mouse (hA53T a-syn.G2-3 Tg), which constitu-
tively expresses hA53T a-syn (Lee et al., 2002). The levels
of ubiquitinated parkin decrease at 6 months and remain
depressed for the remainder of the lifespan of the hA53T a-
syn.G2-3 Tg mice, while the total parkin levels remain
constant (Fig. 1A and B). Coincident with the reduced
levels of auto-ubiquitinated parkin, is the activation of
the stress-activated non-receptor tyrosine kinase, c-Abl as
assessed by phosphorylation of c-Abl on Y245 (pY245 c-
Abl) (Brasher and Van Etten, 2000), and tyrosine phos-
phorylation (pY143) of parkin (Fig. 1A and C), which is
known to prevent parkin activation (Ko et al., 2010; Imam
et al., 2011; Panicker et al., 2017). At 6 months of age,
pY143 parkin levels peak and begin to decrease in early
symptomatic (7 to 8 months of age) hA53T a-syn.G2-3 Tg
mice and the levels are reduced further in the late sympto-
matic stage (Fig. 1A and C). What accounts for this reduc-
tion in pY143 levels is not known. However, pY143 parkin
levels at the late symptomatic stage hA53T a-syn.G2-3 Tg
mice are still higher than the levels in age-matched non-
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Figure | Ageing leads to c-Abl overactivation, parkin inactivation, and accumulation of parkin substrates in hA53T &syn.G2-3
Tg mice. (A and E) Anti-parkin immunoprecipitation samples from the brainstem lysates of (A) hA53T otsyn.G2-3 mice and (E) non-transgenic
(non-Tg) mice were immunoblotted with anti-ubiquitin to monitor ubiquitinated parkin, anti-phosphotyrosine to monitor tyrosine-phosphory-
lated (pY143) parkin, and anti-parkin antibodies to show immunoprecipitated parkin. The input samples from (A) hA53T ctsyn.G2-3 transgenic
and (E) non-transgenic mice immunoblotted with anti-c-Abl, anti-pY245 c-Abl, anti-AIMP2, anti-PARIS, anti-PGC-|a, and anti-a-syn antibodies to
monitor their levels and anti-B-actin antibody was used as a loading control. The designated sample numbers in A and E indicate individual
experimental animals. (B and G) Quantification of auto-ubiquitinated parkin normalized to immunoprecipitated parkin in A and E. (C and F)
Quantifications of pY245 c-Abl protein levels normalized to c-Abl and tyrosine-phosphorylated (pY 143) parkin normalized to immunoprecipitated
parkin in A and F. (D) Quantifications of AIMP2 and PARIS protein levels normalized to $-actin in A and F. (H and I) Quantifications of PGC-la
protein levels normalized to B-actin in A and E. (J) Quantifications of PGC- | protein levels in hA53T ctsyn.G2-3 Tgin H normalized to PGC-la
protein levels in non-transgenic mice in . Data are from three independent experiments. Statistical significance was determined by one-way
ANOVA with Sidak’s post-test of multiple comparisons. Quantified data are expressed as mean & SEM *P < 0.05, **P < 0.01, **P < 0.001.

transgenic mice (Figs 1A, E, 2 and 3), which is consistent
with parkin inactivity in symptomatic hA53T o-syn.G2-3
Tg mice. Accompanying the inactivation of parkin is an
elevation of the pathogenic parkin substrates, AIMP2 (ami-
noacyl tRNA synthetase complex interacting multifunc-
tional protein 2) (Corti et al, 2003; Ko et al., 2010;

Imam et al., 2011; Lee et al., 2013) and the parkin inter-
acting substrate (ZNF746/PARIS) (Shin et al, 2011;
Stevens et al., 2015; Lee et al., 2017) (Fig. 1A and D)
similar to the elevation in the substantia nigra of sporadic
Parkinson’s disease (Ko et al., 2010; Imam et al., 2011;
Shin et al., 2011; Lee et al., 2013). There is a significant
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Figure 2 c-Abl knockout rescues parkin activity and reduces PARIS and AIMP2 levels in hA53T &syn.G2-3 Tg mice.

(A) Representative immunoblots of ubiquitin, pY 143 parkin, and parkin from anti-parkin immunoprecipitation samples of brainstem lysates and c-
Abl, PARIS, AIMP2, a-syn, pS129 a-syn and B-actin in the brainstem lysates from age-matched c-Abl wild-type, C-Abl KO, symptomatic c-Abl wild-
type/hA53T oesyn.G2-3 Tg mice and c-Abl KO/hA53T ctsyn.G2-3 Tg mice littermates. The designated sample numbers indicate individual
experimental animals. (B—D) Quantifications from A for (B) pY 143 parkin and (C) ubiquitinated parkin levels normalized to immunoprecipitated
parkin, and (D) PARIS, AIMP2 and a-syn protein levels normalized to f-actin, and pS129 a-syn protein level normalized to a-syn. Data are from
three independent experiments. Statistical significance was determined by one-way ANOVA with Sidak’s post-test of multiple comparisons. The
data are presented as the mean & SEM. *P < 0.05, **P < 0.001; ns = not significant; WT = wild-type.

2-fold upregulation of PARIS at 6 months, coincident with
the tyrosine phosphorylation and inactivation of parkin
(Fig. 1A and D). Two months later, during the early symp-
tomatic stage of the hA53T a-syn.G2-3 Tg mice, AIMP2 is
significantly upregulated 1.5-fold while PARIS is upregu-
lated 4-fold (Fig. 1A and D). AIMP2 is further upregulated
2-fold at the late symptomatic stage (Fig. 1A and D). In
non-transgenic mice, there is mild, but non-significant
increase in the pY245 c-Abl level in older mice (Fig. 1E
and F). Tyrosine phosphorylation of parkin is low and
does not change with age (Fig. 1E and F). The auto-ubi-
quitination state of parkin (Fig. 1 E and G) remains rela-
tively unchanged and the levels of the parkin substrates
AIMP2 and PARIS are barely detectable in the non-trans-
genic mice age (Fig. 1E). As PARIS is a transcriptional
repressor and one of its targets is peroxisome prolifera-
tor-activated receptor gamma coactivator 1 alpha (PGC-
1a) (Shin et al., 2011; Scarffe et al., 2014; Siddiqui et al.,
2015, 2016; Stevens et al., 2015; Lee et al., 2017), the
levels of PGC-1a were assessed at 2, 4, 6, 7-8 and 9-12

months of age. Interestingly, the levels of PGC-1a increase
with age in the non-transgenic and the hA53T o-syn.G2-3
Tg mice up to 6 months of age (Fig. 1A, E, H and I). In the
non-transgenic mice, the levels PGC-lo remain elevated
while the levels of PGC-1a are reduced in the early and
late symptomatic hA53T a-syn.G2-3 Tg mice (Fig. 1A, E,
H and I). The relative levels of PGC-1a in the hA53T a-
syn.G2-3 Tg mice with respect to non-transgenic increase
with age up to 6 months, then the levels reduce dramati-
cally. At the late symptomatic stage, the levels of PGC-1a
are significantly reduced compared to 2 months of age (Fig.
1]). At the late end stage of the hA53T o-syn.G2-3 Tg
mice, c-Abl is activated, parkin is tyrosine phosphorylated
and inactivated, AIMP2 and PARIS levels are increased,
and PGC-1a levels are reduced in areas of pathology
including the brainstem (Supplementary Fig. 1A-C) and
spinal cord (Supplementary Fig. 1D-F) but not the cortex
(Supplementary Fig. 1G-I) of the hAS3T a-syn.G2-3 Tg
mice compared to non-transgenic mice. The cortex is rela-
tively spared from pathology in the hA53T a-syn.G2-3 Tg
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mice (Lee et al., 2002; Brahmachari et al., 2016). To rule
out the possibility that changes in mRNA levels of Znf746/
PARIS and Aimp2 contribute to their increase in protein
levels, we examined the mRNA expressions of Znf746/
PARIS and Aimp2 by qPCR analysis (Supplementary Fig.
1] and K). No significant differences in mRNA levels of
Znf746/PARIS  (Supplementary Fig. 1J) and Aimp2
(Supplementary Fig. 1K) were observed among young (2
month) and symptomatic (10 month) hA53T a-syn.G2-3
Tg mice as well as age-matched non-transgenic controls.
We also examined the mRNA level of Prkn/parkin and
expectedly, there was no significant change in the level
among the ages and genotypes as mentioned above
(Supplementary Fig. 1L).

