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Neurobiology of Disease

REST Protects Dopaminergic Neurons from Mitochondrial
and a-Synuclein Oligomer Pathology in an Alpha Synuclein
Overexpressing BAC-Transgenic Mouse Model
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Alpha-synuclein pathology is associated with dopaminergic neuronal loss in the substantia nigra (SN) of Parkinson’s patients.
Working across human and mouse models, we investigated mechanisms by which the accumulation of soluble a-synuclein oligomers
leads to neurodegeneration. Biochemical analysis of the midbrain of a-synuclein overexpressing BAC-transgenic male and female mice
revealed age- and region-dependent mitochondrial dysfunction and accumulation of damaged proteins downstream of the REI
Silencing Transcription Factor (REST). Vulnerable SN dopaminergic neurons displayed low REST levels compared with neighboring
protected SN GABAergic neurons, which correlated with the accumulation of a-synuclein oligomers and disrupted mitochondrial mor-
phology. Consistent with a protective role, REST levels were reduced in patient induced pluripotent stem cell-derived dopaminergic
neurons carrying the SNCA-Triplication mutation, which accumulated a-synuclein oligomers and mitochondrial damage, and displayed
REST target gene dysregulation. Furthermore, CRISPR-mediated REST KO induced mitochondrial dysfunction and impaired mitoph-
agy in vitro. Conversely, REST overexpression attenuated mitochondrial toxicity and mitochondrial morphology disruption through
the transcription factor PGC-1a. Finally, decreased a-synuclein oligomer accumulation and mitochondrial dysfunction in mice corre-
lated with nuclear REST and PGC-1a in protected SN GABAergic neurons compared with vulnerable dopaminergic neurons. Our find-
ings show that increased levels of a-synuclein oligomers cause dopaminergic neuronal-specific dysfunction through mitochondrial
toxicity, which can be attenuated by REST in an early model of Parkinsonian pathology. These findings highlight REST as a mediator
of dopaminergic vulnerability in PD.
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Understanding early Parkinsonian pathophysiology through studies of advanced preclinical models is fundamental to the
translation of disease-modifying therapies. Here we show disease-relevant levels of a-synuclein expression in mice leads to
accumulation of a-synuclein oligomers in the absence of overt aggregation, and mitochondrial dysfunction in dopaminergic
neurons lacking the RE1 Silencing Transcription Factor. Our findings identify the mechanism of action of RE1 Silencing
Transcription Factor and PGC-1a as mediators of dopaminergic vulnerability in a-synuclein BAC-transgenic mice and
\induced pluripotent stem cell-derived dopaminergic cultures, highlighting their potential as therapeutic targets. j
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Parkinson’s disease (PD) is a complex neurodegenerative disor-
der affecting ~1% of the population over 60 years old (Samii et
al., 2004). Symptoms include rigidity and bradykinesia, which
are caused by the loss of dopaminergic neurons of the SNc, in
addition to a range of nonmotor symptoms. The underlying
cause of PD is unknown, although age is the biggest risk-factor
for developing the disease (Reeve et al., 2012). While the histo-
logic hallmark of PD remains the presence of a-synuclein-posi-
tive Lewy bodies in the brain of patients (Wakabayashi et al.,
2007), it is unclear whether these structures are damaging or
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protecting. Recent studies suggest that a-synuclein oligomers
might play an important role in the disease (Roberts et al., 2015;
Bengoa-Vergniory et al., 2017). a-Synuclein oligomers have been
shown to promote complex I deficiencies (Miller et al., 2009),
mitochondrial swelling and fragmentation (Luth et al, 2014;
Plotegher et al., 2014), ER stress (Colla et al., 2012), and synaptic
dysfunction (Prots et al.,, 2013). a-Synuclein oligomers can be
cleared by the lysosomal system or by chaperone-mediated
autophagy, and can accumulate if lysosomes are dysfunctional
(H.7J. Lee et al., 2004; Hunn et al., 2019; Ho et al., 2020).

Although we have learned much about the mechanisms and
pathways of PD from rodents (Vingill et al., 2018), the toxin
(Heikkila et al., 1984; Rozas et al, 1998), a-synuclein virus-
injected, early transgenic (Kirik et al., 2002; Fleming et al., 2004),
and a-synuclein preformed fibril (Luk et al., 2012) mouse mod-
els of PD often fail to recapitulate the progressive age-dependent
neurodegeneration characteristic of sporadic disease. We have
previously generated the “humanized” BAC-transgenic SNCA-
OVX mouse line expressing the complete SNCA human genomic
locus from a BAC insert on an endogenous mouse Snca '~ KO
background (Janezic et al., 2013). The SNCA-OVX mice exhibit
physiological spatial and temporal expression of a-synuclein
with a 2- to 3-fold increase of a-synuclein protein. These mice
demonstrate age-dependent dopaminergic neuronal loss and
onset of motor dysfunction (Janezic et al., 2013; Dodson et al,,
2016).

Mitochondrial dysfunction is a hallmark of PD demonstrated
by genetic mutations in the mitophagy regulators PINK1 and
Parkin and the induction of PD in humans and animal models
by complex I inhibitors MPTP/MPP ™ and rotenone (Ryan et al.,
2015; Bogetofte et al., 2019). The preferential vulnerability of
SNc dopaminergic neurons to mitochondrial dysfunction likely
results from several biological factors, including their extensive
axonal arbor and reliance on Ca** channel pacemaking flux,
which together increase metabolic demand, mitochondrial ROS
generation, and oxidative post-translational protein modification
(Ryan et al,, 2015). This has highlighted mitochondrial biogene-
sis master-regulators, such as peroxisome proliferator-activated
receptor 7y coactivator 1-& (PGC-1la) as potential therapeutic
targets for PD (Zheng et al, 2010). However, the interplay
between a-synuclein aggregation, mitochondrial dysfunction,
and oxidative stress in dopaminergic neurons in PD remains
elusive.

REL1 Silencing Transcription Factor (REST), also known as
Neuron-Restrictive Silencing factor, is a transcriptional repressor
controlling neuronal gene expression widely expressed in the
immature brain and progressively downregulated with age and
maturation (Buckley et al., 2010). REST has been associated with
a number of neurodegenerative diseases, although its role as a
mediator or protective factor remains complex. REST has been
identified as a promoter of neurodegeneration in Huntington’s
disease (Zuccato and Cattaneo, 2007), and also identified as neu-
roprotective factor lost from the nucleus of neurons in postmortem
tissue from patients with Alzheimer’s disease (AD), frontotemporal
dementia, and dementia with Lewy bodies (Lu et al, 2014).
Conditional KO of REST in mice induces vulnerability to ethanol
or MPTP-induced neurodegeneration. Conversely, overexpression
of REST induces TH expression in vitro and protects cells from oxi-
dative and manganese-induced stress, which supports a neuropro-
tective role for this transcriptional repressor (Tegeder et al., 2006;
Cai et al,, 2011; Lu et al., 2014; Pajarillo et al., 2020).

In this study, we have integrated human and mouse models
of PD to identify a range of dysregulated pathways, including
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mitochondrial dysfunction, which contribute to a-synuclein
oligomer-induced age-dependent neurodegeneration. Furthermore,
we show that this dysfunction is specific to dopaminergic neurons
of the SNc and is regulated by the absence of the transcription factor
REST. Finally, we demonstrate that REST is protective in PD in
vitro models through PGC-1e, and that absence of REST renders
SNc neurons vulnerable to a-synuclein insult in vivo.

Materials and Methods

Study design. Sample size was determined according to the experi-
mental paradigm. Any animals showing any welfare issues were taken
off the study; otherwise, animals remained in the sample. For neuropath-
ological examination, 4 or 5 animals were bred per condition to avoid
n <3 after aging. For induced pluripotent stem cell (iPSC) culture, 3 or
4 independent control lines (or clones in the case of SNCA-Triplication)
were used to ensure n > 3. For biochemical analysis of recombinant or
biological material, experiments were performed on >3 independent
samples.

Treatments and genotypes were handled blindly by coding of the dif-
ferent groups into numbers wherever analysis was not automated.
Samples were blinded by taping over identifiers, to avoid bias when sam-
pling. For cell imaging, 3-9 independent FOVs were analyzed per well,
and 1-2 wells were analyzed per condition and line. For tissue analysis 2-
4 independent fields (i.e., at least 100 pm apart to avoid resampling) of
anterior SN were analyzed, and for puncta counts associated with TH™
cells, 25 neurons were sampled across the SNc/r.

