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Akt Phosphorylates NQO1 and Triggers its Degradation,
Abolishing Its Antioxidative Activities in Parkinson’s
Disease
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The oxidative metabolism of dopamine and consequent oxidative stress are implicated in dopaminergic neuronal loss, mediating the
pathogenesis of Parkinson’s disease (PD). The inducible detoxifying antioxidative enzyme Quinone oxidoreductase (NQO1) (NAD(P)H:
quinone oxidoreductase 1), neuroprotective to counteract reactive oxidative species, is most prominent in the active stage of the disease
and virtually absent at the end stage of the disease. However, the molecular mechanism dictating NQO1 expression oscillation remains
unclear. Here we show that Akt phosphorylates NQO1 at T128 residues and triggers its polyubiquitination and proteasomal degradation,
abrogating its antioxidative effects in PD. Akt binds NQO1 in a phosphorylation-dependent manner. Interestingly, Akt, but not PINK1,
provokes NQO1 phosphorylation and polyubiquitination with Parkin as an E3 ligase. Unphosphorylatable NQO1 mutant displays more
robust neuroprotective activity than WT NQO1 in suppressing reactive oxidative species and against MPTP-induced dopaminergic cell
death, rescuing the motor disorders in both a-synuclein transgenic transgenic male and female mice elicited by the neurotoxin. Thus, our
findings demonstrate that blockade of Akt-mediated NQO1 degradation may ameliorate PD pathogenesis.
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Dopaminergic neurodegeneration in Parkinson’s disease (PD) is associated with the imbalance of oxidative metabolism of dopa-
mine. Quinone oxidoreductase (NQO1), a potent antioxidant system, its expression levels are prominently increased in the early
and intermediate stages of PD and disappeared in the end-stage PD. The molecular modification behavior of NQO1 after it is
upregulated by oxidative stress in the early stage of PD, however, remains unclear. This study shows that Akt binds and phosphor-
ylates NQO1 at T128 residue and promotes its ubiquitination and degradation, and Parkin acts as an E3 ligase in this process,
which affects the antioxidant capacity of NQO1. This finding provides a novel molecular mechanism for NQO1 oscillation in PD

pathogenesis. j

ignificance Statement

by progressive degeneration of neuromelanin-containing dopa-
minergic neurons in the substantia nigra (SN) pars compacta
(Lang and Lozano, 1998). Mounting evidence suggests that oxi-
dation of dopamine (DA) and consequent quinone modification
and oxidative stress as major factors contributing to the vulner-

Introduction
Parkinson’s disease (PD) is the second most common neurode-
generative disease, characterized prominently at the cellular level
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ability of DAergic cells (Hwang, 2013). Although DA is normally
stored in vesicles, excess cytosolic DA is easily oxidized both
spontaneously and enzymatically to produce DA quinone. Neu-
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romelanin formation is the outcome of a process generally
known as DA autooxidation, a chain of oxidation reactions in
which highly neurotoxic DA quinones are produced (Drukarch
and van Muiswinkel, 2000). In both idiopathic and genetic cases
of PD, oxidative stress is thought to be the common underlying
mechanism that leads to dopaminergic neuronal loss and motor
disorders. As such, the SN of PD patients exhibit increased levels
of oxidized lipids (Bosco et al., 2006), proteins and DNA (Naka-
beppu et al., 2007), and decreased levels of reduced glutathione
(GSH) (Spencer et al., 1998; Zeevalk et al., 2008).

The enzyme NAD(P)H:quinone oxidoreductase (DT-diaph-
orase; NAD(P)H-(quinone acceptor) oxidoreductase; NQO1), a
member of Phase II detoxification enzymes family, catalyzes the
two-electron reduction of quinone to the redox-stable hydroqui-
none. Since DA and its metabolites have been implicated in the
pathogenesis of PD, NQO1 may exert a protective effect against
such conditions. Accordingly, NQO1 protects against the dam-
aging effects of cyclized quinones and oxidative stress induced
during their redox cycling (Zafar et al,, 2007). Induction of
NQOL by sulforaphane protected against neuro-cytotoxicity as-
sociated with DA quinone in vitro (Han et al., 2007) and against
MPTP-elicited toxicity in vivo (Jazwa et al., 2011). Immunohis-
tochemistry study reveals that NQO1 is distributed in dopami-
nergic neurons in both the SN and VTA and colocalized with TH
(Schultzbergetal., 1988). Based on their clinical and neuropatho-
logical characteristics, NQO1 expression levels are prominently
increased in the early and intermediate stages of PD and disap-
peared in the end-stage PD, when the loss of dopaminergic neu-
rons is in an advanced state (van Muiswinkel et al., 2004). Thus,
NQOL1 is upregulated in the active phase of the disease when the
degenerative process is accompanied by marked gliosis (Orr et al.,
2002). Consequently, the induction of NQO1 constitutes part of
a broad-spectrum neuroprotective response aimed to counteract
DAQs and reactive oxidative species (ROS)-mediated toxicity
(Dufty et al., 1998; Drukarch and van Muiswinkel, 2001; Grau-
mann et al., 2002).

PI3-kinase/Akt signaling is generally considered neuropro-
tective, acting against stress conditions that occur during neu-
rodegeneration. Surprisingly, Akt phosphorylates SRPK2 and
enhances its catalytic activity, leading to the promotion of neu-
ronal cell death in Alzheimer’s disease (AD) (Jang et al., 2009).
Moreover, Akt phosphorylates ataxin-1, leading to association
with 14-3-3 that mediates the neurotoxicity of ataxin-1 by stabi-
lizing it. Therefore, Akt signaling and 14-3-3 cooperate to mod-
ulate the neurotoxicity of ataxin-1, providing insight into
spinocerebellar ataxia Type 1 pathogenesis (Chen et al., 2003).
Accumulating evidence shows defective Akt signaling in PD and
in models of familial and sporadic PD (Greene et al., 2011). For
instance, immunostaining of postmortem brains indicates that
Akt phosphorylation at both S473 and T308 is significantly di-
minished in dopaminergic neurons in PD patients compared
with non-PD patients (Malagelada et al., 2008; Timmons et al.,
2009). Interestingly, we found that Akt directly binds NQO1 and
phosphorylates it on both S40 and T128 residues, the latter being
the major phosphorylation site. Noticeably, Akt, but not PINK1,
phosphorylates NQO1 T128 and provokes its polyubiquitination
and proteasomal degradation, which is mediated by the E3 ligase
Parkin. Consequently, blockade of NQOT1 phosphorylation in the
S40A/T128A double mutant increases its stability and augments
its antioxidative activity, resulting in protection against MPTP-
induced dopaminergic neuronal loss and amelioration of motor
dysfunctions. Hence, Akt displays a temporal role in mediating
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dopaminergic neuronal survival via phosphorylating the antioxi-
dative machinery, including NQO1.