c-Abl mediates loss of parkin activity
and accumulation of PARIS and
AIMP2 in hA53T &syn.G2-3 Tg mice

As c-Abl tyrosine phosphorylation and inactivation of
parkin leads to an accumulation of parkin substrates (Ko
et al., 2010; Imam et al., 2011), we assessed the activation
state of parkin and the levels of AIMP2 and PARIS in 10-
12-month-old hAS3T a-syn.G2-3 Tg mice on a c-Abl
knockout (c-Abl-KO) background (Brahmachari et al.,
2016). Knockout of c-Abl in the hA53T a-syn.G2-3 Tg
mice (c-Abl-KO/hAS3T o-syn.G2-3 Tg mice) restores
parkin activity as measured by the reduction of pY143
parkin and an increase in auto-ubiquitinated parkin levels
(Fig. 1A-C), as well as restoration of the levels of PARIS
and AIMP2 equivalent to those in non-transgenic mice
(Fig. 2A and D). Accompanying these changes in the c-
Abl-KO/hAS53T o-syn.G2-3 Tg mice is a reduction in
pathological a-syn as observed by abrogation of high mole-
cular weight species of a-syn and pS129 a-syn (Fig. 2A and
D) (Brahmachari et al, 2016). These results, taken
together, indicate that parkin is maintained in an inacti-
vated state via tyrosine phosphorylation by c-Abl in the
hAS53T a-syn.G2-3 Tg mice, which leads to the accumula-
tion of the parkin pathogenic substrates, PARIS and
AIMP2.

Generation and characterization of
PARIS knockout mice

The embryonic lethality of the AIMP2 knockout mice (Kim
et al., 2003) prevents a determination of whether AIMP2
plays a role in a-syn-induced neurodegeneration. To deter-
mine whether PARIS plays a role, PARIS knockout (PARIS
KO) mice were generated (Supplementary Fig. 2). A target-
ing strategy deleting the zinc fingers was used in which the
last three exons of PARIS were flanked with loxP sites
(Supplementary Fig. 2A). Genomic deletion of Znf746/
PARIS was achieved by breeding PARIS-targeted mice to
male germ-line protamine-Cre mice (O’Gorman et al.,
1997). PCR confirms the knockout of PARIS
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(Supplementary Fig. 2B). Southern blot analysis confirms
the successful targeting with wild-type bands and targeted
bands as indicated (Supplementary Fig. 2C). RT-PCR con-
firms the absence of the targeted RNA (Supplementary Fig.
2D). Real-time Q-PCR analysis shows that Znf746/PARIS
mRNA is absent in PARIS KO mice (Supplementary Fig.
2E). Immunoblot analysis reveals the loss of protein expres-
sion in the PARIS KO animal (Supplementary Fig. 2F). The
knockout mice were backcrossed for more than 10 genera-
tions. Homozygous PARIS KO mice are viable and live a
life-span compared to wild-type littermates
(Supplementary Fig. 3A). No significant difference in
body weight was observed among PARIS KO and wild-
type littermates (Supplementary Fig. 3B). No gross devel-
opmental or behavioural defects were observed between
PARIS KO and wild-type littermates (data not shown).
There were also no obvious abnormalities in other tissues
as accessed by pathological necropsy of heart, lung, spleen,
kidney, thymus, liver, intestine, gonad, eyes and cerebrum
(data not shown). No discernible difference was observed
in the hippocampal neurons between wild-type and PARIS
KO mice as assessed by NeuN staining (Fig. 3C).
Stereological assessment of TH and Nissl-stained dopamine
neurons in the SNpc did not reveal any difference between
PARIS KO and wild-type littermate mice (Supplementary
Fig. 3D and E). There was also no difference in dopamine
or its metabolites as assessed by high performance liquid
chromatography (HPLC) (Supplementary Fig. 3F and G).

normal

PARIS plays a key role in
a-syn-induced neurodegeneration in
hA53T &*syn.G2-3 Tg mice

The PARIS KO mice were cross-bred to the hAS3T a-
syn.G2-3 Tg mice to create Znf746/PARIS*'~ and
Znf746/PARIS*'~/hAS3T o-syn.G2-3 Tg mice, which
were then cross-bred to each other. From this cross breed-
ing, littermates with the following genotypes: PARIS wild-
type, PARIS KO, hAS3T a-syn.G2-3, and PARIS KO/
hAS53T o-syn.G2-3 were separated and aged (Fig. 3A);
and survival was monitored. The hA53T a-syn.G2-3 Tg
mice live an average of 10 months (Lee et al., 2002;
Brahmachari et al., 2016) with survival prolonged by 5
months in a PARIS KO background (Fig. 3B). Open field
monitoring at 6 months of age revealed a significant
increase in horizontal and vertical activity in hA53T o-
syn.G2-3 Tg mice (Unger et al., 2006; Brahmachari
et al., 2016), which was significantly reduced in the
PARIS KO/hA53T a-syn.G2-3 Tg mice (Fig. 3C). The dif-
ferent cohorts of mice were assessed for expression levels of
PARIS, PGC-1a, c-Abl, pY245 c-Abl, parkin, AIMP2, o-
syn, and pS129a-syn in the brainstem (Fig. 3D, E and G-
]), spinal cord (Supplementary Fig. 4A and B) and cortex
(Supplementary Fig. 4C and D) at end stage (9—12 months).
In addition, parkin and pY143 parkin levels were examined
via immunoprecipitation followed by immunoblot analysis
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in the brainstem (Fig. 3D and F). Equivalent levels of a-syn
were expressed among hAS53T o-syn.G2-3 Tg mice and
PARIS KO/hAS53T o-syn.G2-3 Tg mice. PARIS was
barely detectable in wild-type mice and was elevated over
3-fold in hA53T a-syn.G2-3 Tg brainstem (Fig. 3D and E),
and over 7-fold in the spinal cord (Supplementary Fig. 4A
and B). PARIS was absent in the PARIS KO and the PARIS
KO/MhAS3T oa-syn.G2-3 Tg mice (Fig. 3D and
Supplementary Fig. 4A and C). pY245 c-Abl, AIMP2 and
PARIS were elevated in the brainstem (Fig. 3D and E) and
spinal cord (Supplementary Fig. 4A and B), but not in the
cortex (Supplementary Fig. 4C and D) of hA53T a-syn.G2-
3 Tg mice, and knockout of PARIS markedly reduces
pY245 c-Abl and AIMP2 in hAS3T a-syn.G2-3 Tg mice
(Fig. 3D, E and Supplementary Fig. 4A and B). PGC-1a
levels were reduced in the hA53T o-syn.G2-3 Tg mice in
spinal cord (Fig. 3D, E and
Supplementary Fig. 4A and B), but not in the cortex
(Supplementary Fig. 4C and D) and the levels were restored
in the PARIS KO/hAS53T a-syn.G2-3 Tg mice (Fig. 3D, E
and Supplementary Fig. 4A and B). pY143 parkin was
markedly elevated in the brainstem of hA53T a-syn.G2-3
Tg mice, and PARIS deletion restores its level (Fig. 3D and
F). There was no change in parkin levels in the brainstem
among the different genotypes (Fig. 3D). The brainstem of
the different genotypes was fractionated into detergent-
soluble (Fig. 3G and H) and insoluble fractions (Fig. 31
and J). Immunoblot of these fractions demonstrates that
in the hA53T a-syn.G2-3 Tg mice there is accumulation
of insoluble pS129 a-syn, pY39 a-syn and high molecular
weight species of a-syn. No abnormalities were observed in
the other genotypes (Fig. 3I and J). Mild accumulation of
soluble pS129 a-syn, pY39 o-syn and high molecular
weight species of a-syn, as well as proteolytic fragments
of a-syn, were detected in hA53T a-syn Tg and PARIS
KO/hAS3T a-syn.G2-3 Tg mice, but no significant differ-
ence in their levels was observed among them (Fig. 3G and
H). PARIS KO significantly reduces the levels of insoluble
pS129 a-syn, pY39 a-syn and high molecular weight spe-
cies of a-syn (Fig. 31 and J).

