
Vol.:(0123456789)1 3

Acta Neuropathologica 
https://doi.org/10.1007/s00401-018-1873-4

ORIGINAL PAPER

Alpha‑synuclein delays mitophagy and targeting Miro rescues neuron 
loss in Parkinson’s models

Atossa Shaltouki1 · Chung‑Han Hsieh1 · Min Joo Kim1 · Xinnan Wang1 

Received: 12 March 2018 / Accepted: 5 June 2018 
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract
Alpha-synuclein is a component of Lewy bodies, the pathological hallmark of Parkinson’s disease (PD), and is also mutated 
in familial PD. Here, by extensively analyzing PD patient brains and neurons, and fly models, we show that alpha-synuclein 
accumulation results in upregulation of Miro protein levels. Miro is a motor/adaptor on the outer mitochondrial membrane 
that mediates mitochondrial motility, and is removed from damaged mitochondria to facilitate mitochondrial clearance via 
mitophagy. PD patient neurons abnormally accumulate Miro on the mitochondrial surface leading to delayed mitophagy. 
Partial reduction of Miro rescues mitophagy phenotypes and neurodegeneration in human neurons and flies. Upregulation of 
Miro by alpha-synuclein requires an interaction via the N-terminus of alpha-synuclein. Our results highlight the importance 
of mitochondria-associated alpha-synuclein in human disease, and present Miro as a novel therapeutic target.

Keywords Parkinson · Alpha-synuclein · Miro · Mitochondria · Mitophagy · iPSC · Fly · Dopaminergic

Introduction

Parkinson’s disease (PD) is the second most common neuro-
degenerative disease, and is characterized by selective loss 
of dopaminergic neurons in the substantia nigra. Although 
the underlying pathogenesis still remains elusive, several 
PD-causing genes have been shown to control damaged 
mitochondrial clearance via mitophagy [19, 24, 25, 42]. 
These genes include PINK1, Parkin, and LRRK2. Because 
mitochondrial health and quality control are central to neu-
ronal homeostasis, function, and survival [19, 25, 39], it is 
enticing to hypothesize that impairments in clearing dam-
aged mitochondria may contribute to PD broadly, and not 
just in those specific genetic forms.

PD patients bearing mutations in PINK1, Parkin, and 
LRRK2 account for a small fraction of total cases [13]. 

Notably, nearly all cases of PD contain Lewy bodies in the 
brain. The major constituent of Lewy bodies is alpha-synu-
clein (α-syn) protein [21]. Mutations or amplifications of 
alpha-synuclein (SNCA) gene are also a cause of familial 
PD [31]. Physiologically, α-syn is largely a cytosolic protein 
enriched in neuronal synapses, and acts to maintain synaptic 
transmission [1, 3, 6]. α-Syn levels increase in dopaminergic 
neurons with factors such as age and PD [4, 10, 12]. Elevated 
levels of α-syn may disrupt multiple intracellular transport 
pathways [1]. Emerging studies suggest that a fraction of 
α-syn can localize to the mitochondria and influence mito-
chondrial functions, and that SNCA genetically interacts with 
PINK1/Parkin [9, 12, 16, 18, 20, 23, 27, 28, 30]. The precise 
cellular consequences of α-syn’s association with mitochon-
dria and its role in the pathogenesis, especially in the context 
of PD patients, are under-characterized.

Mitochondrial motility is tightly controlled by the cell 
to meet energy demands and reduce oxidative stress. Miro 
is a motor/adaptor on the outer mitochondrial membrane 
(OMM) that anchors mitochondria to microtubule motors 
[17, 34]. To move along microtubules, healthy mitochondria 
require a certain amount of Miro on the OMM. In contrast, 
depolarized, damaged mitochondria need to remove Miro 
quickly from the OMM to stop mitochondrial motility and 
initiate mitophagy [19, 42]. Subsequently, Miro becomes 
degraded by the proteasome. We and others have shown that 
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the PD-causing genes LRRK2, PINK1, and Parkin target 
Miro for removal from the OMM of damaged mitochondria 
[19, 22, 42]. This suggests that Miro may be broadly affected 
in PD. However, whether α-syn is linked to Miro remains 
obscure. Here, we provide direct evidence that α-syn accu-
mulation leads to an increase in Miro on the OMM and 
delays mitophagy.

