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Abstract
Previous studies have demonstrated that α-synuclein (α-SYN) is closely associated with rapid eye movement sleep behavior 
disorder (RBD) related to several neurodegenerative disorders. However, the exact molecular mechanisms are still rarely 
investigated. In the present study, we found that in the α-SYNA53T induced RBD-like behavior mouse model, the melatonin 
level in the plasma and pineal gland were significantly decreased. To elucidate the underlying mechanism of α-SYN-induced 
melatonin reduction, we investigated the effect of α-SYN in melatonin biosynthesis. Our findings showed that α-SYN reduced 
the level and activity of melatonin synthesis enzyme acetylserotonin O-methyltransferase (ASMT) in the pineal gland and 
in the cell cultures. In addition, we found that microtubule-associated protein 1 light chain 3 beta (LC3B) as an important 
autophagy adapter is involved in the degradation of ASMT. Immunoprecipitation assays revealed that α-SYN increases the 
binding between LC3B and ASMT, leading to ASMT degradation and a consequent reduction in melatonin biosynthesis. Col-
lectively, our results demonstrate the molecular mechanisms of α-SYN in melatonin biosynthesis, indicating that melatonin 
is an important molecule involved in the α-SYN-associated RBD-like behaviors, which may provide a potential therapeutic 
target for RBD of Parkinson’s disease.
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Introduction

Parkinson’s disease (PD) is the second most common neuro-
degenerative disease, affecting 1–4% of the population over 
60 years in the world. PD is characterized pathologically by 
the appearance of Lewy bodies (LBs) in the cytoplasm of 
surviving neurons [1, 2]. α-Synuclein (α-SYN) and its aggre-
gates are the main components of LBs [3]. The aggregation, 

mutation and excessive accumulation of α-SYN reduce the 
expression of dopamine (DA) neuron-related genes includ-
ing tyrosine hydroxylase (TH), aromatic L-amino acid 
decarboxylase (AADC) and solute carrier family 6 member 
3 (encoding DA transporter, DAT), thereby affecting the 
function of DA neurons and causing neurodegeneration [3, 
4]. Previous studies have shown that mutants of α-SYN, such 
as A53T, A30P and E46K, affect the formation of α-SYN 
fibrils and are associated with autosomal-dominant familial 
PD [5]. In the transgenic model of PD-like lesions, α-SYN 
is transferred from the affected neurons to the engrafted neu-
ronal precursor cells and induces the neurons apoptosis [6]. 
Moreover, the level of α-SYN content in plasma exosome of 
PD patients is higher than that of healthy controls [7]. The 
abnormal interaction between α-SYN and TOM20 has also 
been identified in nigrostriatal neurons of the postmortem 
PD brain tissue [8]. All these studies indicate the close asso-
ciation between α-SYN and PD.

Sleep disorder is one of the nonmotor symptoms of PD, 
mostly appeared before motor manifestations occurence 
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[9–11]. Rapid eye movement (REM) sleep behavior disorder 
(RBD) is a common sleep disorder and strongly associated 
with PD. Around half of PD patients have RBD [12, 13]. 
To explore the RBD pathogenesis of PD, previous stud-
ies have constructed different α-SYN pathological models. 
For instance, Taguchi et al. analyzed nonrapid eye move-
ment (NREM) and REM in A53T SNCA bacterial artifi-
cial chromosome transgenic mice (BAC-α-SYNA53T) and 
found RBD-like behaviors without any related locomotor 
dysfunction at 5 months of age [14]. Okuda et al. inoculated 
α-SYN preformed fibrils (PFFs) into the striatum of BAC-α-
SYNA53T and found that PFFs aggravate REM sleep without 
atonia [15]. Injection of α-SYN into lateral hypothalamus 
destroys orexin neurons and induce RBD-like behaviors 
[16]. Shen et al. injected α-SYN fibers into the lower lateral 
tegmental nucleus of the brainstem subregion of mice to 
construct a mouse model with RBD-like behaviors based 
on α-SYN pathology [17]. Our present study found that 
prion protein promoter (Prnp) mediated α-SYNA53T trans-
genic mice also exhibit RBD-like behaviors at 4–5 months 
of age preceding motor symptoms. These results suggest 
that α-SYN pathological models can be used to explore the 
mechanisms of RBD.

Melatonin is an amine hormone produced by the pin-
eal gland of mammals [13]. Increasing lines of evidence 
have indicated that melatonin exerts multiple functions in 
many biological processes, especially in controlling circa-
dian rhythm and improving sleep disorders [18–24]. Kunz 
et al. have found that the 30-s REM sleep epochs numbers 
of eight RBD males are significantly reduced by 4 weeks 
treatment with 3 mg melatonin at night [25]. The clinical 
symptoms of RBD are absent of a 72-year-old man after 
melatonin treatment (2 mg a day for 6 months, 30 min before 
bedtime) [26]. The higher dosages (2–25 mg) of melatonin 
at night improve sleep efficiency and help reduce second-
ary sleep disorders, including RBD, indicating the correct 
administration of melatonin may ameliorate RBD [27, 28]. 
Besides that, two important catalyzing enzymes have been 
revealed to be responsible for the biosynthesis of melatonin 
[29]. The first is N-acetyltransferase (AANAT), which con-
verts serotonin (5-HT) to N-acetyl-5-hydroxytryptamine 
(NAS). NAS is then metabolized into melatonin by the sec-
ond enzyme, hydroxyindole-o-methyltransferase (ASMT) 
[30–32]. This process suggests the possible involvement 
of AANAT and ASMT in the melatonin-mediated RBD 
amelioration.

