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Abstract

The pathogenesis of Parkinson’s disease (PD) remains elusive, but mitochondrial dysfunction is
believed to be one crucial step in its pathogenesis. The mitochondrial unfolded protein response
(UPR™Y) is an important mitochondrial quality control strategy that maintains mitochondrial
function in response to disturbances of mitochondrial protein homeostasis. Activation of the
UPR™M and the beneficial effect of rescuing mitochondrial proteostasis have been reported in
several genetic models of PD. However, the pathogenic relevance of the UPR™ in idiopathic PD is
unknown. The present study examined the link between the UPR™! and mitochondrial dysfunction
in 1-methyl-4-phenylpyridinium (MPP*)-treated SH-SY5Y cells. Treatment with MPP* induced
activation of the UPR™M, reflected by an increase in the expression of UPRM-related chaperones,
proteases, and transcription mediators. UPR™M! activation that was induced by overexpressing
mutant ornithine transcarbamylase significantly reduced the production of mitochondrial reactive
oxygen species (ROS) and improved cell survival in SH-SY5Y cells following MPP* treatment.
Moreover, the overexpression of activating transcription factor 5 (mammalian UPR™! transcription
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factor) conferred protection against MPP*-induced ROS production and against cell death in
SH-SY5Y cells. Overall, our results demonstrate the beneficial effect of UPR™! activation in
MPP*-treated cells, shedding new light on the mechanism of mitochondrial dysfunction in the
pathogenesis of PD.
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Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disorder,
characterized by the presence of Lewy bodies and degeneration of dopaminergic neurons

in the dense part of the substantia nigra and striatum. Parkinson’s disease affects around 10
million people worldwide [1]. Despite the lack of a complete understanding of the molecular
mechanisms that underlie PD, efforts have been made to identify risk factors for developing
PD. Mutant genes, such as a-synuclein (SNVCA), PTEN-induced putative kinase protein 1
(PINK), parkin, and protein deglycase DJ-1, can lead to familial PD. Over 90% of idiopathic
cases are believed to result from multiple factors, including mutations of low-risk genes

(e.g. Glucosylceramidase Beta), chronic inflammation in the central nervous system, and
microbiota dysbiosis in the gut [2, 3].

Although the pathogenesis of PD remains elusive, numerous studies suggest an important
role for mitochondrial dysfunction in its pathogenesis. Parkinson’s disease patients exhibit
deficits in electron transport chain function [4]. Accumulating evidence from various

mouse models of PD indicates the accumulation of mitochondrial reactive oxygen species
(ROS), impairments in mitophagy, and the dysregulation of mitochondrial proteostasis [5—
8]. Moreover, mitochondrial toxins, including 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) and rotenone, have been shown to selectively impair dopaminergic neurons by
inhibiting mitochondrial complex I. Thus, these mitochondrial toxins have been widely used
to model PD [9-11]. Additionally, variants of genes that are involved in mitochondrial
function have been shown to cause familial PD, including parkinand PINK1[12, 13].

The mitochondrial unfolded protein response (UPR™) recently emerged as a novel quality
control mechanism that regulates mitochondrial proteostasis. Similar to the endoplasmic
reticulum unfolded protein response, the UPR™! is generally stimulated and activated
when an overload of unfolded or misfolded proteins occurs in the mitochondrial matrix
[14]. Conditions that increase mitochondrial proteotoxicity, such as mitochondrial DNA
depletion and perturbations of oxidative phosphorylation (OXPHOS), can elicit the UPR™M!
[15, 16]. The UPR™M s a retrograde signaling that is mediated by b-ZIP (basic leucine
zipper) transcription factors, such as stress-activated transcription factor 1 (ATFS-1)

in C. elegans and activating transcription factor 5 (ATF5) in mammalian cells [17,

18]. Under physiological conditions, ATFS-1 and ATF5 are imported into mitochondria
and degraded by mitochondrial proteases [17, 18]. Upon stimulation, the transcription
mediator is translocated to the nucleus, together with the co-factors ubiquitin-like protein
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5 (UBL5)/defective proventriculus homolog protein (DVE-1)/C/EBP-homologous protein
(CHOP), to induce the expression of mitochondrial chaperones (e.g., heat shock protein