In symptomatic hA53T o-syn.G2-3 Tg mice there was
substantial neuronal accumulation of human pS129 a-syn

the brainstem and

Figure 3 Continued
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in a number of brain regions, including the brainstem and
cerebellum (Supplementary Fig. 4E). There was a promi-
nent accumulation of ubiquitin in neurites and cell bodies
in all affected regions (Supplementary Fig. 4F) and substan-
tial GFAP immunoreactivity in the symptomatic hA53T o-
syn.G2-3 Tg mice (Supplementary Fig. 4G). There was no
significant accumulation of pS129 a-syn, ubiquitin or
GFAP in any of the other age-matched mouse genotypes
(Supplementary Fig. 4E-G). PARIS KO substantially
reduces the accumulation of human pS129 a-syn, ubiquitin
and GFAP immunoreactivity (Supplementary Fig. 4E-G).
Taken together, our results indicate that PARIS is a critical
mediator of familial Parkinson’s disease-relevant A53T o-
syn-induced neurodegeneration.

Generation of tetracycline inducible
mouse model of human A53T osyn
(TetP-hA53T o&syn)

Although the hA53T a-syn.G2-3 Tg mice exhibit most, if
not all the features of a-synuncleinopathy degeneration,
they do not exhibit loss of dopamine neurons (Lee et al.,
2002). To determine whether c-Abl regulates parkin activ-
ity and subsequent accumulation of PARIS and AIMP2,
and, if PARIS plays a role in the loss of dopamine neurons
due to overexpression of hA53T a-syn, we generated a
tetracycline inducible mouse model of human A53T a-syn
(TetP-hAS3T a-syn) (Supplementary Fig. 5A). The relative
copy number of the TetP-hA53T o-syn transgenic was
assessed via PCR (Supplementary Fig. 5B and C). From
34 founders, the three TetP-hAS3T o-syn lines with the
highest copy number were selected for further characteriza-
tion by breeding to CamKIlo-tTA transgenic mice to iden-
tify animals that expressed high levels of hAS3T a-syn
protein expression in vivo (Supplementary Fig. 5D). We
found that hAS3T o-syn protein was overexpressed
throughout the forebrain (hippocampus, cortex and stria-
tum) and the ventral midbrain of the bigenic TetP-hAS3T
a-syn/CamKIl  o-tTA  (CamK-hAS53T  o-syn) mice
(Supplementary Fig. SE and F). The CamK-hA53T mouse
line 4360 (CamK-4360) expressed the highest level of
hAS53T a-syn (Supplementary Fig. SE and F) and was

a-syn.G2-3 Tg and PARIS KO/ hA53T osyn.G2-3 Tg mice. (D) Representative immunoblots of pY 143 parkin and parkin from anti-parkin
immunoprecipitation samples of brainstem lysates and PARIS, PGC-1la, c-Abl, pY245 c-Abl, parkin, AIMP2, o-syn and B-actin in the detergent-
soluble fractions of brainstem from |10-month-old symptomatic hA53T o-syn.G2-3 Tg mice compared to littermates. (E) Quantifications of PARIS,
PGC-1a, AIMP2 and a-syn normalized to B-actin, and pY245 c-Abl normalized to c-Abl in D. (F) Quantifications of pY 143 parkin normalized to
immunoprecipitated parkin in D. (G and I) Representative immunoblots of o-syn, pS129 a-syn, pY39 a-syn and B-actin in the (G) detergent
soluble and (I) detergent insoluble fractions of brainstem from |10-month-old symptomatic PARIS wild-type/hA53T orsyn.G2-3 Tg mice versus
age-matched PARIS KO/hAS53T o-syn.G2-3 Tg mice and littermate controls. The designated sample numbers in D, F and H indicate individual
experimental animals. (H and J) Quantifications of a-syn monomer normalized to B-actin and pY39 a-syn and pS129 a-syn protein levels
normalized to a-syn monomer in G and l. Data are from three independent experiments. Statistical significance was determined by one-way
ANOVA with Sidak’s post-test of multiple comparisons. The data are presented as the mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001; ns = not

significant; WT = wild-type.
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selected for further characterization. To drive high expres-
sion specifically in the midbrain and to accelerate the
potential pathology as previously described for TetP-
AIMP2 mice (Lee et al., 2013), the TetP-hA53T a-syn
mice (line 4360) were stereotaxically injected into the ven-
tral midbrain with AAV1-tTA-IRES-zsGreen (AAV-tTA)
creating mice expressing high levels of hAS3T a-syn in
the midbrain (Supplementary Fig. 5G and H). These
mice were treated with doxycycline or vehicle and immu-
noblot analysis reveals that AAV-tTA induces robust
expression of hA53T a-syn in the ventral midbrain and
that the transgene is sensitive to
(Supplementary Fig. 5G and H).

doxycycline

c-Abl contributes to a-syn-induced loss of parkin
activity, and nigrostriatal degeneration in TetP-
hA53T &syn mice

