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Abstract

Small ubiquitin-like modifier (SUMO) is a widespread regulatory mechanism of post-translational modifica-
tion (PTM) that induces rapid and reversible changes in protein function and stability. Using SUMO conju-
gase Ubc9-overexpressing or knock-down cells in Parkinson’s disease (PD) models, we demonstrate that
SUMOylation protects dopaminergic cells against MPP+ or preformed fibrils (PFFs) of a-synuclein (a-syn)-
induced toxicities in cell viability and cytotoxicity assays. In the mechanism of protection, Ubc9 overex-
pression significantly suppressed the MPP+ or PFF-induced reactive oxygen species (ROS) generation,
while Ubc9-RNAi enhanced the toxicity-induced ROS production. Further, PFF-mediated protein aggrega-
tion was exacerbated by Ubc9-RNAi in thioflavin T staining, compared with NC1 controls. In cyclohexi-
mide (Chx)-based protein stability assays, higher protein level of a-syn was identified in Ubc9-enhanced
green fluorescent protein (EGFP) than in EGFP cells. Since there was no difference in endogenous mRNA
levels of a-syn between Ubc9 and EGFP cells in quantitative real-time PCR (qRT-PCR), we assessed the
mechanisms of SUMO-mediated delayed a-syn degradation via MG132, proteasomal inhibitor, and PMA,
lysosomal degradation inducer. Ubc9-mediated SUMOylated a-syn avoided PMA-induced lysosomal deg-
radation because of its high solubility. Our results suggest that Ubc9 enhances the levels of SUMO1 and
ubiquitin on a-syn and interrupts SUMO1 removal from «-syn. In immunohistochemistry, dopaminergic
axon tips in the striatum and cell bodies in the substantia nigra from Ubc9-overexpressing transgenic
mice were protected from MPTP toxicities compared with wild-type (WT) siblings. Our results support that
SUMOylation can be a regulatory target to protect dopaminergic neurons from oxidative stress and protein
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We tested whether SUMOylation enhances the solubility of aggregation-prone proteins such as a-synuclein
(a-syn) to prevent protein aggregation induced by oxidative stress and/or preformed fibrils (PFFs) of a-syn.
Here, we demonstrate that high levels of SUMOylation mediated by Ubc9 overexpression protect dopaminergic
cells from MPTP-induced (MPP+) or PFF-induced toxicities. The protective effects are derived from the inhibi-
tion of reactive oxygen species (ROS) generation and protein aggregation. Interestingly, SUMOylated a-syn
avoided lysosomal degradation, which was not detrimental. Ubiquitin binding to lysine residues may not com-
pete with small ubiquitin-like modifier (SUMO) binding to determine the protein half-life of a-syn. Our findings
strongly suggest that the regulation of SUMO conjugation to a-syn can be a novel therapeutic target to prevent
\the formation of Lewy bodies and ROS generation. j
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aggregation, with the implication that high levels of SUMOylation in dopaminergic neurons can prevent the

pathologic progression of PD.
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Introduction

The formation of intraneuronal inclusions called Lewy
bodies, in which a-synuclein (a-syn) is their major protein
component, is a hallmark of Parkinson’s disease (PD;
Spillantini et al., 1997). Although the roles of a-syn in neu-
rons are not well characterized, it is known to be involved
in many vital cellular functions including modulating vesi-
cle trafficking (Pranke et al., 2011; Scott and Roy, 2012),
regulating dopamine biosynthesis (Peng et al., 2005), pre-
venting oxidation of unsaturated lipids in vesicles (Zhu et
al., 2006), acting as a molecular chaperon (Chandra et al.,
2005), maintaining the SNARE complex (Burrée et al.,
2010; Choi et al., 2013), as well as acting as a neuropro-
tective protein in dopaminergic cells (Jin et al., 2011).
Pathologic mechanisms associated with PD have been
reported that impaired proteasomal function or mutations
of a-syn (e.g., A53T) can enhance its aggregation in the
striatum and substantia nigra pars compacta (SNpc;
Spillantini et al., 1997; Siderowf and Stern, 2003). Among
the causes of a-syn aggregation, oxidative stress has often
been reported to lead to the formation of insoluble cytotoxic
a-syn species (Vijayakumaran et al., 2015). Therefore, it is
crucial to understand the regulatory mechanisms of a-syn
related to its solubility and/or its aggregation post-transla-
tionally for elucidating PD neuropathology. a-Syn is known
to undergo numerous post-translational modifications
(PTMs). For example, its phosphorylation, ubiquitination, ni-
tration, acetylation, and SUMOylation have been reported to
play numerous roles in modulating a-syn aggregation and
toxicity (Giasson et al., 2000; Shimura et al., 2001; Fujiwara
et al., 2002; Kim et al.,, 2011b; Popova et al., 2015;
Kleinknecht et al., 2016). Ubiquitinated a-syn is typically tar-
geted to proteasomal or lysosomal degradation (Pan et al.,
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2008). Thus, impaired proteasome function enhances the
aggregation of a-syn, and ubiquitinated proteins including
a-syn have been shown to aggregate in SNpc neurons
(Spillantini et al., 1997; Eriksen et al., 2003).

SUMOylation is a reversible covalent modification that
conjugates a small ubiquitin-like modifier (SUMO) protein
to lysine in SUMO consensus domain in three separate
steps such as SUMO activating enzyme (SAE1), Ubc9
and SUMO-ES3 ligase (Wilkinson and Henley, 2010). Ubc9
is an E2-SUMO conjugase that covalently attaches a
SUMO protein to a-syn at lysine residues if they are within
a defined specific consensus site (-K-x-D/E), where
corresponds to a large hydrophobic residue, K stands for
lysine, x can be any amino acid, and D/E are glutamate or
aspartate (Rodriguez et al., 2001; Sampson et al., 2001).
SUMO tagging is known to enhance the solubility of con-
jugated proteins and may play a role in regulating the sol-
ubility of aggregation-prone proteins (Marblestone et al.,
2006; Krumova et al., 2011). However, SUMOylation can
be a major mechanism that counteracts ubiquitination by
different E3 ubiquitin ligases (parkin) and regulates a-syn
degradation (Rott et al., 2017). SUMOylated proteins have
also been detected in the halo of Lewy bodies, co-localizing
with a-syn in brains of patients with either PD or dementia
with Lewy bodies (DLB; Kim et al., 2011b). Thus,
SUMOylation and ubiquitination of a-syn in Lewy bodies may
be regulatory mechanisms, modulating its degradation recip-
rocally in PD pathologic aggregation. Interestingly, UBC9
overexpression was reported to increase the solubility of
a-syn and prevent methamphetamine (METH)-induced pro-
tein aggregation. Further, non-SUMO «a-syn mutants en-
hance their aggregation by impairing proteasomal and
lysosomal degradation (Zhu et al., 2018). Since SUMOylation
of target proteins has been posited as an important factor in
the pathogenesis or progression of PD, we assessed the ef-
fect of SUMQylation on «a-syn for preventing its protein ag-
gregation. The question of whether SUMOylation of a-syn is
a good or bad modulation remains unresolved (Eckermann,
2013). Hence, the causal relationship between SUMOylation
and a-syn aggregation/degradation and the relevance to
a-syn toxicity need to be investigated.

A previous study showed that Ubc9 overexpression in-
creases the protein level of dopamine transporter (DAT) and
further enhances the functional activity of DAT with decreas-
ing ubiquitination and degradation of DAT (Cartier et al,,
2019). Here, we demonstrate a comprehensive role for
SUMOylated a-syn in protein aggregation/degradation in
vitro. Our results support that Ubc9-mediated SUMOylation
is neuroprotective against MPTP (MPP+) or preformed fi-
brils (PFFs) of a-syn-induced toxicities in vivo and in vitro
(Volpicelli-Daley et al., 2011). Intriguingly, we found that
SUMOylated a-syn was refractory to normal lysosomal deg-
radation, however, this aberrant degradation was not detri-
mental to a-syn-mediated protein aggregation because of
the increased solubility (Krumova et al., 2011). Our study
strongly suggests that SUMOylation is a novel mechanism
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that plays a crucial role in regulating a-syn solubility and
degradation in dopaminergic cells, and it can be a therapeu-
tic target for PD.

Material and Methods

Animals

Ubc9-overexpressing transgenic (Ubc9-Tg) C57BL/6
background mice (30-45g) were received as a gift from
John Hallenbeck at NINDS (Lee et al., 2011, 2014). All ani-
mal protocols were conducted in accordance with the
United States Public Health Service Guide for the Care
and Use of Laboratory Animals; all procedures were ap-
proved by the Institutional Animal Care and Use
Committee (IACUC). Four or five animals per polyacrylic
cage were housed with access to food and water ad libi-
tum and were maintained in standard housing conditions,
i.e., at room temperature (RT) 24 = 1°C and humidity 60—
65% with 12/12 h light/dark cycle.

Animal groups and treatment

All the Ubc9-Tg mice (males and females) are hemizy-
gous and their wild-type (WT) siblings were used as con-
trols. When mice were aged up to 11-12months old,
25 1g/g body weight of MPTP (dissolved in 0.9% saline,
Sigma) was injected once a day for seven consecutive
days (Lazzara et al., 2015). Since MPTP toxicity is strain
and age sensitive, the chronic injection to the same age
mice was performed at the same time for minimizing the
variation of MPTP toxicity (n =10 per group). In the vehicle
group, the same volume of 0.9% saline was injected
(n=10). Seven days after the last injection, mice were
deeply anesthetized in an isoflurane chamber and intra-
cardiac perfusion was done by using ice-cold 0.9% sa-
line, followed by 150 mm NaCl/70% ethanol. After decapi-
tation, whole brains were isolated. Half of each brain was
isolated by brain-region, e.g., the striatum and brain stem,
and stored at —80°C for molecular/biochemical analyses
including reactive oxygen species (ROS) measurement;
the other half brain was postfixed in 4% paraformalde-
hyde (PFA) for immunohistochemical analysis.

