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Abstract

The accumulation of abnormal a-synuclein is the major histopathological feature of Lewy
body disease and multiple system atrophy (MSA), which are referred to as
synucleinopathies. Cytoplasmic degradation systems, such as the autophagy-lysosome and
proteasome pathways, are involved in their pathogenesis. Autophagy is tightly regulated by
several upstream proteins including UNC-51-like kinase 1/2, beclin1, vacuolar protein
sorting-associated protein 34 and autophagy/beclin1 regulator 1 (AMBRA1). Recently, we
revealed that both cortical and brainstem-type Lewy bodies were immunopositive for several
upstream proteins of autophagy. Therefore, we conducted the present study to elucidate the
role of upstream proteins of autophagy in the pathogenesis of MSA. Pathological and
biochemical analyses using human brain samples revealed that AMBRA1 is a component of
the pathological hallmarks of MSA and upstream proteins of autophagy are impaired in the
MSA brain. In vitro and in vivo analyses revealed a ninefold stronger affinity of AMBRA1
with a-synuclein phosphorylated at serine 129 compared with non-phosphorylated a-
synuclein. Furthermore, a weak but significant correlation between AMBRA1
overexpression and reduction of abnormal a-synuclein was observed. Silencing AMBRA1
function caused aggregates of a-synuclein in the cytoplasm of mouse primary cultured
neurons, which was simulated by the treatment of Bafilomycin, an autophagy inhibitor.
Our results demonstrated for the first time that AMBRA1 is a novel hub binding protein
of a-synuclein and plays a central role in the pathogenesis of MSA through the
degradative dynamics of a-synuclein. These results raise the possibility that molecular
modulation targeting AMBRA1 can be a promising candidate for the treatment of
synucleinopathies.

INTRODUCTION

Multiple system atrophy (MSA) is an adult-onset, sporadic, rapidly
progressing, fatal neurodegenerative disease that presents with a
various combination of cerebellar ataxia, poorly L-dopa-responsive
parkinsonism and dysautonomia. MSA is now categorized into two
clinical groups, depending on the predominant motor presentation:
a cerebellar variant related to olivopontocerebellar atrophy (MSA-
C) and a parkinsonian variant reflecting striatonigral degeneration
(MSA-P) (10). The accumulation of misfolded proteins in

proteinaceous inclusions is considered to be a common feature of
many neurodegenerative disorders. MSA is pathologically charac-
terized by: (i) the widespread occurrence of glial cytoplasmic inclu-
sions (GCIs), to a lesser extent, (ii) neuronal cytoplasmic inclusions
(NCIs), (iii) neuronal nuclear inclusions (NNIs) and (iv) glial
nuclear inclusions (GNIs) (16, 29, 34–36). As the severity and dis-
tribution of neuronal loss is associated with the density of GCIs,
MSA is considered as a primary oligodendrogliopathy (49). GCIs
are visualized by silver staining, such as the Gallyas-Braak method
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(36), and ultrastructurally consist of granule-associated filaments
(28, 29, 36). The major component of GCIs is a-synuclein (a-syn),
which is also phosphorylated at residue Ser129 as in the Lewy
bodies of Parkinson’s disease (PD) and dementia with Lewy bodies
(DLB) (13, 48). Thus, MSA, along with PD and DLB, is regarded
as a synucleinopathy. In normal brain, a-syn is localized in the pre-
synaptic nerve terminals (12, 15), at the nuclear envelope (20),
within the nucleus (22, 26) and in the cytoplasm of neurons (14,
17, 41). In patients with MSA, the solubility of a-syn within GCIs
alters, resulting in the formation of aberrantly insoluble, phospho-
rylated, filamentous aggregations of a-syn and finally neuronal cell
death.

Macroautophagy (herein referred to as autophagy) is a highly
conserved degradation pathway whereby not only cytosolic compo-
nents but also aberrant proteins are sequestered within double-
membraned vesicles, known as autophagosomes. Autophagy is
divided mainly into three processes: (i) initiation of autophagy, (ii)
formation of autophagosomes and (iii) degradation of the proteins
after fusion with lysosomes (4). Several studies reported that quan-
titative and qualitative abnormalities of autophagosomal proteins
occur in the affected regions of MSA as well as of Lewy body dis-
ease (40, 46), indicating that the relatively late processes (ii and iii
in the three processes listed above) of autophagy are disrupted in
the brains of these patients. However, significant implications for
the initiation of autophagy in MSA remain largely unknown.

Autophagy is tightly regulated by several upstream proteins such
as UNC-51-like kinase 1 (ULK1), ULK2, beclin1, vacuolar protein
sorting-associated protein 34 (VPS34) and autophagy/beclin1 regu-
lator 1 (AMBRA1). Activation and modification of these proteins
initiate autophagy through inhibition of the mammalian target of
rapamycin (4). Recently, we performed an extensive study of the
alterations of upstream proteins of autophagy (ULK1, ULK2,
beclin1, VPS34 and AMBRA1) in Lewy body disease, and demon-
strated that both cortical and brainstem-type Lewy bodies were
intensely immunopositive for AMBRA1, whereas only brainstem-
type Lewy bodies were moderately immunostained with antibodies
against the other key proteins (24).

In the present study, we focused on the involvement of the
upstream proteins of autophagy in the pathogenesis of MSA. On
the basis of the results of pathological staining using human brains,
we assumed close relationship between AMBRA1 and a-syn
pathology in MSA. Further studies provided new evidence that
AMBRA1 was a novel key partner of native as well as phosphoryl-
ated (abnormal) a-syn. Especially, AMBRA1 had a ninefold stron-
ger affinity of AMBRA1 with abnormal a-syn compared with
native a-syn, and was associated with the degradation of native
and abnormal a-syn. Collectively, our results indicate that the
upstream proteins of autophagy, especially AMBRA1, might be
highly involved in the pathogenesis of MSA. AMBRA1 could
sense abnormally phosphorylated a-syn and serve as an efficient
degradation mechanism for abnormal a-syn.