Materials and methods

Fly stocks

The following fly stocks were used: Actin-GAL4, elav-GAL4, 
TH-GAL4, UAS-SNCA, UAS-SNCA-A53T [37], UAS-DMiro-
RNAi (VDRC 106683).

Fly behavior assay

Methods are similar as described in Tsai et al. [38]. Briefly, 
climbing ability was quantified by time it took adult flies to 
climb 8 cm. Flying ability was defined as the ability of the 
adult fly to fly: If the fly was able to fly it was scored as a 1; 
otherwise it was scored as a 0.

Human postmortem brain analysis

The ethical guidelines for human materials by Stanford Uni-
versity were followed throughout the study. Frozen sections 
from the frontal and temporal cortices were obtained from 
the Banner Sun Health Research Institute with patient his-
tory and pathological findings. Control brains were from 
subjects who died of non-neurological causes and displayed 
no signs of brain pathology. Brain samples were shipped 
on dry ice and stored at − 80 °C prior to being sonicated in 
ice-cold PBS supplemented with EDTA-free protease inhibi-
tor cocktail (05892791001; Roche). Brian tissues were then 
homogenized in Triton X-100 lysis buffer (50 mM Tris, 
150 mM NaCl, 1 mM DTT, and 1% Triton X-100) with 
0.25 mM phenylmethanesulfonylfluoride (PMSF, P7626; 
Sigma-Aldrich) and protease inhibitor cocktail. After cen-
trifugation at 17,000g for 10 min, the detergent-soluble 
supernatant was run in SDS-PAGE (see Supplementary 
Methods). Note that the detergent-insoluble pellet should 
contain Lewy bodies [33]. For immunostaining of the sub-
stantia nigra, paraffin-embedded slides were obtained from 
the Banner Sun Health Research Institute, and deparaffinized 
by being immersed with two changes of xylene for 5 min, 
followed by rehydration with serial dilutions of ethanol (100, 
95, 70, 50, 0%) for 3 min, repeated twice at each concentra-
tion. Then slides were rinsed with 1 × PBS for 10 min, and 
immersed in sodium citrate buffer (10 mM sodium citrate, 
0.05% Tween 20, pH 6.0) at 95 °C for 20 min for epitope 

retrieval. Slides were next rinsed with 1 × PBS for 10 min, 
and blocked in PBS with 0.3% Triton X-100 and 5% normal 
donkey serum for 60 min. Slides were immunostained with 
anti-TH (NB300-110; Novus Biologicals) at 1:400, anti-
Miro1 (HPA010687; Sigma-Aldrich) 1:500, anti-ATP5β 
(Ab14730; Abcam) at 1:500, anti-MCAD (Ab110296, 
Abcam) at 1:250, or mouse anti-α-syn (211, sc-12767; 
Santa Cruz) at 1:400 [11], and Alexa fluorophore-conjugated 
IgG (Jackson ImmunoResearch) at 1:1000. Samples were 
imaged at room temperature with a 63×/N.A.1.30 oil Plan-
Apochromat objective on a Leica SPE laser scanning confo-
cal microscope (Leica Microsystems), with identical imag-
ing parameters among different subjects in a blind fashion. 
Images were processed with ImageJ (Ver. 1.48, NIH) using 
only linear adjustments of contrast and color.

Constructs

The following constructs were used: mito-dsRed [19]; EGFP 
[41]; pA1T7-DMiro [41], pA1T7-DMiroΔTM [17], mito-
mkeima [5], Myc-Miro1 [14], EGFP-SNCA (WT and A53T, 
Addgene no.: 40822 and 40823) [15], and HA-SNCA (WT 
and A53T, Addgene no.: 40824 and 40825). SNCA trunca-
tion constructs were made by PCR amplification of N-ter-
minal fragment (1–95) and C-terminal fragment (42–140) 
of human SNCA. The amplified fragments were gel purified 
and subcloned into the HindIII and EcoRI site of pHM6, and 
the resulting constructs were sequenced.