Materials and Methods

Antibodies and reagents. Antibodies to the following targets were used:
anti-GST-HRP (Sigma-Aldrich, #A7340), anti-HA-HRP (Santa Cruz
Biotechnology, #sc-7392), anti-GFP (Santa Cruz Biotechnology, #sc-
9996), anti-p-Akt substrate (Cell Signaling Technology, #9611s), anti-
Akt (Cell Signaling Technology, #4691s), anti-p-Akt S473 (Cell Signaling
Technology, #4060), anti-B-actin (Abcam, #ab8227), anti-a-syn (Santa
Cruz Biotechnology, #sc-69977), anti-p-a-syn S129 (Santa Cruz Biotech-
nology, #sc-135638), anti-TrkB (R&D Systems, MAB397), anti-p-TrkB
pY816 (K.Y. laboratory), anti-BDNF (Novus Biologicals, #NBP2-
42215), anti-TH (Cell Signaling Technology, #2792s), anti-NQO1 (Cell
Signaling Technology, #3187s; and Santa Cruz Biotechnology, #sc-
32793), anti-asparagine endopeptidase (AEP) 6E3, a gift from Dr. Colin
Watts (Department of Immunobiology, Division of Cell Signaling and
Immunology, College of Life Sciences, University of Dundee, Dundee,
United Kingdom), anti-p-C/EBPf3 (Cell Signaling Technology, #3084s),
anti-C/EBPS (Santa Cruz Biotechnology, sc-7962), anti-nuclear ery-
throid 2-related factor 2 (Nrf2) (Santa Cruz Biotechnology, sc-722), anti-
PINK1 (Cell Signaling Technology, #6946s), anti-NQO1 T128 (K.Y.
laboratory), and anti-a-syn N103 (K.Y. laboratory). [vy- 32p]-ATP
(PerkinElmer, #BLU002250UC), DAPI (Sigma-Aldrich, #D9542), Pro-
tein A/G PLUS-Agarose (Santa Cruz Biotechnology, #sc-200), rBDNF
(PeproTech, #450-02), streptavidin AlexaFluor-594 conjugate (Thermo
Fisher Scientific, #S11227), GSH Sepharose 4B (GE Healthcare,
#17075601), NQO1 p-T128 peptide antigen (Covance), wortmannin
(EMD Millipore, #681675), LY294002 (Sigma-Aldrich, #19908),
PD98059 (Sigma-Aldrich, #P215), Akt i-1/2 (Sigma-Aldrich, #A6730),
QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent Technol-
ogies, #210518), and EZ-Link Sulfo-NHS-LC-Biotinylation Kit (Thermo
Fisher Scientific, #21435).

Mice, cell lines, primary cultured rat neurons, and human tissue samples.
WT C57BL/6] mice and human a-synuclein transgenic (SNCA)-Tg mice
regardless of gender were purchased from the Jackson Laboratory
(000664 and 023837). All rats were purchased from The Jackson Labo-
ratory. Animal care and handling were performed according to National
Institutes of Health animal care guidelines and Declaration of Helsinki
and guidelines of Emory University School of Medicine. The protocol
was reviewed and approved by Emory Institutional Animal Care and Use
Committee. HEK293 cells were cultured in high-glucose DMEM supple-
mented with 10% FBS and penicillin (100 units/ml)/streptomycin (100
ug/ml) (all from Hyclone). SH-SY5Y Trk-Null and SH-SY5Y-TrkB
(BR6) cells were cultured in DMEM/F12 added with 10% FBS and pen-
icillin (100 units/ml)/streptomycin (100 pg/ml). Primary cortical neu-
rons were cultured as previously described (Zhang et al., 2014). Cell
cultures were maintained at 37°C in an incubator with humidified atmo-
sphere of 5% CO,. Postmortem brain samples were dissected from fro-
zen brains of PD, dementia with Lewy bodies (DLB), and aged-match
nondemented controls from Emory Alzheimer’s Disease Research Cen-
ter. The study was approved by the Biospecimen Committee of Emory
University School of Medicine. PD and DLB cases were clinically diag-
nosed and neuropathologically confirmed. Informed consent was ob-
tained from the subjects.

Transfection and infection of the cells. All of plasmids and siRNAs were
purchased from Addgene and Santa Cruz Biotechnology, respectively.
PINKI1 and Parkin constructs were recently described (Geisler et al.,
2010). HEK293 transfection was performed using Lipofectamine 2000
(Invitrogen, #11668019). SH-Y5Y and BR6 transfection were performed
using Lipofectamine 3000 (Invitrogen, #L3000075) according to the
manufacturer’s protocol with opti-MEM (Invitrogen, #31985070) as a
transfection solution. Transfected cells were incubated at 37°C for 48 h
and then harvested for further experiments.

Western blotting. To prepare whole-cell lysates, the human tissue sam-
ples, mouse brain, or cultured cells were lysed in lysis buffer (50 m Tris-
HCI, pH 7.5, 150 M NaCl, 1 M EDTA, 0.5% Triton X-100, 50 M NaF, 10 m
sodium pyrophosphate, 10 M sodium 3-glycerophosphate, 1 M Na;VO,,
supplemented with a mixture of protease inhibitors) on ice for 15 min.
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Cell lysates were centrifuged at 15,000 X g for 15 min at 4°C, and then the
supernatant was collected. Protein concentration was measured by Brad-
ford protein assay (Bio-Rad, #5000006). Equally amount of protein
(20-50 ug) was loading for blotting with specific antibodies indicated.

Immunoprecipitation. The cultured cells, mouse brain tissue, or hu-
man tissue samples were lysed in lysis buffer and centrifuged for 15 min
at 15,000 X gat 4°C. The supernatant was incubated with GSH Sepharose
4B Beads for GST target protein, or with indicated antibody and protein
A/G-agarose together overnight at 4°C. After extensive washing, the
bound proteins were detached from the beads by boiling in sample buffer
for 10 min and then subjected to Western blot analyses.

Immunostaining. Free-floating mouse brain sections or paraffin-
embedded human brain sections were treated with 0.3% H,O, for 10
min. For immunofluorescence staining, sections were washed with PBS
for three times and blocked in blocking buffer (1% BSA, 0.3% Triton
X-100, and 10% goat serum in PBS) for 1 h, followed by overnight incu-
bation with primary antibody at 4°C. After washing with carrier buffer
(1% BSA, 0.3% Triton X-100, and 1% goat serum in PBS), incubated
with AlexaFluor-555-conjugated anti-rabbit or anti-mouse IgG for 2 h at
room temperature, followed by DAPI staining for 5 min. Immunochem-
istry staining was performed according to the manufacturer’s instruc-
tions (Invitrogen, #95—6143). Briefly, free-floating 25-um-thick serial
sections were treated with 0.3% hydrogen peroxide for 10 min. Then,
sections were rinsed three times with PBS and blocked in Reagent 1A for
10 min followed by incubation with primary antibodies at 4°C overnight.
After washing with PBS, sections incubated with a biotinylated second
antibody (Reagent 1B) followed by the conjugate enzyme (Reagent 2) for
each 10 min. Then, a chromogen AEC single solution was used to develop
the signals.

NQOI activity assay. For studies with recombinant enzyme prepara-
tions, human GST-NQO1 WT and GST-NQO1 S40A/T128A proteins
were expressed in HEK293 cells and purified using GSH Sepharose 4B
Beads. NQOI activity was measured as the rate of dicoumarol inhibiting
DCPIP reduction essentially as described previously (Dehn et al., 2003).
Briefly, the reaction mixture in final volume of 200 ul contained 25 m
Tris, pH 7.4, 0.2 mg/ml BSA, pH 7.4, 5 um FAD, 200 um NADH, 0.01%
Tween 20 (w/v), and 20 um DCPIP. Enzyme activity was determined by
monitoring the enzyme-dependent decrease in absorbance at 600 nm
with the presence or absence of 20 um dicumarol as an inhibitor.

AEP activity assay. Brain tissue homogenates (30 ug) were incubated
in 200 wl reaction buffer containing 20 M citric acid, 60 M Na,HPO,, 1 M
DTT, 1 M EDTA, and 0.1% CHAPS with pH 6.0, added 10 um AEP
substrate Z-Ala-Ala-Asn-AMC (Bachem) inside. AMC released by AEP
cleavage was quantified by measuring at 460 nm in a fluorescence plate
reader at 37°C in kinetic mode.

Real-time PCR. Levels of mRNA were analyzed by qRT-PCR. RNA was
isolated by Trizol (Invitrogen, #15596018). Reverse transcription
was performed with SuperScriptlll reverse transcriptase (Invitrogen,
#18080085), and gene-specific primers and probes were designed and
bought from TagMan. All real-time PCRs were performed using the ABI
7500-Fast Real-Time PCR System and TagMan Universal Master Mix Kit
(Invitrogen, #4304473). The relative quantification of gene expression
was calculated as 2 =22 method. All of the data points were collected
with at least duplicated wells, and each experiment was repeated at least
three times.

