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RTP801 is a critical factor in the
neurodegeneration process of A53T
α-synuclein in a mouse model of Parkinson’s
disease under chronic restraint stress
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BACKGROUND AND PURPOSE
Recently, the incidence of Parkinson’s disease has shown a tendency to move to a younger population, linked to the constantly
increasing stressors of modern society. However, this relationship remains obscure. Here, we have investigated the contribution of
stress and the mechanisms underlying this change.

EXPERIMENTAL APPROACH
Ten-month-old α-synuclein A53T mice, a model of Parkinson’s disease (PD), were treated with chronic restraint stress (CRS) to
simulate a PD-sensitive person with constant stress stimulation. PD-like behavioural tests and pathological changes were evalu-
ated. Differentiated PC12-A53T cells were treated with corticosterone in vitro. We used Western blot, microRNA expression
analysis, immunofluorescence staining, dual luciferase reporter assay and HPLC electrochemical detection to assess cellular and
molecular networks after stress treatment. In vivo, stereotaxic injection of shRNA lentivirus was used to confirm our in vitro results.

KEY RESULTS
The protein RTP801 is encoded by DNA-damage-inducible transcript 4, and it was specifically increased in dopaminergic neurons
of the substantia nigra after CRS treatment. RTP801 was post-transcriptionally inhibited by the down-regulation of miR-7. De-
layed turnover of RTP801, through the inhibition of proteasome degradation also contributed to its high content. Elevated
RTP801 blocked autophagy, thus increasing accumulation of oligomeric α-synuclein and aggravating endoplasmic reticulum
stress. RTP801 inhibition alleviated the symptoms of neurodegeneration during this process.

CONCLUSIONS AND IMPLICATIONS
RTP801 is a promising target for the treatment of PD, especially for PD-sensitive patients who live under increased social pressure.
Down-regulation of RTP801 could inhibit the current tendency to an earlier onset of PD.

Abbreviations
3-MA, 3-methyladenine; BFPT, buried food pellet test; CHX, cycloheximide; CRS, chronic restraint stress; DDIT4, DNA-
damage-inducible transcript 4; DOPAC, dihydroxyphenylacetic acid; ER, endoplasmic reticulum; PD, Parkinson’s disease;
SN, substantia nigra; SNpc, substantia nigra pars compacta; VMAT2, vesicular monoamine transporter 2; αSyn, α-synuclein
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Introduction
Parkinson’s disease (PD) is characterized by a loss of dopami-
nergic neurons in the substantia nigra (SN) and the formation
of Lewy bodies with aggregation of α-synuclein (αSyn). PD
has emerged as the second most common neurodegenerative
disorder. There are no drugs available to delay or prevent the
progression of PD , but studies have identified some factors
contributing to deterioration in this condition, including
ageing, trauma, and stress. Elucidation of their mechanisms
may provide novel clues for the current problems in develop-
ing drugs for the treatment of PD.

The increasing stress in modern society means that most
people are subjected to long-term anxiety and emotional
disorder. We have focused on the contribution of this increas-
ing stress to the earlier age of onset of PD and to the enhance-
ment of PD morbidity. Mounting evidence indicates that
stress enhances the progression of PD. In rodents, stress, such
as tail pinch, increased striatal dopamine release and turn-
over and excitation of striatal dopaminergic nerve terminals,
which resulted in cell death (Pei et al., 1990). Subsequent
studies demonstrated that stress caused by a unilateral
6-hydroxydopamine lesion in the nigrostriatal bundle
accelerated neural degeneration, which exaggerated motor
symptoms in rats (Smith et al., 2008). Chronic stress leads to
reduced dopaminergic activity within the ventral tegmental
area in rodents and caused increased cortisol levels in PD
patients (Djamshidian et al., 2011). One case reported that a
38-year-old woman suddenly experienced an early onset of
PD symptoms 1 week after learning grievous news, which
further aroused attention to the effects of stress on nervous
system (Zou et al., 2013). There were some indications of
correlations between stress and PD, such as the contribution
of reduced T-lymphocytes to dopaminergic cell loss (Baba
et al., 2005; Reynolds et al., 2010), activation of the HPA axis
by proinflammatory cytokines and chemokines (Haddad
et al., 2002), and a shift of catecholamines into the cytosol
to become toxic via auto-oxidation (Goldstein, 2011).
However, there is no strong evidence of the occurrence and
deterioration of PD induced by stress.

The protein RTP801 is also known as Dig2 or REDD1, and
is encoded by the stress-responsive gene DNA-damage-
inducible transcript 4 (DDIT4). RTP801 is a GR target gene,
one of the genes activated by glucocorticoids and by stress,
such as hypoxia, DNA damage, and nutrient or energy
deprivation (Wang et al., 2006; Shimizu et al., 2011). Mice
lacking RTP801 (RTP801 KO) are resistant to numerous
stress-induced pathological conditions and may suppress
the adverse effects of glucocorticoids (Baida et al., 2014).
Abnormalities in RTP801 signalling may also disturb energy
homeostasis. A comparison of RTP801 expression in post-
mortem brains from PD and control patients found
that RTP801 was highly elevated within neuromelanin-
containing neurons of the SN, but not in cerebellar neurons
(Malagelada et al., 2006). Therefore, RTP801 was defined as a
stress-coping regulator but also as a pro-apoptotic agent in
neurodegenerative disorders (Canal et al., 2014). The present
study used 10-month-old A53T mutant human αSyn trans-
genic mice as a PD-sensitive model. In these mice, we identi-
fied RTP801 as the reactive factor in stress-induced PD. These
results support the possibility of targeting RTP801, as a means

of preventing the tendency to earlier onset of PD which may
result from constant social stress.