In eukaryotic organisms, maintenance of cellular home-
ostasis is mediated by two important protein degradation 
pathways: the ubiquitin –proteasome system (UPS) and 
autophagy–lysosome pathway (ALP) [33]. In the UPS 
pathway, the lysine residues of the targeted protein are 
labeled by ubiquitin (polypeptide) and degraded by the 
proteasome in a highly specific manner through an energy 

consuming process [34]. The selective ALP process 
requires a class of adapter proteins, such as sequestosome 
1 (SQSTM1/p62) and ubiquitin-like protein ATG fam-
ily, to transport the unwanted proteins to the lysosome to 
complete degradation [35, 36]. In the ALP, light chain 3B 
(LC3B) is a member of the ATG8 family and is involved 
in the recruitment of autophagic substrates and autophago-
some formation. The consensus LC3-interacting region 
(LIR) motif (W/F/Y–X–X–L/I/V) of proteins are recog-
nized by LC3B to bind them to promote their degradation 
[37]. When the autophagy is activated, LC3B is cleaved 
by ATG4 to generate cytoplasmic LC3B-I. LC3B-I cou-
ples phosphatidyl-ethnolamine through ATG7 and ATG3 
to produce an LC3B-phosphatidylethanolamine conjugate 
(LC3B-II), which is a structural protein of autophagy 
located in the membrane of the autophagic lysosome. 
In the degradation process, LC3B-II located in the outer 
membrane of the autophagic lysosome is removed by the 
cysteine protease ATG4B and recycled, while LC3B-II 
located in the inner membrane is degraded by lysosome 
together with the encapsulated content [35, 36].

In this manuscript, we found that α-SYN-reduced mela-
tonin biosynthesis was involved in the α-SYN-associated 
RBD-like behaviors in vivo. Furthermore, we documented 
that α-SYN suppressed melatonin biosynthesis through 
LC3B-mediated ASMT degradation process. Taken together, 
our studies suggest a LC3B-ASMT pathway underlying the 
regulating effect of α-SYN on melatonin biosynthesis and 
provide a potential target for the treatment of RBD in PD.

Materials and methods

Chemicals and antibodies

NAS and Melatonin were purchased from Sigma-Aldrich. 
Chloroquine, Bafilomycin A1, 3-Methyladenine, Mg132, 
and Rapamycin were obtained from MedChemExpress. 
Earle's Balanced Salt Solution was purchased from Beyo-
time Biotechnology.

The antibodies used in this study were as follows: anti-
α-SYN antibody (Santa Cruz Biotechnology and Becton, 
Dickinson, and Company), anti-ASMT antibody (Novus 
Biologicals and Genetex), anti-HA magnetic beads and 
anti-FLAG magnetic beads (MedChemExpress), anti-TH 
antibody (Millipore), anti-NeuN antibody (Millipore), anti-
GAPDH antibody, Goat anti-rabbit Alexa 488 or 594 and 
Goat anti-mouse Alexa 488 or 594 (Cell Signaling Tech-
nology), anti-FLAG, anti-HA (Beyotime Biotechnology), 
anti-LC3B (Abcam and Cell Signaling Technology), anti-
β-Tubulin, Goat anti-rabbit IgG H&L and Goat anti-mouse 
IgG H&L (Proteintech Group Inc.).
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Animals and treatments

B6;C3-Tg(Prnp-human-SNCA*A53T)83Vle/J mice were 
obtained from the Jackson Laboratory (Stock No: 004479). 
The heterozygote mice (SNCA*A53T) and wildtype (WT) 
with the same background were bred to obtain the experi-
mental mice. All the mice were aged 4–5 months during 
experimentation and housed under a 12:12 light/dark cycle 
with a constant room temperature and free access to food 
and water. DNA extracting from the tail of mice was used for 
genotyping by PCR (2 × EasyTaq PCR SuperMix, Transgen 
Biotechnology Co., Ltd.) with a pair of human SNCA 
primers. The PCR product of A53T transgenic mice was 
417 bp (forward primer: 5′-atggatgtattcatgaaagg-3′, reverse 
primer: 5′-aggcttcaggttcgtagtcttg-3′) and there was no PCR 
product in WT mice due to the lack of human SNCA gene 
expression. The mouse interleukin 2 (IL-2) primers (for-
ward primer: 5′-gagtgccaattcgatgatgagtc-3′, reverse primer: 
5′-gcgcttactttgtgctgtccta-3′) were used as a positive control 
and the PCR product was 407 bp. Tissues of mice with 
same sex in WT and A53T groups were carried out under 
deep anesthesia at different zeitgeber times [ZT]. All the 
animal works were performed according to the guidelines 
approved by the Animal Care Committee of Dalian Medical 
University.

Melatonin administration and detection

Transgenic (TG) mice were intraperitoneally injected with 
melatonin (10 mg/kg/day) for 14 consecutive days at ZT10, 
and then used to record electroencephalogram/electromyo-
gram (EEG/EMG) data. Whole mouse blood was collected 
into tubes containing ethylene diamine tetra-acetic acid and 
then centrifuged at 3000×g for 20 min at 4 ℃. Plasma was 
collected immediately for assay or stored in aliquot at −80 ℃ 
for later use. The pineal glands were collected and rinsed 
with ice-cold phosphate buffered saline (PBS, 0.01 M, 
pH = 7.4) to remove excess blood thoroughly. Then, the 
pineal glands were homogenized in PBS containing a pro-
tease inhibitor (cocktail, Sigma–Aldrich) and centrifugated 
for 5 min at 5000×g. Supernatant was collected and mela-
tonin levels were measured by a mouse Melatonin Elisa kit 
(Cloud-Clone Corp.). Optical density (OD) readings were 
recorded and melatonin concentrations were calculated by 
standard curve (generated by CurveExpert 1.3 software).