Cell lines with plasmids or RNAi treatment

N27 rat dopaminergic parental cell line (SCC048, EMD
Millipore) was used to generate enhanced green fluorescent
protein (EGFP) or Ubc9-EGFP-overexpressing (Ubc9-OE)
stable cell lines by transfection. Neomycin resistant plasmids
containing EGFP (based on pEGFP vectors, Clontech; now
Takara Bio USA) or Ubc9-EGFP (a gift from Jo Morris, King’s
College, London) were transfected to N27 cells using
Lipofectamine 3000 (Thermo) as per the manufacturer’s in-
structions. All cell lines, including EGFP, Ubc9-OE, and rat
dopaminergic parental cell line (N27p), were cultured in RPMI
1640 (Invitrogen) cell culture media along with 10% FBS
(Atlanta Bio) and 1% penicillin-streptomycin (Invitrogen) in a
5% CO, incubator at 37°C. Forty-eight hours after trans-
fection, G418 (Geneticin, Invitrogen) was added as a selec-
tion marker at the concentration of 500-1000 pg/ml for
two weeks. Clusters of green fluorescent-positive (EGFP)
cells were isolated and plated into 60 mm dishes. G418

September/October 2020, 7(5) ENEURO.0134-20.2020

Research Article: New Research 3 0f 19
(500 pg/ml) was added for another twoweeks and then
lowered to 200 pg/ml as previously reported (Cartier et al.,
2019). To knockdown Ubc9 expression, N27p cells were
transfected with dicer substrate siRNAs (RNAi-N013050.12.1
5'-UCCGUACAGUUACUAGUA-3" 3'-UCAAUGAUCAUCG
GACCC-5', RNAi-N013050.12.3 5'-GUACGAUGAACGUG
AUGA-3’" 3'-CUVGGACUACUUGACCCU-5" or negative
control NC1 purchased from IDT using Lipofectamine
3000 (Thermo), according to the manufacturer’s direc-
tions. After the exposure overnight, NC1 or Ubc9-RNAI-
treated cells were exposed to MPP+ or PFF for 24 h, fol-
lowed by cellular measurements including cell viability,
cytotoxicity, ROS, and thioflavin T staining, etc.

Cell culture and treatment

MPP+ (1-methyl-4-phenylpyridinium, Sigma) treatment
was applied at concentrations of 160, 320, 640, and 1280
um for 24 h. The PFFs of a-syn was purchased from
StressMarq Biosciences (SPR-324C) and its treatment
was tested at 1, 2, 3, 4, and 5 pug/ml for 24 h. Cells were
also treated with cycloheximide (Chx; Sigma), protein syn-
thesis inhibitor (100, 150, and 200 ug/ml) for 24 h and
PMA, PKC-mediated lysosomal inducer (2, 4, 6, 8, and 10
uv) for 2 h. Additional experiments were performed using
640 um MPP+, 150 ug/ml of Chx, and 5 um PMA for 24-h
exposure. There were also co-treatments of chloroquine
(lysosomal inhibitor; 10 um) and MG132 (proteasomal in-
hibitor; 10 um), also known as Z-Leu-Leu-Leu-al for 24 h
(Cartier et al., 2019).

Cell viability assay

The conversion of MTT dye to soluble formazan is
caused by mitochondrial dehydrogenase enzymes in live
cells. The formazan is soluble in DMSO and produces pur-
ple/blue color that indicates the level of cell viability. The
cell viability in the vehicle group of EGFP and Ubc9 cells
was calculated as 100% of control. Cell viability was esti-
mated by using the dye 3-(4,5-dimethylthiazol-2-yl)—2,5-
diphenyltetrazolium bromide (MTT), following the protocol
described by Janezic et al. (2016). A total of 5000 cells
were seeded in 96-well plates. After 1 h, cells were treated
with different concentrations of MPP+ or PFF (1 ug/ml) for
24 h. MTT (5 wv) dye was added into the culture media
and incubated at 37°C for 2 h. The culture medium was
removed, and 200 ul of DMSO was added to each well.
The purple-colored formazan was dissolved in DMSO and
color intensity was measured at 570 nm with a reference
wavelength of 630nm by using a spectrophotometer
(SpectraMax M5°, Molecular devices). The measured op-
tical density is directly correlated with cell viability.

Cytotoxicity assay

By measuring the level of lactate dehydrogenase (LDH;
a soluble cytosolic enzyme), released into the culture me-
dium on cell lysis, the level of cytotoxicity was assessed.
The cytotoxicity assay was performed by using Pierce
LDH cytotoxicity assay kit (88954, Thermo), as per the
manufacturer’s protocol. Briefly, after treatment with dif-
ferent concentrations of MPP+ or PFF for 24 h, the cell
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culture media were collected for LDH assay, and cells
were further used for cell viability (MTT) assay. The protein
concentration was measured by using Pierce Rapid Gold
BCA protein assay kit (A5225, Thermo Fisher Scientific)
as per the manufacturer’s protocol. For LDH assay, 50 pl
of cell culture media per well was transferred into a new
96-well plate. Then, 50 ul of reaction mixture was added
to each well, and a plate was incubated at RT for 30 min.
After incubation, 50 pl of stop solution was added to each
well. Absorbance changes were measured at 490 and
680nm by a spectrophotometer (SpectraMax Mb5e,
Molecular Devices). To determine LDH activity (%), 680-
nm absorbance values were subtracted from the readings
at 490-nm absorbance, and then the normalized values
were calculated in the scale of vehicle-treated control.

ROS level measurement

The level of ROS was assessed by using CellROX deep
red reagent (C10422, Thermo Fisher Scientific) as the
manufacturer’s protocol instructed. Briefly, after treat-
ment of MPP+ or PFF, CellROX (5 um) was added into the
cell culture medium in duplicate and incubated at 37°C for
30 min. The cells were then washed with PBS and images
were randomly captured using the EVOS FL Cell Imaging
Systems (Invitrogen). After four to five independent ex-
periments (total replicates: n=8-10), the intensity of red
color was analyzed by a blinded rater using ImageJ.

Thioflavin T and «-syn staining

For double staining, up to 4.5 x 104 N27p cells were
seeded per well on poly-D-lysine-coated glass coverslips
in six-well plates. After transient transfection using
Lipofectamine 3000 with Ubc9-RNAi or NC1 treatment
overnight, cells were treated with wheat germ agglutinin/N-
acetylglucosamine (WGA/GIUNAc, Sigma) for PFF (1 ng/ml)
penetration as described by Volpicelli-Daley et al. (2011).
Briefly, cells were fixed with 4% PFA/PBS solution for
20 min and washed three times in PBS. Blocking and per-
meabilization was done using 2% bovine serum albumin
(BSA) prepared in PBS-T (0.25% Triton X-100) at RT for 1
h. Then, cells were incubated with anti-a-syn primary anti-
bodies (1:250, MABN1817, Sigma-Millipore) at RT for 2 h
and washed in PBS three times. The cells were treated
with Alexa Fluor 647-conjugated secondary antibodies
(1:1000; Molecular probes, Thermo Scientific) at RT for 1 h
and washed in PBS three times. For thioflavin T staining,
we have followed the procedures from the recent publica-
tion (Polinski et al., 2018) with minor modifications. Cells
were incubated with 20 um thioflavin T (Sigma-Aldrich) so-
lution at RT for 30 min and washed in PBS three times.
After staining, cell images were randomly captured using
fluorescence microscopy (EVOS, Invitrogen) using proper
optical filters. As a negative control, the secondary anti-
body step or the thioflavin T step was omitted. After cap-
turing random cell images, the relative fluorescent intensity
of thioflavin T (green) or a-syn (red) was compared with
control (WGA/NAcGlu, 100%) for assessing the effect of
PFF or Ubc9-RNAI. All the experiments were independ-
ently run at least four times in duplicate (n > 8 per group)
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and three to five images per well were captured for thiofla-
vin T or a-syn. Thus, total images (n=24-40) per group
were analyzed by a blinded rater.

Immunocytochemistry

N27 cells were seeded on poly-D-lysine-coated glass
coverslips per well in 6-well plates. Cells were washed in
ice-cold PBS without Ca®* or Mg®" (137 mm NaCl, 2.7
mwm KClI, 4.3 mm Na,HPO,, and 1.47 mm KH,PO,) for 5 min
three times, followed by fixation with 4% PFA at RT for
20 min and washed in PBS for 5min three times. Fixed
cells were permeabilized with 0.1% Triton X-100 and
0.5% BSA for 3 min, followed by blocking with 5% BSA at
RT for 2 h. Then, cells were incubated with mouse anti-
a-syn primary antibodies (1:500, MABN1817, Sigma-
Millipore) in 1% BSA/PBS at 4°C overnight. On the follow-
ing day, cells were washed in 0.1% PBS-T (Triton X-100)
three times for 5 min each and incubated with secondary
goat anti-mouse Alexa Fluor 594 (1:1000; Invitrogen,
Thermo Fisher Scientific) at RT for 1 h. Cells were washed
in PBS for 3 x 5min, followed by a brief washing in ultra-
pure water. Coverslips were mounted on glass slides
using ProLong Diamond antifade mounting medium
(P36961, Thermo). Images were obtained using Zeiss 780
Multiphoton Confocal microscopy at the imaging core in
our institution. All images were acquired with a Plan-
Apochromat 40x/1.4 NA Qil DIC objective (Zeiss). Images
were processed using Zeiss ZEN software and sampled
at optimal pixel density in the X and Y with a line average
of 4, and a zoom factor of 1.2. Z-stacks were set up with
optimal z-sectioning for optimal overlap and processed
into maximum intensity projections.

Immunohistochemistry

A series of total coronal sections throughout the stria-
tum and substantia nigra were sectioned in 16-um thick-
ness and collected in total four sets for mounting onto
positively charged slides (Midwest Sci). For rehydration,
slides were immersed into xylene for 5 min twice, followed
by washing in serially diluted ethanol (100% for 5min
twice; 95% for 5min; 70% for 5min; 50% for 5min) and
rinsed with deionized water. Slides were washed in PBS
for 5min twice. Antigen unmasking was done by using
Tris-EDTA Buffer (10 mm Tris-base, 1 mm EDTA solution,
and 0.05% Tween 20; pH 9.0) at RT for 15min and
washed in PBS for 5 min three times. After blocking in 2%
BSA at RT for 30 min, slides were incubated with anti-ty-
rosine hydroxylase (TH) antibody (1:1000; AB152, EMD-
Millipore) at 4°C overnight and washed in PBS-T for 5 min
three times. Then slides were incubated with Alexa Fluor
647-conjugated goat secondary anti-mouse antibody
(1:1000; Invitrogen, Thermo Fisher Scientific) at RT for 1 h
and washed in PBS-T for 3 x 5 min. As a negative control,
the primary antibody step was omitted. Coverslips were
mounted on slides using ProLong Diamond antifade
mounting medium (Thermo). Images were acquired using
LSM 510 confocal microscope with Z-stacks (0.5 um)
which were set up with optimal z-sectioning for optimal
overlap at the internal imaging core. All images were
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acquired with a Plan-Apochromat 40x/1.4 NA oil DIC ob-
jective. Images were processed into maximum intensity
projections using Zeiss ZEN software. Every fourth sec-
tion was analyzed for measuring the intensity of TH stain-
ing in the striatum and for counting TH+ neurons in the
substantia nigra compacta (SNc) in a blinded manner.

a-Syn quantitative mRNA measurement

Using quantitative real-time PCR (qRT-PCR; LightCyler
480Il, Roche), the level of a-syn mRNA was determined
with B-actin as a housekeeping gene. An equal number of
N27 cells overexpressing either Ubc9 or EGFP was col-
lected for RNA extraction using the TRIzol Reagent (Life
Technologies). The experimental procedures were re-
peated, according to the recent report (Cartier et al.,
2019) except for the primer information below: the param-
eters for the reactions were: 95°C for 10 min, followed by
50 cycles of 95°C for 30 s, 60°C for 10 s, and 72°C for 10
s. The fluorescence was recorded during the 72°C step to
determine the Crossing point (Cp) value. The primers
were chosen based on Primer3Plus software and synthe-
sized by the Integrated DNA Technologies (IDT). The pri-
mers are: a-syn forward 5'-GCAGTGAGGCTTATGAAA
TGC-3'; a-synuclein reverse 5'-AGGCTTCAGGCTCAT
AGTCTTG-3’; B-actin forward 5'-AGCCATGTACGTAGC
CATCC-3’; B-actin reverse 5'-CTCTCAGCTGTGGTGG
TGAA-3'. Each trial was performed in triplicate, and three
trials were collected for total of nine independent samples
for each gene.