Methods

Animals
All animal care and experimental procedures complied with
the principles outlined in the NIH Guide for the Care and
Use of Laboratory Animals and were approved by the
Institutional Animal Care and Use Committee of the Peking
Union Medical College and Chinese Academy of Medical
Sciences. Animal studies are reported in compliance with
the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and
Lilley, 2015).

αSyn A53T over-expressing [B6;C3-Tg(Prnp-SNCA*-
A53T)83Vle/JNju] mice (Giasson et al., 2002; Zhou et al.,
2016) and control mice were purchased from the Model
Animal Research Center of Nanjing University (MARC,
Nanjing, China) and raised in SPF Biotechnology Co., Ltd.
(Beijing, China). Experiments were performed in the SPF
laboratory animal room of the Institute of Materia Medica &
Neuroscience Center, Chinese Academy of Medical Sciences
and Peking Union Medical College. All animals were main-
tained in cages (five animals per cage) under constant temper-
ature and humidity and exposed to a 12:12 h light–dark cycle
with unrestricted access to tap water and food, except as
described in the experiments.

Animal experiments
First set of experiments. The two mouse genotypes, αSyn
A53T (male, aged 10 months, weight = 31 ± 2 g, n = 20)
and wild-type (WT) mice (male, aged 10 months,
weight = 32 ± 2 g, n = 20), were randomly divided into four
groups: WT, WT + chronic restraint stress (CRS), A53T, and
A53T + CRS (n = 10 per group). The animals were subjected
to the behaviour test after 4 weeks of CRS treatment.
Half of the animals were anaesthetized with pentobarbital
sodium, and brains were perfusion-fixed with 4%
paraformaldehyde in 0.01 M PBS. Brains were removed,
and midbrain paraffin sections were sliced for
immunofluorescence (see below for details) . Half of the
animals were killed via cervical dislocation and decapitated
to obtain brain tissue for protein or miRNA extraction.
Dopamine and dihydroxyphenylacetic acid (DOPAC) were
extracted from the striatum and assayed as described
later. operators of the behavioural tests were blinded to
treatments.

Second set of experiments. αSyn A53T mice (male, aged
10 months, weight = 31 ± 2 g, n = 24) were randomly
divided into three groups: A53T + scramble shRNA,
A53T + scramble shRNA + CRS, and A53T + RTP801
shRNA + CRS (n = 8 per group). The animals were
anaesthetized with isoflurane and stereotaxically injected
with RTP801 shRNA lentivirus or control lentivirus into the
substantia nigra par compacta (SNpc), as described below.
Animals were allowed to recover for 7 days before starting
CRS treatment. The rotarod test was performed 2 days after
the end of the 4 week CRS treatment. Three animals from
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each group were anaesthetized and perfusion-fixed for
immunofluorescence. The other five animals in each group
were killed by cervical dislocation and used for Western
blotting and dopamine assays. Animals were randomized for
treatment. The operators were blinded in the behaviour test.

Chronic restraint stress (CRS)
The CRS procedure was modified according to a previously
reported procedure (Liu et al., 2013; Huang et al., 2015).
Restraint was performed by placing each animal into a
50 mL tube and adjusting it with plaster tape to ensure that
the animal was unable to move. There were 3 cm holes in
the lid and the far end for breathing. The stress was main-
tained 4 h each day for 4 weeks (6 days per week). Stress was

started at different times each day (between 10:00 and
20:00 h) to minimize predictability. No pain was involved in
getting the mice into the tubes. The control littermates were
kept in their original cage, but food and water were provided
only during the stress interval of the experimental groups to
exclude the effect on body weight caused by different times
of feeding.

Behavioural tests
All behavioural tests were performed between 9:00 and
14:00 h under normal animal room lighting. The buried food
pellet test (BFPT) was performed on day 28 to day 32 in the
first set of experiments. The rotarod test was performed on
day 34, and the pole test was performed on day 35 (Figure 1A).

Figure 1
CRS accelerates PD-like symptoms in A53T mice. (A) Scheme of the experimental procedure. (B) Body weight was monitored for the 4 weeks of
CRS treatment and the corepsoding time course is presented in the left-hand graph. Relative changes in weight were compared after CRS, with
the changes after 4 weeks shown in the right-hand graph. (C) BFPT and BFPT-visible tests were performed after CRS treatment on Day 28 to
Day 32. Latency of the tested mice to find the food pellet below the bedding in BFPT was recorded to test olfactory dysfunction. Latency of
the tested mice to find the food pellet on the top of the bedding (BFPT-visible) was recorded as a control. (D) Rotarod test was performed 2 days
after BFPT test on Day 34. Pole climbing test was performed 1 day after the rotarod test. Latency to fall off the rotarod and the score and latency to
climb down the pole were recorded. Data shown are means ± SEM, n = 10. *P<0.05, significantly different as indicated; two-way ANOVA followed
by Newman–Keuls test.
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The rotarod test was performed on day 37 in the second set of
experiments (Figure 8A).

Buried food pellet test (BFPT)
Mice were subjected to a food-restricted diet (0.2 g chow per
mouse per 24 h) 2 days before and throughout the three
following experimental days. Mice had free access to water
and underwent one trial per day for three successive days.
The mouse was allowed 5 min to adapt in the cage prior to
each trial, and the cage was identical to the real test cage
without food pellets. The mouse was placed in the test cage
and allowed to search for a food pellet (approximately 1 g),
which was randomly buried approximately 0.5 cm below
the bedding layer before each trial. The latency time for the
mouse to find the food pellet within 5 min was recorded.
The mice were allowed to consume the pellet and returned
to their cages after the test. A visible pellet test was performed
as a control to confirm the specificity of the BFPT, in which
the food pellet was placed on the surface of the bedding
(BFPT-visible). Each mouse underwent the control test after
the daily trial and consumed the food pellet.