MATERIALS AND METHODS

Antibodies

Rabbit polyclonal antibodies against ULK1 (Thermo Fisher Scien-
tific, Waltham, MA), ULK2 (Thermo Fisher Scientific), VPS34

(Thermo Fisher Scientific), beclin1 (Novus Biologicals, Littleton,
CO), AMBRA1 (ProSci-Incorporated, Poway, CA), AMBRA1
(Cell Signaling Technology, Danvers, MA), AMBRA1 (Protein-
tech Inc., Chicago, IL), elongin B (Abcam, Cambridge, MA), p62
(MBL, Nagoya, Japan), microtubule-associated protein light chain
3 (LC3) (Sigma, St. Louis, MO), TNF receptor associated factor 6
(TRAF6) (Sigma) and b-actin (Sigma), goat polyclonal antibody
against Bip (Santa Cruz, Dallas, TX), rabbit monoclonal antibody
against phosphorylated a-syn (p-a-syn) (Abcam) and Myc (Cell
Signaling Technology), and mouse monoclonal antibodies against
a-syn (Abcam, 4D6; Abcam, syn211), p-a-syn (Wako, Osaka,
Japan; #64), dynein intermediate chain (Abcam), Flag (Sigma),
RGHHHHHH His (RH) (QIAGEN, Hilden, Germany), Myc (Cell
Signaling Technology) and HaloTag (Promega, Madison, WI)
were utilized as primary antibodies. TRAF6 mediates ULK1 to pro-
mote autophagy (31). Elongin B cooperates with AMBRA1 to
mediate a positive feedback loop of autophagy with other E3
ligases (1).

Specificity of the primary antibodies

As reported previously (24), the specificity of the primary antibod-
ies (ULK1, ULK2, beclin1, VPS34 and AMBRA1) was examined
by western blot analysis. The specificity of other primary antibodies
related to autophagy (TRAF6, elongin B) were reported in the liter-
ature (1).

Human subjects and immunohistochemistry

Tissue samples were obtained from the Department of Neuropa-
thology, Institute of Brain Science, Hirosaki University Graduate
School of Medicine, Hirosaki, and the Department of Pathology,
Brain Research Institute, University of Niigata, Niigata, Japan.
Twelve autopsy cases were investigated in this study; these
included cases of MSA (aged 49–83 years, average 65.8 years,
n 5 6), and normal controls (aged 53–84 years, average 64.6 years,
n 5 6). For routine histological investigations, the brain and spinal
cord were fixed with 10% buffered formalin for 3–4 weeks.

Four-micrometer-thick sections were cut from the upper pons of
patients with MSA and control subjects, and immunostained using
the avidin-biotin-peroxidase complex method with diaminobenzi-
dine as the chromogen. The primary antibodies used were anti-
ULK1 (1:100), anti-ULK2 (1:500), anti-beclin1 (1:100), anti-
VPS34 (1:100) and anti-AMBRA1 antibodies (ProSci-Incorpo-
rated; 1:500). The sections were pretreated in an autoclave for 10
min in 10 mmol citrate buffer (pH 6.0).

Paraffin sections from the pons of MSA patients were processed
for double-label immunofluorescence. Deparaffinized sections were
incubated overnight at 48C with a mixture of monoclonal anti-p-a-
syn (#64; 1:500) and polyclonal anti-AMBRA1 antibodies (ProSci-
Incorporated; 1:50). The sections were then rinsed and incubated
with anti-rabbit IgG tagged with Alexa Fluor 488 (Invitrogen,
Carlsbad, CA; 1:1000) or anti-mouse IgG tagged with Alexa Fluor
594 (Invitrogen; 1:1000) for 2 h at 48C. The sections were mounted
with Vectashield (Vector Laboratories, Inc., Burlingame, CA) and
examined with a confocal microscope (EZ-Ci; Nikon, Tokyo,
Japan). Semi-quantitative analysis was performed to evaluate the
proportion of AMBRA1-positive inclusions relative to the number
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of p-a-syn-positive inclusions based on 10 randomly chosen low-
power fields.

Cell culture and gene constructs

Green fluorescent protein-LC3 transgenic mice were purchased
from RIKEN BioResource Center (Tsukuba, Japan), and the geno-
type was confirmed by conventional PCR method (25). Primary
control neurons were harvested from Green fluorescent protein-
LC3 transgenic mice at embryonic day 18. Briefly, cerebral cortices
were removed, cells were plated (0.75 3 105 cells/cm2) in neuro-
basal medium containing B27 supplement (Invitrogen), antibiotics
and L-glutamine. Half the volume of culture medium was
exchanged every 3 days.

HEK293 cells were purchased from the Japanese Collection of
the Research Bioresources Cell Bank (Osaka, Japan), and main-
tained in Dulbecco’s modified Eagle medium supplemented with
10% fetal calf serum and antibiotics.

Human AMBRA1 tagged with Flag was purchased from ViG-
ene Biosciences (CH899054) (Rockville, MD). Deletion mutants
of AMBRA1 tagged with Myc (full-length, FL; amino-terminal,
F1; central terminal, F2; and C-terminal, F3) and human a-syn
(WT a-syn) cDNA were prepared as described previously (11, 45).
a-syn cDNA was subcloned into pcDNA3 (Invitrogen) tagged with
RH or Flag, and pFN21A with HaloTag (Promega). Mutagenesis
was performed according to the manufacturer’s instructions
(Takara, Otsu, Japan), followed by sequencing to confirm the muta-
tion site. Serine (S) was changed into glutamic acid (E) for a
phosphorylation-mimic mutant (S129E a-syn).