To test the role of c-Abl in regulation of parkin activity and
accumulation of parkin substrates in the ventral midbrain
directly, the TetP-hA53T a-syn mice (line 4360) were
crossbred to conditional c-Abl knockout mice to generate
c-Abl KO/ TetP-hAS53T a-syn mice (Fig. 4A) using a similar
strategy that was used for the generation of c-Abl-KO/
hAS3T a-syn.G2-3 Tg mice (Brahmachari et al., 2016).
The TetP-hA53T o-syn, TetP-hA53T a-syn/c-Abl KO and
the non-transgenic mice were stereotaxically injected with
AAV1-+TA-IRES-zsGreen to induce hAS53T o-syn overex-
pression in the ventral midbrain (Fig. 4B). Equivalent
levels of hAS3T a-syn overexpression are observed in the
AAV1-tTA-injected TetP-hA53T o-syn, TetP-hAS53T a-syn/
c-Abl KO, while AAV1-tTA-injected non-transgenic mice
do not express human AS53T a-syn and serve as control
(Fig. 4C and D). In addition, PARIS, PGC-1a, AIMP2,
c-Abl, and pY245 c-Abl levels were monitored by immuno-
blot analysis, and parkin, pY143 parkin, and auto-ubiqui-
tinated parkin levels were assessed by immunoprecipitation
of parkin followed by immunoblot analysis (Fig. 4C-F). In
the ventral midbrain of AAV1-tTA-injected TetP-hA53T o-
syn mice there is a marked increase in c-Abl activity
(pY245 c-Abl) accompanying significant elevation of tyro-
sine phosphorylation of parkin and profound reduction in
auto-ubiquitinated parkin (Fig. 4C, E and F). Coincident
with inactivation of parkin are significant elevations of
PARIS and AIMP2, and reduction in PGC-1a (Fig. 4C
and D). In contrast, in the AAV1-tTA-injected TetP-
hAS53T a-syn/c-Abl KO mice, the levels of pY143 parkin,
auto-ubiquitinated parkin, PARIS, PGC-1a, and AIMP2 are
restored to control levels (non-transgenic) (Fig. 4C-F). No
change in PARIS and AIMP2 levels are observed in AAV1-
tTA-injected non-transgenic mice (Fig. 4C and D). The ven-
tral midbrain of the AAV1-tTA-injected TetP-hA53T o-syn,
AAV1-tTA-injected TetP-hA53T o-syn /c-Abl KO and
AAV1-tTA-injected non-transgenic mice were fractionated
into detergent soluble and insoluble fractions (Fig. 4G-K)
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Immunoblot of these fractions demonstrates that in the
AAV1-tTA-injected TetP-hA53T a-syn mice there is accu-
mulation of insoluble pS129 a-syn, pY39 a-syn and high
molecular weight species of a-syn. No abnormalities are
observed in the AAV1-tTA-injected non-transgenic mice.
c-Abl KO significantly reduces the levels of insoluble
pS129 a-syn, pY39 oa-syn and high molecular weight
species of a-syn (Fig. 41 and K). There is very mild accumu-
lation of soluble pS129 a-syn and pY39 a-syn in the AAV1-
tTA-injected TetP-hA53T a-syn and AAV1-tTA-injected
TetP-hAS3T a-syn /c-Abl KO mice, but no difference in
their levels are observed among them (Fig. 4G and H).

Assessment of dopamine cell loss was evaluated by
stereological analysis of TH and Nissl-positive neurons in
the SNpc of TetP-hA53T a-syn, TetP-hA53T a-syn/c-Abl
KO and non-transgenic mice injected with AAV1-tTA
(Fig. 4L and M). Induction of hAS3T a-syn in the SNpc
led to robust loss of dopamine neurons (Fig. 4L and M),
and an accompanying reduction in dopamine and its meta-
bolites as determined by HPLC (Fig. 4N and
Supplementary Fig. 6A-C); however, c-Abl KO significantly
rescued the nigral degeneration of dopamine neurons and
loss of dopamine (Fig. 4L-N). There was no loss of
dopamine neurons and loss of dopamine in the AAV1-
tTA-injected non-transgenic mice. Since the injection was
unilateral, amphetamine-induced rotation was used as a
functional behavioural readout of dopaminergic degenera-
tion. Human AS53T a-syn overexpression led to a signifi-
cant increase in amphetamine-induced rotational behaviour
consistent with the loss of dopamine neurons. c-Abl KO
prevented the amphetamine-induced rotation indicating
that the dopamine neurons were functionally spared
(Fig. 40). AAV1-tTA-injected non-transgenic mice did not
rotate after amphetamine (Fig. 40).

We examined the levels of other parkin E3 ligase sub-
strates in TetP-hA53T o-syn mice, including STEP61, a
cytoplasmic  substrate  upregulated in  post-mortem
Parkinson’s disease brain (Kurup et al., 2015), and the
mitochondrial/mitophagy-related parkin substrates Mirol,
mitofusinl (Mfn1) and Bax (Glauser et al., 2011; Charan
et al., 2014; Shlevkov et al., 2016). The levels of STEP61,
Mirol, Mfnl and Bax were significantly elevated in the
ventral midbrain of AAV1-tTA-injected TetP-hA53T mice
(Supplementary Fig. 6D and E). c-Abl KO markedly
reduced the level of the cytosolic substrate STEP61 similar
to PARIS and AIMP2, but had no effect on the mitochon-
drial associated substrates, Mirol, Mifnl and Bax
(Supplementary Fig. 6D and E). The status of phospho
S65-ubiquitin, an indicator mitochondrial recruitment of
parkin and its activation, was also monitored. There was
a partial reduction in the level of pS65-ubiquitin in
the ventral midbrain of AAV1-tTA-injected TetP-hAS53T
mice that is partially restored by c¢-Abl KO
(Supplementary Fig. 6F and G).
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Figure 4 c-Abl knockout rescues parkin activity, reduces PARIS and AIMP2, prevents loss of dopamine neurons and a-syn
pathology in TetP-hA53T osyn mice. (A) Breeding strategy to generate c-Abl KO/TetP-hA53T otsyn mice. (B) Schematic of experiments for
mice with stereotactic injection of AAV-tTA. (C) Representative immunoblots of ubiquitin, pY 143 parkin, and parkin from anti-parkin immu-
noprecipitation samples of ventral midbrain lysates and PARIS, PGC-la, c-Abl, pY245 c-Abl, AIMP2, a-syn, and B-actin in the ventral midbrain
input samples from AAV-tTA-injected non-transgenic, TetP-hA53T cesyn and c-Abl KO/TetP-hA53T ctsyn mice. (D) Quantifications of PARIS,
PGC-la, AIMP2, and a-syn protein levels normalized to B-actin from C. (E) pY245 c-Abl levels normalized to c-Abl, and pY 143 parkin levels
normalized to immunoprecipitated parkin in C. (F) Auto-ubiquitinated parkin normalized to immunoprecipitated parkin in C. (C—F) Data are
from three independent experiments. (G and I) Representative immunoblots of a-syn, pY39 a-syn, pS129 a-syn and B-actin in the (G) detergent-
soluble and (I) detergent-insoluble fractions of ventral midbrain lysates from AAV-tTA-injected c-Abl KO/TetP-hA53T cesyn and TetP-hAS53T ctsyn
mice and age-matched littermate controls at 6-month post-injection. The designated sample numbers in C, G and | indicate individual experi-
mental animals. (H, J and K) Quantification of (H and }) a-syn monomer normalized to B-actin, and (H and K) pY39 a-syn and pS129 a-syn
protein levels normalized to a-syn monomer in G and I. (L) Representative TH immunostaining of midbrain sections from the SN of AAV-tTA-
injected non-transgenic, TetP-hA53T ctsyn and c-Abl KO/TetP-hA53T osyn mice. Scale bars = 400 pm. (M) Stereological assessments of TH and
Nissl-positive neurons in the SN of AAV-tTA-injected non-transgenic, TetP-hA53T osyn and c-Abl KO/TetP-hA53T oesyn mice. (N) Striatal
dopamine level as measured by HPLC. (O) Amphetamine-induced ipsilateral rotations in AAV-tTA-injected non-transgenic, TetP-hA53T ctsyn and
c-Abl KO/TetP-hA53T ctsyn mice. Data are from three independent experiments. Statistical significance was determined by one-way ANOVA with
Sidak’s post-test of multiple comparisons. The data are presented as the mean £ SEM. *P < 0.05, **P < 0.01, **P < 0.001; ns = not significant;
WT = wild-type.
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PARIS is a key mediator of a-syn-
induced nigrostriatal degeneration in
TetP-hA53T osyn mice