Rotarod test
Motor coordination and balance were assessed using a
rotarod apparatus (IITC Life Science, CA, USA) as reported in
our previous research (Heng et al., 2016). Briefly, the rotarod
was programmed to rotate with speeds that increased from 5
to 30 rpm in 300 s. The mice were placed on the rolling rod
and tested three times with an interval time of at least
30 min to test the latency time to fall off the rotarod.

Pole-climbing test
The pole-climbing test was performed according to Davies
et al. (2011). Briefly, the apparatus was a wooden pole with a
height of 50 cm and a diameter of 1 cm wrapped with gauze
to prevent slipping. The pole was positioned in the home
cage and covered with bedding to protect the mice from
injury. The mice were allowed free exploration for 1 min in
the cage, and they were placed on top of the wooden pole
and trained to climb down the pole. Each mouse was tested
after three training sessions, and their latency to climb down
the pole and scores for their locomotor activities were
recorded. A 0 indicated no significant dysfunction; 0 to 0.5
indicated a helical or sliding step; 0.5–1 indicated several
interruptions when climbing down, but the animal still
grasped the pole; 1.5 indicated falling down after a sliding
step; and 2 indicated an immediate fall from the pole. Each
mouse was evaluated in three trials in a single day.

Cell culture and treatment
PC12 cells were cultured and treated with NGF as reported
previously (Greene and Tischler, 1976). Briefly, cells were
cultured in DMEM supplemented with 1% horse serum,
penicillin/streptomycin and 50 ng·mL�1 NGF (Mouse Nerve
Growth Factor for Injection, Staidson Biopharmaceuticals
Co., Ltd, Beijing, China) for 7 days. Corticosterone was
dissolved in 95% ethanol at a concentration of 1 mg·mL�1

and stored at �20°C until use. The stock solution was diluted
to working solution using DMEM (Zhou et al., 2010).
NGF withdrawal and treatments with corticosterone were

performed on day 7 in vitro and assessed 48 h later for various
assays, unless otherwise stated.

Cell viability/death assessment
Cell viability was measured by MTT assay. Briefly, cells were
seeded in 96-well plates (5 × 103 cells per well) and cultured
as described above. Cells were treated 7 days after NGF with-
drawal. Cells were incubated at 37°C for 4 h in a 0.5 mg·mL�1

MTT solution, and the media were carefully removed. DMSO
(100 μL) was added to each well to dissolve the violet
formazan crystals. The absorbance at 570 nm was measured.
All values were normalized to the control group. Two techni-
cal replicates were included within each independent experi-
ment for cell culture experiments. n denotes the number of
independent assays.

Oligonucleotide synthesis and vector
construction
MiR-7 mimics (Sense: 50-UGGAAGACUAGUGAUUUUGUU
GU-30, anti-sense: 50-AACAAAAUCACUAGUCUUCCAUU-3),
negative control (sense: 50-UUCUCCGAACGUGUCACGU
UU-30 anti-sense: 50-ACGUGACACGUUCGGAGAAUU-30),
anti-miR-7 (50-ACAACAAAAUCACUAGUCUUCCA-30) and
control-anti-miR (50-CAGUACUUUUGUGUAGUACAA-30)
were synthesized by GenePharma (Shanghai, China).
RTP801 siRNA were prepared by GenePharma based on the
following sequences: 5-AAGACTCCTCATACCTGGATG-3,
which targeting both mouse and rat RTP801 sequence.

RTP801 constructs were generated by PCR cloning
(RTP801 forward, 50-GAATTCGAACCATGCCTAGCCTTTGG
GATCG-30; RTP801 reverse, 50-CTCGAGTCAACACTCTTCA
ATGAGCA-30) from pCMS-EGFP-RTP801, which was a gift
from Lloyd Greene & Cristina Malagelada (Addgene plasmid
#65057) (Malagelada et al., 2006), then cut with EcoRI and
XhoI enzyme sites and ligated to pcDNA3.1 vector. The
constructed pcDNA-RTP801 was verified by DNA sequencing.
DDIT4-30UTR and DDIT4-MUT-30UTR were constructed into
pmirGLO dual-luciferase miRNA target expression vector
(Promega, USA) with cloning sites SacI and XhoI by
GenePharma. The above oligonucleotides and vectors were
transfected with Lipofectamine 2000 according to manufac-
turer’s instruction. RTP801 shRNA lentivirus vector was
constructed and packaged by Obio Technology Corp., Ltd.
(Shanghai, China).

RNA extraction and microRNA expression
analysis
Total cellular RNA was extracted using Trizol reagent. MiRNA
detection by real time analysis involved reverse transcription
of cDNA using a small RNA-specific stem-loop RT primer
as follows: 5-AGCATTCGTCTCGACACAGCAACAAAATC-30.
The generated cDNA was amplified with the specific
primer for miR-7 (50-TGACTCTGCTGGAAGACTAGTGAT-30

and 50-TAGAGCATTCGTCTCGACACAG-30). ΔCT method
was used to calculate the relative expression and normalized
to uniformly expressed U6.