Western blot analysis and
immunocytochemistry of cultured cells and
brain lysates

At 12 h after transfection with 0.25 lg of cDNA containing Flag-
tagged AMBRA1, 0.25 lg of HaloTag-tagged S129E a-syn was
transfected into HEK293 cells and incubated for 24 h. cDNA was
transfected into HEK293 cells using X-tremeGENE 9VR (Roche,
Basel, Switzerland). The cultured cells were then harvested to
assess the expression level of proteins in the total lysates. The cells
were lysed with sample buffer (75 mM Tris-HCl, pH 6.8, 4%
sodium dodecyl sulfate, 25% glycerol, 5% b-mercaptoethanol),
and western blot analysis was performed as reported previously
(51). Rabbit polyclonal antibodies against AMBRA1 (Cell Signal-
ing Technology; 1:1000), p62 (1:2000), LC3 (1:4000), and b-actin
(1:10 000), goat polyclonal antibody against Bip (1:200) and
mouse monoclonal antibodies against HaloTag (1:2000) were uti-
lized as primary antibodies.

At 12 h after transfection with mouse SilencerV
R

Select siRNA
AMBRA1 (50-GGGUGAUGACGAACCAGAAtt-30) (Thermo
Fisher Scientific) or control siRNA (Thermo Fisher Scientific),
mouse primary cultured neurons were treated with or without Bafi-
lomycin, a specific autophagy inhibitor. siRNA was transfected
into the primary cultured neurons using ScreenFectTM siRNAVR

(Wako). The neurons were then incubated overnight at 48C with
anti-a-syn (4D6; 1:1000) antibody. The sections were then rinsed
and incubated with anti-mouse IgG tagged with Alexa Fluor 594
(Invitrogen; 1:1000) for 2 h at 48C. The sections were mounted
with Vectashield (Vector Laboratories) and examined as described

above. In order to count aggregates of a-syn in the cytoplasm,
semi-quantitative analysis was performed based on randomly 10
chosen low-power fields.

Brain tissues were dissected out at autopsy and frozen rapidly at
270�C. For the present study, frozen tissues from the cerebellar
white matter of patients with MSA (aged 39–82 years, average
69.2 years, n 5 5) and age-matched normal controls (aged 64–76
years, average 70.8 years, n 5 5) were employed. Western blot
analysis was performed as described above. Anti-ULK1 (1:1000),
anti-ULK2 (1:1000), anti-beclin1 (1:1000), anti-VPS34 (1:1000),
anti-AMBRA1 (1:1000), anti-TRAF6 (1:1000), anti-p62 (1:2000),
anti-LC3 (1:4000) and anti-b-actin (1:10 000) antibodies were used
as primary antibodies.

Immunoprecipitation analysis of cultured cells
and human brain samples

HEK293 cells were transfected with a combination of Flag-tagged
AMBRA1 and RH-tagged WT a-syn or S129E a-syn, or a combi-
nation of Myc-tagged AMBRA1 (FL, F1-3) and RH-tagged WT a-
syn. Pre-immunoprecipitated lysate was diluted twofold with
immunoprecipitation (IP) buffer and used as the input sample.
Lysates were incubated with a mouse anti-Flag, anti-Myc or IgG
alone binding with Protein G-coupled magnetic beads for 0.5 h
(Invitrogen). Following incubation, the beads were washed three
times with Tris-buffered saline with 0.1% Tween 20, eluted in a
loading buffer, applied to SDS-polyacrylamide gel electrophoresis,
and western blot analysis was performed as described previously
(51). IP was also performed using a TALON-based system and fol-
lowing the protocol described previously (45). Anti-a-syn (4D6;
1:1000), anti-Flag (1:1000), anti-RH (1:1000) and anti-Myc
(1:1000) antibodies were used as primary antibodies.

Frozen brain tissues (middle temporal cortex and cerebellar
white matter, 0.05 g) from MSA (aged 69–82 years, average 74.8
years, n 5 4) and control subjects (aged 71–79 years, average 73
years, n 5 4) were homogenized in IP buffer (20 mM Tris, pH 7.4,
150 mM NaCl, 2 mM MgCl2, 0.5% NP-40, 10% glycerol with a
protease inhibitor cocktail [Complete Mini EDTA-free; Roche
Applied Science]). The protein concentration in the lysates was
determined using a BCA assay (Pierce, Rockford, IL). Lysates con-
taining equal amounts of proteins (20 mg) were incubated with the
rabbit anti-AMBRA1 antibody or IgG alone binding with Protein
G-coupled magnetic beads for 0.5 h (Invitrogen). Following incu-
bation, the beads were washed 3 times with Tris-buffered saline
with 0.1% Tween 20, eluted in a loading buffer, applied to SDS-
polyacrylamide gel electrophoresis, and western blot analysis was
performed as described previously (51). The primary antibodies
used were anti-AMBRA1 (Cell Signaling Technology; 1:1000),
anti-a-syn (4D6; 1:1000), anti-p-a-syn (Abcam, 1:2000; Wako,
1:1000), anti-elongin B (1:1000), anti-dynein intermediate chain
(1:1000) and anti-LC3 (1:4000).

Proximity ligation assay of cultured cells and
human subjects

A proximity ligation assay (PLA) was performed using Duolink
kits supplied by Sigma. Anti-a-syn (syn211; 1:500) and anti-
AMBRA1 (ProSci-Incorporated; 1:100) antibodies were utilized as
primary antibodies for PLA (7, 38). For pretreatment, the cells
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were fixed with 4% paraformaldehyde, and permeabilized with
0.1% Triton X-100 for 10 min. According to the manufacturer’s
protocol, anti-a-syn (syn211; 1:500) and anti-AMBRA1 (ProSci-
Incorporated; 1:100) antibodies were applied to the samples and
they were incubated overnight at 48C. Then, PLA probes (Minus
and Plus) detecting each primary antibody were added to the sam-
ples for 1 h at 378C. PLA probe hybridization and ligation was per-
formed using ligation solution for 30 min at 378C. Polymerase
solution was then added to the samples for 100 min at 378C. The
samples were mounted with Duolink in situ Mounting Medium
with DAPI and examined using a confocal microscope as described
above.