Antibodies used in this study are detailed in Table 1.

Animals. WT mice (C57BL/6]) bred in house or were purchased
from Charles River Laboratories. SNCA-OVX mice generated in our lab-
oratory were used in this research project, as previously described
(Janezic et al,, 2013). These transgenic mice express human WT a-synu-
clein from the complete human SNCA locus at disease-relevant levels on
a Snca”’~ mouse background. Male and female mice were killed using
cervical dislocation for dissection or pentobarbitone 20% (w/v) (100 ul
or 20 mg per mouse, i.p.) and transcardially perfused with PBS, pH 7.4,
followed by PFA 4% for tissue embedding. The total number of TH-
expressing cells was assessed by stereology as previously described
(Janezic et al., 2013). All procedures were conducted in accordance with
the UK Animals (Scientific Procedures) Act of 1986 and approved by the
Animal Welfare and Ethical Review Bodies at the Department of
Physiology, Anatomy and Genetics, University of Oxford.

a-Synuclein proximity ligation assay (AS-PLA). Oligomeric a-synu-
clein was detected by PLA, as previously described (Roberts et al., 2015)
for brightfield preparations. For PLA coimmunofluorescence, brains
were postfixed in 4% PFA for 24 h at 4°C, stored in 70% ethanol at 4°C
until samples were paraffin-embedded, and 5 um sections were cut. AS-
PLA experiments were conducted on brain sections, using Duolink kits
(Sigma Millipore). The a-synuclein antibody chosen for the AS-PLA
probes was anti-a-synuclein 4D6 (Abcam). Sections were dewaxed in
xylene and Histo-Clear, peroxidase reaction blocked in 10% H,O, for
15min at room temperature, and antigen retrieved in citrate buffer, pH
6 (Abcam 93678), after which brain sections were blocked in 10% nor-
mal goat serum (containing 1 m glycine TBS and 0.1% Triton X-100)
and incubated for 1 h in primary antibodies. Sections were then washed
with TBS containing 0.05% Tween-20 (TBS-T) and incubated for 1 h in
the dark with AlexaFluor secondary antibodies (Invitrogen). All samples
were washed in TBS-T and incubated in Duolink block solution for 1 h
at 37°C, followed by overnight incubation with the conjugates diluted in
Duolink PLA diluent (1:100) at 4°C and subsequent PLA steps as
described previously (Roberts et al., 2015).

Cellular fractionation. The midbrain was dissected from one hemi-
sphere of 18-month-old WT or SNCA-OVX mice. Tissue was lysed in 1
ml ice-cold Buffer A (250 mum sucrose, 2 mm HEPES, 0.1 mm EGTA, pH
7.4) using a glass homogenizer at 4°C. The lysate was centrifuged at 600
% g 10min, 4°C. The supernatant was retained, and the process was
repeated on the pellet. The supernatants were pooled and centrifuged at
600 x g for 5min, and the resulting supernatant was centrifuged at
11,000 x g for 10min at 4°C. The resulting supernatant (organelle-
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Table 1. Antibodies used in this study
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Antigen Host species Supplier; product number Dilution used
3-Nitrotyrosine Rabbit polyclonal Abcam; Ab42789 1:500
a-Synuclein [MJFR1] Rabbit polyclonal Abcam; Ab138501 1:1000
BIP Rabbit polyclonal Abcam; ab21685 1:1000
X v Rabbit monoclonal Abcam; ab140643 1:500
DRP-1 phospho Ser616 Rabbit monoclonal Cell Signaling Technology; 4494 1:500
DRP Rabbit monoclonal Cell Signaling Technology Technology; 85705 1:1000
L3 Rabbit polyclonal Sigma Millipore; 7543 1:1000
NRF2 Rabbit polyclonal Abcam; ab31163 1:1000
PGC-1e Rabbit polyclonal Santa Cruz Biotechnology; sc-13067) 1:200
TOM20 (WB) Rabbit polyclonal Santa Cruz Biotechnology; sc-11021 1:5000
TH Rabbit polyclonal Millipore; AB152 1:1000
X v Rabbit monoclonal Abcam; ab140643 1:500
TOM20 (IF, IHO) Rabbit Abcam; ab220822 1:250
LAMP1 (IF) Mouse Santa Cruz Biotechnology; 20011 1:100
LG3 (IF) Rabbit Cell Signaling Technology; 2775 1:200
PGC-Tex (IHO) Rabbit Cell Signaling Technology; 2178 1:100
TH (IHC) Rabbit Millipore; ab152 1:500
TH (IHO) Chicken Abcam; ab76442 1:250
NEFH (IHO) Mouse Biolegend; 801701 1:500
REST (IHC) Rabbit Millipore; 07-579 1:250
a-synuclein (PLA) Mouse Abcam; ab1903 1:2000
a-synuclein-TOM20 (PLA) Rabbit Abcam; ah220822 1:250
a-synuclein-TOM20 (PLA) Mouse Abcam; ab1903 1:250
Lamin A/C Rabbit Genscript; A01455 1:1000

depleted fraction) was stored at —80°C until analysis. The pellet (organ-
elle-enriched fraction) was washed 3% in Buffer B (25 mM potassium
phosphate, 5 mm MgCl, pH 7.2), aliquoted, and stored at —80°C. Protein
was quantified by BCA assay.

Measurement of mitochondrial complex I activity. Midbrain was ho-
mogenized for 3 x5 s in 500 ul 200 mm sodium PB, pH 7.2, using a
Tissue Tearor (BioSpec Products). Homogenate was centrifuged at 800 x
g for 5 min at 4°C. The supernatant was aspirated, and protein concentra-
tion was measured using BCA assay (Sigma Millipore). Mitochondrial
complex I activity was measured by monitoring NADH oxidation at
340 nm, as previously described (Long et al., 2009). Briefly, sample (50 p1g)
was incubated in MCI buffer (200 mm sodium PB, pH 7.2, 5 mm MgCl,,
2.5mg/ml BSA, 10 mm NADH, 1 mm KCN, and 1 mg/ml antimycin A)
with or without the addition of rotenone (100 s final volume 125 pl).
CoenzymeQ; (65 um) was added and absorbance at 340 nm was moni-
tored at 30°C for 15min. Complex I activity was calculated as the rote-
none-inhabitable NADH oxidation.

Mitochondrial ROS production. Basal mitochondrial ROS produc-
tion was measured in mitochondrial extracted from whole brain based
on a previously published protocol (Quinlan et al., 2013). Mitochondria
(15 pg) were incubated in buffer containing 120 mm KCl, 5 mm HEPES,
5 mMm KH,POy, 2.5 mm MgCl,, 1 mm EGTA, 0.3% (w/v) BSA, pH 7.0
supplemented with 1 U HRP (Sigma Millipore), 0.25 mm AmplexRed
(Sigma Millipore) at 37°C. Fluorescence (ex 540 nm, em 590 nm) was
monitored for 3 min to obtain unstimulated ROS production, before the
addition of NADH and monitored for a further 10 min. ROS production
was measured in triplicate by time-dependent increase in fluorescence
over a 5 min period (N = 3). Fluorescence changes were used to calculate
equivalent H,O, production by the addition of 2.5-20 um H,O, to the
assay and construction of a standard curve.

Identification of nitrated proteins. The presence and abundance of
nitrated proteins were quantified in midbrain lysates using an anti-3-
nitrotyrosine antibody. Identical samples were subjected to SDS-PAGE
followed by Coomassie R-250 staining; bands corresponding to proteins
with increased nitration were excised and subjected to liquid chromatog-
raphy tandem mass spectrometry (LC-MS/MS).

Nitration site modeling. Human GAPDH atomic model (pdb id.
4WNC) was analyzed using Pymol software (The PyMOL Molecular
Graphics System, version 2.0, Schrodinger). Four monomers of the
GAPDH complex are represented in colored ribbons, and the relative
position of the side chain of the nitrated residue (W313) is depicted.