Western blot
Western blot analysis was performed as described
(Zhang et al., 2016b). Briefly, proteins were separated by
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electrophoresis on respective concentration of polyacryl-
amide gels and transferred to polyvinylidene difluoride
membranes. The membranes were blocked with 3% BSA and
then incubated with primary antibodies at 4°C overnight,
then followed by horseradish peroxidase-conjugated second-
ary antibody and detected with the enhanced chemilumines-
cence plus detection system (PPLYGEN, Beijing, China). The
signal protein bands were scanned by ImageQuant LAS4000
mini (GE Healthcare, Sweden) and analysed by Gel-Pro
Analyser software (Media Cybernetics, Bethesda, MD, USA).

Dual luciferase reporter assay
Cells were seeded in 96-well plates and incubated as described
and then transfected with various constructs as indicated in
the respective experiment. Six hours after transfection, the
treatment was performed as described respectively. Twenty-
four hours after transfection, cells were lysed with passive
lysis buffer for 20 min. Firefly and Renilla luciferase activities
were determined in lysates using the dual luciferase assay
system (Promega, USA) in GloMax®-96 Glomax
luminometer (Promega, USA).

Immunofluorescence studies
Mice were anaesthetized, and the brains were perfusion-fixed
with 4% paraformaldehyde in 0.01 M PBS. The brains
were removed after perfusion. Paraffin sections (4 μm) of
the midbrain were cut for immunofluorescence. After
deparaffinization and rehydration of the paraffin sections,
antigen retrieval was performed with citrate buffer (0.1 M,
pH 6.0) at 95°C for 10 min, then treated with 0.5% Triton
X-100 and blocked with 5% BSA. The sections were incubated
with primary antibodies overnight at 4°C, then followed by
Alexa Fluor secondary antibody (1:500) with or without
Hoechst33342 (1:1000) for 2 h in room temperature. Finally,
sections were washed three times with PBS, mounted with
prolong anti-fade reagent and observed with a confocal laser
scanning microscope (LSM-700, Leica, Wetzlar, Germany).

Determination of dopamine and DOPAC
Dopamine and its metabolites, DOPAC, were assayed accord-
ing to the protocol described by Zhang et al. (2016a). Briefly,
the striatum of mice was removed after 4 weeks CRS, then
weighed and homogenized (1 mg:10 μL) in ice cold 0.6 M
HClO4 solution including internal standard (isoprenaline,
250 ng·mL�1). After centrifugation (20 000× g, 4°C, 20 min),
the supernatant (300 μL) was obtained and mixed with
another solution (150 μL including 20 mM potassium citrate,
300 mM K2HPO4 and 2 mM Na2EDTA). After 30 min on ice,
the mixture was centrifuged at 20 000× g for 20 min. The
supernatant was collected and samples injected into the
HPLC system (Waters e2695, USA) equipped with Electro-
chemical Detector (Waters 2465, USA) and C18 column
(4.6 mm, 150 mm; Atlantis T3; Waters, USA). The mobile
phase consisted of 100 mM sodium acetate, 85 mM citric
acid, 0.2 mM Na2EDTA, 0.5 mM sodium 1-octanesulfonate
and 15% methanol (pH 3.68). The flow rate was set at
1 mL·min�1.

Stereotaxic injections
Animals were anaesthetized with 1.5% isoflurane mixed with
medical air (20% oxygen, 80% nitrogen) at a flow rate of

0.7 L·min�1 and placed in a stereotaxic apparatus fixed with
a mouse adaptor that positioned the skull horizontally
between the bregma and lambda. RTP801 shRNA lentivirus
or control lentivirus were injected into the SNpc at a
flow rate of 0.1 μL·min�1 with a final volume of 0.5 μL.
The needle was left in place for 5 min after injection.
The stereotaxic coordinates for SNpc were as follows:
�3.08 mm from the bregma, 1.5 mm to the midline and
4.5 mm below the subdural matter. The animals were
allowed to recover for 7 days after a single injection, before
starting any treatment.

Data and statistical analysis
Data and statistical analyses in this study complied with
the recommendations on experimental design and analysis
in pharmacology (Curtis et al., 2015). Data are presented as
the means ± SEM. Statistical analyses were performed
using GraphPad Prism 6. A two-tailed Student’s t-test was
used for comparisons between two groups. One-way
ANOVA or two-way ANOVA analysis followed by the
Newman–Keuls post hoc test was used for comparisons be-
tween multiple groups. P < 0.05 was considered statisti-
cally significant.

Materials
Primary antibodies to αSyn (C-20), TH (H196), TH (F-11) and
vesicular monoamine transporter 2 (VMAT2) (D4)
were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Primary antibodies to ATF4 (D4B8), CHOP
(L63F7) and GRP78 (BiP, C50B12) were purchased from Cell
Signaling Technology (Danvers, MA, USA). Primary antibod-
ies to p62 (ab56416) and DDIT4 (ab191871) were purchased
from Abcam (Cambridge, MA, USA). LC3 (L8918) rabbit poly-
clonal antibody, corticosterone, 3-methyladenine (3-MA) and
salubrinal were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Cycloheximide (CHX) was purchased from Beyotime
Institute of Biotechnology (Nantong, Jiangsu Province,
China). MG-132 was purchased from Selleck Chemicals.
Alexa Fluor 546 Donkey Anti-Rabbit IgG (Invitrogen™), Alexa
Fluor 488 Donkey Anti-Rabbit IgG (Invitrogen), Alexa Fluor
546 Donkey Anti-Mouse IgG (Invitrogen) and Alexa Fluor
488 Donkey Anti-Mouse IgG (Invitrogen) were purchased
from Thermo Fisher Scientific (Waltham, MA, USA). Horse-
radish peroxidase-coupled secondary antibodies were
purchased from KPL (Gaithersburg, MD, USA).