For PLA of human samples, five autopsy cases were investigated
in this study: MSA (n 5 1) and normal controls (n 5 4). The brains
were fixed with 10% buffered formalin for 3–4 weeks. Anti-p-a-
syn (#64; 1:2000) and anti-AMBRA1 (ProSci-Incorporated; 1:500)
were utilized as primary antibodies for PLA. PLA was performed
according to the manufacturer’s protocol.

Protein purification and surface plasmon
resonance analysis

AMBRA1 and a-syn proteins were harvested from HEK293 cells
and lysed with IP buffer and immunoprecipitated by the Flag or
HaloTag system (Promega), respectively. Flag peptide was used for
AMBRA1 purification. Halo-a-syn was digested with TEV prote-
ase to detach HaloTag from a-syn. All proteins were dialyzed into
phosphate-buffered saline. Protein concentration was determined
by the BCA assay described above.

Binding of a-syn to AMBRA1 was analyzed by surface plasmon
resonance (SPR) using a Biacore 2000 (GE Healthcare Japan,
Tokyo, Japan). Binding reactions cause a change in SPR resonance,
which was detected optically and measured in resonance units.
AMBRA1 was immobilized on a sensor surface via its primary
amine groups. The carboxymethylated dextran surface of the chip
(CM5 sensor chip; GE Healthcare Bio-Sciences AB, Bj€orkgatan,
Sweden) was activated with 50 mM N-hydroxysuccinimide and
200 mM N-ethyl-N�-(dimethylaminopropyl) carbodiimide at 258C
with a flow rate of 10 mL/min. AMBRA1 (70 mL at 0.1 mg/mL) was
immobilized at 258C with a flow rate of 10 mL/min. One surface
was used as the negative control and contained no coupled protein.
The remaining activated groups were blocked with 1 M ethanola-
mine (pH 8.5). The binding assays were performed at 258C by
using WT a-syn or S129E a-syn as analytes at different concentra-
tions ranging from 20 to 100 nM in 10 mM HEPES (pH 7.4) con-
taining 150 mM NaCl, 3.4 mM EDTA and 0.005% (v/v) surfactant
P20, and applied at 20 mL/min. Association was monitored for
120 s followed by a dissociation phase. All binding assays were
performed in duplicate, and the standard deviation was within 10%.
BIA evaluation software (version 4.1.1) was used to calculate the
different equilibrium dissociation constants (KD) using a 1:1 bind-
ing model (9).

Statistical analysis

Statistical analyses were performed using a two-sample t test. Dif-
ferences were considered statistically significant at P <0.05.

Ethics

All studies and procedures were carried out with the approval of
the Committee of Medical Ethics of Hirosaki University Graduate
School of Medicine, Hirosaki, Japan.

RESULTS

AMBRA1 is incorporated in GCIs, NCIs and
threads in MSA

First, to examine whether upstream proteins of autophagy are
involved in inclusion formation in MSA, brain specimen from
patients with MSA and normal controls were examined immuno-
histochemically. In normal controls, the neuronal cytoplasm was
weakly positive for ULK1, ULK2, VPS34 and AMBRA1, as
reported previously (24). The cytoplasm of oligodendroglia was
weakly positive for AMBRA1, but not for the other proteins (Sup-
porting Information Fig. 1). In the brains of patients with MSA,
anti-p-a-syn and anti-AMBRA1 antibodies intensely stained GCIs,
NCIs and threads (Figure 1A–F). NNIs and GNIs were not positive
for AMBRA1. Although GCIs, GNIs and NNIs were negative for
ULK1, NCIs were unstained or barely stained with anti-ULK1

Figure 1. Immunoreactivity of phosphorylated a-synuclein (p-a-syn)

and AMBRA1 in the brains of patients with multiple system atrophy

(MSA). Immunoreactivity for p-a-syn (A, C, E) and AMBRA1 (B, D, F)

in glial cytoplasmic inclusions (GCIs) (A, B), neuronal cytoplasmic

inclusions (NCIs) (C, D) and threads (E, F). Bars 5 10 lm.
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antibody (Supporting Information Fig. 2A–D). No GCIs, NCIs,
GNIs or NNIs were positive for ULK2, VPS34 or beclin1.

Double immunofluorescence analysis revealed co-localization of
AMBRA1 and p-a-syn in GCIs, NCIs and threads (Figure 2A–I).
The average proportion of AMBRA1-positive inclusions relative to
the number of p-a-syn-positive inclusions was 29.1% in GCIs and
28.3% in NCIs.

In the advanced stage of MSA, significant
alteration of upstream proteins of autophagy is
observed

Next, we performed western blot analysis using total brain lysate of
cerebellar white matter of normal controls (n 5 5) and MSA
(n 5 5). The raw data are shown in Figure 3A. In the brains of
patients with MSA, there was a significant increase in the expres-
sion of ULK1 (Figure 3B), ULK2 (Figure 3C) and AMBRA1

(Figure 3D). On the other hand, TRAF6, which promotes autoph-
agy through mediation with ULK1, was significantly decreased in
patients with MSA (Figure 3E) There was no difference in the lev-
els of beclin1, VPS34, p62 and LC3-II, the autophagosome-bound
form, relative to LC3-I between normal controls and MSA patients
(Figure 3F–I).