Chx protein chase

EGFP or Ubc9 cells were equally plated (1 x 105 cells/
plate) on 60-mm dishes and incubated with different con-
centrations of Chx (100, 150, and 200 pg/ml) in the culture
media overnight. Additional experiments were performed
using 150 ug/ml Chx at different time points (T=0, 6, 12,
18, or 24 h). Cells were lysed using 250-pul RIPA buffer [50
mm Tris, 100 nm NaCl, 1% NP-40, 1 mm sodium fluoride
(NaF), 2 mm sodium orthovandate (NazVO,), 10 mm NEM,
1 mm PMSF, and 1% protease phosphatase inhibitors]
and sonicated briefly on ice for solubilization (3 s on and
10 s off for five cycles). Treatment or vehicle was added to
the media at T=0 h and remained for the rest of chase
studies, which was terminated as described previously
(Cartier et al., 2019). Cell lysate was centrifuged at 15,000
x g for 10 min, and supernatant was collected and sepa-
rated by 4-20% SDS-PAGE gels (GenScript). @-Syn was
detected by immunoblotting as described below in
Immunoblot analyses.

Immunoprecipitation (IP)

After treatment, cells were washed in 1 x PBS twice and
lysed in 250 ul of RIPA buffer with incubation for 15-
20 min. After brief sonication, cell extracts were centri-
fuged at 15,000 x g for 10 min. The supernatant was
transferred into a fresh vial and protein concentration was
measured by using Pierce Rapid Gold BCA Protein Assay
kit (A53225, Thermo Fisher Scientific). An equal amount of
protein (500 ng) was taken for IP assay, and samples were

September/October 2020, 7(5) ENEURO.0134-20.2020

Research Article: New Research 50f 19
precleared with A/G beads (Santa Cruz Biotech) at 4°C for
1 h. To remove A/G beads, brief centrifugation was fol-
lowed by collecting the supernatant for transferring to a
fresh vial. Then, equal amounts of anti-a-syn antibody
(MABN1817, EMD-Millipore) were added to each sample
and incubated at 4°C overnight. On the following day,
equal amounts of A/G beads were added to each sample.
After 2 h of incubation, samples were collected and mixed
with non-reducing sample loading buffer (39001, Thermo
Fisher Scientific). All Immunoprecipitated samples were
separated by 4-20% SDS-PAGE gels (GenScript) along
with 5% total lysate as input. SUMO1, ubiquitin and a-syn
proteins were detected by immunoblotting as described
below in Immunoblot analyses.

Immunoblot analyses

Protein samples were loaded on precast polyacrylamide
gel (SurePAGE Bis-Tris, 4-20%, 12 wells; GenScript) and
transferred to PVDF membrane (Immobilon-P, EMD-Millipore)
using Bio-Rad transfer apparatus. Membranes were incu-
bated with anti-a-syn antibody (1:2000; MABN1817, EMD-
Millipore), anti-a-syn antibody for IP samples (1:1000;
610787, BD Biosciences), anti-SUMO1 (1:1000, sc-5308,
Santa Cruz Biotech), or anti-ubiquitin (1:1000, sc-8017,
Santa Cruz Biotech) at 4°C overnight. Equal loading was
determined by stripping and re-probing against glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH; 1:10,000;
AM4300, Thermo Fisher Scientific). After washing, mem-
branes were incubated with secondary anti-mouse IgG
antibodies conjugated with HRP (1:10,000) at RT for 2 h.
The PageRuler-prestained protein ladder was used to esti-
mate protein molecular weights on immunoblots (Thermo
26616). Signals were developed in Immobilon Forte
Western HRP substrate (EMD-Millipore) and detected
under ChemiDoc iBright CL1000 (Invitrogen). The inte-
grated density (intensity/area) of each band was measured
and normalized by GAPDH (or a-syn in IPs) and/or total
protein loading labeled by Reversible protein stain kit for
PVDF membranes (Thermo, 24585) as a loading control.
Immunoblot images were converted into eight-bit gray-
scale images and avoided over-saturation. Equal areas
corresponding to selected lanes were analyzed on each
blot image using ImagedJ software (NIH). Splicing was im-
plemented only for clarity purposes and the adjustment
was performed using the original larger image.

Sample preparation and data analysis for mass
spectrometry

Cell extracts from Ubc9-OE or EGFP N27 cells were
IP’ed by a-syn antibodies (MABN1817, EMD Millipore) as
described above and then run in 10% SDS-PAGE gel
(GenScript). Three pieces per well were dissected based
on the size of bands and each piece was separately rinsed
once in 200 ul of ddH,0, twice in 200 ul of 25 mM ammo-
nium bicarbonate in 50% (v/v) acetonitrile, followed by
100 wl of acetonitrile to dehydrate the isolated gel pieces,
which were then lyophilized. The dry gel pieces were rehy-
drated in 150 ul of 25 mM ammonium bicarbonate con-
taining 25ng/ul trypsin (pH 8.0). After rehydration,
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Figure 1. Ubc9 expression protects N27 cells from MPP+ or PFF-induced toxicity, enhancing cell viability and reducing cytotoxic-
ity. A, MPP+ exposure reduces the number of viable cells in EGFP cells in a dose-dependent manner, whereas Ubc9 overexpres-
sion protects N27 cells from MPP+ toxicity in MTT assay. B, In LDH assay, Ubc9 overexpression reduces the toxic effect derived
from MPP+ exposure. C, In MTT assay, Ubc9 knock-down by RNAi exacerbates the cell viability induced by MPP+ exposure, com-
pared with NC1 random cocktail control. D, In LDH assay, Ubc9-RNAi significantly increases the cytotoxicity derived from MPP+
treatment. E, In MTT assay, PFF treatment reduces cell viability in EGFP cells compared with WGA/GluNAc-treated control, while
Ubc9 overexpression ameliorates the toxic effect from PFF. F, In LDH assay, PFF-induced cytotoxicity was suppressed by Ubc9
overexpression. G, In MTT assay, Ubc9-RNAI further exacerbates the cell viability induced by PFF treatment, compared with NC1
random cocktail control with WGA/GIuNAc. H, In LDH assay, Ubc9 knock-down substantially enhances the cytotoxicity derived
from PFF treatment compared with NC1 control. All the treatments were exposed for 24 h, and each dot represents the number of
experiments and each experiment was performed in triplicate. Statistical analysis was applied using two-way ANOVA, Tukey’s post
hoc test. Scattered dot plots represent mean + SEM; #p < 0.05, #*xp < 0.01, **%p < 0.001, #*++xp < 0.0001 (n=6-15 per group).

additional 100 ul of 25 mm ammonium bicarbonate was
added and the gel pieces were incubated at 37°C over-
night. Digested samples were desalted using a Harvard
apparatus micro-spin column containing C18 resin. The
pooled extracts were reduced to dryness and reconsti-
tuted in 80% acetonitrile/0.1% formic acid for tims-TOF
Pro mass spectrometry (Bruker), which was operated in
PASEF mode using Compass Hystar 5.0.37.1. The experi-
ments were repeated three times for quantification (n = 3).