DMEM and reduced serum medium Opti-MEM were
purchased from Gibco (Carlsbad, CA, USA). Lipofectamine
2000 were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). FBS and horse serum were obtained
from Hyclone (Rockford, IL, USA). PVDF membranes were
obtained from Millipore (Bedford, MA, USA). Prolong anti-
fade kit was purchased from Molecular Probes (Carlsbad,
CA, USA). Other materials were obtained from standard
suppliers or as indicated in the text.

Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyper-
linked to corresponding entries in http://www.guidetophar-
macology.org, the common portal for data from the
IUPHAR/BPS Guide to PHARMACOLOGY (Southan et al.,
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2016), and are permanently archived in the Concise Guide to
PHARMACOLOGY 2017/18 (Alexander et al., 2015 a,b).

Results

CRS accelerates the PD-like disease process in
A53T mice
Ten-month-old A53T mutant human αSyn transgenic mice
were used as a PD-sensitive model to investigate the effect of
CRS on PD-like symptoms. The times and the procedures
used in this model are summarised in Figure 1A. Body weight
is an indirect parameter of HPA axis activation, and it was
monitored for 4 weeks. The results demonstrated that CRS
significantly affected gains in body weight in A53T mice.
The change in body weight in A53T mice was more sensitive
to the CRS treatment than the WT mice after 4 weeks of CRS
treatment (Figure 1B). The BFPT was performed to evaluate
olfactory dysfunction, which is a typical early symptom of
PD patients. CRS clearly prolonged the latency to find the
pellet compared to control mice. Figure 1C shows that there
were no significant motor differences between groups, as
manifested by the similar latencies in the BFPT-visible test.
These results demonstrated that CRS aggravated the olfactory
disorder in A53T mice. The rotarod and pole climb tests
evaluated motor coordination. A53T mice treated with CRS
exhibited an apparently poor performance in the rotarod test
compared to the untreated A53T group (Figure 1D). The pole
climb tests of CRS-treated A53T mice were accompanied by
slipping in a helical route or even a fall, which indicated
pole-grasping failure in these mice. The scores of CRS-treated
A53T mice were notably higher than the other groups, which
demonstrates bradykinesia (Figure 1D). Most of the PD-like
animals could not hold firmly and even quickly fell from
the pole, but the latency to climb down was not significantly
different.

CRS aggravates the pathological process of PD
in A53T mice
Pathological accumulation of αSyn in neuronal cells and
synapses are characteristic of PD. A rabbit anti-αSyn (C-20)
antibody was used to detect the most abundant bands at
approximately 15 and 55 kDa, which are the monomeric
and oligomeric forms of αSyn, respectively, to examine the
effect of CRS on the accumulation of αSyn (Rockenstein
et al., 2014). CRS exposure induced a robust increase in
monomeric and oligomeric αSyn in the mesencephalon
compared to the untreated group (Figure 2A). Fluorescence
immunostaining of tyrosine hydroxylase (TH) and the vesic-
ular transporter VMAT2, which are essential for the survival
of dopaminergic neurons (Lohr et al., 2014), exhibited a
significant loss of TH- and VMAT2-positive neurons in SNpc
after CRS treatment, demonstrating damage to dopaminergic
neurons in the pathological site of PD (Figure 2B). Western
blot analysis of TH also confirmed the loss of TH-positive
dopaminergic neurons (Figure 2C). The levels of dopamine
and its metabolite 3,4-DOPAC in striatum were analysed by
HPLC electrochemical detection, and both were significantly
decreased in CRS-treated A53T mice (Figure 2D). Collectively,

these results demonstrated that CRS significantly exacerbated
the pathological markers of PD.

RTP801 is relevant to neurodegeneration after
CRS treatment
Immunofluorescence of RTP801 was used to investigate its
expression in SNpc and examine the role of RTP801 in the
effects of CRS treatment on the PD process. RTP801+ cells
were significantly up-regulated in SNpc after CRS treatment,
especially in the A53T group, indicating that αSyn intensified
the up-regulation of RTP801 with CRS treatment (Figure 3A).
Western blots of RTP801 in the mesencephalon confirmed
these results (Figure 3B). Rat pheochromocytoma (PC12) cells
and PC12 cells stably overexpressing αSyn A53T (PC12-A53T)
were treated with corticosterone, themajor stress hormone in
rodents, to mimic the effects of stress on dopaminergic cells.
The levels of RTP801 in the PC12 cells demonstrated an
effect of CRS treatment, similar to that in vivo, as up-
regulation of RTP801 negatively correlated with cell viability
(Figure 3C). We constructed the pcDNA3.1-RTP801 vector
and transfected it into PC12 cells to confirm the effect of
RTP801 on cell viability. The expression of RTP801 after
transfection was confirmed by Western blot. Cell viability
was reduced in a dose-dependent manner, suggesting that
increased levels of RTP801 induced degeneration of the
PC12 cells (Figure 3D).

Post-transcriptional down-regulation of
RTP801 by miR-7 is suppressed by CRS
Post-transcriptional regulation by microRNAs (miRNAs) is
critical in PD pathogenesis (Zhou et al., 2016). Post-
transcription regulation of RTP801 by miRNAs has not been
well studied. In our experiments, TargetScan predicted that
the 30-untranslated region (30-UTR) of DDIT4 could be
targeted by miR-7 (Figure 4A), which is associated with the
pathophysiology of PD (Horsham et al., 2015). The expres-
sion of miR-7 in mesencephalon was down-regulated after
the CRS treatment (Figure 4B). We then transfected PC12
cells with miR-7 and found a notable down-regulation of
RTP801 (Figure 4C). DDIT4 30-UTR and miR-7 binding site
mutated DDIT4–30-UTR-MUT were constructed to investigate
the binding site (Figure 4D). Dual luciferase reporter assays
suggested the post-transcriptional regulation of RTP801
through the 30-UTR (Figure 4E). Treatment of the cells with
corticosterone enhanced the luciferase activity, which was
abolished with miR-7, compared to the base level. However,
DDIT4–30-UTR-MUT groups exhibited no significant differ-
ences (ns) from one another, which confirmed the binding
and effective site of miR-7 (Figure 4F). The effects of anti-
miR-7were similar to those of corticosterone (Figure 4G) and
demonstrated that the down-regulation induced by miR-7
could be triggered by exposure to stress.