Dimethyl labeling. Mitochondrial ~enriched/depleted fractions
(100 pg protein) were incubated in 50 mm tetraethylammonium bromide
and 8 m urea for 30 min. Proteins were reduced using 10 mm tris(2-car-
boxyethyl)phosphine for 1 h and then alkylated using 2-chloroacetamide
for 30 min. Samples were diluted 1 in 4 with 25 mM tetraethylammonium
bromide and incubated with trypsin 20:1 (5 pg) for 16 h at 37°C. Samples
were dimethyl labeled as previously described (Boersema et al., 2009);
briefly, 8 il of 4% (v/v) CH,O (light) or CD,0O (medium) was added to
samples. Samples were briefly mixed and incubated with 8 pl of 600 mm
NABH;CN for 1 h. The reaction was quenched with 32 pl cold 1% (v/v)
ammonia solution. The samples were mixed and acidified to pH 3 with
5% (v/v) formic acid. Light and medium labeled samples were mixed at a
ratio of 1:1. Samples were dried and desalted before mass spectrometry.

LC-MS/MS analysis. Peptides were resuspended in 5% formic acid
and 5% DMSO. They were separated on an Ultimate 3000 UHPLC sys-
tem (Thermo Fisher Scientific) and electrosprayed directly into an
QExactive mass spectrometer (Thermo Fisher Scientific) through an
EASY-Spray nano-electrospray ion source (Thermo Fisher Scientific).
The peptides were trapped on a C18 PepMapl00 precolumn (300 pm
i.d. x 5 mm, 100 A, Thermo Fisher Scientific) using Solvent A (0.1% for-
mic acid in water) at a pressure of 500 bar. The peptides were separated
on an in-house packed analytical column (75pm id. packed with
ReproSil-Pur 120 C18-AQ, 1.9 pm, 120 A, Maisch) using a linear gradi-
ent (length: 120 min, 15%-35% Solvent B [0.1% formic acid in acetoni-
trile], flow rate: 200 nl/min). The raw data were acquired on the mass
spectrometer in a data-dependent mode. Full scan MS spectra were
acquired in the Orbitrap (scan range 350-1500 m/z, resolution 70000,
AGC target 3e6, maximum injection time 50 ms). After the MS scans,
the 20 most intense peaks were selected for HCD fragmentation at 30%
of normalized collision energy. HCD spectra were also acquired in the
Orbitrap (resolution 17,500, AGC target 5e4, maximum injection time
120 ms) with first fixed mass at 180 m/z. Charge exclusion was selected
for unassigned and 1+ ions. The dynamic exclusion set to 20 s.

Analysis of quantitative mass spectrometry data. Results were
searched against the Uniprot Mouse database with a maximum of two
missed cleavages. Protein identification was filtered using the Mascot
significance threshold set at p <<0.05. Precursor mass tolerance was
10 ppm, and fragment mass tolerance was 0.02Da. For protein abun-
dance quantification, dynamic modifications to peptides were listed as
oxidation (M), dimethyl (N-term, K; light label) and dimethyl 2H(4) (N-
term, K; medium label). Carbamidomethyl modification of C residues
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was considered a static modification. Peptide quantitation and protein
identification were performed on triplicate LC-MS/MS analyses (techni-
cal replicates) using Proteome Discoverer version 1.4 (Thermo Fisher
Scientific). Peptides were filtered using a Mascot peptide ion score of 25,
a false discovery rate of 1%, and peptides showing a >10-fold change
were excluded from the quantitation. Additionally, proteins were only
quantified if two peptides were quantified. Protein L/M ratios were nor-
malized to the median L/M ratio for each replicate. Proteins were
required to be quantified in at least three biological replicates to be
included in the analysis, and proteins demonstrating a coefficient of vari-
ation >60% for the mean M/L ratio were excluded. Mitochondrial
enrichment was calculated using MitoCarta 2.0 (Broad Institute; www.
broadinstitute.org/mitocarta).

Pathway analysis. Proteins upregulated or downregulated by >1
SD (11.9% of the dataset) were used for further pathway analysis
using Ingenuity Pathway Analysis software (QIAGEN). Data were
analyzed using the Ingenuity Knowledge Base (genes only) in July
2015, using the following settings: only molecules and/or relation-
ships experimentally observed interactions in Human, Mouse or
Rat with observations in the following regions/cell types considered
Substantia Nigra, Cerebral Cortex, Dorsal Root Ganglion Trigeminal
Ganglion, Spinal Cord, Granule Cell Layer, Granule Cells, Subventricular
Zone, Nucleus Accumbens, Hippocampus, Cerebellum, Neurons not oth-
erwise specified, Other Nervous System, Medulla Oblongata, Pituitary
Gland, Nervous System not otherwise specified, White Matter, Choroid
Plexus, Amygdala, Corpus Callosum, Hypothalamus, Brain, Ventricular
Zone, Parietal Lobe, Pyramidal Neurons, Cortical Neurons, Gray Matter,
Putamen, Thalamus, Purkinje Cells, Caudate Nucleus, Sciatic Nerve,
Striatum, Olfactory Bulb, Brainstem, Cerebral Ventricles, Other Neurons,
Astrocytes, SK-N-SH, Other Neuroblastoma Cell Lines, Neuroblastoma
Cell Lines not otherwise specified. Upstream regulator networks were cre-
ated using upstream regulators with an activation Z score >1.

Immunohistochemistry. Sections (5 um) were dewaxed in xylene and
Histo-Clear, peroxidase reaction blocked in 0.3% H,O, for 15min at
room temperature, and antigen retrieved in citrate buffer, pH 6 (Abcam
93678), after which brain sections were blocked in 10% normal goat serum
(containing 1 M glycine TBS and 0.1% Triton X-100) and incubated over-
night at 4°C in primary antibodies. The next day, sections were washed in
TBS-T and incubated with appropriate AlexaFluor secondary antibodies
diluted for 1 h at room temperature. For nuclear staining, sections were
incubated in DAPI (1:1000, Invitrogen) for 5min at room temperature.
Sections were mounted with FluorSave mounting medium (Calbiochem)
before being visualized with an Evos FL auto imaging system (Invitrogen).

Lentiviral vectors and plasmid construction. TLCV2 (Addgene
#87360) was digested using the restriction enzyme BsmBI, dephosphoryl-
ated, and gel-purified. Protospacer sequences were appended in the form of
double-stranded oligonucleotides with complementary sticky ends to the
vector backbone (REST sgRNAI oligo forward 5'- CACCGGATTAGT
ATTGTAGCCGCAG, REST sgRNA1 oligo reverse 5'-AAACCTGCGGC
TACAATACTAATCC, Scrambled control forward Oligo 5'- CACCGG
CACTACCAGAGCTAACTCA, Scrambled control reverse Oligo AAACT
GAGTTAGCTCTGGTAGTGCC).

Lentiviral particles were produced by transfecting 5 ug of TLCV2 con-
structs together with packaging components (3.75 ug psPAX2 Addgene
#12260; and 1.5 ug pMD2.G Addgene #12259) into human embryonic
kidney cells (HEK293T) that were plated 24 h before transfection at the
seeding density of 4 x 10° cells/T75 flask. Transfection in each flask was
performed in the presence of 30pl of Lipofectamine 2000 reagent
(Invitrogen), according to the manufacturer’s instructions. Viral superna-
tant was harvested 48 h after transfection, passed through a 0.45 um filter
(Millipore), and frozen at —80°C until further use.

Lentiviral transduction. At 24 h before transduction, 2.5 x 10° SH-
SY5Y cells were seeded in 2 ml of complete medium into 6-well plates;
900 ul of HEK293T supernatant containing the viral vector was used to
transduce cells in the presence of polybrene (8 ug/ml, Millipore). A full
media change was performed 24 h after transduction. Puromycin selec-
tion (1 ug/ml, Millipore) was started 48 h after transduction, and then
gradually increased to 2 ug/ml for the consequent cell passages. Cas9-
GFP expression was induced with doxycycline (1 ug/ml) and confirmed
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with fluorescence microscopy (EVOS). Cells were subsequently main-
tained in 1 pg/ml puromycin.

Cell culture. SH-SY5Y cells were seeded in a black, flat-bottom 96-
well plate (Greiner) at a density of 10,000 cells/well in DMEM/F12, 10%
FBS, 1% L-glutamine, 1% penicillin-streptomycin, and kept at 37°C and
5% CO, at all times. The day after seeding, cells were transiently trans-
fected with EF1a-REST CMV-MCherry or CMV-MCherry constructs
using OptiMEM, Lipofectamine 2000, and Plus Reagent (Thermo Fisher
Scientific), as previously described (Keane et al., 2015). After transfec-
tion, cells were kept in OptiMEM and starved through serum depriva-
tion. At 24 h later, cells were treated with 1 mm MPP™ (Sigma Millipore)
and incubated for another 24 h, before running downstream assays.