Data files were uploaded to PEAKS X (Bioinformatics
Solutions) for processing, de novo sequencing and
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database search. The sequences were searched based
on the UniProt Rattus norvegicus database (37,157 en-
tries) since N27 cells are rat originated. We searched with
mass error tolerances of 20 ppm and 0.05Da for parent
and fragment, respectively. Trypsin enzyme specificity,
acetylation (N-term), oxidation, and phosphorylation were
adopted as variable modifications. Peptides were filtered
at an 1% false discovery rate (p <0.01) in the peptide
spectrum match level, and protein filtering was disabled
by setting proteins as —log10[P] score at two unique pep-
tides with a requirement for significant peptides.
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Location Data structure Type of test Cl/power P value Comparison
1A Normally distributed  Two-way ANOVA -21.49t0-13.89 <0.0001 Cell viability after MPP+ treatment
Normally distributed  Tukey’s post hoc  -38.98to-11.11  <0.0001  Ubc9-OE 160 vs EGFP 160
Normally distributed ~ Tukey’s post hoc  -43.29to-15.41 <0.0001 Ubc9-OE 320 vs EGFP 320
Normally distributed ~ Tukey’s post hoc  -33.00to -5.130 0.0012 Ubc9-OE 640 vs EGFP 640
Normally distributed  Tukey’s post hoc  -28.93to -1.055 0.0251 Ubc9-OE 1280 vs EGFP 1280
1B Normally distributed ~ Two-way ANOVA  10.85 to 24.22 <0.0001 Cytotoxicity after MPP+ treatment
Normally distributed  Tukey’s post hoc  -21.26 to 27.73 >0.9999 Ubc9-OE 160 vs EGFP 160
Normally distributed  Tukey’s post hoc  26.41 to 75.40 <0.0001  Ubc9-OE 320 vs EGFP 320
Normally distributed  Tukey’s post hoc ~ 16.59 to 65.58 <0.0001  Ubc9-OE 640 vs EGFP 640
Normally distributed ~ Tukey’s post hoc ~ -32.05 to 16.94 0.9909 Ubc9-OE 1280 vs EGFP 1280
1C Normally distributed = Two-way ANOVA  13.94 to 24.49 0.1975 Cell viability after RNAi and MPP+ treatment
Normally distributed  Tukey’s post hoc  4.795 to 43.66 0.005 Ubc9-OE 320 vs EGFP 320
Normally distributed  Tukey’s post hoc  10.08 to 48.95 0.0003 Ubc9-OE 640 vs EGFP 640
Normally distributed  Tukey’s post hoc  4.632 to 43.50 0.0054 Ubc9-OE 1280 vs EGFP 1280
1D Normally distributed =~ Two-way ANOVA -232.5t0-145.8 <0.0001 Cytotoxicity after RNAi and MPP+ treatment
Normally distributed = Tukey’s post hoc  -345.3t0-25.87 0.0115 Ubc9-OE 320 vs EGFP 320
Normally distributed  Tukey’s post hoc  -391.8to-72.35 0.0006 Ubc9-OE 640 vs EGFP 640
Normally distributed ~ Tukey’s post hoc  -634.4t0-314.9 <0.0001 Ubc9-OE 1280 vs EGFP 1280
1E Normally distributed = Two-way ANOVA -12.63to —4.563 <0.0001 Cell viability after PFF treatment
Normally distributed  Tukey’s post hoc  -23.71t0 -2.991  0.0041 Ubc9-OE WGA/Glu vs EGFP WGA/Glu
Normally distributed = Tukey’s post hoc  -22.63 to -2.255 0.0077 Ubc9-OE PFF vs EGFP PFF
1F Normally distributed =~ Two-way ANOVA  28.05 to 35.19 <0.0001 Cytotoxicity after PFF treatment
Normally distributed  Tukey’s post hoc  23.77 to 41.89 0.0001 Ubc9-OE WGA/Glu vs EGFP WGA/Glu
Normally distributed ~ Tukey’s post hoc ~ 52.98 to 71.09 <0.0001 Ubc9-OE PFF vs EGFP PFF
1G Normally distributed =~ Two-way ANOVA  4.118 to 18.39 <0.0001  Cell viability after Ubc9-RNAi knockdown
Normally distributed  Tukey’s post hoc  —-20.35 to 16.00 0.9993 Ubc9-RNAi WGA/Glu vs NC1 WGA/Glu
Normally distributed = Tukey’s post hoc ~ 16.56 to 52.91 <0.0001  Ubc9-RNAi PFF vs NC1 PFF
1H Normally distributed = Two-way ANOVA -55.73to-27.40 0.0005 Cytotoxicity after Ubc9-RNAi knockdown
Normally distributed  Tukey’s post hoc  —-69.11 to 3.038 0.0914 Ubc9-RNAi WGA/Glu vs NC1 WGA/Glu
Normally distributed  Tukey’s post hoc  -117.0t0-44.85 <0.0001 Ubc9-RNAi PFF vs NC1 PFF
2B Normally distributed  Two-way ANOVA  312.0 to 507.6 <0.0001 ROS level after MPP+ treatment
Normally distributed  Tukey’s post hoc  -1460 to —1091 <0.0001 EGFPV vs EGFP MPP+
Normally distributed  Tukey’s post hoc  -592.4 to -222.7  0.0025 Ubc9-OE V vs Ubc9-OE MPP+
Normally distributed  Tukey’s post hoc  659.0 to 1029 <0.0001 EGFP MPP+ vs Ubc9-OE MPP+
2D Normally distributed ~ Two-way ANOVA -434.9to-212.1  0.0017 ROS levels after RNAi and MPP+ treatment
Normally distributed  Tukey’s post hoc  -414.7 to-124.7  0.001 NC1V vs NC1 MPP+
Normally distributed  Tukey’s post hoc  -827.0to-417.7 <0.0001 Ubc9-RNAi V vs Ubc9-RNAi MPP +
Normally distributed  Tukey’s post hoc  -708.2 to -304.4  0.0001 NC1 MPP+ vs Ubc9-RNAi MPP+
2F Normally distributed ~ Two-way ANOVA  -465.1t0-244.0 <0.0001 ROS level after MPP+ treatment
Normally distributed ~ Tukey’s post hoc  -803.4to -479.8 <0.0001 EGFP WGA/Glu vs EGFP PFF
Normally distributed  Tukey’s post hoc  238.0 to 654.2 <0.0001 EGFP PFF vs Ubc9-OE PFF
2H Normally distributed ~ Two-way ANOVA -789.3t0-556.9 <0.0001 ROS levels after RNAi and PFF treatment
Normally distributed  Tukey’s post hoc  -510.4to-79.65 0.0042 NC1 WGA/Glu vs NC1 PFF
Normally distributed  Tukey’s post hoc  -1273 to -829.1 <0.0001 NC1 PFF vs Ubc9-RNAi PFF
Normally distributed  Tukey’s post hoc  -1062 to -631.3  <0.0001  Ubc9-RNAi WGA/Glu vs Ubc9-RNAi PFF
3B Normally distributed  Two-way ANOVA -151.0t0-87.73 0.0039 ThioflavinT staining after PFF treatment
Normally distributed  Tukey’s post hoc  -203.5t0-53.90 <0.0001 NC1 WGA/Glu vs NC1 PFF
Normally distributed  Tukey’s post hoc  -219.6t0 —67.66 <0.0001 NC1 PFF vs Ubc9-RNAi PFF
Normally distributed  Tukey’s post hoc  -231.4to-100.4 <0.0001  Ubc9-RNAi WGA/Glu vs Ubc9-RNAi PFF
3C Normally distributed  Two-way ANOVA -34.85t0-5.685 0.0011 a-Syn staining after PFF treatment
Normally distributed  Tukey’s post hoc ~ —45.05 to 36.34 0.9996 NC1 WGA/Glu vs NC1 PFF
Normally distributed  Tukey’s post hoc  -92.75to -21.75 0.0001 NC1 PFF vs Ubc9-RNAi PFF
Normally distributed = Tukey’s post hoc  -94.52 to —22.60  0.0001 Ubc9-RNAi WGA/Glu vs Ubc9-RNAIi PFF
4B Normally distributed  Two-way ANOVA  -25.95t0-8.554 <0.0001 TH staining in striatum
Normally distributed  Tukey’s post hoc  43.82 to 76.84 <0.0001 Saline WT vs MPTP WT
Normally distributed  Tukey’s post hoc  37.62 to 70.64 <0.0001  Saline Ubc9-OE vs MPTP WT
Normally distributed  Tukey’s post hoc  -55.78 to —-25.64  0.0001 MPTP WT vs MPTP Ubc9-OE
4C Normally distributed ~ Two-way ANOVA  -1522t0-383.4  0.0082 TH positive cells in substantia nigra
Normally distributed  Tukey’s post hoc 1002 to 3163 0.0021 Saline WT vs MPTP WT
Normally distributed  Tukey’s post hoc 1154 to 3315 0.0002 Saline Ubc9-OE vs MPTP WT
Normally distributed  Tukey’s post hoc  -2741to-767.7  0.0040 MPTP WT vs MPTP Ubc9-OE
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Figure 2. Ubc9 expression suppresses ROS generation triggered by MPP+ or PFF treatment. A, Examples of ROS-labeled cells
show that MPP+ (640 uwm) for 24 h stimulates the generation of ROS in N27 EGFP cells, which was labeled with CellROX red fluores-
cent dye in dark field microscopy. B, MPP+ triggers a striking increase in ROS generation, which was prevented by Ubc9 overex-
pression. C, Examples of cell images showing that Ubc9-RNAi exacerbates the ROS production induced by MPP+ exposure. D,
The treatment of Ubc9-RNAi (100 pm) overnight enhances MPP+-induced ROS generation compared with NC1 random construct
control. E, Cell images show that PFF (1 ug/ml) exposure for 24 h stimulates ROS production (red label) in EGFP cells, which was
not clearly detected with Ubc9 overexpression. F, The ROS generation induced by PFF was almost completely suppressed by
Ubc9 overexpression, compared with WGA/GIuNAc control. G, Cell images show that Ubc9-RNAi exacerbates the PFF-induced
ROS production, compared with no treatment or WGA/GIuNAc control. H, Ubc9-RNAi significantly enhances ROS production in-
duced by PFF treatment, compared with NC1 control. Integrated density of images was measured by Imaged and presented in scat-
tered dot plots. Statistical analysis was applied using two-way ANOVA followed by Tukey’s multiple comparisons post hoc test. All
dot plots were displayed as individual values and mean differences are depicted as horizontal line (n=7-10); SEM is indicated by
the end of the vertical error bars; #xp <0.01, **xp <0.001, **+xp <0.0001 (n=8-10 per group; n represents the average intensity of

ROS in each well). Scale bar: 20 pm.

Chemicals

Most chemicals in this study, such as phorbol 12-myris-
tate 13-acetate (PMA; Sigma P1585), N-ethylmaleimide
(NEM; Sigma E3876), Chx (Sigma C7698), chloroquine di-
phosphate (Sigma C6628), MG132 Z-Leu-Leu-Leu-al
(Sigma C2211), lectin also known as WGA (Sigma L9640),
N-acetylglucosamine (Sigma PHR1432), MPP+ (Sigma
D048), thioflavin T (T3516), MPTP (M0896), NaF (201154),
and NazVO, (567540) were purchased from EMD-Sigma.
PFF of a-syn was obtained from StressMarq (SPR-324C)
and PMSF (Roche 11359061001), BSA (Fisher bioreagent
BP9703), and PBS (Invitrogen 10010031) were used as
well. Protease inhibitor used was EDTA-free Halt protease
inhibitor cocktail (Thermo Scientific 87785).

Statistical analyses

In most statistical analyses, two-way ANOVA was applied
to assess the potential interaction between Ubc9-OE (or
Ubc9-RNAI) and toxic treatment (MPP+ or PFF) in Figures
1-4, 9. In Figures 6-8, two-way ANOVA, Tukey’s multiple
comparison was also applied to analyze the interaction be-
tween Ubc9 and MG132 (or PMA), related to protein degrada-
tion. Student’s unpaired t test was applied to assess the Ubc9
effects, compared with EGFP only treatment (Fig. 58,C). One-

September/October 2020, 7(5) ENEURO.0134-20.2020

way ANOVA, Tukey’s post hoc test was applied to Figure
5E, F. In Extended Data Figure 1-1, one-way ANOVA,
Dunnett’s test was adopted to compare different concentra-
tions of treatment with vehicle control. For all studies, p <
0.05 was considered statistically significant (+); GraphPad
Prism 8.03 software was used for all data analyses and dis-
play. Values are presented as mean = SEM.