Proteasome degradation of RTP801 is retarded
by A53T αSyn
The biological half-life of RTP801 protein is short. Therefore,
we also investigated changes in the cellular levels of RTP801
after stress. PC12 or PC12-A53T cells were transfected with
RTP801 and treated withCHX for up to 120min. The half-life
of RTP801 in PC12 cells was less than 90 min, which was
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clearly extended beyond 120 min in PC12-A53T stable cells,
suggesting that overexpression of A53T αSyn may protect
RTP801 from degradation (Figure 5A). We therefore treated
PC12 or PC12-A53T cells overexpressing RTP801 with
a proteasome inhibitor, MG-132. Figure 5B shows that
MG-132 increased RTP801 protein levels in PC12 cells,

compatible with proteasomal degradation of RTP801. In
contrast, no significant increase in RTP801 protein was
induced by MG-132 in PC12-A53T stable cells, indicating
that αSyn A53T overexpression blocked the proteasomal
degradation of RTP801 and thus increased the total amount
of RTP801 protein present in these cells.

Figure 2
CRS deteriorates the pathological process in A53T mice. (A) Western blot was used to examine the accumulation of αSyn 15 and 55 kDa in mes-
encephalon (n = 5). (B) Immunofluorescence staining of TH (red) and VMAT2 (green) in SNpc. Bar = 20 μm. The number of TH+ neuron in SNpc
was calculated (mean ± SEM, n = 5). (C) Western blot to examine TH expression in mesencephalon (n = 5). (D) Dopamine (DA) and DOPAC levels
in the striatum were assayed by HPLC electrochemical detection. Data shown are means ± SEM, n = 5. *P<0.05, significantly different as indicated.
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Figure 3
Up-regulated RTP801 with stress treatment reduces cell viability. (A) Immunofluorescence staining of TH (red) and RTP801 (green) in SNpc.
Bar = 20 μm. RTP801+ cell in SNpc was calculated (mean ± SEM, n = 5). (B) The expression of RTP801 in mesencephalon (mean ± SEM, n = 5).
(C) Cells were treated with or without corticosterone (CORT; 10 μM) for 48 h, and RTP801 was measured. Cell viability was evaluated using
MTT in 96-well plates (mean ± SEM, n = 5). (D) Different amounts of pcDNA-RTP801 were transfected into cells in 6-well plates. RTP801 expres-
sion and cell viability were evaluated 48 h after transfection. Data shown are means ± SEM, n = 5. *P<0.05, significantly different as indicated.
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Block of autophagy induced by RTP801
contributes to the accumulation of αSyn in
A53T mice
Abnormality of RTP801 disrupts energy homeostasis via
inhibition of mTOR complex 1 signalling during stress
(Ellisen, 2005; Katiyar et al., 2009). We first determined the

autophagic flux in the mesencephalon of mice by measuring
the levels of LC3-II and p62, which are reliable markers of
autophagic activity (Lamark et al., 2009; Klionsky et al.,
2016). Significant elevations of LC3-II and p62 levels were
observed in A53T mice after CRS treatment, which suggests
disrupted autophagy (Figure 6A). Elevated LC3-II indicated

Figure 4
CRS up-regulates RTP801 via miR-7 suppression. (A) Prediction of miR-7 binding site in DDIT4 30-UTR by TargetScan. The consensus seed se-
quence in species is emphasized by the red box. (B) Expression of miR-7 in mesencephalon was assessed using Q-PCR. (C) MiR-7 or scramble con-
trol transfected cells were lysed to examine the expression of RTP801. (D) The schematic diagram of DDIT4 30-UTR and DDIT4-30-UTR-MUT, which
were constructed into a pmirGLO vector. (E) Cells transfected with DDIT4 30-UTR were treated with scramble control or miR-7 and lysed for dual-
luciferase activity test. (F) DDIT4 30-UTR or DDIT4-30-UTR-MUT transfected cells were treated with or without miR-7 and corticosterone (CORT) to
examine dual-luciferase activity. (G) Cells were treated with an anti-miR-7 and corticosterone to examine the effect on DDIT4 30-UTR. Data shown
are means ± SEM, n = 5. *P<0.05, significantly different as indicated.
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an increased initiation of autophagy or a hindered autopha-
gic flux, and the accumulated p62 showed disorder of autoph-
agic flux. PC12-A53T cells were transiently transfected with
RTP801 siRNA or control siRNA to examine the role of
RTP801 in this perturbation of autophagy. Both RTP801 and
LC3-II were elevated after corticosterone treatment but LC3-
II was down-regulated when RTP801 was inhibited. Notably,
the accumulation of p62 was almost abolished after RTP801
inhibition, which indicated that RTP801 may affect the
autophagic flux. The accumulation of αSyn 15 and 55 kDa
was reduced, especially the 55 kDa protein (Figure 6B).
Therefore, we hypothesized that RTP801 contributed to αSyn
accumulation by blocking autophagy. 3-MA is an autophagy
inhibitor and treatment of the cells with 3-MA almost
eliminated the difference between groups with or without
RTP801 overexpression, confirming that it was a block of
autophagy caused by RTP801 that primarily caused the
accumulation of αSyn (Figure 6C).