To evaluate the role of PARIS in human AS53T a-syn-

induced nigrostriatal degeneration of dopamine neurons,
the TetP-hA53T a-syn mice (line 4360) were crossed with

PARIS KO mice to create PARIS KO/TetP-hAS3T a-syn
mice (Fig. 5A). These TetP-hAS3T a-syn and TetP-hAS3T
a-syn/PARIS KO mice were stereotaxically injected with
AAV1-TA-IRES-zsGreen to drive hA53T a-syn expression
in the ventral midbrain (Fig. 5B). Equivalent levels of
human AS53T a-syn are observed in the AAV1-tTA-injected
TetP-hAS3T o-syn mice and the AAV1-tTA-injected TetP-
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Figure 5 PARIS deletion rescues parkin activity and PGC-la, reduces AIMP2, prevents loss of dopamine neurons and a-syn
pathology in TetP-hA53T csyn mice. (A) Breeding strategy to generate PARIS KO/TetP-hA53T csyn mice. (B) Schematic of experiments for
mice with stereotactic injection of AAV-tTA. (C) Representative immunoblots of ubiquitin, pY 143 parkin, and parkin from anti-parkin immu-
noprecipitation samples of ventral midbrain lysates and representative immunoblots of PARIS, PGC-1a, c-Abl, pY245 c-Abl, AIMP2, a-syn, and B3-
actin in the ventral midbrain. Input samples from AAV-tTA-injected non-transgenic, TetP-hA53T otsyn and PARIS KO/TetP-hA53T asyn mice. (D)
Quantification of AIMP2, PARIS, PGC- | and a-syn protein levels normalized to B-actin from C. (E) pY245 c-Abl levels normalized to c-Abl, and
pY 143 parkin levels normalized to immunoprecipitated parkin in C. (F) Auto-ubiquitinated parkin normalized to immunoprecipitated parkin in C.
(C—F) Data are from three independent experiments. (G) Representative immunoblots of a-syn, pY39 a-syn, pSI129 a-syn and B-actin in the
detergent insoluble fractions of ventral midbrain lysates from AAV-tTA-injected PARIS KO/TetP-hA53T cesyn and TetP-hA53T oesyn mice, and age-
matched littermate controls at 6-month post-injection. (H and I) Quantification of (H) o-syn monomer normalized to B-actin, and (I) pY39 a-syn
and pS129 a-syn protein levels normalized to a-syn monomer in G. (J) Representative TH immunostaining of midbrain sections from the SN of
AAV-tTA-injected non-transgenic, TetP-hA53T ctsyn and PARIS KO/TetP-hA53T ctsyn mice. Scale bars = 400 pm. (K) Stereological assessments of
TH and Nissl-positive neurons in the SN of AAV-tTA-injected non-transgenic, TetP-hA53T csyn and PARIS KO/TetP-hA53T ctsyn mice. (L)
Representative TH immunostaining of mouse striatal sections from AAV-tTA-injected non-transgenic, TetP-hA53T osyn and PARIS KO/TetP-
hA53T osyn mice at 6-month post-injections. Scale bar = 200 um. (M) Quantifications of dopaminergic fibre densities in the striatum by using
Image] software. (N) Striatal dopamine level as measured by HPLC. (O) Amphetamine-induced ipsilateral rotations in AAV-tTA-injected non-
transgenic, TetP-hA53T ctsyn and PARIS KO/TetP-hA53T ctsyn mice. (P) Representative GFAP immunohistochemistry of midbrain sections from
the SN of AAV-tTA-injected non-transgenic, TetP-hA53T oesyn and PARIS KO/TetP-hA53T o-syn mice at 6-month post-injection (n = 3 mice per
group). Enlarged images of the indicated regions are shown on the right. Scale bars = 400 pM; 50 uM (enlarged). (Q) Representative immunoblots
of GFAP and B-actin in the ventral midbrain lysates from the AAV-tTA-injected non-transgenic, TetP-hA53T ctsyn and PARIS KO/TetP-hA53T osyn
mice at 6 months post-injection. The designated sample numbers in C, G, and Q indicate individual experimental animals. (R) Quantifications for
GFAP protein levels normalized to -actin in Q. Data are from three independent experiments. Statistical significance was determined by one-way
ANOVA with Sidak’s post-test of multiple comparisons. The data are presented as the mean £ SEM. *P < 0.05, **P < 0.01, ***P < 0.001; ns = not
significant; WT = wild-type.
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Figure 6 c-Abl knockout reduces a-syn-PFF-induced parkin inactivation and accumulations of PARIS and AIMP2 and neuro-
degeneration in wild-type mice. (A) Schematic of experiments for mice with stereotactic injection of a-syn-PFF. (B) Representative
immunoblots of ubiquitin, pY 143 parkin, and parkin from anti-parkin immunoprecipitation samples of ventral midbrain lysates and representative
immunoblots of PARIS, c-Abl, pY245 c-Abl, AIMP2, PGC-1la, and B-actin in the ventral midbrain input samples from a-syn PFF- or PBS-injected
wild-type and c-Abl KO mice. (C) Quantifications of AIMP2, PARIS, and PGC-|a. protein levels normalized to B-actin from B (Tukey’s post-test).
(D) Quantifications of pY245 c-Abl normalized to c-Abl and pY 143 parkin levels normalized to immunoprecipitated parkin in B (Tukey’s post-
test). (E) Quantifications of auto-ubiquitinated parkin normalized to immunoprecipitated parkin in B (Tukey’s post-test). (F) Representative
immunoblots of a-syn, pS129 a-syn, pY39 o-syn and B-actin in the detergent insoluble fractions of ventral midbrain lysates from wild-type and c-
Abl KO mice injected with PBS or o-syn-PFF. The designated sample numbers in B and F indicate individual experimental animals. (G)
Quantifications of a-syn monomer normalized to -actin, and pS129 a-syn and pY39 a-syn protein levels normalized to B-actin in F. (unpaired
two-tailed t-test). (B—G) Data are from three independent experiments. (H) Representative TH-immunostaining of midbrain sections from wild-
type and c-Abl KO mice injected with a-syn PFFs or PBS. Scale bars = 400 um. (I) Stereological assessments of TH- and Nissl-positive neurons in
the SN of wild-type and c-Abl KO mice injected with PBS or o-syn PFF (Tukey’s post-test). (J) Striatal dopamine levels as measured by HPLC
(Sidak’s post-test). (K) Representative TH immunostaining of mouse striatal sections from PBS or PFF-injected wild-type and c-Abl KO mice at 6-
months post-injections. Scale bar =200 pm. (L) Quantifications of dopaminergic fibre densities in the striatum by using Image] software (Tukey’s
post-test). (M and N) One hundred and eighty days after a-syn PFF injection, the Pole test measuring (M) time to turn and bottom, (N) total time
to turn was performed in wild-type or c-Abl KO mice injected with PBS or a-syn PFF (Tukey’s post-test). (O and P) One hundred and eighty days
after a-syn PFF injection, (O) rotarod, and (P) cylinder tests were performed in wild-type or c-Abl KO mice injected with PBS or o-syn PFF
(Tukey’s post-test). Statistical significance was determined by Student’s t-test or one-way ANOVA with indicated post-test of multiple comparisons
as above. The data are presented as the mean + SEM. *P < 0.05, **P < 0.01, **P < 0.001, ****P < 0.0001; ns = not significant; WT = wild-type.