Mouse behavior tests

Rotarod, open-field and tail suspension tests were performed 
as described previously [38]. In brief, mice were trained on 
the rotarod with speed auto accelerating from 4 to 40 r/min 
in 5 min for 5 consecutive days. The time length of mice 
stayed on the rotarod was recorded 3 times on day 6 at 1 h 

intervals. The average time length was used for data analysis. 
For tail suspension, the mouse's tail was suspended by a tape 
on a pole (50 cm above the ground) for 6 min, and the cumu-
lative immobile time for the last 4 min was recorded. For 
open-field test, the mice were placed into 25 × 25 × 30 cm 
locomotor activity monitor box and recorded the automatic 
activity for 30 min.

EEG/EMG electrodes implantation, data collection 
and analysis

Based on the protocols described in our previous studies [39, 
40], the mice were fixed on a stereotaxic instrument and con-
tinuously anesthetized by inhaling isoflurane. After the skull 
explosion, four electrodes were fixed at 1.0 mm anterior to 
bregma, 1.5 mm on both sides; 1.0 mm anterior to the poste-
rior fontanelle, and 1.5 mm on both sides, respectively. Two 
electromyogram electrodes were inserted into the trapezius 
muscles on either side. Before testing, all mice were rested 
for a week and acclimated in the EEG recording room for 3 
days. EEG and EMG signals were consecutively recorded for 
24 h by a Sirenia EEG acquisition software (Pinnacle Tech-
nology Inc.) and the motor activities of animals were moni-
tored by camera. One 24 h period of wake, NREM sleep or 
REM sleep were determined by visually examining EEG/
EMG data within 10 s epochs. Wake stages were character-
ized by the high amplitude of EMG power and confirmed 
by cameras videos. A relative increase in the fast Fourier 
transform (FFT) delta power of EEG amplitudes was used to 
characterize NREM stages. REM stages were characterized 
by a relatively low amplitude of EMG power with a relative 
increase in FFT theta rate (over 70%) [15]. We normalized 
the REM sleep EMG average values by the same mouse's 
NREM sleep EMG average values on the same day. To avoid 
changes in muscle tone caused by alert-phase transitions 
(such as NREM-REM-NREM or NREM-REM-wake), we 
included REM periods lasting more than 48 s and eliminated 
the first and last 8 s during quantization [17].

Pineal organ culture and NAS stimulation

According to the experimental protocol described in previ-
ous studies [41, 42]. The pineal glands were rapidly removed 
from mice and incubated in BGjb medium (Invitrogen) sup-
plemented with antibiotics (penicillin 100 units/mL and 
streptomycin 100 μg/mL) maintained at 37 ℃, 95% oxygen 
and 5% carbon dioxide. The pineal gland was cultured for 
72 h to denervate and the medium was changed every 24 h.

For NAS stimulation, 200 nM of NAS was added to the 
medium at ZT3, the pineal glands or cells were collected and 
the supernatants after homogenization were used to detect 
the melatonin level after NAS stimulation for 2 h with a 
mouse Melatonin Elisa kit (Cloud-Clone Corp.).
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Cell construction, culture and plasmid transfection

The construction and culture of mouse neuroblastoma N2a 
cells stably overexpressed with human wildtype α-SYN 
(WT) or A53T mutant α-SYN (A53T) were described pre-
viously [4, 43].

For overexpression of ASMT, we subcloned the cod-
ing sequence of mouse ASMT fused with HA tag to 
pcDNA3.1(-) plasmids. The ASMT-HA plasmid was trans-
fected into N2a cells with lipofectamine 6000 (Beyotime). 
The cells were screened by 600 µg/mL G418 to obtain the 
stable cell line with overexpression of ASMT-HA. N2a cells 
stably overexpressed ASMT-HA were transfected with WT 
or A53T plasmids with lipofectamine 6000 (Beyotime) for 
48 h and then for later use.

Western blot

Cells or the pineal glands of three mice with the same geno-
type were collected for Western blot (WB). The method of 
WB was described previously [4, 43]. Briefly, the homogen-
ate supernatant was used to detect the protein concentration 
by a BCA detection kit (Beyotime) and 5 × sodium dodecyl 
sulfate (SDS) loading buffer (Beyotime) was added to boil. 
Equal amounts of total protein were separated by 10–12.5% 
SDS-polyacrylamide gel electrophoresis (PAGE) and then 
transferred onto 0.45 μm polyvinylidene difluoride (PVDF) 
membranes. The membranes were washed, blocked and 
incubated with the primary antibodies overnight at 4 ℃. 
Then, the membranes were washed and incubated with the 
secondary antibody. The protein bands were visualized by 
the chemiluminescence detection kit (Shanghai Epizyme 
Biomedical Technology Co., Ltd) and analyzed with the 
FluorChem Q system (Protein Simple). The intensities of 
proteins were normalized to GAPDH or β-tubulin, and three 
experiments were repeated.

Immunofluorescence

Mice were transcardially perfused with 40 mL of ice-cold-
PBS at a rate of 10 mL/min after anesthesia. The brain was 
isolated immediately on ice and fixed with ice-cold 4% 
paraformaldehyde for 24 h, followed by dehydration in 15% 
and 30% sucrose. The brain was cut into 40 μm slices by a 
Leica cryostat (CM1950S, Leica). The whole pineal glands 
or slices were blocked for 2 h in PBS buffer containing 5% 
goat serum, 0.2% Triton-X 100 and 0.05% NaN3 at room 
temperature and incubated with the primary antibody at 
4 ℃ overnight. After washing three times, the slices were 
stained by the secondary fluorescent antibodies for 1 h at 
room temperature. Hoechst was used to stain the nucleus. 