Generation of antibodies specific for Akt-phosphorylated NQOI (anti-
NQOI Ti28). Two rabbits were immunized with the peptide
Ac-EFAY(pT)YAAMYDKCKK-amide. The rabbits received booster in-
jections 4 times with the immunizing peptide with 3 week intervals be-
tween injections. The collected antiserum was affinity purified by
chromatography with the immunizing peptide and then was adsorbed to
a peptide spanning the phosphorylated site (Ac-EFAYTYAAMYDK
CKK-amide).

Akt in vitro kinase assay. Human recombinant GST and Tau/GST-Tau
proteins were expressed in HEK293 cells and purified using GSH Sephar-
ose 4B Beads or by immunoprecipitation. NQO1 protein was purchased
from Sigma-Aldrich (#D1315). Recombinant human GST-tagged Akt
protein was purchased from Cell Sciences (#CRA004A). Substrates were
incubated with Akt in a kinase reaction buffer (25 m Tris-HCI, pH 7.5, 10
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M MgCl,, 5M B-glycerophosphate, 2 M DTT, and 0.1 M Na;VO,) contain-
ing fresh 20 um ATP, 0.1 mg/ml heparin, and 1.5 uCi of [y-**P] for 2h at
30°C. Reactions were then separated in SDS-PAGE and analyzed by
autoradiography.

Identification of phosphorylation sites on NQOI by liquid chromatography-
tandem mass spectrometry. The experiment was performed based on an
optimized protocol (Pagala et al., 2015). The NQO1 gel band was di-
gested with trypsin, and the resulting peptides were analyzed by a nano-
scale reverse phase liquid chromatography coupled with an LTQ
Orbitrap Elite mass spectrometer (Thermo Fisher Scientific). The HPLC
was performed ona 75 um inner diameter X 40 cm column (1.9 um C18
resin, Dr. Maisch, HPLC) with a 90 min gradient of 15%-50% B (solvent
A:0.1% formic acid; solvent B: 0.1% formic acid, 70% acetonitrile; flow
rate of 260 nl/min). The mass spectrometer was operated in data-
dependent mode with MS1 survey scans in the Orbitrap (1 X 10° target
value; 240,000 resolution; 300-1400 Th, 1.6 Th isolation window) fol-
lowed by MS/MS scans analyzed in the ion trap (top 20, CID fragmenta-
tion; normalized collision energy of 35; 2 X 10* target value). Dynamic
exclusion duration was set to 12 s. Maximum injection times were set to
50 ms for all MS1 scans and 100 ms for MS/MS scans. Acquired MS/MS
raw files were converted into mzXML format and searched by JUMP
algorithm against a composite target/decoy database to estimate false
discovery rate (Wang et al., 2014). Searching parameters included mass
tolerance of precursor ions (+6 ppm) and production (0.5 Da), tryptic
restriction, dynamic mass shifts for oxidized Met (15.9949) and phos-
phorylated Ser, Thr, and Tyr (79.96633), three maximal modification
sites, two maximal missed cleavages, as well as only b and y ions counted.
Assigned peptides were grouped by charge state and then filtered by
matching scores (XCorr and ACn) to reduce the protein false discovery
rate to ~1%.

ROS detection. Chloromethyl-H,DCFDA (CM-H,DCFDA) was used
as a probe for the assay of ROS content. In brief, removing cells from
growth media via pipetting and then resuspended cells in prewarmed
PBS buffer containing the probe to provide a final working concentration
of 5 um at 37°C for 30 min. The reaction was terminated by chilling the
reaction mixture in ice. Formation of the oxidized fluorescent derivative
(DCF) was monitored at EX/EM of 485/528 nm using a fluorescence
spectrophotometer. All procedures were performed in the dark 96-well
plates with blanks containing only CM-H,DCFDA as the measurement
of autofluorescence.

Protein carbonyl assay. Protein carbonyls were measured for cell lysates
or brain homogenates using 2,4-dinitrophenylhydrazine derivatization
according to the manufacturer’s instruction of Protein Carbonyl Assay
Kit (Abcam, #ab126287).

GSH/GSSG analysis. GSH/GSSG ratio in cells or brain samples were
determined using GSH/GSSG Ratio Detection Assay Kit (Fluorometric-
Green; Abcam, #ab138881) according to the manufacturer’s guidelines.
In brief, a serial dilution of GSH and GSSG stock standards were pre-
pared as standards; the whole-cell lysates or brain SN lysates were diluted
to 1:80 for GSH analysis. A one-step fluorimetric reaction of samples
with respective assay buffer, and probes were incubated for 60 min pro-
tected from light. Then, fluorescence intensity was monitored at EX/EM
0f490/520 nm. GSH was calculated from the standard cure and GSSG =
(Total GSH — GSH)/2.

Stereotaxic injection of the virus into the SN. The coding sequence of
NQO1 WT or NQO1 S40A/T128A was inserted into pFCGW-NT1 lenti-
viral vectors (CMV promoter, GFP tag). The virus was packaged by Viral
Vector Core of Emory University. Three-month-old SNCA mice regard-
less of gender were anesthetized with isoflurane (Piramal Healthcare).
Meloxicam (2 mg/kg) was injected subcutaneously as an analgesic (Loxi-
con, Norbrook). Bilateral intracerebral injection of lentivirus GFP, len-
tivirus NQO1 WT (titer: 5 X 10° IU/ml), and lentivirus NQO1 S40A/
T128A (titer: 4 X 10° IU/ml) were performed stereotactically at
coordinates AP —3.1 mm and ML — 1.2 mm relative to bregma, and DV
—4.3 mm from the dural surface. A volume of 2 ul of viral suspension
was injected into each point using 10 ul Hamilton syringe with a fixed
needle ant a rate of 0.25 wl/min. Remained the needle in site for 5 min
before it was removed out slowly (over 2 min). The mice were placed on
a heating pad until they began to recover from the surgery.



7294 - ). Neurosci., September 11,2019 - 39(37):7291-7305

MPTP injection and behavioral test. Mice were injected a daily intra-
peritoneal injection of MPTP (30 mg/kg) or saline treatment for 5 d after
virus injection at 2 months. Motor impairments were tested 1 week after
MPTP treatment with rotarod tests and grid tests. In the rotarod tests,
mice were trained for 2 min at a speed of 4 rpm and then performed eight
trials for a maximum of 5 min with increasing speed starting from 4 to 40
rpm. The fall-off time was recorded. For inverted grid tests, mice were
placed in the center of a 30 X 30 cm screen with 1-cm-wide mesh. The
screen was inverted head-over-tail and placed on supports 40 cm above
an open cage with deep bedding. Mice were timed until they released
their grip or remained for 60 s.

Experimental design and statistical analysis. The primary aim of this
study was to explore the molecular mechanism dictating NQO1 expres-
sion oscillation in neurodegenerative disease. All completed experiments
followed the principle of from in vitro to in vivo study to solidly confirm
our findings. After the proteomic analysis to indicate the phosphoryla-
tion sites, three NQO1 mutant plasmids (S40A, T128A, and S40A/
T128A) and innovative antibody NQO1-pT128 were made to perform the
cell experiments. Both male and female mice, WT, and a-SNCA trans-
genic mice were used in the animal experiments. Eight to 10 mice were
performed for behavioral tests, and 4—6 samples from each group were
analyzed in staining experiments. Statistical analysis was performed with
Prism 7.0 (GraphPad). All data were expressed as mean = SEM from
three or more independent experiments. Histological data were analyzed
using either Student’s t test (two-group comparison) or one-way
ANOVA or two-way ANOVA. The threshold for significance for all ex-
periments was set at p < 0.05, and smaller p values were represented as
p <0.01 and p < 0.001.