10 [HSP10]/HSP60/HSP70) and proteases (e.g., ClpP/ClpX, Caseinolytic Mitochondrial
Matrix Peptidase subunit P/X) which are transported back to mitochondria to rescue protein
homeostasis and accommodate the stress conditions [19, 20]. Activation of the UPR™!
induces mitochondrial biogenesis through OXPHOS and promotes pathogen resistance and
lifespan extension [16, 21, 22]. Thus, the UPR™M! can promote metabolic balance and protein
homeostasis in response to mitochondrial stressors.

Previous studies suggested a protective effect of the UPR™, specifically in genetic models
of PD. However, whether UPR™M! activation is beneficial in idiopathic cases is unknown. In
the present study, we observed an increase in the expression of UPR™:-related proteases,
chaperones, and transcription factors in dopaminergic SH-SY5Y cells, and this expression
decreased over time upon treatment with 1-methyl-4-phenylpyridinium (MPP*), a metabolic
product of MPTP in the brain. Activation of the UPR™M! by overexpressing mutant ornithine
transcarbamylase by the deletion of amino acids 30-114 (A-OTC) significantly reduced

the production of mitochondrial reactive oxygen species (ROS) and cell death that were
induced by the addition of MPP*. Lastly, ATF5 overexpression prevented mitochondrial
ROS production and improved cell viability in SH-SY5Y cells that were treated with MPP*.
Our results suggest that UPR™M activation can mitigate mitochondrial stress and protect
against neuronal damage in PD.

Materials and Methods

Antibodies and reagents

Antibodies against ATF5 (catalog no. ab184923, 1:3000), ClpP (catalog no. ab124822,
1:3000), and ClpX (catalog no. ab168338, 1:3000) were purchased from Abcam. Antibodies
against HSP60 (catalog no. sc-13115, 1:3000) and c-Myc (9E10) (catalog no. sc-40, 1:4000)
were purchased from Santa Cruz Biotechnology. The antibody against Lon protease-like
protein (LONP; catalog no. 15440-1-AP, 1:3000) was purchased from Proteintech. The
antibody against p-actin (catalog no. A1978, 1:10000) was purchased from Sigma. The
antibody against UBLS5 (catalog no. LS-C160393-0.1, 1:1000) was purchased from LSBio.
MPP* iodide (catalog no. D048) was purchased from Sigma.

Cell culture and treatment

SH-SYS5Y cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM)/F12 (1:1)
supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) antibiotics (100 pg/ml
penicillin and 100 pg/ml streptomycin) at 37°C in a 5% CO» incubator. When the cell
density of SH-SY5Y cells was higher than 80%, SH-SY5Y cells were incubated with 2 mM
MPP*,

Preparation of total cell lysates

SH-SY5Y cells were washed with 1X phosphate-buffered saline (PBS) and then incubated
in total lysis buffer (10 mM HEPE-NaOH [pH 7.8], 150 mM NaCl, 1 mM ethylene glycol-
bis[B-aminoethyl ether]-N, N, NV, N -tetraacetic acid [EGTA], 1% Triton X-100, protease
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inhibitors, and phosphatase inhibitors) for 30 min on ice. Samples were collected and
centrifuged at 12,000 rotations per minute for 10 min at 4°C. The supernatants were saved as
total lysates.

Western blot

Protein concentrations were measured using the Bradford assay. Proteins (30 pg) were

then resuspended in Laemmni buffer, loaded on sodium dodecyl sulfate-polyacrylamide gel
electrophoresis gels, and transferred to nitrocellulose membranes. The membranes were
probed with the indicated antibodies and visualized by electrochemiluminescence.