The images were obtained by A1R MP multiphoton confocal 
microscope (Nikon). The method of cell immunofluores-
cence was described previously [4].

Immunoprecipitation

The cell homogenate supernatant was obtained by centrifug-
ing at 12,000×g at 4 ℃ for 15 min. The protein concentration 
was determined using a BCA kit (Takara). Equal amount of 
protein and the primary antibody was added and incubated at 
4 ℃ overnight. Then, the protein A/G magnetic beads (Med-
ChemExpress) were added to the protein antibody mixture 
and incubated at 4 ℃ for 8 h. The protein-antibody-beads 
mixture was washed with PBS with Tween-20 for three 
times and boiled at 95 ℃ for 10 min. The protein band was 
determined by WB.

Liquid chromatography–mass spectrometry

ASMT-HA overexpressed cells were transfected with Vec-
tor, WT or A53T plasmid for 48 h with lipofectamine 6000 
(Beyotime). The proteins were collected and used to detect 
the concentration. Equal amount of total protein and HA-
magnetic beads (MedChemExpress) were mixed and incu-
bated at 4 ℃ overnight. The protein–HA beads mixture 
was washed with PBS for five times. The samples under-
went enzymolysis, C18 desalting and finally were tested 
by Q-Exactive plus mass spectrometer (ThermoFisher 
Scientific).

Statistical analysis

Data were expressed as the mean ± standard deviation (SD). 
Statistical analyses were performed using GraphPad Prism 8 
software (GraphPad prism). Statistical differences between 
groups were evaluated using independent sample Student’s 
t test or one-way ANOVA. The statistical significance was 
considered at P < 0.05.

Results

Prnp‑α‑SYNA53T transgenic mice exhibit sleep 
disturbance and RBD‑like behaviors at 4–5 months 
of age without significant motor deficiency

Before evaluating the pathology of Prnp-α-SYNA53T TG 
mice, the body weight of mice was detected after genotyp-
ing, the results showed that there was no significant differ-
ence between WT and TG (Figure S1A). Then, we analyzed 
the wake/sleep characteristics of TG mice by recording 
EEG and EMG. The results showed EEG and EMG differ-
ences of sleep/wake structure between WT and TG mice. 
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The percentages of wake, NREM and REM in WT mice 
were 64.1, 30.0 and 5.9%, while that in TG mice were 58.2, 
37.7 and 4.1%, respectively (Fig. 1A,  P < 0.05). The ratio 
of REM to total sleep of TG mice was 40% less than that 
of WT mice (Fig. 1B,  P < 0.05). The total REM sleep time 
of TG mice was 26.3 min less than that of WT mice at 24 h 
(P < 0.05), with separately 19.7 and 6.6 min at the light and 
dark stages, respectively (Fig. 1C,  P < 0.05). Moreover, the 
hourly power density of the REM sleep stage EEG of TG 
mice was significantly lower than that of WT mice (Fig. 1D), 
indicating a disrupted sleep quality of TG mice. This result 
was further verified by the total power density of REM sleep 
stages (Fig. 1E , P < 0.05). In addition, the episode num-
ber of TG mice was 48 less than that of WT mice at 24 h 
(P < 0.05), with separately 34 and 14 at light and dark stages, 

respectively (Fig. 1F,  P < 0.05). The average length of REM 
was not significantly changed in TG mice (Fig. 1G). We then 
analyzed the integral muscle tone intensity during REM and 
NREM sleep and found that the EMGREM/EMGNREM ratio of 
TG mice was significantly higher than that of WT mice (over 
74%, Fig. 1H,  P < 0.05). Finally, we conducted behavioral 
tests to evaluate motor symptoms in TG mice. The data of 
rotarod test, tail suspension test and open field test indicated 
that the behavioral phenotypes of TG mice were not sig-
nificantly different from that of WT mice (Figure S1B–H). 
Collectively, these results indicated that TG mice exhibit 
sleep disturbance and RBD-like behaviors without motor 
symptoms at 4–5 months of age.

WB analysis and immunofluorescence staining were 
performed to detect the level of TH, a reliable marker 

Fig. 1   Sleep structure and RBD-like behaviors in TG mice. A The 
percentages of REM, NREM and wake stages in WT and TG mice. 
B Relative ratio of REM to sleep in 24 h. C The total time of REM 
sleep stages in above mice at 24 h (L + D), light (L) and dark (D). D 

Hourly power density, E total power density, F episode number and 
G average length of REM stages in WT and TG mice. H The relative 
ratio of EMGREM/EMGNREM in WT and TG mice. N = 5–7 mice per 
group. *P < 0.05
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of dopaminergic neurons, in mouse brain. The results 
revealed that TH expression in substantia nigra (SN) of TG 
mice was significantly decreased compared with WT mice 
in SN (over 40%, Figure S2A, B, E, P < 0.05). However, 
the level of TH in the striatum of TG mice only showed a 
decreasing trend, without statistical significance compared 
with WT mice (Figure S2C, D, F).