hAS53T o-syn mice/PARIS KO mice (Fig. SC and D).
PARIS, PGC-1a, c-Abl, pY245 c-Abl, and AIMP2, were
examined via immunoblot analysis (Fig. SC-E). In addition,
parkin, pY143 parkin, and auto-ubiquitinated parkin levels
were examined by immunoprecipitation followed by immu-
noblot analysis (Fig. 5C, E and F). Knockout of PARIS in
TetP-hAS3T a-syn mice restored the levels of pY245 c-Abl,
pY143 parkin, auto-ubiquitinated parkin, AIMP2, and

PGC-1a to control levels (non-transgenic) (Fig. SC-F). No
change in PARIS, PGC-la, c-Abl, pY245 c-Abl, and
AIMP2 levels were observed in AAV1-tTA-injected non-
transgenic mice (Fig. SC-F).

The ventral midbrain of the AAV1-tTA-injected TetP-
hAS3T oa-syn, AAVI1-tTA-injected TetP-hAS3T a-syn/
PARIS KO and AAV1-tTA-injected non-transgenic mice
were fractionated into detergent-soluble (Supplementary
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Fig. 6H and I) and insoluble fractions (Fig. SG-I). PARIS
KO significantly reduces the levels of insoluble pS129 o-
syn, pY39 a-syn and high molecular weight species of a-
syn (Fig. 5G-I). There was mild accumulation of soluble
pS129 a-syn and pY39 a-syn in the AAV1-tTA-injected
TetP-hAS3T a-syn and AAV1-tTA-injected TetP-hAS3T o-
syn/PARIS KO mice, but no difference in their levels are
observed among them (Supplementary Fig. 6H and I).

Dopamine cell loss was monitored via stereological
counting of TH and Nissl-stained neurons in the AAV1-
tTA-injected TetP-hA53T o-syn and AAV1-tTA-injected
AT/TetP-hA53T a-syn /PARIS KO mice and compared to
AAV1-tTA-injected non-transgenic mice (Fig. 5] and K). As
expected, induction of hAS3T a-syn leads to robust loss of
dopamine neurons (Fig. 5] and K), an accompanying reduc-
tion in striatal dopamine fibre density (Fig. SL and M) and
a reduction in dopamine and its metabolites as determined
by HPLC (Fig. SN and Supplementary Fig. 6J-L).
However, PARIS KO significantly rescued the degeneration
of dopamine neurons, loss of dopamine, and the loss of
striatal dopamine fibre density (Fig. 5J-N). Similar to c-
Abl KO, PARIS KO also prevents the amphetamine-
induced rotation indicating that the dopamine neurons
are functionally spared (Fig. 50). There was a robust
increase in the level of GFAP immunoreactivity in the
AAV1-tTA-injected TetP-hA53T o-syn mice that is absent
in the AAV1-tTA-injected TetP-hA53T a-syn/PARIS KO
mice and AAV1-tTA-injected non-transgenic as determined
by immunohistochemistry (Fig. SP) and western blot ana-
lysis (Fig. 5Q and R). Similar to ¢-Abl KO, our analysis on
STEP61, Mirol, Mfnl, and Bax reveals that PARIS KO
reduces the upregulation of STEP61 in AAV-tTA-injected
TetP-hAS3T a-syn mice, but fails to have any effects on the
levels of Mitol, Mfn1, and Bax (Supplementary Fig. 6M
and N).

Taken together, our results indicate that parkin inactiva-
tion via tyrosine phosphorylation by c-Abl is a major event
in degeneration of dopamine neurons in the ventral mid-
brain in response to the ventral midbrain induction of
human AS53T a-syn in the TetP-hA53T o-syn mice. This
subsequently leads to accumulation of the parkin patho-
genic substrates, PARIS and AIMP2, similar to our obser-
vations in hAS53T ao-syn.G2-3 Tg mice. PARIS in turn
contributes to the human A53T a-syn-induced nigrostriatal
degeneration of dopamine neurons.

c-Abl mediates a-syn PFF induced
loss of DA neurons by reduction of
parkin activity

Since the majority of Parkinson’s disease is sporadic in
nature, we then asked whether c-Abl-dependent parkin
inactivation and accumulation PARIS also contributes to
neurodegeneration relevant to sporadic Parkinson’s disease.
For these experiments the sporadic Parkinson’s disease-rele-
vant a-syn PFF mouse model that is driven, in part, via cell-
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to-cell transmission of pathological a-syn was used (Luk
et al., 2012; Mao et al., 2016). To examine if c-Abl reg-
ulates parkin activity and accumulation of parkin sub-
strates PARIS and AIMP2, wild-type and c-Abl KO mice
were stereotaxically injected with a-syn PFFs or PBS into
the dorsal striatum (Fig. 6A). c-Abl, pY245 c-Abl, PARIS,
PGC-1a, and AIMP2, were examined via immunoblot ana-
lysis (Fig. 6B-D). In addition, parkin, pY143 parkin, and
auto-ubiquitinated parkin levels were examined via immu-
noprecipitation followed by immunoblot analysis (Fig. 6B,
D and E). In the ventral midbrain of a-syn PFF-injected
wild-type mice, there is a marked increase in c-Abl activity
(pY245 c-Abl), which is coincident with tyrosine phosphor-
ylation of parkin, and a significant reduction in auto-ubi-
quitinated parkin (Fig. 6B, D and E). Accompanying the
inactivation of parkin was a significant elevation of
PARIS and AIMP2 and reduction in PGC-1a (Fig. 6B
and C). In contrast, in the a-syn PFF-injected c-Abl KO
mice, the levels of pY143 parkin, auto-ubiquitinated
parkin, PARIS, AIMP2, and PGC-1a are almost at control
levels (PBS-injected wild-type or c-Abl KO) (Fig. 6B-E). No
change in pY143 parkin, auto-ubiquitinated parkin, PARIS,
PGC-1a, and AIMP2 levels are observed in PBS-injected
wild-type and c-Abl KO mice. The ventral midbrain of
the PFF- and PBS-injected wild-type and c-Abl KO mice
were fractionated into detergent-soluble (Supplementary
Fig. 7A and B) and insoluble fractions (Fig. 6F and G).
Immunoblot of these fractions demonstrates that in the o-
syn PFF-injected wild-type mice there is accumulation of
insoluble pS129 a-syn, pY39 a-syn and monomeric and
high molecular weight species of a-syn. No abnormalities
were observed in the PBS-injected wild-type and c-Abl KO
mice. c-Abl KO dramatically reduced the levels of insoluble
pS129 a-syn, pY39 a-syn and monomeric as well as high
molecular weight species of a-syn (Fig. 6F and G). The
soluble pS129 a-syn and pY39 a-syn were barely detectable
in the PFF-injected wild-type and c-Abl KO mice and no
difference in the levels of monomeric a-syn was observed
among the cohorts (Supplementary Fig. 7A and B).