AMBRA1 interacts with WT a-synuclein in
mammalian cells

On the basis of the results that immunoreactivity of AMBRA1 was
present in GCIs and NCIs in MSA as well as Lewy bodies in Lewy
body disease (24), we speculated that there was a specific associa-
tion between AMBRA1 and the pathogenesis of MSA, especially
a-syn. Thus, we investigated whether AMBRA1 and WT a-syn
form a complex, and, if so, to map the AMBRA1 region responsi-
ble for binding to a-syn. For this purpose, we utilized the full-

Figure 2. Double-labeling immunofluorescence demonstrating co-localization of AMBRA1 and p-a-syn in GCIs (A–C), NCIs (D–F) and threads

(white arrows) (G–I). AMBRA1 appears green, and p-a-syn appears red. Bars 5 20 lm.
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length (FL), amino-terminal (F1), central terminal (F2) and C-
terminal (F3) forms of AMBRA1 (11) (Figure 4A). All of the
forms were tagged with Myc. We co-transfected HEK293 cells
with each form of AMBRA1 and RH-tagged WT a-syn. As shown
in Figure 4B, we performed TALON purification of protein extracts
(input), in which cobalt strongly attracts RH-tagged proteins. Puri-
fied RH-tagged WT a-syn was then examined by western blotting
using an anti-RH and anti-Myc antibodies, demonstrating WT a-
syn bound to the C-terminal (F3) region of AMBRA1 (Figure 4B).
Reciprocal IP was also carried out using an anti-Myc antibody and
4D6 antibody, and purified AMBRA1 was analyzed by western
blotting, confirming the association of F3 AMBRA1 and WT a-
syn (data not shown). To visualize the interaction of these proteins
further, we performed PLA, by which protein binding is visualized

as red signals. In the absence of the primary antibodies, no signals
were seen (Figure 4C), whereas, with antibodies against WT a-syn
and AMBRA1, red signals were found in the cytoplasm (Figure
4D; arrowheads). To confirm the significance of these signals fur-
ther, WT a-syn and AMBRA1 were co-transfected into cells,
revealing increased signal intensity (Figure 4E; arrows). Thus,
AMBRA1 binds to WT a-syn at the AMBRA1 C-terminal.

AMBRA1 has a ninefold stronger affinity
toward S129E a-syn than to WT a-syn

The major component of GCIs is a-syn, which is also phosphoryl-
ated at residue Ser129, as in the Lewy bodies of PD and DLB (13,
48). Therefore, we examined the relationship between AMBRA1

Figure 3. Western blot analysis of total brain lysates from MSA

patients and normal controls. Raw data for the levels of ULK1, ULK2,

AMBRA1, TRAF6, beclin1, VPS34, p62, LC3 and actin in the

cerebellar white matter of patients with MSA (n 5 5) and normal

controls (n 5 5) (A). In patient with MSA, there were significantly

increased expression levels of ULK1 (B), ULK2 (C) and AMBRA1 (D).

On the other hand, TFAF6 was significantly decreased in patients

with MSA (E). No significant difference in the levels of beclin1 (F),

VPS34 (G), p62 (H) and LC3-II relative to LC3-I (I) between MSA

patients and normal controls. *P< 0.05; **P< 0.01.

3

Figure 4. Interaction of AMBRA1 with wild type (WT) a-syn in

mammalian cells. (A) Myc-tagged AMBRA1 constructs are illustrated.

FL, full length; F1–3, fragments 1–3. (B) Characterization of the site of

AMBRA1 responsible for a-syn binding. HEK293 cells were co-

transfected with Myc-tagged AMBRA1 and RH-tagged WT a-syn. Pro-

tein extracts (input) were subjected to TALON purification under

native conditions, in which cobalt attracts RH-tagged protein. Purified

WT a-syn bound to the F3 portion of AMBRA1. (C–E) Proximity liga-

tion assay (PLA) in mammalian cells. (C) No signals are recognized in

the absence of the primary antibodies. (D) With the use of anti-a-syn

(syn211) and AMBRA1 antibodies as primary antibodies for PLA, bind-

ing of endogenous a-syn and AMBRA1 are visualized as red signals

(white arrowheads). (E) Co-transfection of WT a-syn and AMBRA1

showed intense signals (white arrows). Bars 5 20 lm.
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and a-syn with or without phosphorylation. Consistent with the
previous result of IP (Figure 4B), western blot analysis showed
AMBRA1 bound with WT a-syn. Conversely, S129E a-syn gener-
ated a high molecular smear band in the IP samples (right lower
panel in Figure 5A). Neither a band for AMBRA1 nor WT a-syn
was detected by IgG binding with Protein G-coupled magnetic
beads alone (Supporting Information Fig. 3). Next, kinetic analysis
of the binding of WT and S129E a-syn to immobilized AMBRA1
was carried out. Sensorgrams showed stronger binding to S129E
a-syn at a lower KD value of 41.0 nM compared to WT a-syn
(KD 5 355 nM) (Figure 5B,C). The association rate (ka) was 9.65
3 103 M21 s21, which was higher than that of WT a-syn
(ka 5 7.22 3 102 M21 s21). WT a-syn and S129E a-syn demon-
strated similar dissociation rates (kd) of 2.56 3 1024 s21 and 3.96
3 1024 s21, respectively. The KD value of WT a-syn was ninefold

larger than that of S129E a-syn. These results together suggest that
the faster association of AMBRA1 to S129E a-syn contributes to
its stronger binding to the phosphorylated form than to WT a-syn.

AMBRA1 interacts with non-phosphorylated
and phosphorylated a-syn in the human brains

To elucidate the protein-protein interactions of AMBRA1 in the
brains of patients with MSA, we immunoprecipitated AMBRA1
using an anti-AMBRA1 antibody. Representative cases of each
brain region are shown in Figure 6. Cerebral cortex (normal con-
trols, lanes 1 and 5; MSA patients, lanes 2 and 6), and cerebellar
white matter (normal controls, lanes 3 and 7; MSA patients, lanes 4
and 8). First, a molecular mass of 150 kDa corresponding to
AMBRA1 was more evident in the cerebral cortex (lanes 2 and 6)

Figure 5. Interaction and affinity of AMBRA1 with phospho-mimic

S129E a-syn in mammalian cells. HEK293 cells were co-transfected

with a combination of Flag-tagged AMBRA1 and WT a-syn, or

phospho-mimic S129E a-syn. Inputs were subjected to

immunoprecipitation (IP) using an anti-Flag antibody. (A) Purified

complexes were then analyzed by immunoblotting with an anti-Flag

antibody, showing bands of 150 kDa corresponding to the molecular

weight of AMBRA1 in AMBRA1-transfected cells (arrowhead, top). In

cells transfected with AMBRA1 and WT a-syn, an anti-a-syn (RH and

4D6) antibodies detected a band of 16 kDa in input and IP (arrow). A

high molecular weight smear appeared in cells transfected with

AMBRA1 and S129E a-syn (asterisk, bottom). (B, C) Sensorgrams

of the binding of WT a-syn and S129E mutant to immobilized

AMBRA1. Various concentrations of WT a-syn and S129E mutant

were injected onto the AMBRA1-immobilized sensor chip. RU, reso-

nance units.
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Figure 6. Protein-protein interactions of AMBRA1 in the brains of MSA

patients. Protein extracts from the cerebral cortex of normal controls and

MSA patients, and cerebellar white matter of normal controls and MSA

patients were immunoprecipitated using an anti-AMBRA1 antibody.