Melatonin affects α‑SYN‑induced RBD‑like behaviors

To verify the effect of melatonin on α-SYN-induced RBD-
like behaviors in TG mice model, we first examined the 
plasma melatonin level in WT and TG mice at ZT4-6 and 
ZT10-12. Our results showed that the melatonin levels 
of TG mice at ZT4-6 and ZT10-12 were 72% and 74% to 
that of WT mice, respectively (Fig. 2A,  P< 0.05). Then, 
we intraperitoneally injected melatonin in TG mice (once 

Fig. 2   Melatonin affects α-SYN induced RBD-like behaviors. A The 
plasma melatonin level of WT and TG mice at ZT4-6 and ZT10-12. 
B Percent of REM to sleep in TG and TG injection with melatonin 
mice (TG + Mel). C The total time of REM sleep stages in above 

mice at 24 h (L + D), light (L) and dark (D). D Episode number, E 
total power density and F hourly power density of REM in TG and 
TG + Mel mice. G The relative ratio of EMGREM/EMGNREM in TG 
and TG + Mel mice. N = 6–9 mice per group. *P < 0.05, **P < 0.01
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daily for 14 consecutive days) and detected the EEG and 
EMG of the REM sleep stage of these mice. The results 
showed that the REM percentage in melatonin-treated TG 
mice (TG + Mel) was 1.55 folds to that in TG control mice 
(Fig. 2B , P< 0.01). The total REM time of TG + Mel mice 
was 28.3 min more than that of TG mice at 24 h (P < 0.01), 
containing 18.5 min and 9.8 min at the light and dark stages, 
respectively (Fig. 2C,  P< 0.05). In addition, the episode 
number of TG + Mel mice was 21 more than that of TG 
control mice at 24 h (P < 0.05), with 12 and 19 at the light 
and dark stages, respectively (Fig. 2D , P< 0.05). However, 
the total, each hour power density of REM and the EMGREM/
EMGNREM ratio were not significantly changed by injection 
of melatonin for a relatively short time (Fig. 2E–G). These 

results suggest that melatonin has potential to rescue RBD-
like behaviors in TG mice.

α‑SYN reduces the expression and activity of ASMT 
in the pineal gland and in N2a cells

To explore the possible mechanisms underlying the reduced 
plasma melatonin level in TG mice, we focused on melatonin 
biosynthesis and detected the melatonin level in the pineal 
glands. The results showed that the average melatonin level 
in TG mice at ZT12, 16 and 20 was 35% lower than in WT 
mice (Fig. 3A , P < 0.05), indicating that α-SYN overexpres-
sion affected melatonin biosynthesis. Then we examined the 
protein levels of two melatonin synthases. While AANAT 

Fig. 3   α-SYN reduces melatonin level and ASMT level and activ-
ity in the pineal gland. A Relative melatonin level in the mixture of 
ZT12, ZT16 and ZT20 pineal glands in WT and TG mice. B The pro-
tein level of AANAT and ASMT in the mixture of pineal gland in 
WT and TG mice at above ZT times. Relative average quantification 
of C ASMT and D AANAT to β-tubulin (100% WT) in the mixture 
of pineal glands in WT and TG mice at above ZT times. E Images 

of ASMT (red) and nucleus stained with Hoechst (blue) in the pin-
eal gland of WT and TG mice at ZT 12. Scale bar: 20 μm. F Rela-
tive fluorescence intensity of ASMT in the pineal gland of mice. G 
Relative melatonin level in the pineal gland of WT and TG mice after 
NAS (200 nM) stimulation for 2 h in vitro. N = 4–9 mice per group. 
*P < 0.05, **P < 0.01
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expression was not significantly changed in the pineal gland 
of TG mice at ZT12, 16 and 20 h (Fig. 3B, D), the average 
expression of ASMT of TG mice at the above ZT times was 
significantly lower than that of WT mice by 39% (Fig. 3B, 
C , P< 0.01). Immunofluorescence results also confirmed 
that α-SYN overexpression reduced the ASMT expression 
level in the pineal gland at ZT12 (Fig. 3E, F , P< 0.01). To 
verify the regulation of α-SYN on ASMT activity, we used 
NAS to stimulate the pineal gland and detected the new syn-
thesized melatonin level of the pineal gland homogenate. 
The results showed that the melatonin level of TG mice was 
40% less than that of WT mice (Fig. 3G,  P < 0.01). These 
results demonstrate that the melatonin synthase ASMT is 
an important molecular target in α-SYN-induced melatonin 
reduction.

These results were further confirmed in α-SYN (both WT 
and A53T) overexpressed cells, as shown by the decreased 
ASMT levels in both WT and A53T cells (29% and 24% 
lower compared with control cells, respectively, Fig. 4A, 
B, P < 0.01). Moreover, similar results were also obtained 
by immunofluorescence staining (Fig. 4C, D , P < 0.01). 
In addition, we also used NAS to stimulate the cells and 
detected the level of melatonin. The results showed that the 
melatonin levels of WT and A53T groups were 20% and 
26% less than that of the Vector group (Fig. 4E, P < 0.01). 
These results demonstrate that α-SYN mediates the expres-
sion level and activity of ASMT, further indicating ASMT 
is an important molecular target for α-SYN mediated mela-
tonin reduction.

α‑SYN promotes LC3B‑mediated ASMT degradation

We used α-SYN overexpression cells to investigate the 
molecular mechanism of α-SYN on ASMT expression. 
Immunofluorescence staining results showed that α-SYN 
colocalized with ASMT mainly in the cytoplasm (Figure 
S3A). Owing to the lack of a recognized mouse ASMT 
protein antibody for immunoprecipitation, we constructed 
ASMT-HA overexpression cells (Figure S3B). Then, we 
transfected WT or A53T plasmids into these cells, and used 
an anti-HA antibody to pulldown ASMT. Our results showed 
that ASMT did not have a direct interaction with α-SYN 
(Figure S3C). The same results were obtained in α-SYN 
overexpression cells by pulling down α-SYN with an anti-
FLAG antibody (Figure S3D). These results demonstrate 
that ASMT indirectly interacts with α-SYN.