As reported previously (Luk et al., 2012; Mao et al,
2016), stereological counting of TH- and Nissl-positive
neurons in the SNpc revealed significant loss of dopamine
neurons in the wild-type mice at 180 days after injection of
a-syn PFF (Fig. 6H and I). In contrast, there was a dra-
matic preservation of dopamine neurons in o-syn
PFF-injected c-Abl KO mice (Fig. 6H and K). a-Syn PFF-
injection also led to deficits in striatal dopamine and its
metabolites as measured by HPLC (Fig. 6] and
Supplementary Fig. 7C-E), and an accompanying reduction
in striatal fibre density (Fig. 6K and L), while c-Abl KO
significantly rescued the loss of dopamine and striatal fibre
density (Fig. 6]-L). Consistent with earlier reports (Luk
et al., 2012; Karuppagounder et al., 2014; Mao et al.,
2016), wild-type mice injected with PFF show significant
deficits in Pole test performance as evident from increased
time to turn and time to reach the base (Fig. 6M and N). In
contrast, a-syn PFF-injected c-Abl KO mice rescued these
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deficits (Fig. 6M and N). Additionally, wild-type mice
injected with o-syn PFFs display behavioural deficits as
measured in rotarod and cylinder tests, while c-Abl KO
mice injected with a-syn PFFs show no significant impair-
ments in these tests (Fig. 60 and P).

Similar to the AAV1-tTA-injected TetP-hAS53T o-syn
mice, wild-type mice injected with a-syn PFFs led to a sig-
nificant increase in the levels of STE61, Mirol, Mfn1 and
Bax (Supplementary Fig. 7F and G). c-Abl deletion mark-
edly restored the level of a-syn PFF-induced STE61 upre-
gulation similar to PARIS and AIMP2, but failed to reduce
the o-syn PFF-driven upregulation of Mirol, Mfn1 and Bax
(Supplementary Fig. 7F and G). These results indicate that
Mirol, Mfnl and Bax likely do not directly contribute to
nigrostriatal degeneration. Similar to the AAV1-tTA-
injected TetP-hAS3T a-syn mice, the levels of phospho-
S65 ubiquitin were reduced in wild-type mice injected
with o-syn PFFs compared to PBS-injected mice
(Supplementary Fig. 7H and I). c-Abl KO mice injected
with ao-syn PFFs significantly prevented the reduction
in the level of phospho-S65 ubiquitin (Supplementary
Fig. 7H and I).

PARIS mediates a-syn preformed
fibril-induced neurodegeneration

Finally, to examine if PARIS also regulates a-syn PFF-trig-
gered neurodegeneration of dopamine neurons, wild-type
and PARIS KO mice were stereotaxically injected with o-
syn PFFs or PBS into the dorsal striatum (Fig. 7A). pY245
c-Abl, PARIS, PGC-1a and AIMP2 were examined by
immunoblot analysis (Fig. 7B-D). In addition, parkin,
pY143 parkin, and auto-ubiquitinated parkin levels were
examined by immunoprecipitation followed by immunoblot
analysis (Fig. 7B, D and E). Similar to ¢-Abl KO, knockout
of PARIS markedly restored the levels of pY245 c-Abl,
pY143 parkin, auto-ubiquitinated parkin, AIMP2, and
PGC-1a to the control levels (PBS injected wild-type or
PARIS KO) (Fig. 7B-E). No change in pY143 parkin,
auto-ubiquitinated parkin, PARIS, PGC-1a, and AIMP2
levels were observed in PBS-injected wild-type and PARIS
KO mice. The ventral midbrain of the PFF and PBS injected
wild-type and PARIS KO mice were fractionated into deter-
gent-soluble (Supplementary Fig. 7] and K) and insoluble
fractions (Fig. 7F and G). Immunoblot of these fractions
reveal that PARIS KO dramatically rescues the levels of
insoluble pS129 a-syn, pY39 a-syn and monomeric as
well as high molecular weight species of a-syn (Fig. 7F
and G). No abnormalities are observed in the PBS injected
wild-type and PARIS KO mice. The soluble pS129 a-syn
and pY39 a-syn are barely detectable in the PFF injected
wild-type and PARIS KO mice and no difference in the
levels of monomeric a-syn is observed among the cohorts
(Supplementary Fig. 7] and K).

Stereological counting of TH and Nissl-stained neurons
in the SNpc of wild-type and PARIS KO mice injected with
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PBS or a-syn PFF reveals that PARIS KO dramatically res-
cues a-syn PFF-induced loss of dopamine neurons (Fig. 7H
and 1), striatal deficits of dopamine and its metabolites
DOPAC and HVA, but not 3MT (Fig. 7] and
Supplementary Fig. L-N), and reduction in dopamine
fibre density (Fig. 7K and L) in wild-type mice. PARIS
KO injected with o-syn PFFs are also resistant to beha-
vioural abnormalities in the Pole test (Fig. 7M and N).
Grip strength analysis indicates that wild-type mice injected
with o-syn PFFs have reduced forelimb and all-limb
strength (Mao et al., 2016) (Fig. 70 and P); in contrast,
PARIS KO prevents the loss of grip strength in mice
(Fig. 70 and P). Similar to c-Abl KO, our analysis on
mitochondrial/mitophagy-related parkin substrates and
STEP61 reveals that PARIS KO reduces the upregulation
of STEP61 in a-syn PFF-injected wild-type mice but fails to
have any effects on the levels of Mitol, Mfnl and Bax
(Supplementary Fig. 70 and P). Consistent with c-Abl
KO, deletion of PARIS significantly prevents the reduction
of the levels of phospho-S65 ubiquitin in a-syn PFF injected
mice (Supplementary Fig. 7Q and R).

Discussion

The major finding of this study is the observation that
PARIS is a key contributor to a-syn-induced neurodegen-
eration. Knockout of PARIS reduces behavioural and neu-
ropathological deficits, and prolongs the survival of the
hA53T o-syn.G2-3 Tg mice by more than 5 months.
PARIS KO also almost completely eliminates the neuro-
pathological and behavioural abnormalities in the AAV1-
tTA-injected TetP-hAS3T o-syn mice and the o-syn PFF
model. Thus, PARIS plays an important role in the degen-
erative process of both non-dopaminergic and dopaminer-
gic neurons in Parkinson’s disease. It also provides an
underlying mechanism of how c-Abl activation contributes
to the degenerative process through parkin inactivation and
accumulation of the parkin substrate, PARIS, and confirms
a role for c-Abl activation in a-syn-induced neurodegenera-
tion (Ko et al., 2010; Imam et al., 2011; Hebron et al.,
2013; Gaki and Papavassiliou, 2014; Mahul-Mellier
et al., 2014; Brahmachari et al., 2016; Lee et al., 2017).
This study also provides further insights into the role of
parkin inactivity or reduced activation in the pathogenesis
of a-syn-induced neurodegeneration. Parkin inactivity or
reduced activation leads to accumulation of the parkin
substrates, AIMP2 and PARIS in the three different
models of a-syn-induced neurodegeneration similar to
what is observed in post-mortem substantia nigra in
sporadic Parkinson’s disease (Ko et al., 2010; Imam
et al., 2011; Shin et al., 2011). The role of AIMP2
could not be directly accessed since knockout of AIMP2
leads to embryonic lethality, but prior studies indicate that
AIMP2 is a contributor to dopamine cell death in
Parkinson’s disease through activation of parthanatos (Lee
et al., 2013). On the other hand, knockout of PARIS in
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Figure 7 PARIS knockout reduces a-syn-PFF-induced parkin inactivation and neurodegeneration in wild-type mice.