Real-time quantitative polymerase chain reaction

Cells were washed with 1X PBS once. Total RNA was extracted using the RNeasy plus

mini kit (catalog no. 74034, Qiagen). For each sample, cDNA was generated using the
Quantitect reverse transcription kit (catalog no. 205311, Qiagen). The relative amount

of cDNA was determined using SYBR Green Polymerase Chain Reaction (PCR) Master
Mix (catalog no. 4309155, ThermoFisher Scientific) on the QuantStudio 3 Real-time PCR
platform (ThermoFisher Scientific) according to the manufacturer’s instructions. The primer
sequences were the following: CIpP (forward: TTGCCAGCCTTGTTATCGCA; reverse:
GGTTGAGGATGTACTGCATCG), UBLS5 (forward: GGGAAGAAGGTCCGCGTTAAA;
reverse: ACGTGGTCCTTAAAAATCGTGT), HSP60 (forward:
GTGTAGACCTTTTAGCCGATG,; reverse: GTGCCAGTACAGTAGCAGTGG).

Measurement of cell viability

SH-SY5Y cells were plated in 96-well plates with 15,000 cells in each well. After
treatment with MPP*, cell viability was determined using the MTT assay kit (catalog no.
11465007001, Roche) according to the manufacturer’s instructions.

Mitochondrial ROS measurement

Cells were cultured on coverslips, washed with PBS, and incubated with 5 pM MitoSOX
Red (catalog no. M36008, Invitrogen), a mitochondrial superoxide indicator, and 5 pg/ml
Hoechst (catalog no. 33342, Invitrogen) for 10 min at 37°C for SH-SY5Y cells. The images
were then visualized under a microscope (Olympus, Fluoview F\V100), and mitochondrial
ROS were quantified using ImageJ software (National Institutes of Health). At least 100
cells per group were counted for the analysis. The MitoSOX fluorescence density was
normalized to the total number of cells that were labeled with 4’,6-diamidino-2-phenylindole
(DAPI).

Constructs and transfection

A-OTC plasmid was obtained from Addgene (catalog no. 71878). Myc-tagged full-length
human ATF5 was purchased from Origene (catalog no. RC200081). Cells were transfected
with TransIT-2020 (Mirus Bio) according to the manufacturer’s instructions.
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Protein levels of UPRMt-related components were altered in SH-SY5Y cells upon treatment

with MPP*

Mitochondrial proteostasis is mainly surveilled and regulated by UPR™-related chaperones
and proteases, including HSP60, ClpP, ClpX, and LONP [22]. Activation of the UPR™!
results in the expression of selective mitochondrial proteases and chaperones that rescue
mitochondrial protein homeostasis and relieve mitochondrial stress. To determine whether
the UPRMt s affected by MPP* treatment, we first examined protein levels of several
mitochondrial proteases that are involved in UPR™M signaling in SHSY5Y cells that were
treated with MPP* for 2, 4, 8, 16, or 24 h. The protein level of the UPR™ML-associated
protease ClpP significantly increased and peaked 4 h after MPP* treatment and then
gradually decreased (Fig. 1A, B). The protein level of ClpX significantly decreased after
16-h treatment with MPP* in SH-SY5Y cells (Fig. 1A, D). The protein level of LONP, an
essential mitochondrial matrix protease that is not involved in the canonical UPR™! pathway,
remained unchanged by MPP™ treatment (Fig. 1A, E), suggesting selective responses of
UPR™M components under mitochondrial stress that was induced by MPP*. The expression
of UPRM-related chaperones and proteases is mediated by co-transcription factors, such as
UBLS5. Similar to changes in ClpP, the protein level of UBLS5 significantly increased but
then decreased with MPP* treatment in SH-SY5Y cells (Fig. 1A, C). These findings indicate
activation of the UPR™M! that was induced by MPP™ at the early stage, which was then
diminished in SH-SY5Y cells.