Previous studies indicate that α-SYN induces protein 
degradation system dysfunction [3, 44, 45]. To determine 
whether α-SYN affect the degradation of ASMT, we first 
used CPLM 1.0 (http://​cplm.​biocu​ckoo.​org/​advan​ced.​php) 
to analyze the association between ASMT and ubiquitin, 
the results showed that there were no lysine sites to con-
nect with ubiquitin (Figure S4). The protein level of ASMT 
was also not significantly changed in cells cultured with 
MG132, a proteasomes inhibitor (Fig. 5A, B), suggesting 
that ASMT degradation might be independent of the pro-
teasomes system.

Then we used autophagy activators (rapamycin and 
Earle's Balanced Salt Solution, EBSS) and inhibitors 

Fig. 4   α-SYN reduces ASMT expression and activity in vitro. A The 
protein level of ASMT in Vector, WT and A53T mouse neuroblas-
toma N2a cells. B Relative quantification of ASMT (F) to GAPDH 
(100% Vector) in Vector, WT and A53T mouse neuroblastoma N2a 
cells. C Images of ASMT (red), human α-SYN (green) and nucleus 

stained with Hoechst (blue) in Vector, WT and A53T groups. Scale 
bar: 20  μm. D Relative fluorescence intensity of ASMT in Vector, 
WT and A53T mouse neuroblastoma N2a cells. E Relative melatonin 
level in Vector, WT and A53T mouse neuroblastoma N2a cells after 
NAS (200 nM) stimulation for 2 h. **P < 0.01

http://cplm.biocuckoo.org/advanced.php
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(chloroquine, CQ; bafilomycin A1, BAF and 3-methylad-
enine, 3-MA) to treat cell culture for indicated times to 
explore the effect of autophagy on ASMT degradation. The 
results showed that rapamycin and EBSS time-dependently 
reduced the ASMT protein level (Fig. 5C–F), while CQ, 
BAF and 3-MA increased the ASMT protein level in a time-
dependent manner (Fig. 5G–L), indicating autophagy path-
way mediates the degradation of ASMT.

Bioinformatics analysis was performed and found that 
the ASMT protein sequence contains six consensus LC3-
interacting region (LIR) motifs (W/F/Y-X-X-L/I/V) that 
were vital for their binding to LC3B (Fig. 6A). HDOCK 
software (http://​hdock.​phys.​hust.​edu.​cn/) [46] analysis 
also showed a direct interaction between LC3B and ASMT 
(Fig. 6B). Immunofluorescence staining results further illus-
trated co-localizations between ASMT and LC3B (Fig. 6C). 
Moreover, the direct interaction between ASMT and LC3B 
was verified by immunoprecipitation analysis (Fig. 6D, E) 
with anti-LC3B or anti-HA antibodies to pulldown the target 

protein. Altogether, these data indicated that LC3B is a pos-
sible intermediate molecular in α-SYN induced ASMT pro-
tein reduction.

To confirm this hypothesis, we used ASMT-HA overex-
pression cells transfected with WT or A53T plasmids and 
pulled down ASMT with an anti-HA antibody to detect the 
binding amount between ASMT and LC3B. The results 
showed that the binding capacity in WT and A53T cells 
was 1.4 and 1.5 folds of that in control cells, respectively 
(Fig. 7A, B, P < 0.05 and 0.01, respectively), which was 
also confirmed by protein mass spectrometry detection 
(Table S1). Then, we used α-SYN overexpressed cells and 
pulled down LC3B to detect the binding amount of LC3B 
with ASMT. The results showed that the binding capacity 
in WT and A53T cells were increased to 1.2 and 1.2 folds 
of that in control cells (Fig. 7C, D, P < 0.05) and the same 
results were obtained in immunofluorescence experiments 
in vitro (Fig. 7E). Moreover, this interaction was further 
verified using pineal glands, as shown by the increased 

Fig. 5   Autophagy mediates ASMT degradation. A, B ASMT protein 
levels and relative quantification of ASMT to GAPDH (100% 0 h) in 
mouse neuroblastoma N2a cells culture with the proteasome inhibitor 
MG132 (50 μM) for 0, 4, 8 and 16 h. ASMT protein levels and rela-
tive quantification of ASMT to GAPDH (100% 0  h) in mouse neu-
roblastoma N2a cells culture with the autophagy activator rapamycin 
(200 nM, C, D)  for 0, 4 and 8 h. ASMT protein levels and relative 

quantification of ASMT to GAPDH (100% 0 h) in mouse neuroblas-
toma N2a cells culture with the autophagy activator EBSS for 0, 0.5 
and 1  h (E, F). ASMT protein levels and relative quantification of 
ASMT to GAPDH (100% 0 h) in mouse neuroblastoma N2a cells cul-
ture with the autophagy inhibitors (Bafilomycin A1, Baf A1, 500 nM, 
G, H; chloroquine, CQ, 10  μg/mL, I, J; 3-Methyladenine, 3-MA, 
500 μM, K, L) for 0, 4 and 8 h. *P < 0.05, **P < 0.01

http://hdock.phys.hust.edu.cn/
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immunofluorescence co-localization between ASMT and 
LC3B in TG mice (Fig. 7F). Altogether, α-SYN promotes 
LC3B-associtated ASMT degradation to reduce melatonin 
synthesis and then affects α-SYN-associated RBD (Fig. 8).