Representative cases of each brain region are shown in this figure. (A) An

anti-AMBRA1 antibody was utilized for western blot analysis of purified

proteins, showing a more intense band of AMBRA1 in the cerebral cortex

(lanes 2 and 6) and cerebellar white matter of MSA patients (lanes 4 and 8)

than normal controls (the cerebral cortex, lanes 1 and 5; the cerebral cor-

tex, lanes 3 and 7). A band with molecular mass of 52 kDa was observed in

the cerebral cortex of MSA (arrow). (B) An anti-a-syn antibody (4D6)

detected intense bands with a molecular weight of 16 kDa corresponding

to native a-syn in comparison with the same region between MSA patients

and normal controls (white arrowhead) (right box; long time exposure). (C)

For western blot analysis of immunoprecipitated proteins, a rabbit anti-p-a-

syn antibody was utilized. In inputs of MSA, a rabbit anti-p-a-syn antibody

detected a 16 kDa band. In an IP sample of the cerebral cortex of MSA, a

rabbit anti-p-a-syn antibody detected a band of 52 kDa, corresponding to

the band detected by the anti-AMBRA1 antibody (arrow). (D–F) PLA in the

brain of MSA patients. (D) No signals were observed in the absence of pri-

mary antibodies for AMBRA1 and p-a-syn. Signals in GCIs (white arrows)

(E) and NCIs (F). Bars 5 20 lm.
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or cerebellar white matter (lanes 4 and 8) of MSA patients (Figure
6A). Next, we observed that AMBRA1 was associated with native
a-syn in the brains of both normal controls and MSA patients (Fig-
ure 6B). In an IP sample of the cerebral cortex of a MSA patient,
an anti-p-a-syn antibody detected a band with a molecular mass of
52 kDa corresponding to a band detected by an anti-AMBRA1
antibody (Figure 6A,C; arrow). In the cerebral cortex of the repre-
sentative MSA patient, and the cerebral cortex and cerebellar white
matter of the other MSA patients, the appearance of a high molecu-
lar smear of phosphorylated a-syn was clearly observed (Support-
ing Information Fig. 4). As AMBRA1 is already reported to bind to
several AMBRA1-interacting proteins including elongin B, LC3
and dynein intermediate chain (1, 3, 21), these proteins were also
examined. The expression level of elongin B was increased in the
input of MSA. Accordingly, AMBRA1 formed a complex with
elongin B in IP. AMBRA1 also formed a complex with dynein
intermediate chain and LC3-I, the cytosolic form (data not shown).
Finally, to validate the association of AMBRA1 with phosphoryl-
ated a-syn further, PLA was performed in the brains of MSA
patients. In the absence of primary antibodies, no signals were
detected (Figure 6D), whereas, in the presence of primary antibod-
ies for AMBRA1 and phosphorylated a-syn, binding of AMBRA1
and phosphorylated a-syn was demonstrated in GCIs (Figure 6E)
and NCIs (Figure 6F).

AMBRA1 is associated with the effective
degradation of abnormal a-syn

To observe the role of AMBRA1 in the degradation of abnormal
a-syn, we overexpressed AMBRA1 in HEK293 cells with a burden
of S129E a-syn. First, as it is known that excessive a-syn load
halts autophagy (43, 50), 0.25 lg of S129E a-syn plasmid was
chosen as the optimal dose for gene delivery. Next, to determine
the ideal dose for AMBRA1 transfection, we transfected various
amount of AMBRA1 plasmid. Transfection of more than 0.5 lg of
AMBRA1 plasmid increased Bip expression, an endoplasmic retic-
ulum stress marker (Figure 7A). To avoid cellular stress, we chose
the optimal dose of 0.25 lg AMBRA1 in HEK293 cells. In
HEK293 cells co-transfected with AMBRA1 and S129E a-syn, the
increased expression of AMBRA1 reduced the levels of p62, a sub-
strate of autophagy, and S129E a-syn along with decrease of LC3-
II/LC3-I ratio, compared with empty vector-transfected cells (Fig-
ure 7B–D). Although overexpression of AMBRA1 significantly
activated autophagy and reduced abnormal a-syn, activation of sin-
gle molecule related to autophagy was considered to produce a lim-
ited effect on degradation of a-syn.

Thus, to further articulate the role of AMBRA1 in the accumula-
tion of a-syn, we silenced the function of AMBRA1 in mouse pri-
mary cultured neurons and investigated the expression of a-syn
using fluorescent immunostaining. We confirmed that AMBRA1
siRNA silenced an expression band of AMBRA1 (Figure 8A).
Silencing AMBRA1 function significantly increased the number of
dot-like structures of a-syn in the cytoplasm (Figure 8B–F). The
treatment of Bafilomycin, an inhibitor of the late phase of autoph-
agy, also caused similar dot-like structures in the cytoplasm and
some of the structures were co-localized with autophagosomes
(Supporting Information Fig. 5A-D). These findings indicate that
AMBRA1 might be associated with degradation of a-syn, espe-
cially the turnover of normal a-syn.