Results

Cell viability and cytotoxicity

MPP+ treatment to both EGFP and Ubc9-EGFP cells
decreased mitochondrial dehydrogenase activity with a
gradient. After 24 h of MPP+ treatment at various con-
centrations (up to 1280 uwm), cell viability in EGFP cells de-
clined sharply in a dose-dependent manner, while that in
Ubc9 cells decreased gradually compared with their vehi-
cle groups. Ubc9 overexpression significantly ameliorated
the toxic effects at all concentrations of MPP+ compared
with EGFP cells (Fig. 1A). Ubc9 cells showed significantly
higher cell viability in terms of mean differences than
EGFP cells at all the concentrations of MPP+ (160-1280
uv; Fig. 1A; Table 1). In LDH assays, MPP+ treatment
also increased cytotoxicity in both EGFP and Ubc9 cells
as estimated by the release of cytosolic enzyme LDH in
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Figure 3. Ubc9 knock-down by RNAIi exacerbates PFF-induced protein aggregation in thioflavin T staining. A, Bright field images
show the location of N27 cells (top row). Immunocytochemical images of thioflavin T staining in dark field show PFF-induced protein
aggregation in green fluorescent label (second row). a-Syn staining (red) in immunocytochemistry was detected in thioflavin T -la-
beled protein aggregates (third row). The merged images (yellow, the bottom row) demonstrate that a-syn is co-localized with thio-
flavin T-stained protein aggregates. B, PFF exposure to N27 cells for 24-h results in the accumulation of protein aggregation
labeled in thioflavin T. Ubc9-RNAi further enhances PFF-induced protein aggregation, compared with NC1 random cocktail control
with WGA/GIuNAc. C, PFF increases the level of a-syn in thioflavin T-positive aggregates with Ubc9-RNAi, and Ubc9 knock-down
aggravates a-syn accumulation in the protein aggregates compared with NC1 control after PFF treatment, although PFF did not sig-
nificantly increase the level of a-syn in the aggregates in NC1 control-treated cells. Integrated density of images was measured by
Imaged and presented in scattered dot plots. Statistical analysis was performed using two-way ANOVA followed by Tukey’s multiple
comparisons post hoc test. All dot plots were displayed as individual values and mean differences are depicted as horizontal lines;
SEM is indicated by the end of the vertical error bars; s##xp < 0.001, **#+p < 0.0001; ns: not significant (n=24-40 per group). Scale

bar: 100 um.

culture medium. The LDH activity in the vehicle group of
EGFP and Ubc9 cells was calculated as 100% of control.
After 24 h of MPP+ treatment at various concentrations,
cytotoxicity in EGFP cells was gradually elevated in a
dose-dependent manner. In comparison with EGFP cells,
Ubc9 cells showed 50.91% (p <0.0001) and 41.09%
(p <0.0001) less cytotoxicity in mean differences at the
concentrations of 320 and 640 um MPP+, respectively.
However, there were no significant differences at 160 and
1280 um MPP+, probably because of too little or too
much LDH release by MPP+ at the concentration, re-
spectively (Fig. 1B; Table 1).

Next, we applied various concentrations of MPP+ as
above (Fig. 1A,B) to Ubc9-RNAi-treated N27 cells for
measuring cell viability and cytotoxicity. In MTT assays
(Fig. 1C), we found that RNAi-mediated Ubc9 knock-
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down significantly exacerbated the MPP+-induced toxic-
ity in N27 cells at 320, 640, and 1280 um MPP+ (Table 1),
compared with the random RNAi constructs control (NC1
from IDT). In LDH assays (Fig. 1D), we found the same
patterns as cell viability assays that Ubc9-RNAi signifi-
cantly enhanced the MPP+-mediated toxicity at 320,
640, and 1280 um MPP+ (Table 1), compared with the
NC1 control. Based on Figure 1A-D, 640 um MPP+ was
applied to additional experiments.

We also exposed N27 cells to the PFFs of a-syn to as-
sess the protective effect of Ubc9-mediated SUMOylation
in MTT and LDH assays. First, we tested the PFF exposure
to N27 cells in the range of 1-5 pg/ml to determine the opti-
mal dose and demonstrate in the Extended Data Figure 1-
1 that 1 pug/ml of PFF treatment was sufficient to induce
significant toxicity in vitro as reported (Volpicelli-Daley et
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Figure 4. The overexpression of Ubc9 protects dopaminergic neurons from MPTP-induced toxicity in mouse brain. A, Confocal images
of the striatum (STR) and SNc region of C57BI/6 mice after staining with anti-TH antibody (1:100) conjugated to Alexa Fluor 555 (1:250).
B, Quantitative analysis of TH+ nigrostriatal projection intensity in the striatum of mouse brains. Dopaminergic projections in the STR of
Ubc9-overexpressing Tg mice (n=7) are significantly protected against MPTP toxicity, compared with WT-MPTP (n=7). C, The number
of TH+ neurons in the SNc was significantly higher in Ubc9-Tg mice (n=7) than that in WT siblings (n=7), after chronic MPTP treatment.
Dots represent values from individual mouse and horizontal bars represent mean = SEM. Statistical analysis was applied using two-way
ANOVA, Tukey’s test; *xp < 0.01, *#xp < 0.001, **#xp < 0.0001; size bars (500 um for STR and 100 pm for SNc).

al., 2011; Polinski et al., 2018). Next, using 1 ung/ml of PFF
treatment, we tested the effects of Ubc9 overexpression or
knock-down against PFF toxicity. Our results indicate that
the overexpression of Ubc9 mitigates the PFF-induced
toxicity compared with EGFP control cells. In Figure 1E,
some level of cell damage was observed from WGA/
GIuNAc only (PFF penetration mediator/blocker), but Ubc9
overexpression significantly protected N27 cells from PFF-
induced toxicity in both cell viability (p=0.0077; Fig. 1E)
and cytotoxicity assays (p < 0.0001; Fig. 1F). In the follow-
ing experiments, we applied PFF exposure to Ubc9-RNAI-
treated N27 cells and found that RNAi-mediated Ubc9
knock-down significantly enhanced the PFF-induced toxic-
ity in N27 cells in both cell viability (p <0.0001; Fig. 1G)
and cytotoxicity (p < 0.0001; Fig. 1H), compared with the
random RNAIi constructs control (NC1 from IDT).

ROS levels

MPP+ (640 um) exposure for 24 h caused a drastic in-
crease in ROS generation in both EGFP and Ubc9-EGFP
cells. The base level of ROS increased 13.76-fold
(p <0.0001) in EGFP cells, whereas it increased 4.28-fold
in Ubc9 cells (p=0.0025) by 640 um MPP+ (Fig. 2A,B).
Thus, Ubc9 overexpression significantly suppressed
MPP+-induced ROS generation when compared with
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EGFP only (0 <0.0001; Fig. 2B). In the following experi-
ments, we exposed Ubc9-RNAi to N27 parental cells
overnight before MPP+ treatment and then measured the
level of ROS. We also found that Ubc9 knock-down en-
hanced MPP+-induced ROS generation almost 2.5-fold
higher than NC1 control (p < 0.0001; Fig. 2C,D). In addi-
tion, we compared the level of ROS between Ubc9-over-
expressing cells and EGFP cells after PFF (1ug/ml)
exposure for 24 h (Fig. 2E). PFF treatment increased ~7-
fold higher ROS generation than the WGA/GIuNAc control
in EGFP cells (p <0.0001), while it did not significantly in-
crease ROS level in Ubc9-OE cells, compared with the
WGA/GIuNAc control. Thus, PFF-induced ROS generation
was substantially suppressed by Ubc9 overexpression
compared with EGFP controls (p < 0.0001; Fig. 2F).
Furthermore, we measured the level of ROS with Ubc9-
RNAi and confirmed that Ubc9 knock-down robustly
enhanced PFF-induced ROS generation compared with
NC1 (PFF-treated group; p < 0.0001; Fig. 2G,H). Although
the PFF penetration accommodating reagent/blocker
(WGA/GIuNAC) increased ROS level subtly, compared with
no treatment control, it was not statistically significant (data
not shown). These results strongly support that Ubc9-medi-
ated pan-SUMOylation reduces both MPP+-mediated and
PFF-induced ROS production in vitro, explaining, at least in
part, the protective effects by Ubc9-mediated SUMOylation
shown in Figure 1.
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Figure 5. Ubc9 overexpression increases the endogenous level of a-syn protein in dopaminergic N27 cells. A, Immunofluorescent
signals for a-syn and EGFP in N27 cell lines stably expressing either Ubc9-EGFP or EGFP, are shown as indicated. Image scale
bar: 20 um. B, In the quantification of fluorescence intensity of endogenous a-syn in immunocytochemistry, higher level of a-syn
was detected in Ubc9 cells than in EGFP cells (n=15). Statistical analysis was applied to Student’s unpaired t test. C, In the qRT-
PCR, there is no difference in mRNA level of a-syn between Ubc9 and EGFP cells (1=3 x 3). D, In WBs, the levels of a-syn and
Ubc9 are displayed with the treatment of Ubc9-OE or -RNAI, in comparison to EGFP and NC1 controls. E, Ubc9 expression was up-
regulated by Ubc9-OE and downregulated by Ubc9-RNAI in the quantification of WBs (n=5 per group). F, In the analysis of 24-h
chase assays, the mixed Ubc9-RNAI constructs significantly reduces the level of a-syn, compared with the control (NC1) in WBs,
whereas Ubc9-OE increases the level of a-syn, compared with EGFP control (n = 6). Bars represent mean = SEM, and each dot rep-
resents the mean of each experiment, which was performed in triplicate. Statistical analysis was applied to one-way ANOVA,

Tukey’s post hoc test; #p <0.05, ##+p <0.001, **++xp < 0.0001; ns: not significant.

Ubc9 knock-down by RNAi enhances PFF-induced
protein aggregation in thioflavin T staining

In order to assess the mechanisms of cellular protection
by Ubc9 from PFF-induced toxicity, we also measured
the level of protein aggregation, which is proportionally la-
beled in thioflavin T staining (Fig. 3A). As a PD model sys-
tem, the PFF inoculation (1 pug/ml) triggers thioflavin T-
labeled protein aggregation in which a-syn was detected
(Fig. 3A, bottom row, merged). When N27 parental cells
with NC1 were exposed to PFF treatment, a low level of
protein aggregation was consistently detected in thiofla-
vin T staining (Fig. 3A, second row-third column).
However, Ubc9-RNAi treatment aggravates the protein
aggregation, which was clearly detected in thioflavin T
staining (Fig. 3A, second row-sixth column). In quantita-
tive analysis, PFF treatment resulted in protein aggrega-
tion in N27 parental cells with NC1, and Ubc9 knock-
down by RNAiI significantly enhanced the level of protein
aggregation detected by thioflavin T stain, compared with
the NC1/WGA-GIuNAc control treatment (p < 0.0001; Fig.
3B). In addition, we also found that PFF treatment in-
creased the level of a-syn in protein aggregates with
Ubc9-RNAi (p=0.0001; Fig. 3C) and the treatment of
Ubc9-RNAI increased the vulnerability of PFF-induced

September/October 2020, 7(5) ENEURO.0134-20.2020

a-syn accumulation in protein aggregates (p < 0.001; Fig.
3C). However, the level of a-syn in thioflavin T-stained
protein aggregates in NC1 was not significantly higher
with PFF based on our analysis (Fig. 3C).