MPP* treatment activated the UPR™Mt

To confirm activation of the UPR™M by MPP*, we assessed the transcription of ClpP, UBLS5,
and HSP60 in SH-SY5Y cells. mRNA levels of ClpP, UBL5, and HSP60 significantly

and rapidly increased upon 2-h treatment with MPP* (Fig. 2A), indicating activation of

the UPR™M. mRNA levels of ClpP, UBL5, and HSP60 decreased after 8-h treatment with
MPP* (Fig. 2A). We also measured the protein level of ATF5, a transcriptional mediator of
mammalian UPR™M signaling. The level of ATF5 increased within 8 h of MPP* treatment in
SH-SY5Y cells and then decreased (Fig. 2B). Overall, these results suggest transcriptional
activation of the UPR™M at early time points upon MPP* treatment.

UPRMt activation induced by A-OTC overexpression conferred protection against MPP*-
induced toxicity

Previous studies suggested that activation of the UPR™! mitigates mitochondrial dysfunction
and promotes dopaminergic neuronal survival in nematode models of PD [8]. We
hypothesized that UPR™! activation is beneficial during MPP™ treatment. To activate

the UPR™M, AOTC was expressed in SH-SY5Y cells before MPP* treatment [23] (Fig.

3A). MPP* treatment significantly reduced the expression of ClpP and ClpX in cells

that expressed the control vector. The overexpression of Myc-tagged A-OTC significantly
increased protein levels of ClpP and ClpX after treatment with MPP* (Fig. 3A-C).

Notably, the protein level of LONP did not change in either empty vector- or Myc-tagged-
A-OTC-expressing cells upon MPP* treatment (Fig. 3A, C). To determine whether UPR™M
activation can protect mitochondria against MPP™ toxicity, we measured the production of
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mitochondrial ROS in SH-SY5Y cells. The overexpression of A-OTC significantly reduced
the MPP*-induced production of mitochondrial ROS (Fig. 3E). UPR™! activation also
significantly improved the viability of SH-SY5Y cells that were treated with MPP* (Fig.
3F). Notably, A-OTC expression did not affect the production of mitochondrial ROS or cell
viability (Fig. 3E, F). These findings indicate a protective effect of UPR™! activation against
MPP*-induced mitochondrial and cellular stress.

Upregulation of ATF5 ameliorated mitochondrial dysfunction and cell toxicity

MPP* treatment induced the expression of ATF5 in SH-SY5Y cells (Fig. 2B). ATF5

is a critical transcriptional mediator of mammalian UPR™! signaling [17]. We sought

to determine whether the upregulation of ATF5 protects against MPP*-induced neuronal
toxicity. The overexpression of ATF5 significantly increased protein levels of ClpP and
ClpX in SH-SY5Y cells after treatment with MPP* (Fig. 4A-C). The level of LONP did not
change in either control vector- or ATF5-expressing cells that were treated with MPP* (Fig.
4A, D). The overexpression of ATF5 significantly reduced the production of mitochondrial
ROS in cells that were treated with MPP™ (Fig. 4E). We also found ATF5 overexpression
improved cell viability in SH-SY5Y cells after MPP* treatment (Fig. 4F). ATF5 expression
did not affect the production of mitochondrial ROS or cell viability in normal cells (Fig. 4E,
F). These results indicate that ATF5 upregulation conferred protection in MPP*-treated cells.

Discussion

In the present study, we found that the UPR™ was activated by MPP™ treatment in
dopaminergic SH-SY5Y cells, reflected by upregulation of the expression of UPR™M-related
proteases, chaperones, and transcription factors. We also observed the downregulation of
these UPRM!-related components at the late stage of MPP* treatment. The overexpression of
Myc-tagged A-OTC, which triggers UPR™ activation, significantly reduced the production
of mitochondrial ROS and enhanced cell survival in SH-SY5Y cells that were treated with
MPP*. By expressing the UPR™! transcriptional factor ATF5, we also found a decrease

in mitochondrial ROS production and an increase in SH-SY5Y cell viability. Altogether,
these findings suggest a protective role for UPR™M! activation in maintaining mitochondrial
function and cellular function in a cell culture model of MPP*-induced PD.