DISCUSSION

The significant findings of the present study are that (i) in PLA and
IP analysis, AMBRA1 made a complex with non-phosphorylated
as well as phosphorylated a-syn, (ii) in SPR analysis, AMBRA1
interacted nine times more strongly with the abnormal form of a-
syn than with WT a-syn, (iii) in western blot analysis and immuno-
cytochemistry of cultured cells, AMBRA1 was associated with the
efficient degradation of a-syn, (iv) in immunohistochemistry of
human brain specimen, AMBRA1 was incorporated into the patho-
logical hallmarks of MSA and (v) in western blot analysis of
human brain lysate, impairment of upstream autophagy could occur
in the advanced stage of MSA. As for the pathogenesis of MSA,
accumulation of misfolded a-syn in oligodendroglia is one of the
major features, and triggers dysfunction of myelin formation (8,
42). Furthermore, the autophagy-lysosome system or proteasome
system in the clearance of abnormal proteins is associated with pro-
tein aggregate formation in oligodendroglia of MSA (40). Indeed,
ubiquitin, p62, NBR1, HDAC6, GATE-16, NEDD8 and LC3,
which are related to the protein clearance mechanism, are detected
within GCIs of MSA (23, 27, 33, 46, 47). The involvement of these
proteins suggests that cells attempt to combat the accumulation of
abnormal proteins. However, none of these proteins form a stable
complex with native a-syn under normal conditions, suggesting
that the incorporation of these proteins into GCls might simply
reflect a secondary response for protection against cellular toxicity.
Conversely, our results have shown that AMBRA1 was a stable
protein partner of a-syn. In SPR analysis, AMBRA1 interacted
with phosphorylated a-syn with a ninefold stronger affinity com-
pared to WT a-syn. In addition, in mouse primary cultured neurons
of the present study, silencing AMBRA1 clearly increased dot-like
structures of endogenous a-syn, which was simulated by the treat-
ment of Bafilomycin, an inhibitor of fusion between autophago-
somes and lysosomes. Some of unresolved autophagosomes were
co-localized with normal a-syn. These findings indicate that native
a-syn can be degraded through the mediation of AMBRA1.
Although activation of a single molecule related with autophagy
had a limited effect on degradation of abnormal protein, a weak but
significant correlation between overexpression of AMBRA1 and
reduction of abnormal a-syn was also observed. Thus, AMBRA1
might be implicated in both turnover of native a-syn and degrada-
tion of abnormal a-syn through autophagy. We previously reported
that AMBRA1 was incorporated into Lewy bodies (24). In addi-
tion, the present study clearly showed AMBRA1 immunoreactivity
in GCIs, NCIs and threads of MSA. Taken together, our results
strongly indicate that AMBRA1 might play a role in the pathogene-
sis of synucleinopathies including MSA and can be a bona fide hub
protein for the clearance of abnormal a-syn. Deposition of abnor-
mal a-syn occurs at the relatively late stage of GCI formation (49).
In the present study, not all a-syn-positive inclusions were immu-
nostained with anti-AMBRA1 antibody. In patients with MSA, the
proportion of AMBRA1-positive inclusions relative to the number
of p-a-syn-positive inclusions was 29.1% in GCIs and 28.3%
NCIs. An overload of abnormal a-syn is known to halt autophagy
(43, 50). Excess a-syn might prevent autophagy from the proper
degradation of abnormal a-syn, resulting in passing a point of no
return, in which the impaired autophagy-lysosome pathway is no
longer able to recover a fatal cellular state. Accumulation of

Miki et al AMBRA1, a Novel a-Synuclein-Binding Protein

Brain Pathology 28 (2018) 28–42

VC 2016 International Society of Neuropathology

37



AMBRA1 might occur as a result of exceeding the cellular capacity
to degrade abnormal a-syn.

Malfunction of autophagy is now a common feature of neurode-
generative disorders including Lewy body disease (PD and DLB),
Alzheimer’s disease and amyotrophic lateral sclerosis (2, 24, 32,
39, 44). In the present study, ULK1, ULK2 and AMBRA1 in MSA
were significantly increased, while TRAF6, an autophagy promotor
through the mediation of ULK1, was significantly decreased. Fur-
thermore, the levels of AMBRA1-related proteins such as beclin1
or VPS34 were unchanged between normal controls and MSA
patients, suggesting impairment of autophagosome initiation can
happen in MSA. Tanji et al reported that in the cerebellar white
matter of MSA patients, which chiefly contains oligodendroglia,

the expression level of GATE-16 was significantly reduced,
whereas that of LC3-II was barely observed and statistically insig-
nificant between normal control and MSA. Although the cerebel-
lum contains neurons as well as oligodendroglia, matured and
lipidated LC3 was detected in a detergent-insoluble fractionation of
MSA. These findings implied that maturation of autophagosomes
might be also hampered in the advanced stage of MSA (46).
Together with these findings, in the advanced stage of MSA, mal-
function of autophagy might occur in various stages of autophagy.
The present study also indicated that the impairment pattern of
upstream autophagy can be different among synucleinopathies. In
the advanced stage of PD and DLB, only beclin1 or VPS34 is sig-
nificantly increased (24). Although Lewy body disease and MSA

Figure 7. Overexpression of AMBRA1 in

the degradation of S129E a-syn in

mammalian cells. (A) Increased expression

of Bip, an endoplasmic reticulum stress

marker, after transfection with more than

0.5 lg AMBRA1. (B) Expression levels of

AMBRA1, p62, LC3, S129E a-syn and actin

in cells treated with 0.25 lg S129E a-syn

with HaloTag and 0.25 lg AMBRA1 or its

empty vector. Significant decrease in the

LC3-II/LC3-I ratio (C) and p62 in AMBRA1

overexpressing cells (D) along with a

reduction of S129E a-syn (E). The molecular

weight of S129E a-syn with HaloTag is 50

kDa. Values are expressed as means and

standard deviation of independent three

experiments. *P< 0.05.

AMBRA1, a Novel a-Synuclein-Binding Protein Miki et al

38 Brain Pathology 28 (2018) 28–42

VC 2016 International Society of Neuropathology



are categorized as synucleinopathies, the underlying pathogenesis
can differ among synucleinopathies.