Results

Akt phosphorylates NQO1 on S40 and T128 residues

To assess whether Akt phosphorylates NQO1, we conducted an
in vitro Akt phosphorylation assay with commercial recombinant
NQOI proteins in the presence of [y->*P]-ATP. Autoradiogra-
phy showed that both positive control Tau and NQO1 were evi-
dently phosphorylated by Akt, whereas GST-negative control was
not. Akt was highly auto-phosphorylated (Fig. 14, top). To map
the phosphorylation sites on NQO1, we performed proteomic
analysis with the in vitro phosphorylated NQO1 and found that
both S40 and T128 residues were phosphorylated by Akt (Fig.
1B,C). To confirm phosphorylation of these two specific sites,
both residues were mutated to alanine and used for in vitro phos-
phorylation assays. Compared with WT NQO1, mutation of ei-
ther of these two residues reduced overall phosphorylation levels.
Phosphorylation was completely abolished for the S40A/T128A
double mutant (Fig. 1D). Next, we developed a rabbit polyclonal
phospho-T128 NQO1-specific antibody. The in vitro phosphor-
ylated NQOT1 was not only validated by p-Akt substrate antibody
that nonspecifically recognizes all of Akt phosphorylation mo-
tifs, but also visualized by p-T128 antibody (Fig. 1E). To test
whether Akt phosphorylates NQO1 in intact cells, we used
TrkB-stably transfected dopaminergic SH-SY5Y cells (BR6
cells). Knockdown of Akt strongly diminished p-NQO1 T128
signals in BR6 cells (Fig. 1-1A, available at https://doi.org/
10.1523/JNEUROSCI.0625-19.2019.f1-1), suggesting that Akt
may indeed phosphorylate NQO1. To test this antibody’s speci-
ficity, we found that p-NQO1 T128 antibody only selectively rec-
ognized WT NQOI, but not the S40A/T128A double mutant, in
the transfected cells. Moreover, this activity was blocked by pre-
incubation with the phospho-peptide antigen, indicating the
specificity of the antibody (Fig. 1-1 B, available at https://doi.org/
10.1523/JNEUROSCI.0625-19.2019.f1-1). Immunohistochem-
istry staining with a-SNCA transgenic PD mouse brain sections
revealed that p-NQOI signals were abrogated by the antigen pep-
tide, but not nonspecific peptide (Fig. 1-1C, available at https://
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doi.org/10.1523/JNEUROSCI.0625-19.2019.f1-1), indicating
that this phospho-antibody specifically recognizes p-NQO1
T128. To further explore whether this phosphorylation occurs in
the PD mouse models, we analyzed p-NQO1 T128 signals in
different ages of human a-SNCA transgenic mice. Immunoblot-
ting showed that p-Akt activities tightly correlated with p-NQO1
T128 signals, and they were gradually reduced with advanced age,
underscoring that Akt is responsible for phosphorylating NQO1
in PD mouse models. Notably, NQOI levels peaked at 7-11
months of age and progressively declined afterward, so was an-
other antioxidative-related transcription factor FOXO3a. No-
ticeably, Nrf2 and PINK1 expression levels were also reduced in
an age-dependent manner, partially in alignment with NQO1
levels in a-SNCA transgenic mice (Fig. 1F). It is worth noting
that the oxidative stress was age-dependently augmented in
a-SNCA mice (Fig. 1-1 D, E, available at https://doi.org/10.1523/
JNEUROSCI.0625-19.2019.f1-1). Thus, Akt phosphorylates
NQOI1 T128 residue in PD mouse model.

Akt associates with NQO1 in a

phosphorylation-dependent manner

To examine whether Akt associates with NQO1, we performed
GST pulldown assay from cells cotransfected with both GST-
NQOI1 and various HA-tagged Akt constructs. Interestingly,
Akt-CA (constitutively active) displayed the strongest binding
activity, followed by WT Akt, whereas Akt-KD (kinase-dead)
failed to associate with NQO1. The association patterns corre-
lated well with p-NQOI1 levels, suggesting that the interaction
between NQOI and Akt might be mediated by its phosphoryla-
tion status (Fig. 2A, top). The relative binding affinities and
p-NQOI levels were quantified (Fig. 2A, bottom). To test
whether p-NQO1 status indeed regulates the complex formation,
we used phospho-dead mutants and found that S40A or T128A
diminished binding between Akt and NQOI. It is worth noting
that T128A exhibited much weaker binding compared with
S40A, and the interaction was completely abrogated when both
residues were mutated into A, supporting that NQO1 phosphor-
ylation is required for Akt/NQO1 association with p-T128 being
more important than p-S40 (Fig. 2B).

To further examine whether their interaction is p-NQO1-
dependent, we treated primary cortical neurons with BDNF in
the presence of various inhibitors. Compared with DMSO con-
trol, BDNF treatment enhanced the interaction, but inhibition of
the PI3K/Akt pathway with wortmannin, Akti-1/2, or LY294002,
but not MEK1, with PD98059 evidently decreased the interaction
between NQOI1 and Akt. As expected, both p-Akt and p-NQO1
signals were strongly repressed by the inhibitors, fitting with the
binding activities between NQO1 and Akt (Fig. 2C). We made
similar observations with endogenous Akt and NQO1 upon EGF
treatment of SH-SY5Y cells. Remarkably, total NQOL1 levels in-
versely correlated with p-Akt and p-NQOL levels (Fig. 2-1A4,
available at https://doi.org/10.1523/JNEUROSCI.0625-19.2019.
f2-1). Thus, the interaction between Akt and NQO1 is p-T128-
dependent. To further explore the association of these two pro-
teins, we conducted immunofluorescent staining with PD
patients’ SN and age-matched healthy controls. Both Akt/p-
NQOI and p-Akt/p-NQOT1 were strongly colocalized in the cy-
toplasm. Notably, both p-NQO1 and p-Akt levels were markedly
reduced in PD brains compared with healthy controls (Fig. 2D—
G). Similar to patients, p-NQO1/Akt and Akt/p-NQO1 were also
strongly colocalized in WT mice brains, and both were potently
reduced after MPTP treatment. In agreement with these findings,
we found that chronic MPTP treatment repressed both p-Aktand
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pP-NQOI levels in WT mice compared with vehicle control with a
tight correlation. Remarkably, NQO1, but not Akt, total levels
were decreased upon MPTP treatment (Fig. 2-1 B-F, available at
https://doi.org/10.1523/J]NEUROSCI.0625-19.2019.f2-1). The
same phenomena occurred in human a-SNCA transgenic PD
mouse model upon MPTP treatment (Fig. 2-1G-K, available at
https://doi.org/10.1523/]NEUROSCI.0625-19.2019.f2-1). To fur-
ther investigate the biochemical events in human DLB patients,
another synucleinopathy, we found that BDNF was evidently re-
duced in DLB samples compared with control brains. Accord-
ingly, both p-TrkB and its downstream effector p-Akt signals
were decreased in DLB patient brains. In alignment with these
findings, both p-NQO1 and total NQO1 were prominently atten-
uated in DLB samples versus controls. Consequently, coimmu-
noprecipitation assay demonstrated that the association between
p-NQO1 and Akt was decreased (Fig. 2H,I). Therefore, the
association between Akt and NQO1 is phosphorylation-depen-
dent, and the phosphorylation signals are diminished in PD mouse
models and patient brains.