To-proJr (Invitrogen) was added 1:1000 to the medium to count
dead cells. For mitochondrial and lysosome, autophagosome, and auto-
lysosome analysis, cells were fixed in 4% PFA and evaluated after immu-
nofluorescence. Immunofluorescence was performed as described above
for immunohistochemistry starting at block. TOM20 was used to visual-
ize mitochondria, while Lampl and LC3 were used for lysosomal, auto-
phagosome, and autolysosome detection. The Opera Phenix confocal
microscope (PerkinElmer) was used to image cells, and Image] and Cell
Profiler were used for image quantification.

For nuclear fractionation, NE-PER nuclear and cytoplasmic extrac-
tion reagents (Thermo Fisher Scientific) were used according to the
manufacturer’s instructions.

Assessment of mitophagy. Mitophagy in SH-SY5Y cells was detected
using the Mitophagy Detection Kit (Dojindo Molecular Technologies)
according to the manufacturer’s instructions. In brief, cells were seeded
in a black, flat-bottom LCLEAR 96-well plate (Greiner) at a density of
20,000 cells/well. The following day, cells were washed twice with se-
rum-free culture medium DMEM/F12 (1:1 1x, Invitrogen) before incu-
bation with Mtphagy Dye (100 nm) at 37°C for 30 min. Cells were then
washed twice in serum-free DMEM/F12 culture medium before incuba-
tion in DMEM/F12 (1:1 1x, Invitrogen) supplemented with 10% FBS
(Invitrogen), 1% L-glutamine (2 muy, Invitrogen), 1% penicillin-strepto-
mycin (Invitrogen), puromycin (1 ug/ml), and doxycycline (1 ug/ml) at
37°C for 6 h in the presence of CCCP, oligomycin, or in HBSS alone.
Images were captured (x63, water objective) using the Opera Phenix
high-content screening system (PerkinElmer). Throughout imaging, live
cells were maintained at 37°C and 1bar CO, (5.0%). Three confocal
channels were utilized for the selective laser-induced excitation of DAPI
(NucBlue; 358/461 nm), GFP (488/509nm), and Mtphagy dye (561/
650 nm). The digital phase-contrast channel (brightfield) was also used
to define the borders of individual cells within the culture. GFP intensity
was measured in every defined cell, and GFP-expressing (GFP™) cells
were then identified. Cells below this intensity threshold were defined as
GFP™ cells. Finally, Mtphagy spots were then identified in both GFP*
and GFP™ cells. All cells within the previously defined populations that
had >3 Mtphagy spots were classed as a cell undergoing mitophagy.

Statistical analysis. Differences between two groups were assessed
using a one-tailed Mann-Whitney test. When more groups were pres-
ent, one- or two-way ANOVAs were used; a detailed description pro-
vided for each analysis can be found in the figure legends.

Results

a-Synuclein overexpression leads to an accumulation of
oligomers, dysfunctional mitochondria, and oxidative
protein damage

We have previously shown that SNCA-OVX BAC-transgenic
mice develop age-dependent neurodegeneration and a motor
phenotype compared with mice expressing physiological lev-
els of a-synuclein (Janezic et al., 2013). SNCA-OVX mice
express 2-3 times more a-synuclein than nontransgenic WT
mice (Extended Data Fig. 1-1a), show loss of TH-expressing
neurons (Extended Data Fig. 1-1b-d), and accumulate high
levels of early-stage oligomeric a-synuclein pathology with
age in the midbrain, but not in other brain regions, as
revealed by the AS-PLA (Extended Data Fig. 1-1e-q). This
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Proteomic analysis of SNCA-OVX midbrain demonstrates that mitochondrial dysfunction is a key factor in c-synudlein-induced neurodegeneration. a, Schematic representation of proteomics
workflow. b, Pathway enrichment of dysregulated proteins in 18-month-old SNCA-OVX mice showing pathway enrichment (%) and enrichment significance (-

log(p value)). ¢, Schematic representation

on dysregulated mitochondrial complex | subunits caused by a-synudlein overexpression. Complex | subunits perturbed in SNCA-OVX mice (green) and subunits associated with mitochondrial diseases (red
outline). d, Dysregulated proteins in SNCA-OVX mice, which are associated with altered ae-synudlein levels. Uprequlated/downregulated proteins are red/green, respectively, based on their magnitude of
upregulation/downregulation. For dopaminergic cell and oligomeric analysis, see Extended Data Figure 1-1. For extended proteomic descriptors and validation, see Extended Data Figure 1-2.

Table 2. Biological pathways significantly enriched in differentially regulated proteins from SNCA-OVX mice

Pathway enrichment Ratio of pathway

Pathway name —log (p) constituents altered Altered pathway components in dataset

Proline degradation 3.48E + 00 1.00E + 00 ALDH4A1, L0C102724788/PRODH

Oxidative phosphorylation 3.08E + 00 8.33E-02 NDUFB7, NDUFS6, MT-C0,, UQCRQ, NDUFB3, NDUFB10, NDUFS4

Mitochondrial dysfunction 3.02E + 00 6.52E-02 NDUFB7, NDUFS6, NDUFAF2, MT-C0,, UQCRQ, NDUFB3, NDUFB10, VpAC2, NDUFS4
Methylmalonyl pathway 3.01E + 00 6.67E-01 PCCA, MUT

Tryptophan degradation X (mammalian, via tryptamine) 2.83E + 00 2.31E-01 ALDH4A1, ALDH3A2, DDC

2-oxobutanoate degradation | 2.71E + 00 5.00E-01 PCCA, MUT

Glutamate degradation IIl (via 4-aminobutyrate) 2.50E + 00 4.00E-01 GAD2, SUCLG2

Huntington’s disease signaling 2.42E + 00 4.98E-02 TGM2, GNB4, CAPNS1, CLTB, HSPATA/HSPA1B, PL(B1, CAPN2, GNG3, STX1A, HSPA2
Amyotrophic lateral sclerosis signaling 2.25E + 00 6.74E-02 PRPH, RABSA, CAPNS1, NEFL, NEFH, CAPN2

Fatty acid /3 -oxidation | 2.15E + 00 1.36E-01 ECI2, SLC27A1, ACADM

Acute phase response signaling 2.05E + 00 5.47E-02 HPX, (3, APOAT, TF, CP, SERPINA3, KRAS

Histamine degradation 1.96E + 00 2.22E-01 ALDH4A1, ALDH3A2

highlights these transgenic animals as a model of early pa-

thology in which oligomeric pathology accumulates,
have previously shown in postmortem human PD
(Roberts et al., 2015).

as we
brain

T

o identify the pathways responsible for the changes associ-

ated with age-dependent neurodegeneration and accumulation
of a-synuclein oligomers in the midbrain of SNCA-OVX mice,
we performed LC-MS/MS proteomics on fractionated midbrain
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Figure 2.

a-Synudlein overexpression induces age- and region-specific mitochondrial dysfunction and oxidative stress. a, b, Mitochondrial complex | activity is decreased in the aged midbrain of SNCA-OVX

mice expressing ae-synuclein. Mitochondrial complex | activity in (a) 18-month-old and (b) 3-month-old midbrain (N = 3). ¢, Increased midbrain levels of pS616 Drp1. Increased levels of TOM20 in (d) 18-
month-old and (e) 3-month-old midbrain by Westem blot (N =3). f, g, Increased cv-synuclein-TOM20 PLA signal (red puncta) in TH neurons (green). For AS-PLA puncta and mitochondrial analysis, 25 cells
per neuronal cell type and animal were analyzed blindly. h, Increased mitochondrial H,0, production in mitochondria isolated from 18-month-old mice (V= 3). i, Increased levels of autophagosome formation
(LC3B lipidation; lower band) in 18-month-old midbrain. j, Decreased midbrain levels of NRF2 protein in aged (18-month-old) mice (V= 3). k, Increased midbrain levels of 3-NT containing proteins in 18-
month-old midbrain lysate (V= 3). J, LC-MS/MS spectrum of excised 3-NT containing band (red arrow) showing de novo sequencing of GAPDH peptide LISWYDNEYGYSNR with summary table showing
Mascot scoring de novo sequencing results. m, Molecular modeling of nitrated residue in GAPDH active site, based on PBD ID 1ZNQ. :p << 0.05 Mann—Whitney test (one-tailed) or two-way ANOVA Sidak. For
extended analysis of midbrain and cortical expression levels, see Extended Data Figure 2-1. (@) Mann—Whitney p = 0.0357; (c) Mann—Whitney p = 0.05; (d) Mann—Whitney p = 0.05; (e) Mann—Whitney
p=005; (g) two-way ANOVA, Sidak (F; ) = 13.92) p = 0.042; (h) Mann—Whitney p = 0.05; (i) Mann—Whitney p = 0.05; (j) two-way ANOVA, Sidak (F;.5=59.82) p << 0.001; (k) Mann—Whitney p = 0.05.
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Figure 3.