Pan-Ubc9 overexpression protects dopaminergic
neurons in the striatum and SNc from MPTP toxicity
Coronal sections of mouse brain were stained by using
anti-TH antibody (1:100) to detect dopaminergic neu-
rons. MPTP exerts deleterious effects on dopaminergic
neurons of WT C57BI/6 mice (Lazzara et al., 2015).
Immunohistochemistry results showed a significant
(0 <0.0001) decrease in TH+ dopaminergic neuronal
projections in the striatum region of MPTP-treated WT
mice when compared with saline-treated WT or Ubc9
transgenic mice (Fig. 4A). After the confirmation of pan-
Ubc9 overexpression in brain from Ubc9-Tg mice in
Western blottings (WBs; Lee et al., 2011), we found that
the hemizygous Ubc9-Tg mice showed significant
(p=0.0001) protection in the striatum from MPTP toxic-
ity, compared with a WT sibling group in the measure-
ment of TH+ density (Fig. 4A,B). Similarly, dopaminergic
cell body count in the SNc was significantly reduced in
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Figure 6. Ubc9 overexpression significantly prevents a-syn degradation, compared with EGFP only in 24-h Chx-treated chase
assays. A, In WBs, the degradation of a-syn was delayed by Ubc9 overexpression at different concentrations of Chx for 24 h.
B, The protein level of a-syn in N27-EGFP cells declines in the dose-dependent manner of Chx in 24-h chase study, whereas
Ubc9-OE prevents the degradation of a-syn. C, In WBs, the degradation of a-syn in EGFP cells was detected in a time-de-
pendent manner at various time exposures of Chx (150 pg/ml). D, In the treatment of 150 pg/ml of Chx, >50% of a-syn was de-
graded in EGFP cells, while there is no significant decrease in Ubc9-OE cells at different time points up to 24 h. Integrated
density of WB images was measured using Imaged. The ratio of a-syn/GAPDH was presented as mean + SEM in % of control
(n=6-8 each time point). Statistical analysis was applied using two-way ANOVA, Tukey’s post hoc test; #xp < 0.01, *xxp <

0.001, #x#xp < 0.0001.

MPTP-treated WT mice, compared with saline treated
WT (p=0.0021) or Ubc9 groups (p=0.0002). However,
Ubc9-Tg mice showed significant (p =0.004) protection
against MPTP-induced deleterious effects compared
with MPTP-treated WT mice, in the analysis of two-way
ANOVA, Tukey’s test (Fig. 4A,C).

Endogenous levels of a-syn

The SUMO conjugase Ubc9 is the main step to transfer
SUMO1 and SUMO2/3 to target proteins. Therefore, we
tested the effects of Ubc9 overexpression on endogenous
levels of a-syn. As shown in Figure 5A, Ubc9 overexpres-
sion in N27 cells increased the endogenous level of a-syn
almost 49% when compared with EGFP cells in immuno-
cytochemistry (p=0.0142; Fig. 5B). The endogenous
mRNA level of a-syn remained unchanged even with
Ubc9 overexpression (Fig. 5C). In WB analyses after over-
night cultures, we demonstrate that the protein level of
Ubc9 was ~25% upregulated by Ubc9 overexpression
compared with EGFP control (p =0.012) and almost 40%
downregulated by Ubc9-RNAi compared with random
cocktail controls (NC1; p =0.0229; Fig. 5D,E). In the quan-
tification of a-syn WBs, Ubc9 overexpression increased
almost 25% of a-syn protein level compared with EGFP
control (p =0.025), while the combined Ubc9 knock-down
constructs substantially reduced a-syn protein compared
with NC1 control (p =0.029; Fig. 5F). This result indicates
that the enhanced level of a-syn protein in Ubc9 cells is
not derived from the increased mRNA level of a-syn, sug-
gesting that SUMOylated «-syn avoids normal protein
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degradation as it was demonstrated in the DAT study
(Cartier et al., 2019).

Ubc9 overexpression reduces a-syn degradation rate

In Figure 5B, we demonstrate that Ubc9 overexpres-
sion enhanced the protein level of a-syn, which was
not derived from transcriptional up-regulation (Fig.
5C). We then tested to see whether Ubc9-induced
SUMOylation prevents endogenous a-syn degrada-
tion in 24 h chase analysis. In order to quantify the
level of the protein degradation, we performed a-syn
WBs using different concentrations of the protein syn-
thesis inhibitor, Chx to compare the remaining amount
of a-syn in Ubc9 cells with that in EGFP cells. After
blocking new protein synthesis, the remaining amount
of a-syn treated with vehicle in EGFP cells is consid-
ered 100 £ 12.79% as control, and the amount de-
clines as the concentrations of Chx increase. In
contrast, the levels of a-syn in Ubc9 cells were barely
affected by the increase of Chx concentration (Fig.
6A). The degradation rate of a-syn was substantially
reduced in Ubc9 cells compared with EGFP cells, re-
sulting in significantly higher levels of a-syn in Ubc9
cells than in EGFP cells at 100, 150, and 200 ng/ml of
Chx (Fig. 6B; Table 2).

Based on Figure 68, the 150 ng/ml of Chx was applied
to determine the optimal time point from total cell lysates
(0-24 h; Fig. 6C). In WB analyses (duplicate, n=3 inde-
pendently), a-syn levels in EGFP cells declined gradually
from T=0 (100 = 12.99%) to T=24 h (41.58 = 2.62%). A
significant degradation of a-syn was observed from EGFP
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Table 2: Statistical analyses in Figures 5-9 and Extended Data Figure 1-1
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Location Data structure Type of test Cl/power P value Comparison

5B Normally distributed  Unpaired t test 10.63 to 87.29 0.0142 EGFP vs Ubc9-OE

5E Normally distributed  One-way ANOVA 0.8219 <0.0001 Ubc9 expression levels
Normally distributed  Tukey’s post hoc —-41.45 to -4.625 0.012 EGFP vs Ubc9-OE
Normally distributed = Tukey’s post hoc 12.86 to 49.68 0.0009 EGFP vs Ubc9-RNAi
Normally distributed  Tukey’s post hoc 35.89to 72.71 <0.0001  Ubc9-OE vs Ubc9-RNAI
Normally distributed  Tukey’s post hoc —-39.38 to -2.560 0.0229 Ubc9-RNAi vs NC1

5F Normally distributed  One-way ANOVA 0.7241 0.0001 a-Syn expression levels
Normally distributed  Tukey’s post hoc -42.22 t0 -6.078 0.025 EGFP vs Ubc9-OE
Normally distributed  Tukey’s post hoc 4.374 to 40.51 0.0117 EGFP vs Ubc9-RNAI
Normally distributed  Tukey’s post hoc 28.52 to 64.66 0.0001 Ubc9-OE vs Ubc9-RNAI
Normally distributed  Tukey’s post hoc -37.82 to -1.682 0.029 Ubc9-RNAi vs NC1

68 Normally distributed = Two-way ANOVA -35.37 to —27.83 <0.0001 Chx chase study at diff concentration
Normally distributed  Tukey’s post hoc -41.70t0 -17.93 0.0135 Ubc9-OE 100 vs EGFP 100
Normally distributed  Tukey’s post hoc -56.70 to -32.92 0.0001 Ubc9-OE 150 vs EGFP 150
Normally distributed  Tukey’s post hoc —63.67 t0 -39.89 <0.0001 Ubc9-OE 200 vs EGFP 200

6D Normally distributed Two-way ANOVA -22.99t0-11.24 <0.0001 Chx chase study at diff time point
Normally distributed Tukey’s post hoc -52.30 to -8.994 0.0008 Ubc9-OE 18h vs EGFP 18h
Normally distributed  Tukey’s post hoc —68.64 to —25.34 <0.0001 Ubc9-OE 24h vs EGFP 24h

7B Normally distributed Two-way ANOVA -34.53 t0o -16.53 0.0002 MG132-mediated proteasomal inhibition
Normally distributed  Tukey’s post hoc 25.60 to 86.88 <0.0001 EGFP Veh vs EGFP Chx
Normally distributed  Tukey’s post hoc -88.91 to -25.97 0.0001 EGFP Chx vs Ubc9-OE Chx
Normally distributed  Tukey’s post hoc —-68.03 to -5.097 0.0343 EGFP Chx vs EGFP Chx+MG132
Normally distributed  Tukey’s post hoc —62.93 to -7.299 0.0111 EGFP Chx+MG132 vs Ubc9 Chx+MG132

8B Normally distributed = Two-way ANOVA —24.40t0 -19.50 <0.0001 PMA chase study
Normally distributed  Tukey’s post hoc -25.64 to -5.157 0.0012 EGFP 4uM vs Ubc9-OE 4uM
Normally distributed  Tukey’s post hoc -41.26 to -20.77 0.0001 EGFP 6uM vs Ubc9-OE 6uM
Normally distributed  Tukey’s post hoc -46.18 to -25.69 <0.0001 EGFP 8uM vs Ubc9-OE 8uM
Normally distributed  Tukey’s post hoc -59.03 to —-38.55 <0.0001 EGFP 10uM vs Ubc9-OE pM

8D Normally distributed = Two-way ANOVA -17.12 10 -1.028 0.0009 Effect of PMA on protein degradation
Normally distributed  Tukey’s post hoc 16.06 to 81.81 0.0002 EGFP C vs EGFP PMA
Normally distributed  Tukey’s post hoc -76.68 to -15.19 0.0002 EGFP PMA vs Ubc9-OE PMA
Normally distributed  Tukey’s post hoc —73.98 to -8.239 0.0031 EGFP PMA vs EGFP Cgn+PMA

9B Normally distributed = Two-way ANOVA 0.81 <0.0001 SUMOT1 level in total lysate
Normally distributed  Tukey’s post hoc 15.06 to 58.91 0.001 EGFP vs EGFP MPP+
Normally distributed  Tukey’s post hoc -43.90 t0 -0.05988 0.0493 EGFP vs Ubc9
Normally distributed  Tukey’s post hoc —69.67 to —25.83 <0.0001 EGFP MPP+ vs Ubc9 MPP+

9D Normally distributed Two-way ANOVA 0.81 <0.0001 SUMO1 level in a-syn IP’ed samples
Normally distributed  Tukey’s post hoc 7.692 to 65.01 0.0011 EGFP vs EGFP MPP+
Normally distributed  Tukey’s post hoc -62.93 to -5.610 0.0166 EGFP vs Ubc9
Normally distributed  Tukey’s post hoc —99.03 to -41.72 <0.0001 EGFP MPP+ vs Ubc9 MPP+

9F Normally distributed = Two-way ANOVA 0.62 0.0002 Ubiquitin level in total lysate
Normally distributed  Tukey’s post hoc 1.485 10 57.87 0.0034 EGFP vs EGFP MPP+
Normally distributed  Tukey’s post hoc -52.79 to 3.595 0.0369 EGFP vs Ubc9
Normally distributed  Tukey’s post hoc 12.41 10 68.79 0.0036 Ubc9 vs Ubc9 MPP+

9H Normally distributed = Two-way ANOVA 0.72 <0.0001  Ubiquitin level in a-syn IP’ed samples
Normally distributed  Tukey’s post hoc 19.70 to 63.21 0.0081 EGFP vs EGFP MPP+
Normally distributed  Tukey’s post hoc -84.50 to -19.32 0.0013 EGFP vs Ubc9
Normally distributed  Tukey’s post hoc -74.35 10 -9.169 0.0092 EGFP MPP+ vs Ubc9 MPP+
Normally distributed  Tukey’s post hoc 8.176 to 73.36 0.0111 Ubc9 vs Ubc9 MPP+