The UPR™M is an adaptive stress response that maintains mitochondrial proteostasis

and regulates other mitochondrial functions, including OXPHOS, ROS detoxification,
mitochondrial biogenesis, and innate immune responses [15, 16, 21]. The pathological
relevance of the UPR™! in PD has been recently demonstrated. In PRKN and PINK1
mutant nematodes, the UPR™! was activated, and the deletion of atfs-1 decreased lifespan
and resulted in the loss of dopaminergic neurons [8]. Our findings are consistent

with these results, suggesting that the UPR™M is required to mitigate the detrimental

effect of mitochondrial stressors that can lead to neuronal death. We also observed the
downregulation of selective UPRM-related components, including ClpP, ClpX, UBL5, and
ATF5, after 8-h treatment with MPP*. This downregulation did not result from the loss

of mitochondrial mass or mitophagy because LONP protein levels remained steady during
MPP* treatment. A previous study reported that ATF5 is localized to mitochondria, degraded
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by matrix protease, and transported into the nucleus to trigger the transcription of UPR™!-
related genes under mitochondrial stress [17]. Considering the alteration of ATF5 expression
that we observed in the present study, we propose that MPP* might indirectly affect
retrograde communication between mitochondria and the nucleus, in addition to impairing
OXPHQOS complex I.

The accumulation of unfolded/misfolded proteins activates the UPR™! to trigger the
expression of mitochondrial proteases and chaperones [18, 24]. Thereafter, perturbations of
the UPR™M! lead to compromised resistance to excessive protein load, thereby sensitizing
mitochondria to the pathological environment. Our previous study demonstrated the
protective role of the matrix protease ClpP, an essential UPR™ component, in A53T-
a-syncline (a.Syn)-associated PD models [7]. The overexpression of CIpP significantly
reduced the load of mitochondrial unfolded protein and abolished the expression of
pathogenic phosphorylated S129 a.Syn species in A53T-a.Syn transgenic mice [7]. Similarly,
in the present study, we found that ATF5 overexpression protected both mitochondrial
function and cell viability against MPP*-induced toxicity. These results further support

our previous findings and suggest that upregulation of the UPR™! can protect against the
progression of PD. Notably, A53T-aSyn can be translocated into mitochondria and interact
with and impair the activity of OXPHOS complex I, which is also attacked by MPP*.
OXPHOS complex I is composed of subunit proteins that are encoded by both nuclear and
mitochondrial genomes [25]. Impairments in OXPHOS complex | cause an imbalance of
mitochondrial and nuclear protein load, resulting in UPR™! activation. Future studies that
explore connections between OXPHOS complex | impairments and UPR™! activation will
provide a better understanding of the molecular pathways that underlie the pathogenesis

of PD. Moreover, the administration of MPTP or rotenone /n vivo can selectively kill
dopaminergic neurons and induce Parkinsonism [11, 26]. Understanding the ways in which
the UPR™M! responds to complex | damage will likely provide insights into the selective
vulnerability of dopaminergic neurons in PD.

In addition to PD, the UPR™M is also engaged in a spectrum of neurodegenerative

diseases. Amyloid B accumulation activated the UPR™! in amyloid precursor protein
(APP)-expressing SH-SY5Y cells and APP/presenilin 1 mouse models of AD [27]. The
expression of UPR™MLrelated genes increased in post mortem samples from Alzheimer’s
disease patients [28], suggesting UPR™! activation. Evidence from multiple independent
studies demonstrated activation of the UPR™ in mutant superoxide dismutase 1 (SOD1)-,
TAR DNA-binding protein-43 (TDP43)-, and coiled-coil-helix-coiled-coil-helix domain-
containing protein 10 (CHCHD10)-associated models of amyotrophic lateral sclerosis [29—
31]. Moreover, mutant huntingtin protein can inhibit the UPR™ by impairing the mRNA
stability of mitochondrial adenosine triphosphate-binding cassette subfamily B member 10
(ABCB10) in Huntington’s disease [32]. These findings emphasize the critical role of the
UPR™M in maintaining mitochondrial function under pathological conditions. Nevertheless,
although an extensive body of literature suggests a role for the UPR™ in protecting
mitochondrial function and promoting cellular homeostasis under stress conditions, some
evidence indicates the toxic potential of UPRMt signaling that can promote the accumulation
of damaged mitochondria and shorten lifespan [33]. Notably, a recent study in nematodes
found that UPR™M! activation accelerated dopaminergic neurodegeneration [34]. Thus, it
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 8

necessary to investigate the duality of the UPR™ in cellular health, especially in

dopaminergic neurons, and links with PD pathogenesis.