Downstream targets of REST are dysregulated in SNCA-OVX mice and reside in distinct regions of the midbrain. a, Protein-protein interaction network of upstream

regulators in SNCA-OVX mice (p << 0.05). b, Directed REST interaction network showing the upregulation and downregulation of REST target proteins in SNCA-OVX mice; downre-
gulated (blue) and uprequlated (red) proteins and predicted effect of REST on downstream targets (arrows). Green arrows indicate protein requlation consistent with REST inhibi-
tion. Orange arrows indicate protein level changes inconsistent with REST inhibition. Black lines indicate proteins without directionality assigned. ¢, d, Immunofluorescence of
mouse midbrain demonstrating (c) location of TH (green) in the SNc and NEFH (red) in the SNr and (d) colabeling of NEFH (green) and parvalbumin (PV; red) cells in 3-month-

old WT (or SNCA-OVX) mouse midbrain.

lysates from 18-month-old SNCA-OVX mice and control WT
mice and identified differentially regulated proteins (Fig. la;
Extended Data Fig. 1-2a). Interestingly, a number of neurofila-
ment polypeptides (known to be key components of Lewy
bodies) were among the most upregulated proteins in SNCA-
OVX mice (Extended Data Fig. 1-2b).

A significant number of differentially regulated proteins were
found to be enriched in several pathways, including oxidative
phosphorylation, mitochondrial dysfunction, and [ -oxidation
of fatty acids (Fig. 1b; Table 2). Additionally, 16.8% of all dysre-
gulated proteins were mitochondrial, including five mitochon-
drial complex I subunits, three of which are associated with
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Table 3. Significant upstream regulators identified in SNCA-OVX mice (supple-
mentary Excel sheet)

Upstream regulator Pathway enrichment —log (p)

MAPT —6.627
FMR1 —6.235
SOD1 —6.168
APP —5.587
GLDN —5.266
NRCAM —5.266
PSEN1 —5.095
P53 —4.833
REST —4.481
ADAM10 —4.382
NFASC —3.745
HTT —3.638
MKNK1 —3.603
MYC —3.545
RICTOR —3.327
RANBP9 —3.037
SLC12A6 —3.037
ELAVL3 —3.037

mitochondrial diseases (Fig. 1c; Extended Data Fig. 1-2¢,d).
Furthermore, 35 dysregulated proteins were associated with
altered a-synuclein levels, of which 29% are mitochondrial
proteins (Fig. 1d), suggesting a direct role for increased
a-synuclein in modulation of mitochondrial function in
SNCA-OVX mice.

To validate these proteomic findings, consistent with mito-
chondrial dysfunction and oxidative stress playing a role in
Parkinsonian pathology, we investigated mitochondrial dysfunc-
tion in the SNCA-OVX mouse midbrain caused by a-synuclein
overexpression and oligomerization. Mitochondrial complex I ac-
tivity, an established deficit reported in PD patients, was decreased
by >50% in the midbrain of aged SNCA-OVX mice compared
with nontransgenic control WT mice (Fig. 2a) but not in young
SNCA-OVX mice nor in the cortex or whole brain homogenates
of aged SNCA-OVX mice, indicating age and region specificity of
this dysfunction (Fig. 2b; Extended Data Fig. 2-1a,b).

Consistent with complex I dysfunction, an increase in the
active (phosphorylated) form, but not in total levels, of the
mitochondrial fission regulator DRP1 (Phospho S616) was
observed in midbrain lysates from aged, but not young,
SNCA-OVX mice compared with age-matched WT mice
(Fig. 2¢; Extended Data Fig. 2-1c,d), indicating increased mi-
tochondrial fragmentation in response to a-synuclein over-
expression. Furthermore, we observed increased levels of the
mitochondrial outer membrane protein TOM20, but not the
inner membrane protein COX IV, in the midbrain of aged
SNCA-OVX mice but not young mice or in the cortex of aged
mice (Fig. 2d,e; Extended Data Fig. 2-1e,f), indicating age-
and region-specific impaired mitochondrial quality control
in aged SNCA-OVX animals. We also observed an increase
in pathogenic a-synuclein-TOM20 interactions in dopami-
nergic neurons of SNCA-OVX animals (Fig. 2f,g), suggesting
a mechanism for mitochondrial dysfunction observed in
SNCA overexpression models and PD patients (Di Maio et
al., 2016; Zambon et al., 2019). Mitochondria isolated from
the midbrain of aged SNCA-OVX mice also demonstrated
increased ROS production (Fig. 2h). This increase in dys-
functional mitochondria was associated with increased LC3
lipidation, indicating increased autophagosome formation in
an age- and region-specific manner (Fig. 2i; Extended Data
Fig. 2-1g,h). Levels of the ER protein BIP were also increased

Ryan, Bengoa-Vergniory et al. ® REST Is Protective in an a-Synuclein Transgenic Model

indicating enhanced ER stress in aged, but not young, mice
(Extended Data Fig. 2-1i-k).

To understand how ROS generated from dysfunctional mito-
chondria contributes to age-dependent neurodegeneration in
SNCA-OVX mice, we measured levels of the antioxidant regula-
tor NRF2 in young and aged midbrain from SNCA-OVX and
control mice. A large decrease (>70%) was observed in the levels
of NRF2 in whole-brain lysates of SNCA-OVX and control animals
between the ages of 3 and 18 months (Fig. 2j). Given this decrease
was independent of a-synuclein overexpression, decreases in cellu-
lar NRF2 appear to be a result of aging.

To investigate whether this age-dependent decrease in NRF2
potentiates oxidative/nitrative damage of proteins in SNCA-
OVX mice, we measured protein nitration, a stable end product of
oxidative/nitrative stress and a known modulator of a-synuclein
aggregation (Matsuda et al., 2010; Burai et al., 2015). We observed
an increase in nitrated proteins in aged SNCA-OVX mice (Fig. 2k;
Extended Data Fig. 1-2]). Among the proteins identified, the gly-
colysis regulator GAPDH was found to be nitrated on the trypto-
phan residue of the peptide LISWYCNEYGENN (Fig. 2I). This
nitrated tryptophan residue resides near the catalytic site of
GAPDH in a hydrophobic site, and nitration of this residue has
previously been demonstrated to be increased during oxidative
insult decreasing GAPDH activity (Fig. 2m) (Jenkins and Tanner,
2006; Palamalai and Miyagi, 2010; Bailey et al, 2011). The
impaired function of GAPDH caused by oxidative modification
may further contribute to increased vulnerability of cells with high
metabolic demand, such as dopaminergic neurons.

Together, these data demonstrate the presence of age-depend-
ent mitochondrial dysfunction in the midbrain of SNCA-OVX
mice in response to a-synuclein oligomer accumulation, suggest-
ing that mitochondrial dysfunction may be a key contributor to
the age- and region-dependent neurodegeneration observed in
this model.

Proteomic analysis reveals a region-specific dysfunction of
REST in the midbrain of SNCA-OVX mice

To further understand the mechanisms responsible for mito-
chondrial dysfunction and cell death induced by a-synuclein
overexpression, we sought to identify the upstream regulators re-
sponsible for the observed changes of protein levels in the mid-
brains of SNCA-OVX mice. This analysis identified a number of
proteins associated with neurodegeneration, including REST,
also known as Neuron-Restrictive Silencing Factor (Fig. 3a;
Table 3). Based on expression profiles of downstream targets
that have a strong correlation with REST regulation, REST was
predicted to be inhibited in a@-synuclein-overexpressing mice
(Fig. 3b). We therefore performed qRT-PCR to establish whether
the dysregulated REST targets identified by proteomics were also
perturbed at the mRNA level. We found that these targets were
dysregulated and followed the same direction in expression
change as detected by proteomics (Extended Data Fig. 1-2¢), fur-
ther suggesting REST as a contributing factor in proteomic dis-
ruption in SNCA-OVX mice.