1-1A Normally distributed  One-way ANOVA 0.81 <0.0001 Effect of PFF on cell viability
Normally distributed  Dunnett’s post hoc  25.90 to 47.02 <0.0001 Vehicle vs PFF 1ug
Normally distributed  Dunnett’s post hoc 29.84 to 50.96 <0.0001 Vehicle vs PFF 2ug
Normally distributed  Dunnett’s post hoc  37.21 to 55.50 <0.0001 Vehicle vs PFF 3ug
Normally distributed  Dunnett’s post hoc 44.66 to 65.78 <0.0001 Vehicle vs PFF 4ug
Normally distributed  Dunnett’s post hoc  41.98 to 60.27 <0.0001 Vehicle vs PFF 5ug

1-1B Normally distributed  One-way ANOVA 0.78 <0.0001 Effect of PFF on cytotoxicity
Normally distributed  Dunnett’s post hoc -35.37 to -11.32 <0.0001 Vehicle vs PFF 1ug
Normally distributed  Dunnett’s post hoc -37.83 to -13.78 <0.0001 Vehicle vs PFF 2ug
Normally distributed  Dunnett’s post hoc  -50.65 to —29.82 <0.0001 Vehicle vs PFF 3ug
Normally distributed  Dunnett’s post hoc -63.02 to -38.97 <0.0001 Vehicle vs PFF 4ug
Normally distributed  Dunnett’s post hoc -61.21 to —40.38 <0.0001 Vehicle vs PFF 5ug
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Figure 7. MG132-mediated proteasomal inhibition prevents
a-syn degradation in EGFP cells, while it shows no effect in
Ubc9 cells in 24-h Chx chase studies. A, In WBs, there is no no-
ticeable effect of MG132 (proteasome inhibitor) in Ubc9 cells,
compared with EGFP cells. B, In the analysis of integrated den-
sity of WB images, a-syn degradation was significantly inter-
rupted by Ubc9 overexpression compared with EGFP cells. The
ratio of a-syn/GAPDH was displayed as mean = SEM in % of
control (n=6-8 each). Two-way ANOVA was applied to assess
the interaction between Ubc9 and MG132 for statistical analy-
sis; #p < 0.05, #xxp < 0.001, *#*+xp < 0.0001.

cellsatT=18 h (p=0.0033) and T=24 h (p =0.0007) com-
pared with the level at T =0 (Fig. 6D). There was no signifi-
cant difference observed in Ubc9 cells after Chx
treatment over 24 h. When compared with EGFP cells, the
mean difference of the remaining a-syn level in Ubc9 was
36.74% higher (p=0.0008) at T=18 h and 52.01% higher
(p <0.0001) at T=24 h (Fig. 6D). Altogether our results in-
dicate that Ubc9 overexpression reduces the degradation
rate of a-syn.

Testing the mechanism of delayed «-syn degradation
by SUMOylation, through proteasomal pathway

In the following experiment, we assessed the mecha-
nisms of delayed a-syn degradation, affected by Ubc9-
mediated SUMOylation. We tested to see whether the
interruption of endogenous a-syn degradation in Ubc9-
overexpressing cells results from the inhibition of the
ubiquitin-proteasome system (UPS; Yan et al., 2005).
After 24-h exposure of the proteasome inhibitor MG132
(10 um) in Chx (150 pg/ml)-treated chase studies, the en-
dogenous level of a-syn was measured in both Ubc9 and
EGFP cell lines using WBs (Fig. 7A). Massive degradation
of a-syn was detected after Chx treatment (p < 0.0001);
this was substantially reversed by MG132 co-treatment
(p =0.0343) in EGFP cells (the level of a-syn at 24 h: vehicle =
100 = 7.25%; Chx = 46.07 = 10.32%; Chx+MG132=
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75.41 = 10.55%; MG132=91.63 = 5.20%; Fig. 7B).
However, in Ubc9-OE cells, there was no significant
change in the level of a-syn after Chx and/or MG132
treatment (Fig. 7B, n =4 per treatment with duplicates).
In our analysis, Ubc9 overexpression alone prevented
a-syn degradation by the same level as MG132 protea-
somal inhibitor in EGFP control cells. Hence, there was
no room to show any additive effect by MG132 or to
detect the interaction between Ubc9 and MG132 in
two-way ANOVA analysis. Therefore, we decided to
test the effects of Ubc9 on a-syn degradation via the
lysosomal pathway.

Ubc9 overexpression blocks the lysosomal
degradation of a-syn induced by PMA treatment

a-Syn is known to be degraded by UPS and the au-
tophagy-lysosome pathway (ALP); however, it is more
likely degraded inside lysosomes through chaperone-
mediated autophagy (CMA) or endocytosis (Webb et al.,
2003; Cuervo et al., 2004; Martinez-Vicente and Vila,
2013). Therefore, we assessed the capacity of Ubc9 over-
expression to impair PMA-induced «a-syn degradation
through lysosomal degradation (Cartier et al., 2019). We
performed Chx chase analyses in the presence of PMA
(PKC activator for inducing lysosomal degradation) with
or without chloroquine, a known lysosomotropic inhibitor
that reduces lysosomal protease activities (Lu et al.,
2017). In quantitative WB analysis, we measured how
much Ubc9 overexpression prevents the PKC-mediated
lysosomal degradation of a-syn. In Figure 8A,B, we as-
sessed the optimal concentration of PMA in the range of
0-10 um and confirmed that PMA induced lysosomal deg-
radation of a-syn in EGFP cells in a dose-dependent man-
ner. However, there was no significant effect of PMA in
Ubc9 cells (Fig. 8B). Based on the results in Figure 8B, we
found that 5 um PMA for 2 h was sufficient to trigger lyso-
somal degradation of a-syn in EGFP cells. The PKC acti-
vation by PMA (5 um) for 2 h induced a significant a-syn
degradation in EGFP cells (p = 0.0002), compared with ve-
hicle only (a-syn level: vehicle = 93.92 + 6.19%; PMA=
51.06 = 9.43%; chloroquine+PMA= 92.17 + 4.15%; Fig.
8D). The lysosomal degradation of a-syn induced by PMA
was blocked by co-incubation with the lysosomal prote-
ase inhibitor, chloroquine (p =0.0031). The residual level
of a-syn in Ubc9 cells was not significantly affected
by PMA treatment because of the robust prevention of
a-syn degradation by Ubc9 overexpression (Fig. 8C,D).
Therefore, the interaction between Ubc9 and PMA or the
additive effect by PMA was not detected in two-way
ANOVA, suggesting that Ubc9-mediated SUMOylated
a-syn almost completely avoids PMA-induced lysosomal
degradation.

Ubc9 overexpression prevents the MPP +-induced
SUMO1 removal from «-syn

In the following experiments, we assessed the regula-
tory mechanisms of a-syn by SUMO1 or ubiquitin. In
Figure 9A, we detected robust expressions of SUMO1
from total cell lysates and found that Ubc9
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Figure 8. Ubc9 overexpression significantly prevents the PMA-induced lysosomal degradation of a-syn in 2-h protein degradation
analysis. A, In WBs, the level of a-syn in N27-EGFP cells declines in the dosage-dependent manner of PMA treatment in 2-h chase
study, while that in Ubc9-OE cells remains the same. B, In the integrated density analysis of WB images, Ubc9-OE significantly pre-
vents PMA-induced degradation of a-syn even at 10 um PMA (n=5). C, After the optimization of PMA and Chx at various concentra-
tions, 5 um PMA and 150 pg/ml of Chx were applied to EGFP and Ubc9 cells for WBs. D, In the integrated density analysis of WB
images, PMA in EGFP cells substantially induces the degradation of a-syn in 24-h chase study, while Ubc9 overexpression prevents
the PMA-induced lysosomal degradation of a-syn. No treatment control (C) was considered as 100% in the relative ratio of a-syn/
GAPDH and DMSO was vehicle for PMA treatment. The second vehicle for the PMA inhibitor, chloroquine (Cqn) was distilled water
(MQ, Milli-Q H50), which was included as well as Cgn+PMA for comparison. The ratio of a-syn/GAPDH was presented in mean +
SEM in % of control (n=5-8 per treatment). Statistical analysis was performed by using two-way ANOVA to assess the interaction
between Ubc9 and PMA; ##p <0.01, *xxp < 0.001, *#*+xp < 0.0001.