ER stress and up-regulated RTP801 intensified
each other after CRS treatment
Endoplasmic reticulum (ER) stress was observed in human
tissue derived from PD patients post mortem (Slodzinski
et al., 2009; Mercado et al., 2016). ER stress in CRS-treated
A53T mice was also investigated. Grp78, ATF4 and CHOP
were clearly up-regulated after CRS treatment in A53T mice
(Figure 7A). PC12 and PC12-A53T cells provided results
similar to those obtained in vivo (Figure 7B). Inhibition of
ER stress by salubrinal, which attenuates A53T αSyn-induced
toxicity in PC12 cells (Smith et al., 2005), significantly
attenuated the up-regulation of RTP801 (Figure 7C), which

suggests that the activated ER stress contributes to RTP801
expression. Notably, RTP801 inhibition inversely weakened
the ER stress response in CORT-treated A53T-PC12 cells
(Figure 7D), which suggests a positive feedback between the
ER stress and RTP801 expression to intensify the response
after stress treatment.

RTP801 down-regulation alleviates PD-like
neurodegeneration in CRS-treated A53T mice
We injected lentivirus-mediated RTP801-shRNA into the
SNpc of A53T mice to validate the role of RTP801 in the
neurodegeneration of CRS-treated A53T mice (Figure 8A).
RTP801 inhibition significantly improved the behavioural
defects, compared to the effects of scramble shRNA, following
CRS treatment (Figure 8B). The content of dopamine in stria-
tum was also higher after RTP801 inhibition (Figure 8C). A
significant decrease of te toxic oligomeric form of αSyn was
also found in the RTP801 shRNA-injected group (Figure 8D).
Immunofluorescence of RTP801 and TH in SNpc revealed
that the inhibition of the up-regulated RTP801 caused by
CRS treatment clearly alleviated the damage to neurites and
the loss of TH+ neural cells, which indicates improvement
in the neurodegeneration of dopaminergic cells (Figure 8E).

Discussion
In recent years, the incidence of PD has exhibited a trend
towards earlier onset i.e., towards a younger age. These
patients will suffer more pain and cause more financial
burden to their family and society than older patients.
Middle-aged PD patients often suffer greater life pressures

Figure 5
Inhibition of proteasomal degradation by αSyn A53T prolongs the biological half-life of RTP801. (A) Cells transfected with pcDNA-RTP801 were
treated with CHX (10 μg·mL�1) for the indicated periods and lysed to examine the content of RTP801. (B) Cells transfected with pcDNA-RTP801
were treated with or without MG-132 (10 mM) for 24 h and subjected to Western blotting for RTP801. Data shown are means ± SEM, n = 5.
*P<0.05, significantly different as indicated.
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and live with a higher self-requirement. Mounting evidence
has confirmed that increased stress was a risk factor, and this
constantly increasing stress in modern society may have a
causal relationship with the earlier onset of PD. However,
there is no strong evidence to support this correlation.

Stress and hormones affect function of the motor system,
because motor control-related brain regions express glucocor-
ticoid receptors (Ahima and Harlan, 1990; Ahima et al.,

1992). Izzo et al. reported that the dopaminergic system was
especially susceptible to the effects of stress (Izzo et al.,
2005). Cortisol levels were higher in Parkinsonism and posi-
tively associated with gait deficits (Charlett et al., 1998).
These results suggest stress as a critical factor that affects the
neurodegenerative processes and symptoms of PD. The
follow-up study in veterans who experienced long-term stress
during war demonstrated that chronic stress increased the

Figure 6
RTP801-triggered block of autophagy causes aggregation of αSyn. (A) Mesencephalic LC3-II and p62 were examined. (B) Cells transfected with or
without RTP801 siRNAwere lysed to examine RTP801, LC3-II, p62 and αSyn after corticosterone (CORT) treatment. Data shown are means ± SEM,
n = 5. *P<0.05, significant effect of corticosterone, #P<0.05, significant effect of RTP801 siRNA. (C) Cells transfected with or without pcDNA-
RTP801 were subjected to p62 and αSyn testing after 24 h of 3-MA (10 mM) treatment. Data shown are means ± SEM, n = 5. *P<0.05, significant
effect of pcDNA-RTP801, #P<0.05, significant effect of 3-MA.
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incidence of PD (Gibberd and Simmonds, 1980), but it was
not a sufficient condition to trigger the occurrence of PD.
αSyn is a soluble, natively unfolded protein in the CNS.
Aggregates of αSyn is the major component of Lewy bodies
and the hallmark of synucleinopathy. The mutated form of
αSyn (A53T) forms oligomers faster than WT αSyn and
contributes to the early onset of familial PD (Conway et al.,
1998). Therefore, we chose αSyn A53T mice as a model for
our research into PD. CRS caused weight loss without
inducing PD-like behavioural disorders in WT mice in our
study. However, CRS treatment in A53T mice markedly
induced PD-like changes, including motor and non-motor
dysfunction, which suggests that CRS aggravated neurode-
generation in PD-sensitive mice. We also used corticosterone,
the major glucocorticoid in rodents, to mimic the effects of
stress, in PC12 cells.