Given that we observed upregulation of neurofilament pro-
teins in SNCA-OVX mice from the proteomic analysis of the
midbrain (Extended Data Fig. 1-2b), and that REST expression
negatively regulates all three neurofilament polypeptide levels
(Bruce et al., 2004; Ching and Liem, 2009), we performed mid-
brain staining for neurofilament heavy chain (NEFH) and found
a neuronal population of NEFH-labeled cells in the SNr, which
distinctly segregated from TH' dopaminergic neurons of the
SNc (Fig. 3c¢). These SNr cells were determined to be
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parvalbumin+ (indicating a GABAergic origin) (C. R. Lee
and Tepper, 2007; Zhou and Lee, 2011) by colocalization of
NEFH (98.62 * 1.38% in WT and 100 * 1.85% in SNCA-
OVX; Fig. 3d).

The identification of REST as an upstream regulator of pro-
teomic dysfunction in aged SNCA-OVX mice implicates the
involvement of REST in the age- and region-dependent a-synu-
clein oligomer formation and bioenergetic dysfunction in SNCA-
OVX mice.

a-Synuclein oligomers induce mitochondrial dysfunction in
dopaminergic neurons lacking nuclear REST

Given that the GABAergic neurons in the striatum and SNr are
less affected by neuronal dysfunction and loss in PD than the do-
paminergic neurons of the SNc (Giguére et al., 2018), we investi-
gated the role of REST in neuronal vulnerability in PD. We
observed a significant difference in REST localization between
dopaminergic SNc and GABAergic SNr neurons, with REST
present in the nucleus of resistant NEFH™ GABAergic SNr neu-
rons, but completely absent in the nucleus of vulnerable dopami-
nergic SNc neurons at 3 and 12 months of age in SNCA-OVX
and WT mice (Fig. 4a-c). Importantly, GABAergic SNr neurons
were able to upregulate REST in response to a-synuclein overex-
pression, whereas dopaminergic neurons of the SNc were not
able to respond to the insult, suggesting a lack of ability to mount
a protective response against a-synuclein overexpression in SNc
dopaminergic neurons.

These observations, together with the accumulation of a-syn-
uclein oligomers in the SNc of SNCA-OVX animals, prompted
us to investigate whether vulnerable dopaminergic cells of the
SNc accumulated more oligomeric a-synuclein than protected
GABAergic neurons of the SNr. Coimmunofluorescence analysis
in combination with AS-PLA revealed that a-synuclein overex-
pression resulted in a significant accumulation of a-synuclein in
TH™ neurons of the SNc in SNCA-OVX animals (p <0.05) but
not in the SNr GABAergic neurons (p > 0.05) (Fig. 4d,e).

We next assessed mitochondrial morphology in both
TH* (dopaminergic) and NEFH™" (GABAergic) neurons in
both 3- and 12-month-old WT and SNCA-OVX mice to test
the correlation of mitochondrial dysfunction with age-de-
pendent neurodegeneration. In 3-month-old SNCA-OVX
animals, mitochondrial aspect ratio (AR) was reduced and mito-
chondrial count increased in TH " versus NEFH " neurons, indi-
cating increased mitochondrial fragmentation in dopaminergic
neurons versus GABAergic neurons (Fig. 4f-h). A further
increase in fragmentation was observed when comparing TH "
neurons in SNCA-OVX and control mice, indicating that a-synu-
clein overexpression potentiates mitochondrial dysfunction specifi-
cally in dopaminergic neurons. At 12 months, the mitochondrial AR
was reduced, while the total number of mitochondria was
increased as an effect of aging (Fig. 4i-k). Interestingly, the
mitochondrial morphology of protected GABAergic neurons
was still preserved compared with that of neighboring,
vulnerable dopaminergic neurons. Excessive mitochondrial

«—

cell type and animal were analyzed. *p<<0.05; s*:p<<0.01; sx:xp<<0.001;
#kap < 0.0001; two-way ANOVA Sidak. For extended mitochondrial morphology analysis
over time, see Extended Data Figure 4-1. (b) Two-way ANOVA, Sidak (F(; 14 =21.78)
p=0.0004; () two-way ANOVA, Sidak (F(; 12 =139.1) p <0.0001; (e) two-way ANOVA,
Sidak (Fi.10)=8.974) p=0.0134; (g) two-way ANOVA, Sidak (F;5=98.5) p < 0.0001,
(F,g=22.85) p=0.014; (h) two-way ANOVA, Sidak (F; 4 = 18.65) p=0.0026; (j) two-
way ANOVA, Sidak (F(; 1) = 62.44) p < 0.0001.
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fragmentation was observed in 18-month-old mice alongside neu-
ronal loss preventing quantification (Extended Data Fig. 4-1).

These results point to distinct cell populations residing in the
SNc and SNr with respect to REST expression. The vulnerable
SNc¢ dopaminergic neurons have increased a-synuclein accumu-
lation and oligomerization, disrupted mitochondrial morphol-
ogy, and no detectable nuclear REST, whereas the resistant SNr
GABAergic neurons have readily detectable nuclear REST levels,
a lower a-synuclein oligomer burden, and preserved mitochon-
drial morphology. As REST has been shown to be protective in
response to manganese insult (Pajarillo et al., 2020), we assessed
whether upregulation of REST in GABAergic SNr neurons is re-
sponsible for neuroprotection from toward a-synuclein-induced
mitochondrial damage.

Loss of REST causes mitochondrial dysfunction and
impaired mitophagy

REST has been previously shown to play a protective role in AD
and in response to manganese toxicity (Lu et al., 2014; Pajarillo
et al,, 2020). Given our data suggesting REST as a key mediator
of neuronal health in SNCA-OVX mice, we assessed REST target
gene expression in iPSC-derived dopaminergic neuronal cultures
from PD patients carrying the SNCA-Triplication mutation, previ-
ously shown by two independent studies to demonstrate mito-
chondrial dysfunction and accumulation of a-synuclein oligomers
(Devine et al., 2011; Zambon et al., 2019). We observed dysregula-
tion of REST target genes in both transcriptomic datasets (Devine
et al,, 2011; Zambon et al,, 2019), suggesting REST inhibition (Fig.
5a; Extended Data Fig. 5-1a). Furthermore, we found that REST
protein expression was reduced in dopaminergic neuronal cul-
tures carrying the SNCA-Triplication (Fig. 5b). This suggests that
even early a-synuclein aggregates inhibit and/or downregulate
REST in a negative feedback loop, resulting in the accumulation of
mitochondrial damage, producing ROS and further a-synuclein
oligomerization.

To understand if the mitochondrial dysfunction observed in
dopaminergic neurons of the SNc in SNCA-OVX mice and in
SNCA-Triplication iPSC-derived dopaminergic neurons associ-
ated with increased a-synuclein levels could be directly attrib-
uted to inhibition of REST, we performed CRISPR-mediated KO
of REST in SH-SY5Y cells, generating a polyclonal cell popula-
tion with reduced REST expression (Fig. 5c-e). Consistent with
our observations in both animal and iPSC-derived neuronal
models, a decrease in REST expression was associated with mito-
chondrial fragmentation under basal conditions (Extended Data
Fig. 5-1b-d) and in response to starvation (Fig. 5f~h), indicating
REST regulates mitochondrial health. In addition, mitophagy
was decreased in cells with reduced REST expression under basal
conditions and also impaired after stimulation of mitophagy by
starvation, CCCP or oligomycin (Fig. 5i-k; Extended Data Fig.
5-le-g). Furthermore, decreased REST expression resulted in sig-
nificantly decreased mitochondrial membrane potential (Fig. 5I)
without overt changes in ATP production (Extended Data Fig. 5-
1h) and increased ROS production under basal conditions (Fig.
5m; Extended Data Fig. 5-1i,j). Together, these data suggest that
loss of nuclear REST drives mitochondrial dysfunction and
impaired mitophagy.