overexpression increased the total amount of SUMO1 ex-  remained the same with MPP+ treatment (Fig. 9G,H;
pression compared with EGFP cells (p=0.0493), as ex- Table 2). Taken together, these results suggest that Ubc9
pected. When N27 cells were exposed to MPP+, the level ~ overexpression enhances not only the level of SUMO1 on
of SUMO1 was significantly reduced in EGFP cells (o= a-syn, but it also increases the level of ubiquitin on a-syn.
0.001), but not decreased in Ubc9-overexpressing cells  However, Ubc9 overexpression prevents the MPP+-in-
(ns; Fig. 9B). Thus, the level of SUMO1 was significantly =~ duced SUMO1 removal from a-syn, while it does not af-
higher in Ubc9 cells than that in EGFP cells (p <0.0001;  fect the ubiquitin removal from a-syn.
Fig. 9B). As expected, we found streaked band patterns
even with IP’ed a-syn, probably because of various forms . .
of SUMO1 binding to a-syn (Fig. 9C). After a-syn was DISCQSSIOH )
IP’ed, we found the same pattern that SUMO1 was re- In this study, Weldem_onstrate that Ubc9 overexpression
moved from a-syn by MPP+ in EGFP cells (p =0.0011),in  Protected dopaminergic cells from MPP+- or PFF-in-
contrast, the level of SUMO1 on a-syn in Ubc9-OE cells dluced toxicity in vitro gnd fprther, pan—chQ overexpres-
was not affected by MPP+ (Fig. 9D). Similar to Figure 98,  Slon prevented dopaminergic neuronal loss in the striatum
the level of SUMO1 on a-syn in Ubc9 cells was signifi- ~and SNc from MPTP-induced toxicities. The mechanism
cantly higher than that in EGFP cells (p < 0.0001; Fig. 9D).  of SUMO-mediated neuroprotection may be, at least in
According to the mass spectrometry-based relative  part, derived from the prevention of ROS generation in-
quantification of protein interaction with IP’ed a-syn, the ~ duced by MPP+ or PFF (Fig. 2). In addition, PFF treat-
level of ubiquitin on a-syn was 2.2-fold higher in Ubc9  ment enhanced protein aggregation labeled in thioflavin T
cells than in EGFP cells (Extended Data Figure 9-1). and Ubc9-RNAi exacerbated PFF-induced protein aggre-
Thereafter, we measured the levels of ubiquitin in total cell ~ gates containing a-syn (Fig. 3B). Although high levels of
lysates as well as a-syn IP’ed samples using WBs. a-synin NC1 control were consistently detected in the thi-
Although the level of ubiquitin was higher from Ubc9 cell ~ oflavin T-positive protein aggregates after PFF exposure,
lysates than that from EGFP cell lysates without MPP+  this trend was not shown to be statistically significant
exposure, MPP+ significantly reduced the total level of  (Fig. 3C). Ubc9 overexpression enhanced the level of
ubiquitin in EGFP cells (p=0.0034) as well as in Ubc9 SUMOylation on a-syn, and SUMOylated a-syn was re-
cells (Fig. 9E,F; Table 2). Similarly, the level of ubiquitin in ~ fractive to residual protein degradation without affecting
a-syn IP’ed samples was noticeably reduced by MPP+  transcriptional up-regulation, whereas Ubc9-RNAi re-
exposure in both EGFP and Ubc9 cells. However, the  duced the protein level of a-syn (Fig. 5). Taken together,
base level of ubiquitin-bound «a-syn was substantially  our results strongly support the report by Krumova et al.
higher in Ubc9 cells than in EGFP cells, and the pattern ~ (2011) that SUMOylated a-syn promotes its solubility,
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Figure 9. Ubc9 overexpression enhances the levels of SUMO1 and ubiquitin on a-syn, while it prevents MPP+-induced SUMO-1
removal from a-syn. A, WB images show that the level of SUMO1 was increased with Ubc9 overexpression from total cell lysates.
GAPDH was used as a loading control for total cell lysates. B, MPP+ exposure significantly reduces the total amount of SUMO1 in
N27-EGFP cells, while Ubc9-OE prevents MPP+-induced SUMO1 down-regulation in total cell lysates. C, In WB using IP’ed a-syn,
MPP+ reduces the level of SUMO1 bound to a-syn in EGFP cells. a-Syn was used as a loading control after IPs. D, Ubc9 overex-
pression prevents MPP+-induced SUMO1 removal from a-syn in quantitative WB analysis. E, Examples of WB show that the total
amount of ubiquitin (Ub) was reduced by MPP+ treatment. GAPDH was used as a loading control for total cell lysates. F, The levels
of ubiquitin from total cell lysates were decreased by MPP+ exposure both in EGFP and Ubc9 cells. G, In WB, the levels of ubiquitin
bound to a-syn were substantially reduced by MPP+ treatment. a-Syn was used as a loading control after IPs. H, MPP+ exposure
results in a significant reduction of ubiquitin bound to a-syn in both EGFP and Ubc9 cells. MPP+ (640 um) treatment for 24 h was
applied to all experiments. Integrated density of WB images was measured using Imaged. The ratios of SUMO1 or ubiquitin over re-
spected loading control were presented as mean = SEM in % of control. Statistical analysis was applied using two-way ANOVA,

Tukey’s multiple comparison post hoc test; #p < 0.05, ##p < 0.01, ##xp < 0.001, ##*+xp < 0.0001 (n =5-8 each group).

prevents protein aggregation and further, reduces cyto-
toxicity in the SNpc. Our findings also support the recent
publication that METH exposure reduces the level of
SUMOylation on a-syn, and METH-induced «-syn aggre-
gation is relieved by Ubc9 overexpression (Zhu et al.,
2018). The study has also demonstrated that mutations in
SUMOylation acceptor sites in a-syn enhance a-syn over-
expression and aggregation induced by METH, which is
mediated by impaired degradation through the UPS and
the ALP in vitro and in vivo (Zhu et al., 2018). As our results
suggest that diminished levels of SUMOylation are more
prone to aggravate PFF-induced protein aggregation, it is
in line with the recent DAT study (Cartier et al., 2019).

As shown in Figure 1, cell viability of Ubc9-overex-
pressing cells was significantly higher and its cytotoxicity
was significantly lower than those of EGFP only cells after
various concentrations of MPP+ or PFF exposure for 24 h.
Although the mechanisms of suppressing ROS generation
by pan-SUMOylation need to be characterized, there are
numerous reports showing that SUMOylation plays a role in
reducing oxidative stress. For example, SUMOylation may
be an important regulatory mechanism that indirectly
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represses the production of ROS to ameliorate cellular
stress (Pandey et al., 2011) and protects against oxidative
stress with attenuation of stress-induced ROS generation
by NADPH oxidase 2 (NOX2) inhibition (Kim et al., 2011a).
Similarly, both conditional ablation and overexpression of
Ubc9 induce functional impairment in mouse pancreatic B
cells via interrupting ROS detoxification derived from NRF2
activity (He et al., 2018). Furthermore, the chemical inhibition
of Ubc9 by 2-D08 induces ROS accumulation, which stimu-
lates apoptosis in acute myeloid leukemia cells, probably via
NOX2 deSUMOylation (Zhou et al., 2019). In addition,
SUMO1 plays a critical role in regulating proper mitochon-
drial dynamics by protecting DRP1 protein which is required
for mitochondrial fission (Harder et al., 2004). Hayashi et al.
(2002) showed that the apoptotic process was triggered
when SUMO1 conjugation was impaired. Therefore, there is
mounting evidence to support that SUMOylation plays a
critical role in regulating detoxification from oxidative stress
to prevent cell death.

Previous in vivo studies have shown that animals with
higher SUMO conjugation levels are more resistant to is-
chemic insult (Lee et al., 2011, 2014). In their study, Lee et
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al., modeled several lines of transgenic mice whose Ubc9
expression was broadly elevated to various degrees (Lee
et al.,, 2011). These transgenic mice were observably
more resistant to permanent middle cerebral artery occlu-
sion (PMCAO), an animal stroke model, than correspond-
ing WT animals. Higher Ubc9 levels in the brain resulted in
lower infarction volumes under pMCAO (Lee et al., 2011).
An in vitro study demonstrated that SUMOylation of a
small portion of a-syn is sufficient to suppress its aggre-
gation (Abeywardana and Pratt, 2015), which supports
the previous study that a deficiency in the SUMOylation
of a-syn augments its aggregation and thereby in-
creases deleterious cellular toxicity (Krumova et al.,
2011). However, other studies revealed the opposite
conclusion that SUMOylation facilitates a-syn aggrega-
tion by blocking its ubiquitin-dependent degradation
pathway and promoting its accumulation (Rott et al.,
2017). Additionally, SUMO labeling of Lewy bodies in
tissues from patients with PD and DLB was reported by
Kim et al. (2011b), suggesting that SUMO was recruited
to a-syn inclusions induced by proteasome inhibition.
To resolve the discrepancy, we tested the effects of
SUMOylaton on dopaminergic neurons against MPTP
using pan-Ubc9-overexpressing Tg mice (Lee et al.,
2011). In Ubc9-Tg mice, the deleterious effects by oxi-
dative stress were strikingly reduced, as indicated that
TH+ cell number in the SN and their projections to the
striatum were significantly higher than those in WT
mice, similarly treated with MPTP. As a follow-up, we
also measured the levels of ROS from brain tissues to
confirm our own in vitro results (Fig. 2); however, we
could not detect meaningful ROS levels because of the
lack of freshness of brain tissues. Because of quick
redox reactions, we had technical difficulties in collect-
ing reasonable levels of ROS from brain samples.

Our study demonstrates that Ubc9 overexpression in-
creased the levels of SUMO1 and ubiquitin on a-syn (Fig.
9) and prevented MPP+ (MPTP)-induced SUMO1 re-
moval from a-syn (in vivo data not shown); however, Ubc9
overexpression was not sufficient to block ubiquitin re-
moval from a-syn (Fig. 9). In the previous DAT study, we
have suggested that SUMO1 and ubiquitin may compete
with each other to bind to lysine residues on DAT,
although this hypothesis may be applied to certain pro-
teins specifically (Cartier et al., 2019). More relevant to PD
pathology, SUMOylation and ubiquitination may regulate
a-syn degradation and pathologic aggregation recipro-
cally, suggesting its detrimental regulation by the compe-
tition (Rott et al.,, 2017). However, in our study, Ubc9
overexpression-induced SUMOQylation may not counter-
act the ubiquitin binding to a-syn since the ubiquitin level
of a-syn was upregulated by Ubc9 overexpression, not
downregulated by the potential competition. Thus, the
competition between SUMO and ubiquitin for binding to
lysine residues in a-syn may be varied to regulate proteo-
stasis, depending on the experimental conditions. In addi-
tion, the potential cross talk between deSUMO enzymes,
sentrin-specific proteases (SENPs), and deubiquitinating
enzymes (Ub-proteases) can be explored to understand
the possible indirect competition (Liebelt and Vertegaal,
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2016). Furthermore, the interplay between SUMOylation
and phosphorylation in a-syn can be another interesting
competition for preventing protein aggregation, although
their targets are different amino acids (Shahpasandzadeh
et al.,, 2014). Intriguingly, our results still support that
SUMOylation delays the degradation of a-syn, yet it is not
a pathologic process but rather prevents pathologic ag-
gregation because of its high solubility (Krumova et al.,
2011; Gupta et al., 2014).

In the previous study, we found that Ubc9 overexpression
is independent of proteasomal degradation, yet it effectively
prevents the PMA-mediated lysosomal degradation of DAT.
The enhanced levels of DAT in the plasma membrane con-
tribute to high functional activity of DAT in dopamine uptake
(Cartier et al., 2019). Moreover, in our current a-syn study
using the Chx-treated chase analysis, we verified that Ubc9
overexpression almost completely prevented the degrada-
tion of a-syn. The aberrant degradation was more likely
mediated by the suppression of PKC-mediated lysosomal
degradation than by the inhibition of proteasomal degrada-
tion, since the effect of PMA was annulled by Ubc9 overex-
pression, while the lack of MG132 effect was detected (Figs.
7,8; Sun et al., 2014). However, the inhibition of potential
proteasomal degradation by SUMOylation cannot be ex-
cluded because MG132 may not be able to contribute to
the additional inhibition because of the saturated level of
Ubc9 effect. Therefore, we do not exclude the possible in-
terruption by Ubc9 overexpression for proteasomal degra-
dation of a-syn. Although Ubc9-mediated prevention of
protein degradation may not occur exclusively through
the lysosomal pathway and may be regulated by protein
specificity, the inhibition of lysosomal degradation by
SUMOylation was consistently identified in our DAT and
a-syn studies. As a follow-up to better understand the idio-
pathic mechanisms of PD pathology, we are currently char-
acterizing how SUMOs are removed from a-syn by PFF
toxicity and determining which isoform of deSUMO en-
zymes, SENPs, is involved in detaching SUMOs from a-syn
in the scope of understanding the idiopathic mechanisms of
PD pathology (Liebelt and Vertegaal, 2016). These studies
may reveal SUMOs or SENPs as novel regulatory targets
that increase the protein solubility and prevent the formation
of Lewy bodies in PD pathology.
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