Discussion

Sleep disorder is a nonmotor symptom occurring not only 
in the late stage, but also in the early stage of PD [47]. Con-
sistent with this, our results showed that at 4–5 months of 
age, Prnp-human-α-SYNA53T transgenic mice did not exhibit 
motor symptoms but appeared to have sleep disorders (Fig-
ure S1, 1). REM, an important stage of sleep, plays an 
important role in cleaning up brain toxins, promoting brain 
growth and development, regulating cognition and emotions 
[48, 49]. It is of great importance to explore the causes of 
RBD and find effective treatment strategies to alleviate 
RBD and then improve the life quality of PD patients. In 
this study, our results demonstrate that α-SYNA53T trans-
genic mice exhibit RBD-like behaviors at 4–5 months of age, 
as evidenced by the decreased time, power density episode 
number and increased REM/NREM EMG variance ratio 
(Fig. 1). The same results in different α-SYN-associated 
PD models have been shown in others studies. For instance, 
REM sleep without atonia was exhibited in BAC-α-SYN 
transgenic mice at 5 months of age [14], and inoculation into 

the striatum of above mice with α-SYN preformed fibrils 
aggravated REM sleep without atonia after 1 month [15]. 
Injection of α-SYN fibrils into the sublaterodorsal tegmen-
tal nucleus induces RBD-like behaviors in mice [17]. Our 
results declare that Prnp-human-α-SYNA53T transgenic mice 
also can be used as RBD-like behaviors models to further 
explore the causes and treatment for RBD of PD.

Melatonin is synthesized in the pineal gland of mammals, 
with low levels during the day and high level at night [50], 
and altered in neurodegenerative diseases. Previous studies 
of our and others’ have shown that the plasma melatonin 
level of PD patients was lower compared with healthy con-
trols [11, 51]. Consistent with this, TG mice had reduced 
plasma melatonin level compared with WT mice in this 
study (Fig. 2A). Additionally, melatonin is a regulator of 
circadian rhythm that plays an important role in regulat-
ing sleep wake cycles and involved in various sleep disor-
ders, including RBD [52, 53]. Kunz et al. have shown that 
the RBD symptom of patients are severity improved over 
the first 4 weeks of treatment of melatonin (2 mg one day 
at night) [54]. Treatment with 3 mg melatonin at night for 
4 weeks reduce the number of 30-s REM sleep epochs of 
eight RBD males [25]. In the present study, we injected 
melatonin in TG transgenic mice at night for a relatively 
short time, and the results showed that melatonin increased 
the stage time and episode number of REM (Fig. 2), dem-
onstrating that melatonin can alleviate α-SYN induced RBD 

Fig. 6   Direct binding between ASMT and LC3B. A Bioinformatics 
analysis of LIR motifs on ASMT protein sequence and B the direct 
binding between ASMT and LC3B. C Images of ASMT (red) and 
LC3B (green) in mouse neuroblastoma N2a cells. Scale bar: 20 μm. 

D Detection of ASMT and LC3B binding by pulling down LC3B in 
mouse neuroblastoma N2a cells. E Detection of ASMT (HA) and 
LC3B binding by pulling down ASMT using an anti-HA antibody in 
ASMT-HA overexpressed cells
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Fig. 7   α-Syn affects the binding amount between ASMT and LC3B. 
A, B Western blot detection of the binding amount between LC3B 
and ASMT (HA) and relative quantification of LC3B to HA (100% 
Vector) by pulling down ASMT with an anti-HA antibody in ASMT 
overexpressed mouse neuroblastoma N2a cells transfected with Vec-
tor, WT and A53T plasmids. C, D Western blot detection of the bind-
ing amount between LC3B and ASMT and relative quantification of 

ASMT to LC3B (100% Vector) by pulling down LC3B in Vector, WT 
and A53T mouse neuroblastoma N2a cells. E Images of ASMT (red), 
LC3B (green) and nucleus stained with Hoechst (blue) in Vector, WT 
and A53T cells. Scale bar: 20 μm. F Images of ASMT (red), LC3B 
(green) and nucleus stained with Hoechst (blue) in pineal gland of 
WT and TG mice at ZT 12. Scale bar: 10 μm. *P < 0.05, **P < 0.01

Fig. 8   The schematic diagram 
of this study. Overexpression 
of α-SYN promotes LC3B 
mediated ASMT degradation 
to reduce melatonin biosynthe-
sis and then affects RBD-like 
behaviors
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to a certain extent and melatonin is a crucial molecule in 
α-SYN induced RBD-like behaviors. One possible reason of 
this mitigative effect is that injection of melatonin reduces 
the toxic α-SYN in the important RBD brain tissues. We 
detected the melatonin level and the α-SYN level in the cir-
cadian clock regulation center (hypothalamus), the results 
showed that melatonin is decreased in the hypothalamus of 
TG mice, which can be increased after injection of mela-
tonin. While the protein level of α-SYN is nearly unchanged 
before or after injection of melatonin. These results tend 
to that the changed RBD-like behaviors in TG mice after 
melatonin injection are a result from a rescuing effect of 
melatonin. However, these results in other important RBD 
brain tissues remain to be further explored.

One mechanism of melatonin improves sleep disorder is 
via activating two high affinity G protein coupled receptors 
(MT1 and MT2) [55]. MT1 receptors are located in the locus 
coeruleus and lateral hypothalamus associated with REM 
sleep [56], while MT2 receptors are in the reticular thala-
mus associated with NREM sleep [57]. The different locali-
zations between MT1 and MT2 receptors determine their 
different roles in modulating sleep. Recent studies showed 
that the activation of the MT1 receptor is mainly involved 
in the regulation of REM sleep, while the MT2 receptor 
selectively increases NREM sleep [58, 59]. Besides that, 
a decrease NREM sleep stage is observed in MT2 receptor 
knockout mice, whereas an increased NREM sleep stage and 
a decrease REM sleep stage are revealed in MT1 receptor 
knockout mice [57, 60]. Our results showed that both mela-
tonin and MT1 levels are downregulated in the hypothala-
mus of A53T TG mice, indicating MT1 is a potential inter-
mediate molecular in the α-SYN-melatonin-related RBD 
pathway. In addition, melatonin is involved in antioxidant, 
anti-inflammatory, antiapoptotic and circadian functions by 
regulating many molecules [61], providing that the possible 
mechanism of melatonin in the α-SYN-induced RBD-like 
behaviors.