REST exerts a mitoprotective role through PGC-1a in vitro
and in vivo

To assess the potential neuroprotective role of REST, we mod-
eled mitochondrial complex I dysfunction, as observed in SNCA-
OVX mice, using the complex I inhibitor MPP . Overexpression
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Figure 5.  Inhibition of REST is observed in SNCA-Triplication neurons and causes mitochondrial and mitophagy defects. a, Anticorrelation of REST target gene expression in iPSC-derived dopa-
minergic neuronal cultures from a SNCA-Triplication patient (GDS4156) (Devine et al., 2011). b, Decreased REST protein expression levels in iPSC-derived dopaminergic neuronal cultures from a
SNCA-Triplication patient (n = 3). ¢, Schematic representation of REST gene showing sgRNA targeting site. Confirmation of (d) REST transcript knockdown relative to HPRT expression and (e)
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of REST in SH-SY5Y cells reduced cell death in response to
MPP* complex I dysfunction, indicating that REST is protective
in vitro (Fig. 6a). Basal mitochondrial morphology was also
improved by REST overexpression, as shown by an increase in
mitochondrial AR and a decrease in number of mitochondria
per cell (Fig. 6b-d), indicating that REST improves mitochon-
drial network integrity. These differences confirm earlier work in
TH™ versus NEFH™ cells, showing that REST plays a neuropro-
tective role through preserving mitochondrial morphology.

We next tested the impact of REST overexpression on lysoso-
mal and autophagic flux in starved cells. REST overexpression
resulted in an increase in LAMP1 lysosomal puncta and a
decrease in LC3" autophagic vesicles (Fig. 6e), as well as a
decrease in LAMP/LC3 double-positive autolysosomes, suggest-
ing that REST overexpression could increase the efficiency of
cargo degradation via upregulating lysosomal biogenesis.

We examined whether REST was able to stimulate the expres-
sion of the mitochondria biogenesis regulator/oxidative response
transcription factor PGC-la as a mechanism to elicit a neuro-
protective role. We detected a significant upregulation of PGC-
la on REST overexpression, indicating that REST is able to
elevate PGC-la levels in the nucleus (Fig. 6f). Conversely,
CRISPR-mediated reduction of REST levels resulted in decreased
PGC-1a levels (Fig. 6g), suggesting that REST mediates its neu-
roprotective effect through PGC-1« upregulation.

Together with our previous findings and those of Kawamura
et al. (2019), we hypothesized that a-synuclein oligomers might
interact with REST. We therefore examined REST-a-synuclein
interactions using a REST-AS-PLA. «a-Synuclein overexpression
in SH-SY5Y cells led to oligomer formation as measured by
a-synuclein-PLA and also to increased REST-a-synuclein interac-
tions as measured by REST-AS-PLA. In contrast, MPP " treatment
did not affect oligomer formation or REST-a-syn interactions in
SH-S5Y5 cells (Extended Data Fig. 6-1a-d). This indicates that
a-synuclein oligomerization, and not mitochondrial dysfunction,
drives REST dysregulation. We then tested whether REST inter-
acted with a-synuclein in WT or SNCA-OVX mice at 3 months
(when no oligomers are present) or at 12 months (when increased
oligomers are present). Interestingly, REST-AS-PLA was only up-
regulated in the dopaminergic neurons of aged SNCA-OVX ani-
mals, which indicated that a-syn oligomers are likely required for
this interaction (Fig. 6h).

It has been previously demonstrated that loss of PGC-1« leads
to an accumulation of @-synuclein oligomers (Eschbach et al,
2015). We therefore tested whether resistant nondopaminergic
midbrain neuronal populations with increased REST expression

«—

REST protein reduced relative to 3 -actin after Cas9-mediated KO in a polyclonal cell popula-
tion (n=3). f=h, Representative immunofluorescence images of TOM20 (red) showing dys-
functional mitochondrial morphology in starved polyclonal REST KO lines showing (g) mean
mitochondrial count per cell and (h) AR (n=3). i-k, REST KO induced mitophagy deficits. i,
Representative images of mitophagy events in SH-SY5Y cells showing mtphagy staining (red
puncta) in cells expressing Cas9 (green) j, Quantification of basal mitophagy in cells express-
ing Cas9 and sgRNA (GFP™) or GFP™ cells. k, Quantification of mitophagy in starved GFP™
cells expressing REST-targeting or scrambled guide. /, Decreased mitochondrial membrane
potential in polyclonal REST KO cells assessed using JC-10, under basal conditions (n=4). m,
Increased mitochondrial ROS production under basal conditions, in polyclonal REST KO cells
(n=6). For extended analysis and assay validation, see Extended Data Figure 5-1. (b) Mann—
Whitney p=0.05; (d) Mann—Whitney p=0.05; () Mann—Whitney p =0.0089; (g) Mann—
Whitney p=0.0154; (h) Mann—Whitney p=0.0026; () Mann—Whitney p << 0.0001; (k)
two-way ANOVA, Sidak (F; 0= 29.76) << 0.0001, (F; 0 = 54.18) << 0.0001; (/) Mann—Whitney
p=0.0143; (m) Mann-Whitney p = 0.0234. :xp << 0.05; sx:p << 0.001; #:<:x:p << 0.0001.
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and decreased a-synuclein oligomer burden exhibited enhanced
nuclear PGC-la expression. GABAergic neurons in the SNr
expressed ~10-fold more PGC-1e in their nucleus than dopami-
nergic neurons of the neighboring SNc (Fig. 6i). This difference
was enhanced in SNCA-OVX mice, indicating that GABAergic,
but not dopaminergic, neurons protect themselves from increased
a-synuclein through activation of REST and PGC-1a.

Together, these results highlight that SNc dopaminergic neu-
rons are made preferentially more vulnerable to insults by the ab-
sence of nuclear REST in a mouse model exemplifying early
a-synuclein oligomer-driven Parkinsonian pathology (Fig. 7). In
contrast, protected neurons in the SNr upregulate nuclear REST
and PGC-1a in response to increased a-synuclein oligomer bur-
den, reducing mitochondrial damage and increasing autophagic
flux. Physiologically relevant increases in a@-synculein inhibit
REST and enhance the vulnerability of dopaminergic neurons,
resulting in the accumulation of a-synuclein oligomers leading
to mitchondrial damage, ROS production, and cell death.
Overall, these data suggest that REST is a contributing neuropro-
tective factor protecting against mitochondrial dysfunction
driven by a-synuclein oligomers but lacking in the nucleus of
those neurons vulnerable in PD.

Discussion

In the present study, we sought to explain the mechanisms by
which the accumulation of soluble a-synuclein oligomers leads to
bioenergetic dysfunction in SNCA-OVX mice. Using a proteomic
approach, we identified mitochondrial dysfunction and mito-
chondrial ROS production as a prominent pathway dysregulated
in SNCA-OVX mice occurring in conjunction with the inhibition
of REST. We demonstrate that dopaminergic neurons of the SNc,
unlike neighboring GABAergic neurons of the SNr, accumulate
a-synuclein oligomers and show mitochondrial dysfunction in
the absence of overt aggregation, suggesting that a-synuclein
oligomers are a key driver of dopaminergic neuronal loss through
mitochondrial dysfunction. Crucially, we show the absence of nu-
clear REST was a prominent feature of SNc neurons, whereas nu-
clear REST was present in the protected SNr neurons and
upregulated during neurodegeneration in the SNr. Furthermore,
REST was inhibited in SNCA-OVX mice and in iPSC-derived do-
paminergic neurons from SNCA-Triplication PD patients (Fig. 7).
Through CRISPR-KO and overexpression, we showed that REST
protects cells from mitochondrial dysfunction and a@-synuclein
toxicity in vitro through the action of PGC-1a.