RTP801 is a stress-responsive protein that was highly
elevated in PD patients, with specific expression in
neuromelanin-containing neurons of the SN, but not

cerebellar neurons (Malagelada et al., 2006), which indicated
its specific expression in pathological locations of PD.
RTP801 was essential for stress-induced synaptic loss and de-
pressive behaviour (Ota et al., 2014), which is consistent with
our immunofluorescent results (Figure 8C). Notably, RTP801
exerts both pro- and anti-apoptotic effects, depending on
the cell context (Shoshani et al., 2002; Malagelada et al.,
2006; Canal et al., 2014). The present study used differenti-
ated PC12-A53T stable cells to investigate the crosstalk
between RTP801 and αSyn A53T in PD progression. The
content of RTP801 increased markedly after CRS treatment
in WT and A53T mice, but especially in the A53T mice.

The production and degradation of RTP801 are strictly
regulated to produce its short half-life in the stress response.
MicroRNAs are important post-transcriptional genetic regula-
tors. At least three miRNAs are regulators of RTP801/REDD1
expression in the context of tumourigenesis: miR-495
(Hwang-Verslues et al., 2011), miR-221 (Pineau et al., 2010)
and micro-RNA30c (Li et al., 2012). No miRNAs that

Figure 7
ER stress and up-regulated RTP801 reinforce each other in CRS-treated A53T mice. (A) Mesencephalic Grp78, ATF4 and CHOP were tested. Data
shown are means ± SEM, n = 5. *P<0.05, significant effect of CRS, #*P<0.05, significantly different fromWT . (B) Cells were treated with or without
corticosterone (CORT) and lysed to examine Grp78, ATF4 and CHOP. *P<0.05, significant effect of corticosterone; # P<0.05, significantly differ-
ent from PC12. (C) RTP801 was investigated after corticosterone (CORT; 10 μM) or corticosterone plus salubrinal (5 μM) treated PC12-A53T. (D)
PC12-A53T cells transfected with or without RTP801 siRNA were lysed to examine RTP801, Grp78, ATF4 and CHOP after corticosterone treat-
ment. Data shown are means ± SEM, n = 5. *P<0.05, significantly different from control siRNA.
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modulate RTP801 expression in the context of neurodegener-
ation have been reported (Canal et al., 2014). Here, we have
found that miR-7 targeted the 30-UTR of RTP801, which was

inhibited in CRS-treated A53T mice (Figure 4). Notably,
miR-7 targets αSyn and NLRP3 in dopaminergic neurons,
which is associated with the pathophysiology of PD. Our

Figure 8
In vivo down-regulation of RTP801 alleviates the pathological changes in A53T mice with CRS treatment. (A) Scheme of the in vivo experimental
procedure. Lentivirus-mediated RTP801 shRNA or scramble shRNA was stereotaxically injected into SNpc. CRS treatment was performed 7 days
after the injection (n = 8). (B) Latency to fall off the rotarod were recorded 2 days after CRS treatment to evaluate motor coordination and balance
of the experimental animals (mean ± SEM, n = 8). (C) Dopamine levels in the striatum were evaluated (mean ± SEM, n = 5). (D) The content of
RTP801 and the accumulation of αSyn in mesencephalon were examined using Western blots. Data shown are means ± SEM, n = 5. *P<0.05, sig-
nificantly different from scramble shRNA, # P<0.05, significantly different from scramble shRNA without CRS. (E) Immunofluorescence staining of
TH (red) and RTP801 (green) in SNpc. Scale bar = 20 μm (mean ± SEM. n = 3).
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findings suggest that miR-7 plays an additional role beyond
αSyn regulation. There may also be a combined effect of αSyn
and RTP801 regulation by miR-7 in the PD process, but this
hypothesis requires further testing. The degradation of
RTP801 is also important for maintaining its content.
RTP801may be targeted for the ubiquitin proteasome system.
Our results distinctly demonstrated that the biological half-
life of RTP801 was notably longer in PC12-A53T-treated cells
than controls. We confirmed that degradation of RTP801 via
the ubiquitin proteasome system was inhibited by A53T αSyn
overexpression (Figure 5).

PD is characterized by aggregates of αSyn protein, which
are degraded by the autophagy lysosome pathway (Dinter
et al., 2016). Numerous studies suggested that mTOR inhibi-
tion caused autophagy. The effect of the mTOR inhibitor
RTP801 on autophagy was also investigated in our research.
The accumulation of p62 and αSyn was significantly
decreased after RTP801 inhibition, which suggests a role for
RTP801 in inducing autophagic dysfunction. 3-MA was used
to confirm this conclusion, but further studies are needed to
clarify the underlying mechanism.

ER stress triggers an evolutionarily conserved series of
signal transduction events to ameliorate the accumulation
of unfolded protein in the ER. However, ER stress causes cell
damage and death during overreactions (Kim et al., 2008).
Signs of ER stress were observed in post-mortem tissue from
sporadic human PD cases and most animal models of the
disease, which indicates that ER stress is important for the
manifestations of α-synucleinopathy in vivo (Colla et al.,

2012). Smith et al. reported that ER stress-mediated A53T
mutant αSyn induced toxicity (Smith et al., 2005). Our results
demonstrated that ER stress was aggravated after CRS
exposure in vivo and in vitro. RTP801 served as a mediator of
the outer and inner stress of the cells but also exhibited
crosstalk with the ER stress overreaction. The ER stress and
up-regulated RTP801 intensified each other to intensify the
response after CRS treatment (Figure 7).

In conclusion, RTP801 plays an essential role in the
progression of CRS-induced PD-like neurodegeneration
(Figure 9). The complex connection between RTP801 and
αSyn affects many pathways that are involved in the pathol-
ogy of PD. Our research clarified the reactive factor in stress-
induced PD process, which indicated that control of RTP801
up-regulation may be a promising target for reversing the
tendency towards earlier onset of PD in a younger population
with constant social stress.
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