Akt phosphorylation triggers NQO1 degradation

The inverse correlation between p-Akt and NQOI1 total levels
suggests that Akt phosphorylation of NQO1 might trigger its
protein degradation. To investigate this possibility, we used BR6
cells that were treated with BDNF and PI(3)K inhibitors. We
found that NQOI1 levels inversely correlated with p-Akt levels,
and NQOL1 levels were high when Akt was inhibited by its inhib-
itors, and BDNF treatment strongly decreased NQO1 protein
levels (Fig. 3A). To further explore whether indeed Akt dictates
NQOI1 protein stability, we transfected different amounts of
Akt-CA constructs into HEK293 cells, and found that NQO1
levels were gradually diminished when Akt was increased (Fig.
3B). TagMan Real-Time PCR Assay for the specific detection and
quantification (Connell and Messerschmidt, 2005) of NQO1
confirmed that Akt-CA did not affect mRNA levels of NQO1
(Fig. 3C), indicating that Akt phosphorylation of NQO1 may
mediate its protein stability but not mRNA transcription.

To assess whether p-NQO1 is degraded through polyubiquiti-
nation/proteasomal pathway, we transfected HA-NQO1 into
HEK293 cells, followed by EGF stimulation for different time
points. Immunoprecipitation experiments showed that NQO1
was ubiquitinated in a phosphorylation-dependent manner.
When p-Akt signals faded away, NQO1 phosphorylation re-
duced, so was its ubiquitination (Fig. 3-1A, available at https://
doi.org/10.1523/JNEUROSCI.0625-19.2019.3-1). To determine
whether this effect was triggered by Akt, we cotransfected GST-
NQO1 and HA-tagged Akt constructs into HEK 293 cells. GST
pulldown revealed that NQO1 was strongly polyubiquitinated in
the presence of Akt-CA, and this effect was reduced in the pres-
ence of Akt-KD, coupled with p-NQO1 status (Fig. 3-1 B, avail-
able at https://doi.org/10.1523/JNEUROSCI.0625-19.2019.f3-1).

<«

(Figure legend continued.)  Scale bars, 20 wm. F, G, Quantification of colocalization in D and
C(n = 5 cases per group, p = 0.0016 in F, p = 0.0051 in G, unpaired ¢ test, two-tailed). H,
Western blot analysis of phosphorylated NQO1 and Akt in DLB brains compared with age-
matched healthy controls. /, The expression levels of p-NQO1 1128 directly correlate with p-Akt
levels in human brains. The Spearman correlation coefficient r2 and p values are shown. For the
related changes of p-NQO1 and p-Akt levels in WT and «-SNCA mice after MPTP treatment
involved, see Figure 2-1B—K (available at https://doi.org/10.1523/JNEUR0SCI.0625-
19.2019.£2-1). All the Western blot data are representative of three independent experiments.
Quantification data are expressed as mean == SEM. Student’s ¢ test or one-way ANOVA with
Tukey's multiple-comparisons test: *p << 0.05; **p < 0.01; *p < 0.001.
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Cotransfection assay showed that GST-NQOI1 interacted with
HA-ubiquitin. The total levels of GST-NQO1 were reduced in
the presence of HA-ubiquitin (Fig. 3-1C, available at https://doi.
org/10.1523/JNEUROSCIL.0625-19.2019.f3-1), suggesting that
NQOIL1 polyubiquitination might reduce its protein levels. To
ensure that Akt phosphorylation of NQO1 dictates its polyubig-
uitination, we cotransfected GST-NQO1 and HA-Akt into
HEK293 cells in the presence of various Akt inhibitors, and found
treatment with MG132, a proteasomal inhibitor, strongly aug-
mented NQO1 polyubiquitination, which was antagonized by
Akt inhibitors. Both p-Akt and p-NQO1 activities were blocked
by these inhibitors (Fig. 3D). To further interrogate the role of
Akt phosphorylation of NQOL in its polyubiquitination, we
treated BR6 cells in the presence of Akt i-1/2, followed by BDNF
stimulation. In the presence of MG132, BDNF treatment elicited
demonstrable NQOT1 polyubiquitination, which was blocked by
Akt inhibitor (Fig. 3E, lanes 4 and 8), indicating that BDNF-
induced Akt phosphorylates NQO1 and triggers its polyubiquiti-
nation. In HEK 293 cells cotransfected with both GST-NQO1
and HA-ubiquitin, again, EGF-elicited NQO1 polyubiquitina-
tion was also abolished in the presence of Akt inhibitor (Fig.
3-1D, available at https://doi.org/10.1523/JNEUROSCI.0625-
19.2019.3-1). To directly assess the role of p-T128 in dictating
NQOI1 polyubiquitination, we used different NQO1 mutants,
and found that T128A, but not S40A, strongly blunted NQO1
polyubiquitination, and the double mutant (S40A/T128A) to-
tally lost its polyubiquitination activities regardless of BDNF or
EGF treatment (Fig. 3F; Fig. 3-1E, available at https://doi.org/
10.1523/JNEUROSCI.0625-19.2019.f3-1). Therefore, Akt phos-
phorylation of NQO1 T128 regulates its polyubiquitination and
subsequent degradation.

Parkin acts as an E3 ubiquitin ligase for NQO1
Parkin belongs to the “really interesting new gene” (RING) finger
class of E3 ubiquitin ligases (Shimura et al., 2000), which ubiq-
uitinates several candidate substrates and thereby targets them
for proteasomal degradation. Recessive mutations in the human
PARKIN gene are the most common cause of hereditary Parkin-
sonism (Kitada et al., 1998). To explore whether Parkin acts as an
E3 ligase for mediating NQO1 ubiquitination and degradation,
we conducted a cotransfection assay and found that NQO1
strongly interacted with Parkin regardless of Akt (Fig. 4-1A,
available at https://doi.org/10.1523/JNEUROSCI.0625-19.2019.
f4-1). Interestingly, WT NQOI, but not unphosphorylatable
S40A/T128A, mutant associated with Parkin, suggesting that this
interaction is p-NQO1 T128-dependent as well (Fig. 4A). Immu-
nofluorescent costaining revealed that p-NQO1 and Parkin
tightly colocalized in human healthy control brains, and these
signals were significantly reduced in PD patient brains (Fig.
4B, C). To ascertain the role of Parkin in regulating NQO1 ubiq-
uitination, we cotransfected Akt WT or KD constructs with
NQOLI in the presence of Parkin into HEK293 cells, followed by
MG132 treatment. We found that Akt WT, but not KD, provoked
NQOI1 ubiquitination, which was strongly augmented by Parkin.
p-NQOI T128 signals coupled with its polyubiquitination activ-
ity (Fig. 4D). On the other hand, depletion of Parkin with a spe-
cific siRNA entirely abrogated NQO1 ubiquitination, even
though NQO1 T128 was strongly phosphorylated, suggesting
that Parkin is the major E3 ligase for promoting NQO1 polyubiq-
uitination (Fig. 4E).

PINKI1 accumulates on the outer membrane of damaged mi-
tochondria, activates Parkin’s E3 ubiquitin ligase activity, and
recruits Parkin to dysfunctional mitochondria. Then, Parkin
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inhibitors (wortmannin, 1 um; LY294002, 10 pum; Akt i-1/2, 10 um) and