Together, these data demonstrate that a-synuclein overex-
pression leads to a-synuclein oligomerization and mitochondrial
dysfunction. Furthermore, a-synuclein oligomers and dysfunc-
tional mitochondria accumulate in vulnerable dopaminergic
neurons of the SNc of SNCA-OVX transgenic animals, but not
protected GABAergic neurons of the SNr, which inversely corre-
lates with nuclear REST and PGC-1a. These observations high-
light that lack of nuclear REST contributes to susceptibility,
rendering dopaminergic neurons susceptible to mitochondrial or
a-synuclein insult.

a-Synuclein oligomers have been shown to affect numerous
cellular processes, such as mitochondrial function, ER stress,
proteasome degradation, autophagy, and synaptic and mem-
brane function. Oligomers have been shown to cause mitochon-
drial fragmentation (Plotegher et al, 2017) and to block
lysosomal degradation in vitro (H. J. Lee et al., 2004). Thus, the
accumulation of this a-synuclein species could potentially satu-
rate clearance mechanisms in dopaminergic neurons, which
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Figure 6.  Overexpression of REST rescues cells from mitochondrial dysfunction through PGC-1cv. @, REST overexpression inhibits MPP*-induced cell death as assessed by TO-
PRO staining (N=3). b, ¢, REST overexpression decreases mitochondrial fragmentation (N=3). d, Autophagosome and lysosome content in REST-overexpressing cells.
Quantification of LC3 puncta (red), LAMP1 puncta (green), or autolysosomes (yellow) (N =3). e, f, Nuclear localization of PGC-1c after REST modulation. g, REST KO decreases
PGC-Tev in a polyclonal cell population. Polyclonal SH-SY5Y cells carrying control or sgREST were blotted for PGC-1cx and 3 -actin (N =3). h, Increased REST-cx-syn interactions
in aged mice, as assessed by PLA. i, PGC-Tav is localized to the nucleus in NEFH, but not TH cells in SNCA-OVX mice. Nuclear localization of PGC-1« quantified in TH- or NEFH-pos-
itive cells in the midbrain of 12-month-old SNCA-OVX mice. #p << 0.05; s:p << 0.01; *=#xp < 0.0001; two-way ANOVA Sidak. For further REST-ae-syn interaction analysis and
final model, see Extended Data Figure 6-1. (@) Two-way ANOVA, Sidak (F(; 5 =23.35) p=0.0013; (c) Mann—Whitney p = 0.085; (e) two-way ANOVA, Sidak (F(; 15 = 5.766)
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=236.2) p < 0.0001. NS = non significant.
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have a high metabolic demand, relying heavily on
mitochondrial respiration. The mitochondrial
dysfunction observed in SNCA-OVX mice would
be predicted to reduce mitochondrial ATP pro-
duction and increase ROS production, as we
observed. The excess production of mitochondrial
ROS contributes to oxidative stress and damage of
proteins and DNA, as observed in postmortem
PD patients and exemplified in this study by the
modification of GAPDH.

In addition, we found that a-synuclein binds
TOM?20 in the SNc of SNCA-OVX mice, consist-
ent with work in postmortem human PD brain
(Di Maio et al,, 2016). Oligomers of a-synuclein
have been shown to cause complex I dysfunction
(Luth et al., 2014) and interact with a number of
outer membrane proteins, including ATP synthase
and the permeability transition pore (Ludtmann et
al., 2018). These could be alternative or synergistic
mechanisms for the a-synuclein oligomer-induced
mitochondrial damage observed in SNCA-OVX
animals.

Dopaminergic neurons of the SNc have specific
anatomic and metabolic features that contribute to
their early degeneration in PD. They have highly
complex axonal arbors, which result in high energetic
demand, exhibit damage associated with dopamine
cytotoxicity, and have high levels of endogenous

Vulnerability
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Neuroprotection

a-synuclein, which together increase ROS, a-synu-
clein aggregation, and toxicity (Burbulla et al., 2017;
Plotegher et al, 2017; Surmeier, 2018; Alegre-
Abarrategui et al,, 2019). Here, we propose another
contributing factor, the absence of a neuroprotective
response mediated through REST. The inability of
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SNc dopaminergic neurons to upregulate nuclear
REST, perhaps because of sequestration of REST by
a-synuclein in the cytoplasm (Kawamura et al,
2019), represents a new contributing factor for pref-
erential vulnerability of SNc dopaminergic neurons
(Extended Data Fig. 6-1¢). Given our observation of
increased a-synuclein oligomerization in cells lacking
REST, we propose a positive feedback loop whereby
lack of nuclear REST causes increased mitochondrial
dysfunction and increased «-synuclein oligomerization, which in
turn sequesters REST in the cytoplasm.

While studies in AD, frontotemporal dementia, PD, and de-
mentia with Lewy bodies have shown neuroprotective effects of
REST (Lu et al, 2014; Kawamura et al, 2019), studies in
Huntington’s disease have shown that REST expression could
lead to detrimental effects in the striatum (Buckley et al., 2010).
These contradictory effects could be explained by dosage effects
and by the nuclear role of REST. In the nucleus, REST acts as a
master regulator, in part by repressing neuronal genes, which
could cause neuroprotective effects by reducing neuronal activ-
ity-related stressors. However, high and sustained REST-induced
repression of neuronal genes could result in detrimental effects
by inhibiting critical neuronal functions, such as expression of
BDNF (Zuccato and Cattaneo, 2007). A new role for REST in
AD was reported recently by Meyer et al. (2019) who showed
that REST was reduced in AD iPSC-derived neural progenitors,
and that this resulted in increased neurogenesis and depletion of
the progenitor pool. This highlights the need for careful evalua-
tion of adult neurogenesis when considering any therapeutic
interventions targeted to REST.

Figure 7.

REST regulates dopaminergic vulnerability through mitochondrial health and a-synudlein aggrega-
tion. Dopaminergic neurons of the SNc demonstrate decreased nuclear REST and an accumulation of a-synuclein
oligomers, mitochondrial dysfunction, and oxidative stress. This is significantly exacerbated in SNCA-OVX mice
resulting in preferential vulnerability compared with adjacent neurons in the SNr. In contrast, neurons of the SNr
demonstrate increased nuclear REST and upregulation of PGC-Tcr and are protected from both a-synuclein
oligomers and mitochondrial dysfunction.

Kawamura et al. (2019) have shown that REST is sequestered
in Lewy bodies in PD patients, inhibiting the entry of REST into
the nucleus and therefore impairing REST function, providing
independent validation of our observations in patients. Given the
lack of Lewy body formation in our model, it could be interesting
to speculate that lower-grade aggregates, such as oligomers,
could also bind REST, inhibiting its DNA binding function and
neuroprotective effects. Furthermore, Pajarillo et al. (2020) have
shown that REST is neuroprotective against manganese-induced
toxicity in immortalized cell lines. These observations by
Kawamura et al. (2019) and Pajarillo et al. (2020), together with
our own data here, suggest REST as a key mediator of a-synu-
clein, mitochondrial dysfunction and dopaminergic neuron vul-
nerability in PD.

Several mitochondrial and mitophagy-related processes are
disrupted in PD (Pan et al., 2008; Ryan et al., 2015). We have
shown that REST is able to protect cells from mitochondrial dys-
function induced by MPP " and that REST improves basal mito-
chondrial morphology, as well as lysosomal and autophagic flux.
Furthermore, we found that loss of REST resulted in decreased
mitochondrial membrane potential and increased mitochondrial
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ROS production, consistent with mitochondrial uncoupling and
the observed mitochondrial fragmentation. However, given the
lack of significant change in cellular ATP levels, this suggests
increased, but less efficient, mitochondrial oxygen consumption
or compensation through increased glycolysis in cells lacking
REST. Confirmation of which of these mechanisms are responsi-
ble for bioenergetic remodeling and a potential role for PGC-1a
are further avenues for understanding the causal effects of REST.
We found that REST expression upregulates nuclear PGC-1a, a
master regulator of mitochondrial biogenesis. Two single nucleo-
tide polymorphisms in the PGC-1a locus have been demon-
strated to be linked to PD risk and age of onset (Clark et al,
2011). It has been shown previously that PGC-1a expression is
protective for dopaminergic neurons in an MPTP mouse model
(Mudo et al., 2012). Moreover, it has also been shown that down-
regulation of PGC-1a results in a-synuclein oligomeric accumu-
lation (Ciron et al,, 2015), suggesting that the absence of PGC-1«a
in the nucleus of dopaminergic neurons could contribute to the
accumulation of a-synuclein oligomers. In addition, REST was
able to upregulate autophagic flux in vitro, which is in agreement
with the lower oligomeric content of SNr REST" PGC-1a ™ cells,
suggesting that REST expression leads to the upregulation of a
variety of neuroprotective mechanisms, including PPAR7y. Our
work highlights early mitochondrial pathology in an a-synu-
clein-overexpressing animal model that accumulates a-synuclein
oligomers, which are key players in Parkinsonian neuropathol-
ogy. Furthermore, we show a key role of REST in regulating do-
paminergic preferential vulnerability through mitochondrial
health and a-synuclein-aggregation in advanced Parkinsonian
disease models. These data suggest REST, or downstream factors
such as PGC-1a, as therapeutic targets in PD.
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