(A) Schematic of experiments for mice with stereotactic injection of a-syn-PFF. (B) Representative immunoblots of ubiquitin, pY 143 parkin, and
parkin from anti-parkin immunoprecipitation samples of ventral midbrain lysates and representative immunoblots of PARIS, PGC- 1, c-Abl, pY245
c-Abl, AIMP2, and B-actin in the ventral midbrain Input samples from wild-type and PARIS KO mice injected with PBS or o-syn-PFF.

(C) Quantification of AIMP2, PARIS, and PGC- | a protein levels normalized to -actin from B (AIMP2: unpaired two-tailed t-test; PGC- | o: Sidak’s
post-test). (D) pY 143 parkin levels normalized to immunoprecipitated parkin and pY245 c-Abl protein level normalized to c-Abl in B (Sidak’s
post-test). (E) Quantifications of auto-ubiquitinated parkin normalized to immunoprecipitated parkin in B (Sidak’s post-test). (F) Representative
immunoblots of a-syn oligomer, a-syn monomer, pSI129 a-syn, pY39 a-syn and B-actin in the detergent insoluble fractions of ventral midbrain
lysates from wild-type and PARIS KO mice injected with PBS or o-syn PFFs. The designated sample numbers in B and F indicate individual
experimental animals. (G) Quantifications of a-syn, pS129 o-syn and pY39 o-syn protein levels normalized to (-actin in F (unpaired two-tailed t-
test). (B—G) Data are from three independent experiments. (H) Representative TH immunostaining of midbrain sections from wild-type and
PARIS KO mice injected with a-syn PFFs. Scale bars =400 um. (I) Stereological assessments of TH- and Nissl-positive neurons in the substantia
nigra of wild-type and PARIS KO mice injected with PBS or o-syn PFFs (Sidak’s post-test). (K) Representative TH immunostaining of mouse striatal
sections from PFF-injected wild-type and PARIS KO mice at 6-months post-injections. Scale bar = 200 pm. (L) Quantifications of dopaminergic
fibre densities in the striatum by using Image] software (Sidak’s post-test). (M and N) Pole test measuring (M) time to turn, and total (N) time to
turn and reach bottom was performed in wild-type or PARIS KO mice injected with PBS or a-syn PFFs (Sidak’s post-test). (O and P) Grip strength
test measuring force in (O) fore limbs and (P) all limbs in wild-type and PARIS KO mice injected with PBS or o-syn PFF (Sidak’s post-test).
Statistical significance was determined by one-way ANOVA with indicated post-test of multiple comparisons as above. Data are presented as the
mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001; ns = not significant; WT = wild-type.

wild-type mice does not have any discernible affects allowing profoundly protective, suggesting that PARIS elevation is

the assessment of the absence of PARIS on a-syn-induced
neurodegeneration. In three different models of o-syn-

induced neurodegeneration knockout of PARIS s

key driver of a-syn-mediated loss of neurons.
Our results also provide an underlying mechanism of
how c¢-Abl activation contributes to the degenerative
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process in Parkinson’s disease and a-syn-induced neurode-
generation through parkin inactivation and accumulation
of the parkin substrate, PARIS, and confirms a role for c-
Abl activation in a-synucleinopathy-induced neurodegen-
eration (Ko et al., 2010; Imam et al., 2011; Hebron
et al., 2013; Gaki and Papavassiliou, 2014; Mahul-
Mellier et al., 2014; Brahmachari et al., 2016; Lee et al.,
2017). This study indicates that inactivation of parkin or
maintaining parkin in an inactive state by c-Abl phosphor-
ylation of parkin on tyrosine 143, plays a major role in o-
syn-induced neurodegeneration. Consistent with the notion
that c-Abl phosphorylation of parkin on tyrosine 143 is
required for parkin inactivation are the observations that
c-Abl fails to inhibit the E3 ligase activity of Y143F-parkin
(Ko et al., 2010; Imam et al., 2011).

We also found that pathological a-syn expression leads
to an inverse relationship between PARIS and PGC-la
levels, similar to what occurs in human post-mortem
brain from patients with Parkinson’s disease (Zheng
et al., 2010; Shin et al., 2011; Stevens et al., 2015).
PARIS is a transcriptional repressor that kills dopamine
neurons through down-regulation of PGC-1a in a mouse
model of parkin inactivation (Siddiqui et al., 2015, 2016),
adult conditional knockouts of parkin (Shin et al., 2011;
Stevens et al., 2015) or adult conditional knockdown of
PINK1 (Lee et al., 2017). Emerging evidence suggests that
PGC-1ua is critical for dopamine neuron survival (Zheng
et al., 2010; Mudo et al., 2012; Ciron et al., 2015; Jiang
et al., 2016). Thus, the downregulation of PGC-1a likely
contributes to o-syn-induced neurodegeneration due to c-
Abl activation, parkin inactivation and accumulation of
PARIS. Thus, PARIS is a key mediator of neurodegenera-
tion in familial and sporadic Parkinson’s disease through
regulation of PGC-1a. Our data also suggest a potential
feed-forward mechanism that regulates the c-Abl-parkin-
PARIS pathway in a-syn-induced neurodegeneration. It is
evident from all three o-syn-induced neurodegeneration
models that PARIS seems to act as both a downstream
and upstream effector of the c-Abl-parkin pathway. We
believe that once PARIS is upregulated by o-syn-induced
c-Abl activation and parkin inactivation, it represses
PGC-1a, leading to a decrease in mitochondrial biogenesis
and subsequently increased oxidative stress (Stevens et al.,
2015). This oxidative stress, in turn, can activate c-Abl
(Gonfloni et al., 2012). Future experiments will be required
to clarify these potential relationships.

We observed a downregulation of phospho-ubiquitin and
an upregulation of the mitophagy-related parkin substrates
Miro1, Mitofusinl and Bax suggestive of defective mito-
phagy in the AAV1-tTA midbrain injected TetP-hAS3T o-
syn and the a-syn PFF injected mice. Mirol, Mitofusinl
and Bax likely don’t play a role in degeneration of dopa-
mine neurons in these models, as their levels fail to change
in ventral midbrain after c-Abl or PARIS deletion, which
rescues the loss of dopamine neurons. The partial restora-
tion of phospho-ubiquitin by c-Abl or PARIS deletion indi-
cates that ubiquitin phosphorylation at S65 may also
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regulate cytosolic parkin activity consistent with the low-
ering the levels of cytosolic parkin substrates, PARIS,
AIMP2 and STEP61. Consistent with this notion is the
prior observation that cytosolic phospho-ubiquitin regu-
lates the levels of PARIS (Lee et al., 2017). Like PARIS
and AIMP2, STEP61 1is elevated in post-mortem
Parkinson’s disease brain (Kurup et al., 2015). Future stu-
dies will be required to investigate the potential role of
STEP61 in the degeneration of DA neurons.

In summary, the present study identifies PARIS as a key
mediator of a-syn-induced neurodegeneration. PARIS plays
a role in the neurodegeneration due to pathological a-syn
in both non-dopaminergic and dopaminergic neurons.
These results link c-Abl, parkin and PARIS in the patho-
genesis of a-synucleinopathies in familial (A53T o-syn
mutant) and sporadic Parkinson’s disease. The near com-
plete reversal of pathology and neurodegeneration by the
knockout of PARIS indicates that strategies aimed at redu-
cing or inhibiting PARIS could be a potent method to treat
the neurodegeneration of Parkinson’s disease and related o-
synucleinopathies.
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