Akt phosphorylation triggers NQO1 degradation through ubiquitination. 4, Inhibition of NQO1 phosphorylation by Akt increases its protein levels. BR6 cells were treated with PI(3)K
PD98059 (10 wum) for 30 min and followed by BDNF treatment (100 ng/ml, 30 min). Western blot analyzed the cell lysates
with indicated antibodies. Bottom, Quantification of relative NQO1 protein levels (n = 3). B, Overexpression of Akt induces NQO1 reduction. HEK293 cells were transfected with the indicated
amounts of HA-Akt-CA for 48 h. The cell lysates were subjected to Western blot analysis with indicated antibodies. Right, Quantification of relative NQO1 protein levels (n = 3). C, The isolated total
RNAs from samples b subjected to qRT-PCR to detect NQOT mRNA levels (n = 3 per group). D, PI(3)K inhibitors abolish NQO1 ubiquitination. Mammalian GST-NQO1 was cotransfected with HA-Akt
into HEK293 cells. After 36 h, cells were pretreated with MG132 (20 wm, 3 h) twice followed by PI(3)K inhibitors for 30 min. GST-NQO1 was pulled down, and cell lysates were subjected to Western
blot analysis with indicated antibodies. Bottom, Quantification of relative ubiquitination levels (n = 3). E, Akt phosphorylation mediates NQO1 ubiquitination. BR6 cells were treated with the
presence and absence of BDNF, Akt i-1/2, and MG132. NQO1 was immunoprecipitated and its ubiquitination levels were monitor by immunoblotting. Bottom, (Figure legend continues.)
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ubiquitinates outer mitochondrial membrane proteins to trigger
selective autophagy (Pickrell and Youle, 2015). To assess whether
PINKI1 could implicate in phosphorylating NQO1 and couple it
to Parkin, we cotransfected PINK1-His with GST-NQO1 WT or
phospho-dead S40A/T128A mutant into dopaminergic SH-SY5Y
cells, and found that Akt, but not PINKI, provoked NQO1 T128
phosphorylation, although PINK1 robustly phosphorylated Par-
kin. GST pulldown showed that NQO1 was prominently polyu-
biquitinated in the presence of Akt, but not PINK1, supporting
that Akt, but not PINK1, plays a dominant role in phosphorylat-
ing NQO1 and dictates its subsequent ubiquitination (Fig. 4-1B,
available at https://doi.org/10.1523/JNEUROSCI.0625-19.2019.
f4-1).

Unphosphorylatable NQO1 possesses stronger antioxidative
activity and exhibits higher cytoprotective effects

To test the effect of NQO1 phosphorylation on its antioxidative
enzymatic activity, we conducted in vitro NQO1 enzymatic assay
and found that both WT and phospho-dead S40A/T128A mutant
exhibited comparable activity, which was effectively blunted
by its inhibitor Dicumarol (Fig. 5-1A, available at https://doi.
org/10.1523/JNEUROSCIL.0625-19.2019.f5-1). To investigate
whether the phosphorylation affects NQO1’s prosurvival effect,
we transfected BR6 cells with GST-tagged NQO1 WT or unphos-
phorylatable mutant, followed by pretreatment with vehicle con-
trol or BDNF, then stimulated with 500 um MPP ™. The medium
was monitored with the LDH assay. We found that MPP *-
elicited cell death was significantly repressed by BDNF. In the
absence of BDNF, transfection of NQO1 exhibited stronger cy-
toprotective activity than GST control regardless of WT or un-
phosphorylatable mutant. Nonetheless, in the presence of BDNF,
S40A/T128A mutant displayed stronger cytoprotective activity
than WT did (Fig. 5A). Immunoblotting analysis showed that
BDNF robustly stimulated p-TrkB and p-Akt and p-NQO1 T128
signals. As expected, MPP ™ elicited demonstrable TH loss, which
was repressed in the presence of NQO1 WT. The maximal pro-
tective effect occurred in S40A/T128A samples treated with
BDNF, which was much stronger compared with WT NQO1 or
vehicle control. Moreover, unphosphorylatable mutant protein
concentrations were higher than WT NQO1, with lower amount
of proteins in the presence of BDNF (Fig. 5B). To further assess
the cytoprotective effects, we performed a TUNEL assay in the
presence of BDNF and MPP * and found that unphosphorylat-
able NQOI1 mutant exhibited the strongest cytoprotective activ-
ity, followed by GST-NQO1 and GST control. Consequently,
TUNEL signals were the fewest in S40A/T128A-transfected cells
with the strongest TH activities (Fig. 5C-G). The oxidative stress
evaluation demonstrated that S40A/T128A mutant possessed the
strongest antioxidative activities (Fig. 5-1B-D, available at
https://doi.org/10.1523/JNEUROSCI.0625-19.2019.f5-1), fitting
with its much higher protein stability.

<«

(Figure legend continued.)  Quantification of relative ubiquitination levels (n = 3). F, Akt
triggers NQO1 ubiquitination-dependent on the phosphorylation of residue T128. T128-
mutated NQO1 (T128A and S40A/T128A) was not ubiquitinated and MG132 treatment stabi-
lized ubiquitinated forms of WT NQO1. Bottom, Quantification of relative ubiquitination levels
(n = 3). For the analysis of Akt triggers NQO1 ubiquitination in a phosphorylation-dependent
manner involved, see Figure 3-1 (available at https://doi.org/10.1523/JNEUR0SCI.0625-
19.2019.3-1). Data are mean =+ SEM. One-way ANOVA with Dunnett's multiple-
comparisons test: *p << 0.05; **p << 0.01. Western blot data are representative of three
independent experiments.
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Unphosphorylatable NQO1 mutant protects dopaminergic
neurons and rescues motor dysfunction

To investigate the in vivo role of NQO1 phosphorylation by Akt,
we injected GFP carrying lentivirus that expresses GST-tagged
NQO1 WT or unphosphorylatable mutant into the SN regions of
3-month-old a-SNCA mice regardless of gender. The viral infec-
tion efficiency was validated by immunofluorescence colocaliza-
tion analysis of GFP/TH-positive cells (Fig. 6-1A, available at
https://doi.org/10.1523/JNEUROSCI.0625-19.2019.f6-1). Two
months after viral delivery, the mice were treated with MPTP (30
mg/kg, i.p.) or saline for 5 d. We monitored dopaminergic neu-
ron loss 1 week after MPTP treatment. Immunohistochemistry
staining showed that dopaminergic neurons in SN, and its pro-
jections in striatum were substantially diminished by MPTP in
GFP control mice compared with vehicle. Again, NQO1 WT ex-
pression attenuated the loss of dopaminergic neurons. The max-
imal neuroprotective effects occurred to S40A/T128A mutant
(Fig. 6A), which was confirmed by the quantitative analysis (Fig.
6B,C). Motor behavioral tests showed that MPTP incurred sig-
nificantly motor disorder in GFP control group, which was ame-
liorated upon NQO1 WT expression. Remarkably, in the S40A/
T128A group, MPTP treatment-elicited motor disorders were
significantly less severe than the WT NQO1 group (Fig. 6 D, E),
supporting that unphosphorylatable NQO1 is highly neuropro-
tective and prevents MPTP-elicited motor dysfunctions in
a-SNCA mice. ROS analysis demonstrated that S40A/T128A
mice possessed the least oxidative stress among the experimental
groups, provoked by MPTP treatment, in alignment with its
prominent neuroprotective activity (Fig. 6-1B,C, available at
https://doi.org/10.1523/J]NEUROSCI.0625-19.2019.f6-1).  Im-
munoblotting analysis revealed that comparable levels of NQO1
constructs were expressed in the mouse brains. In GFP control,
MPTP treatment elicited prominent dopaminergic neuronal TH
loss, which was partially alleviated by NQO1 WT expression.
Dopaminergic loss was further repressed by S40A/T128A mutant
(Fig. 6F, top, fourth panel).