summary, MPP* treatment increased the expression of UPRM-related proteins in

SH-SY5Y cells. Treatment with MPP™* also induced the transcription of UPR™t-related
genes and stimulated the expression of ATF5, which is a transcriptional mediator that is
required for UPR™! activation in mammalian cells. Although ATF5 overexpression conferred
protection against MPP*-induced toxicity, further studies are needed to explain the ways

which MPP* treatment modulates the expression of ATF5, which might reveal potential

therapeutic targets for PD.
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. MPP+ treatment induces activation of UPRM!

Activation of UPR™M! provides resistance to MPP+-induced toxicity

. ATF5 overexpression confers protection against MPP+ toxicity
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Fig. 1. MPP* treatment affected the expression of UPR™!-related components.
SH-SY5Y cells were treated with 2 mM MPP* for 2, 4, 8, 16, and 24 h. (A) Total cell

lysates were harvested after MPP™* treatment and subjected to Western blot analyses with
the indicated antibodies. Histograms show the relative density of (B) ClpP, (C) UBLS5, (D)
ClpX, and (E) LONP protein levels relative to total protein levels. The data are expressed
as the mean + SEM of three independent experiments. Data are compared with one-way
ANOVA with Tukey’s post hoc test.
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Fig. 2. MPP* induced activation of the UPR™M at early time points.
(A) mRNA levels of ClpP, HSP60, and UBL5 were determined by real-time quantitative

PCR in SH-SY5Y cells after treatment with 2 mM MPP* for 2 and 8 h. (B) Total protein
lysates were harvested from SH-SY5Y cells after treatment with 2 mM MPP* for 2, 4,

8, 16, and 24 h and subjected to Western blot analyses with the indicated antibodies. The
histogram shows the relative density of ATF5. The data are expressed as the mean + SEM of
three independent experiments. Data are compared with one-way ANOVA with Tukey’s post
hoc test.
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Fig. 3. UPR™M! activation conferred protection against MPP*-induced toxicity.
SH-SY5Y cells were treated with 2 mM MPP™ after the overexpression of A-OTC. (A)

Total protein lysates were harvested after MPP* treatment and subjected to Western blot
analyses with the indicated antibodies. The Histograms show the density of (B) ClpP, (C)
ClpX, and (D) LONP protein levels relative to total protein levels. (E) Cells were stained
with MitoSOX™ dye to assess mitochondrial superoxide production after 24 h treatment
with MPP™. The histogram shows the relative fluorescence density of MitoSOX. (F) Cell
viability was examined by the MTT assay after 24 h treatment with MPP*. The histogram
shows relative cell survival. The data are expressed as the mean + SEM of three independent
experiments. Data are compared with one-way ANOVA with Tukey’s post hoc test.
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Fig. 4. Overexpression of ATF5 reduced MPP*-induced cellular stress.
SH-SY5Y cells were treated with 2 mM MPP™* after the overexpression of ATF5. (A)

Total protein lysates were harvested after MPP* treatment and subjected to Western blot
analyses with the indicated antibodies. Histograms show the relative density of (B) ClpP, (C)
ClpX, and (D) LONP protein levels. (E) Cells were stained with MitoSOX™ dye to assess
mitochondrial superoxide production after 24 h treatment with MPP*. The histogram shows
the relative fluorescence density of MitoSOX. (F) Cell viability was examined by the MTT
assay after 24 h treatment with MPP™. The histogram shows relative cell survival. The data
are expressed as the mean + SEM of three independent experiments. Data are compared with
one-way ANOVA with Tukey’s post hoc test.
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