Although melatonin affects the α-SYN induced RBD-like 
behaviors, the photo-instability of melatonin determines its 
limitations in the induction of these behaviors, indicating 
that there may be other important molecules in the process. 
For instance, the hypocretin neurons control motor during 
wakefulness and sleep in humans, their deficiency induces 
a motor control defect during REM sleep [62]. Injection of 
α-SYN into the lateral hypothalamus area decreases hypo-
cretin receptor 1 (OX1R)-mediated signaling associated with 
RBD occurrence [16]. Moreover, gene blocking of GABA 
and glycine receptors increases muscle twitches during REM 
sleep [63]. Intrastriatal injection of α-SYN fibrils reduce 
septal GABAergic neurons, indicating GABAergic neurons 
maybe the intermediate molecules in the pathway of α-SYN 
induced RBD-like behaviors [64]. The abnormal expres-
sion level and dysfunction of biological rhythm genes (the 

circadian locomotor output cycle kaput, Clock, brain and 
muscle aryl-hydrocarbon receptor nuclear translocator-like 
1, Bmal1, Period 1, Per1, Period 2, Per2, Period 3, Per3 and 
cryptochrome 1, Cry 1 and cryptochrome 2, Cry 2) induce 
circadian rhythm sleep–wake disorders [65]. Bmal1 expres-
sion is lack of time-dependent changes in PD patients with 
decreased REM sleep, indicating the rhythm genes are also 
an important molecular in the α-SYN induced RBD-like 
behaviors [11]. Molecules that regulate rhythm genes may 
be potential mediators of α-SYN induced RBD-like behav-
iors, which still need to further exploration.

We demonstrated that only the ASMT protein level was 
reduced in TG mice (Fig. 3B–D), indicating the low mela-
tonin level of TG mice is partially due to deficient biosynthe-
sis (Fig. 3A). The proteasome system is an important protein 
degradation system to control the protein quality of the body 
in PD [33]. A previous study has shown that α-SYN pro-
motes the proteasome dependent degradation of Nurr1 by 
treating the midbrain cultures of TG and littermate control 
mice with MG132 [3]. In the rat substantia nigra pars com-
pacta co-expressed with α-SYNA53T and the ubiquitinated 
reporter protein UbG76V-GFP by adeno-associated viruses, 
the early-onset catalytic injury of the 26S proteasome with 
associated ubiquitin–proteasome system (UPS) dysfunc-
tion is induced by overexpression of α-SYN [66]. Although 
α-SYN mediates the function of the proteasome system, the 
regulation of α-SYN on ASMT expression is independent 
of the UPS system due to no lysine sites connected with 
ubiquitin in the ASMT protein sequence (Figure S4).

Autophagy is another critical process for protein homeo-
stasis in eukaryotic cells [67], and many compounds have 
been explored as inhibitors or agonists of autophagy function 
[33]. In this study we determined whether autophagy partici-
pates in ASMT degradation, showing that higher autophagic 
activity decreased ASMT protein level, while autophagy 
inhibition increased ASMT protein level (Fig.  5C–L). 
LC3B as an autophagy marker plays an important role in 
autophagosome formation and autophagy's substrate recruit-
ment. In the process of autophagy mediated protein deg-
radation, LC3B recognizes the LIR motifs of protein, and 
cytoplasmic LC3B (LC3B-I) is enzymatically hydrolyzed a 
small segment of polypeptide and transformed to membrane 
type (LC3B-II) [35, 68]. Our bioinformatics analysis showed 
that the ASMT protein sequence has six LIR motifs bind-
ing to LC3B, which can be verified by immunofluorescence 
and immunoprecipitation results (Fig. 6), indicating LC3B 
mediated the degradation of ASMT. However, the specific 
binding sites of ASMT to LC3B and the effect of α-SYN on 
these sites still need further exploration.

In the transgenic mice model expressing PITX3/
H2BjGFP/A53T, LC3B positive puncta exhibited 
increased size and intensity in the soma of mDA neurons 
at one month of age. In addition, a significant increase 
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in LC3B protein level was observed in the midbrain [3]. 
Dehay et al. have found that LC3B-II was increased in 
the SN of PD models [69]. In our study, LC3B protein 
level was also increased in the pineal gland of TG mice 
without significantly morphological changes, and α-SYN 
increased the combination between ASMT and LC3B 
(Fig. 7), thus promoting the degradation of ASMT. These 
results confirm the previous findings that α-SYN regu-
lates autophagy-dependent degradation pathways, which 
provide a potential molecular mechanism underlying the 
effects of α-SYN on ASMT expression and function [3, 
70].

In summary, our study documented a new α-SYN-based 
RBD-like behaviors model and the potential molecular 
mechanism underlying the α-SYN-reduced expression 
and activity of ASMT through LC3B-associated degrada-
tion pathway. The impaired ASMT-mediated melatonin 
synthesis by α-SYN may help to understand the molecu-
lar mechanism of RBD-like behaviors in α-SYN-based 
transgenic mice, providing a new therapeutic target for 
the treatment of this disease.
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