AMBRA1 has structurally and functionally unique features.
Among the upstream proteins of autophagy, AMBRA1 is a newly
identified protein comprising 1300 amino acid residues and pos-
sesses large intrinsically disordered regions, which enable
AMBRA1 to interact with various proteins (3). In fact, under nor-
mal conditions, AMBRA1 along with beclin1 is tethered to dynein
light chains. On the induction of autophagy, ULK1 phosphorylates
AMBRA1 and AMBRA1 then detaches from dynein light chains
to the endoplasmic reticulum, initiating the elongation of autopha-
gosomes (6). AMBRA1 functions as a co-factor of other E3 ligases
such as cullin 5 to form a positive feedback loop of autophagy
through mediation with elongin B (1). In the present study,
AMBRA1 formed a complex with native a-syn at the C terminal
of AMBRA1. It also bound to elongin B, LC3-I (the cytosolic

form) and dynein motor chain. Interestingly, a common interactor
of LC3 and dynein motor chain is p-a-syn and both of them bind
to the C terminal of AMBRA1 (3, 21). We also demonstrated that
AMBRA1 might have a role in both turnover of normal a-syn and
degradation of abnormal a-syn. Thus, the C terminal of AMBRA1
might be an active center for protein degradation, especially of a-
syn.

It is worthy of mention that the binding partner of AMBRA1
can be altered in the disease condition. Indeed, the present in vitro
study showed that AMBRA1 bound more strongly to S129E a-syn
than to WT a-syn. In an IP study of the brains of MSA patients,
the protein levels of native a-syn binding to AMBRA1 seemed to
be decreased in MSA patients compared with the cerebral cortex or
cerebellar white matter of normal controls. Thus, AMBRA1 might
detach from native a-syn and recruit phosphorylated a-syn. In
this point, AMBRA1 might also have another aspect of a

Figure 8. Silencing AMBRA1 function in mouse primary cultured

neurons. (A) Decreased expression level of AMBRA1 by AMBRA1

siRNA (arrowhead). (B–E) Immunofluorescence analysis demonstrating

transfection of AMBRA1 siRNA caused dot-like structures of a-syn in

the cytoplasm, compared with that of control siRNA. (F) Semi-

quantitative analysis showing significantly increased number of dot-like

structures of a-syn in the cytoplasm. LC3 appears green, and a-syn

appears red. Bars 5 10 lm. **P< 0.01.
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reconnaissance protein for a-syn dynamics. In patients with MSA,
disease progression and the severity of symptom are considerably
different even in the same clinical entity. Recently, Nardacchi et al
reported that in patients with HIV-1, high baseline autophagic
activity limited disease progress, suggesting that the baseline activ-
ity of autophagy might be an influencing factor of disease progres-
sion, even in neurodegenerative diseases (30). Monitoring the
molecular binding pattern of AMBRA1 with a-syn might lead to
the establishment of a new biomarker to evaluate individual vulner-
ability to the accumulation of abnormal a-syn.

How abnormal a-syn propagates is a matter of debate. In fact,
abnormal a-syn spreads from neuron to neuron, neuron to astrocyte
and neuron to oligodendroglia (5, 18, 37). Indeed, an overload of
abnormal a-syn caused by the dysfunction of autophagy in neurons
could trigger the excretion of abnormal a-syn, resulting in its prop-
agation (19). Schwarz et al. demonstrated that in cultured oligoden-
droglia of rat brain, inhibition of proteasomal activity caused the
compensatory recruitment of LC3 and p62 to protein aggregates
(40). Under normal conditions, AMBRA1 immunoreactivity was
found in both neurons and oligodendroglia. At this point, we have
not identified which specific cellular compartment of AMBRA1 is
related to the clearance of abnormal a-syn. In the present study, the
impairment of upstream autophagy was observed in the cerebellar
white matter of MSA patients, which chiefly contains oligodendro-
glia. However, our results also showed AMBRA1 immunoreactiv-
ity was present not only in GCIs but also in NCIs and threads.
These findings suggest that both neuronal and oligodendroglial
AMBRA1 might be associated with the abnormal accumulation of
a-syn. Further study is necessary to decipher the complicated
mechanism of MSA.

The accumulation of abnormal a-syn can halt the proper func-
tion of autophagy. AMBRA1 is a novel a-syn-binding protein and
is implicated in the pathogenesis of MSA through autophagy.
AMBRA1 can have strong potentialities of being both a powerful
surveillance protein and an effective degradation protein for abnor-
mal a-syn.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Figure 1. Weak immunoreactivity for AMBRA1 in oligoden-
droglia of normal control (arrowheads).
Figure 2. Immunohistochemistry and double immunofluores-
cence staining of ULK1 in NCIs. (A) Weak immunoreactivity
for ULK1 in NCIs. (B-D) Co-localization of ULK1 and p-a-syn
in NCIs (white arrowheads). ULK1 appears green and p-a-syn
appears red. Bars 5 20 lm
Figure 3. Immunoprecipitation of cultured cells using IgG bind-
ing with Protein G-coupled magnetic beads only. No bands for
AMBRA1 or WT a-syn were detected by IgG binding with Pro-
tein G-coupled magnetic beads.
Figure 4. Immunoprecipitation in the brains of MSA patients.
Protein extracts from the cerebral cortex of MSA patients and
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normal controls, and cerebellar white matter of MSA patients
and normal controls were immunoprecipitated using an anti-
AMBRA1 antibody. In IP samples of the cerebral cortex and
cerebellar white matter of MSA patients, a rabbit anti-p-a-syn
antibody more clearly detected a high molecular smear band
compared with normal controls.

Figure 5. Immunofluorescence analysis of a-syn after treatment
with Bafilomycin. (A-F) Occurrence of LC3-positive autophago-
somes and a-syn-positive aggregates after treatment with Bafilo-
mycin. Co-localization of some autophagosomes with a-syn-
positive aggregates (white arrowheads). LC3 appears green, and
a-syn appears red. Bars 5 10 lm
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