AEP is an age-dependent protease cleaving substrates after
asparagine. We have recently reported that AEP selectively
cleaves a-synuclein at N103 and promotes its aggregation and
neurotoxicity in PD patient brains and PD animal models (Zhang
et al., 2017). AEP is upregulated and activated by the oxidative
stress exerted by MPTP (Kang et al., 2018). As expected,
a-synuclein was strongly cleaved at N103 by upregulated and
activated AEP, and some of a-synuclein was phosphorylated on
S129 in GFP control mice upon MPTP. a-Syn N103 truncation
by active AEP was partially inhibited by NQO1 WT and com-
pletely repressed by unphosphorylatable mutant (Fig. 6F, fifth
and sixth panels), in alignment with AEP enzymatic assay data
that the least AEP activity was found in S40A/T128A mice (Fig.
6-1D, available at https://doi.org/10.1523/JNEUROSCI.0625-
19.2019.f6-1). Immunofluorescent costaining validated that a-Syn
N103 positively correlated with AEP levels in the SN sections (Fig.
6-1E, available at https://doi.org/10.1523/J]NEUROSCI.0625-
19.2019.f6-1). MPTP provoked demonstrable p-a-synuclein S129
in GFP control mice that were colocalized with ubiquitin, a bio-
marker for Lewy bodies. The signals were evidently suppressed in
NQO1 WT mice and eliminated in unphosphorylatable NQO1
mutant mice (Fig. 6G). Hence, unphosphorylatable NQO1 pos-
sesses the strongest antioxidative activity, rescuing dopaminergic
neurons from MPTP-induced cell death and alleviating motor
impairment.
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Figure4.  Parkin acts as an E3 ubiquitin ligase for NQO1. 4, Parkin associates with NQO1 in a phosphorylation-dependent manner. GST pulldown shows the interaction of Parkin with WT NQO1,
but not with the unphosphorylatable S40A/T128A mutant. NQO1 interacted with Parkin regardless of Akt can be found in Figure 4-14 (available at https://doi.org/10.1523/JNEUR0SCI.0625-
19.2019.f4-1). B, Inmunofluorescent staining of Parkin/p-NQO1T128 in human PD SN compared with age-matched healthy control. Both Parkin and p-NQO1 were reduced in PD brains. Confocal
images show colocalization. Scale bars, 50 m. €, Quantification of colocalization in B (n = 5 cases per group, p = 0.258, unpaired t test, two-tailed). D, In vitro ubiquitination assay demonstrating
that NQO1 ubiquitination was enhanced in the presence of Parkin. NQO1 failed to be ubiquitinated in the absence of Akt phosphorylation. E, Knockdown of Parkin abolishes NQO1 ubiquitination.
SH-SY5Y cells were pretreated with control or Parkin siRNA for 12 h, followed by transfection with HA-Akt for 36 h and treatment of MG132 (20 wm, 3 h) twice; then cell lysates were prepared and
analyzed by immunoblotting. Right, Quantification of relative ubiquitination and p-NQO1T128 levels (n = 3). For the demonstration that NQO1 ubiquitination is independent of PINKT involved, see
Figure 4-1B (available at https://doi.org/10.1523/INEUR0SCI.0625-19.2019.f4-1). Data are mean = SEM. One-way ANOVA with Dunnett’s multiple-comparisons test: *p << 0.05; **p << 0.01.
Western blot data are representative of three independent experiments.
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Figure5.  Unphosphorylatable NQO1 mutant possesses stronger cytoprotective effects. A, The phospho-dead NQO1 mutant exerts stronger cytoprotective activity. LDH assay showing that NQO1
mutant exhibits stronger cytoprotection after MPP ™ treatment. BR6 cells were transfected with GST-NQOT for 24 h, followed by BDNF (100 ng/ml, 30 min) twice and then MPP * (500 yum)
treatment overnight before cell harvesting. Data are mean = SEM (n = 3). B, Western blot analysis showing NQO1 mutant resisted the phosphorylation and degradation by Akt. Blots shown are
representative of three independent experiments. The investigation of in vitro antioxidative enzymatic activities of WT and phospho-dead NQO1 can be found in Figure 5-14 (available at
https://doi.org/10.1523/JNEUR0SCI.0625-19.2019.f5-1). €, D, Inmunofluorescent staining of TH/TUNEL and p-NQO1 T128/TUNEL in BR6 cells transfected with GST-tagged WT and mutated NQO1,
and then treated with BDNF/MPP ™. Scale bars, 50 m. Quantification of TUNEL-positive cells (E, one-way ANOVA, p = 0.038 and p << 0.0001, respectively), THintensity (F, one-way ANOVA, p =
0.005Tand p = 0.0002, respectively), and p-NQO1T128 intensity (G, one-way ANOVA, p << 0.0001and p = 0.0047, respectively) are shown. Data are mean == SEM (n = 5 per group). For oxidative
stress, evaluation demonstrated that mutant NQO1 possessed the strongest antioxidative activities (see Fig. 5-18-D, available at https://doi.org/10.1523/JNEUR0SCI.0625-19.2019.5-1). One-way
ANOVA or two-way ANOVA with Tukey's multiple-comparisons test: **p < 0.01; *p << 0.001.
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Figure6.  Unphosphorylatable NQO1 mutant protects dopaminergic neurons and rescues motor dysfunction. 4, Unphosphorylatable NQOT mutant displays stronger neuroprotective activity than
WTNQO1. THimmunostaining of the SN and striatum of the above mice. Scale bars, 200 um. Unbiased stereological cell counts in the SN (B, n = 5 per group, two-way ANOVA, p < 0.0001,p =
0.0132,and p = 0.0403, respectively) and the total density of striatal dopaminergic terminals (C, n = 5 per group, two-way ANOVA, p << 0.0001, p = 0.0011, and p = 0.0305, respectively). Data
are mean == SEM. Rotarod tests (D, two-way ANOVA, p = 0.007, p = 0.0408, p = 0.0013, and p = 0.0485, respectively) and grid tests (E, two-way ANOVA, p << 0.0001 and p = 0.0033,
respectively) were conducted by a blinded observer 2 months after the virus injection followed by the MPTP treatment. Data are mean == SEM (n = 69 per group). The validation of viral infection
efficiency and the evaluation of oxidative stress can be found in Figure 6-14—C (available at https://doi.org/10.1523/JNEUR0SCI.0625-19.2019.f6-1). F, S40A/T128A mutation enhances NQO1's
stability and protects dopaminergic neurons. SN lysates were probed with various indicated antibodies. Blot data are representative of three independent experiments. For the detection of AEP
activity and the levels of AEP and its product ce-syn N103 in SN lysates involved, see Figure 6-1D, £ (available at https://doi.org/10.1523/JNEUR0SCI.0625-19.2019.f6-1). G, Unphosphorylatable
NQO1 mutant significantly reduces Lewy body-like pathology in the SN compared with GFP control group after MPTP treatment. Inmunofluorescent costaining signals of anti-c-synuclein pS129
(red) and anti-ubiquitin (gray) as a Lewy body-like marker were detected in the SN of GFP control mice but completely absentin NQO1 mutant-injected mice. Scale bar, 10 ,um. Two-way ANOVA with
Tukey's multiple-comparisons test: *p << 0.05; **p < 0.01; *p < 0.001.
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Discussion

In the current study, we show that Akt binds and phosphorylates
NQOL on both S40 and T128 residues, with the latter being the
major phosphorylation site. Interestingly, p-NQOI triggers its
ubiquitination and degradation, and NQOL1 levels are inversely
correlated with p-Akt activities. Notably, Akt, but not canonical
PINK1, phosphorylates NQO1 and couples it to the E3 ligase
Parkin, which increases p-NQO1 polyubiquitination and protea-
somal degradation. Remarkably, unphosphorylatable NQO1,
due to inhibition of the upstream Akt kinase or S40A/T128A
mutation, is much more stable compared with phosphorylated
NQO1 WT. Nonetheless, both of them exhibit similar antioxida-
tive enzymatic activities, indicating that phosphorylation does
not regulate NQO1 enzymatic activity. Noticeably, we found that
both p-NQO1 T128 and Parkin are reduced in human PD brains
compared with healthy controls. Moreover, p-Akt levels are also
attenuated in synucleinopathies, including DLB and PD patients,
so are the upstream neurotrophic BDNE/TtkB signal pathways.
Consequently, unphosphorylatable S40A/T128A mutant dis-
plays much stronger neuroprotective effect than NQO1 WT in
protecting dopaminergic cell survival because the phospho-dead
NQOI mutant is much more stable than its WT counterpart,
significantly suppressing ROS and decreasing MPTP-induced
neurotoxicity. Hence, blockade of Akt-mediated NQO1 T128
phosphorylation may elongate the half-life of NQO1, augment-
ing the antioxidative stress in dopaminergic neurons and protect-
ing them from degeneration in PD pathogenesis.

Throughout evolution, cells have developed an efficient pro-
tective system involving detoxification and antioxidants. Nrf2, a
redox-sensitive transcription factor, is involved in the regulation
of the antioxidant response element-mediated expression of Phase II
detoxifying antioxidant enzymes, including NQO1 (Favreau and
Pickett, 1995). Many antioxidant genes are controlled by Nrf2; how-
ever, the gene encoding NQOL1 is of particular interest because of its
role in the metabolites of DA oxidation-induced oxidative stress
(van Muiswinkel et al., 2004). Alterations in the cellular expres-
sion of NQO1 in SN have been described as one of the biochem-
ical characteristics of PD (Ross et al., 2000; Beal, 2003). NQO1
levels are increased in the early and intermediate stages of PD.
Intriguingly, it is absent at the end stage of the disease, when
dopaminergic neurons and extracellular neuromelanin deposits
are almost completely disappeared (van Muiswinkel et al., 2004).
We also found that p-NQOI, Parkin, and p-Akt are prominently
reduced in PD brain compared with control brains (Figs. 1F,
2D,E, and 4B,C). Moreover, in neurotoxin MPTP models,
both p-Akt and NQOI and its p-NQO1 T128 signals were
strongly suppressed in MPTP-treated WT and human
a-SNCA transgenic mice (Fig. 2-1, available at https://doi.
org/10.1523/JNEUROSCI.0625-19.2019.£2-1). Therefore, both
NQOI1 and its p-T128 levels oscillate in an age-dependent man-
ner in a-SNCA mice, and greatly decreased in both PD mouse
models and patients.

PTEN-induced putative kinase 1 (PINK1) was initially iden-
tified as a PTEN-inducible transcript and contains a serine/thre-
onine kinase domain (Unoki and Nakamura, 2001). Mutations
in PINK1 (PTEN-induced putative kinase 1), a familial PD-
related gene, cause an autosomal recessive and early onset PD
(Valente et al., 2001; Bonifati et al., 2005). In addition to regula-
tion of NQOI, Nrf2, an antioxidant transcription factor, medi-
ates PINK1 expression under oxidative stress conditions.
Damaged mitochondria arising from stress conditions induced
NREF2-dependent transcription of the PINKI gene through the
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production of ROS (Murata et al., 2015; Xiao et al., 2017). Mito-
chondrial function, dynamics, and quality control are vital for the
maintenance of neuronal integrity. Indeed, there is mounting
evidence that mitochondrial dysfunction plays a central role in
several neurodegenerative diseases. Studies on the functions of
Parkin and PINK1, which are associated with autosomal recessive
Parkinsonism, provide compelling evidence that these proteins
can functionally interact to maintain mitochondrial integrity and
to promote clearance of damaged and dysfunctional mitochon-
dria (Pilsl and Winklhofer, 2012). The PINK1 gene encodes a
581-amino acid protein that harbors an N-terminal mitochon-
drial targeting sequence followed by a putative transmembrane
region and a serine/threonine kinase domain (Valente et al,,
2004). When mitochondria are damaged and lose membrane
potential, PINK1 accumulates on the outer membrane of depo-
larized mitochondria. Accumulated PINKI recruits Parkin, a
PD-linked E3 ubiquitin ligase, and Parkin can mediate the au-
tophagic elimination of depolarized mitochondria (Narendra et
al., 2008; Geisler et al., 2010). Biochemical and genetic studies
reveal that PINK1 and Parkin normally work together in the same
pathway to govern mitochondrial quality control, bolstering pre-
vious evidence that mitochondrial damage is involved in PD
(Pickrell and Youle, 2015). Like Akt, PINKI is an essential pro-
survival factor that is induced in response to oxidative stress.
PINK1 mutation, knockdown, or KO decreases mitochondrial
respiration, mitochondria membrane potential, and ATP gener-
ation, and increased ROS, which result in increased susceptibility
to apoptosis in various types of cells, including neurons, skeletal
muscles, and fibroblasts (Abramov et al., 2011). PINK1 knock-
down (KD) or expression of KD PINK1 mutants in PC12 and
SH-SY5Y cells decreases ATP generation and oxygen consump-
tion (Beilina et al., 2005; Sim et al., 2006; Liu et al., 2009) and
increases ROS production (Gandhi et al., 2009). PINK1 protects
cells against various stresses through activation of Akt via mam-
malian target of rapamycin complex 2 (mTORC2) (Murata et al.,
2011; Wu et al., 2013), regulation of Bcl-xL (Arena et al., 2013),
and elimination of damaged mitochondria (Matsuda et al., 2010;
Narendra et al., 2010). Accordingly, we monitored this pathway
in the SN samples and found that Nrf2 and PINK1 expression
levels were reduced in an age-dependent manner, partially in
alignment with NQOI levels in a-SNCA transgenic mice (Fig.
1F). Conceivably, NRF2 pathway is involved in the oscillating
NQOL1 expression in PD pathology. Remarkably, we found that
Akt, but not PINKI, phosphorylates NQO1 and couples
p-NQOL1 to the ubiquitin E3 ligase Parkin (Fig. 4).

PI 3-kinase/Akt signaling usually acts as a major pathway me-
diating survival signals in neuronal cells. Nonetheless, Akt’s dual
roles in neurodegenerative diseases have been documented. For
instance, Akt promotes ataxin-1-induced neurodegeneration.
Akt phosphorylates ataxin-1 and elevates its binding to 14-3-3,
which in turn leads to ataxin-1 accumulation and neurodegen-
eration (Chen et al., 2003). Moreover, Akt phosphorylates
SRPK?2, a cell-cycle regulated pre-mRNA splicing factor, on T492
and promotes its nuclear translocation leading to cyclin D1 up-
regulation, cell cycle reentry, and neuronal apoptosis in AD. The
14-3-3 binding of SRPK2, regulated by Akt phosphorylation, in-
hibits these events (Jang et al., 2009). Therefore, the differential
effects of PI3-kinase/Akt signaling upon each pathogenic protein
exemplify the diversity of cellular responses in different human
neurodegenerative diseases. On one hand, NQO1 is induced and
upregulated to counteract oxidative stress in the early and inter-
mediate stages of PD. In the meantime, Akt signaling may also be
activated to protect neurons from excessive stress. These two
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separate factors may corroborate to promote dopaminergic neu-
ronal survival. However, as the disease progresses, Akt may bind
NQOI and phosphorylate NQO1 at both S40 and T128 residues,
which leads the latter to be degraded via polyubiquitination/pro-
teasomal machinery (Figs. 1, 2). The 14-3-3, an adaptor protein
coupling Akt and its phosphorylation substrates, can be ubiqui-
tinated by mammalian MrsA in the neurons (Deng et al., 2018).
Presumably, 14-3-3 may involve in the interaction between Akt/
p-NQO1, mediating NQOT1 polyubiquitination and degradation.
Accordingly, the oxidative stress will increase due to lack of anti-
oxidative enzymes, resulting in neuronal cell death. Concomi-
tantly, Akt signaling is also suppressed by various detrimental
cellular environments, including aggregated a-synuclein and
toxic ROS. Ultimately, Akt signaling is reduced in PD brains, and
dopaminergic neurons are lost in SN pars compacta (Malagelada
etal., 2008; Timmons et al., 2009). Together, our innovative find-
ings support that NQO1 plays a critical role in PD pathogenesis in
response to oxidative stress. Elongating its protein stability may
provide an unprecedented therapeutic strategy in treating PD.
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