Quantitative real‑time PCR (qPCR) and reverse 
transcription PCR (RT‑PCR)

RNA was extracted using Qiagen RNeasy Plus Mini Kit 
according to manufacturer’s instructions. For qPCR, reac-
tions were carried out on the StepOnePlus™ instrument 
(Thermo Fisher Scientific, CA) using iTaqTM Universal 
 SYBR® Green supermix (Bio-Rad, CA) according to man-
ufacturer’s instructions. Reactions were conducted in trip-
licate for each sample. Human GAPDH and β-actin were 
amplified as internal standards. Reported values were cal-
culated using ΔΔCt method and normalized against endog-
enous GAPDH. The following primers were used:

Nanog 50 forward: 5′-TGA ACC TCA GCT ACA AAC 
AG-3′

Nanog 50 reverse: 5′-TGG TGG TAG GAA GAG TAA 
AG-3′

OCT 4 END forward: 5′-CCT CAC TTC ACT GCA CTG 
TA-3′

OCT 4 END reverse: 5′-CAG GTT TTC TTT CCC TAG 
CT-3′

OCT 4 TOTAL forward: 5′-AGC GAA CCA GTA TCG 
AGA AC-3′
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OCT 4 TOTAL reverse: 5′-TTA CAG AAC CAC ACT CGG 
AC-3′

SOX2 END forward: 5′-CCC AGC AGA CTT CAC ATG 
T-3′

SOX2 END reverse: 5′-CCT CCC ATT TCC CTC GTT 
TT-3′

SOX2 TOTAL forward: 5′-AGC TAC AGC ATG ATG CAG 
GA-3′

SOX2 TOTAL reverse: 5′-GGT CAT GGA GTT GTA CTG 
CA-3′

SNCA forward: 5′-AGC GGA CCT CCA CAA GTA ACG 
AAT -3′

SNCA reverse: 5′-TTG GCA TCT GTC TTC CTC CCA AGT 
-3′

GAPDH forward: 5′-ACC ACA GTC CAT GCC ATC AC-3′
GAPDH reverse: 5′-TCC ACC ACC CTG TTG CTG T-3′
Miro1 forward: 5′-GGG AGG AAC CTC TTC TGG A-3′
Miro1 reverse: 5′-ATG AAG AAA GAC GTG CGG AT-3′
β-Actin forward: 5′-TGA AGT GTG ACG TGG ACA TC-3′
β-Actin reverse: 5′-GGA GGA GCA ATG ATC TTG AT-3′
SeV+ forward: 5 ′-GGA TCA CTA GGT GAT ATC  

GAGC-3′
SeV+ reverse: 5′-ACC AGA CAA GAG TTT AAG AGA TAT 

GTATC-3′

Live image acquisition and quantification

As described previously [40–42], neurons on glass coverslips 
were placed in a 35-mm Petri dish containing the Hibernate 
E low-fluorescence medium (BrainBits) on a heated stage 
of 37 °C, and imaged with a 63×/N.A.0.9 water-immersion 
objective with excitation at 561 or 488 nm. Time-lapse mov-
ies were obtained continually with 3–5 s intervals before and 
after Antimycin A (100 µM, A8674; Sigma-Aldrich) was 
added. Axons longer than 50 μm were selected for recording. 
Movie length ranged from 120 to 300 min. TMRM (T668, 
Molecular Probes) was applied at 250 nM for 10 min when 
needed. For quantification, kymographs were generated 
from time-lapse movies by ImageJ, representing a 100-s 
period either right before or following different time points 
after addition of Antimycin A. Each kymograph was then 
imported into a macro written in Labview (NI, TX), and 
individual mito-dsRed puncta were traced using a mouse-
driven cursor at the center of the mito-dsRed object. Using 
Matlab (The MathWorks, MA), we determined the following 
parameters: (1) the instantaneous velocity of each mitochon-
drion, (2) the average velocity of those mitochondria that are 
in motion, (3) the percent of time each mitochondrion is in 
motion, (4) stop frequency, and (5) turn back frequency. The 
intensity of mitochondria is measured using ImageJ.

Mitochondrial isolation

Mitochondria were isolated from cultured HEK cells as 
described previously [19, 41]. Briefly, cells were mechani-
cally homogenized with a Dounce homogenizer in 750 μl 
isolation buffer (200 mM sucrose, 10 mM TRIS/MOPS, 
pH 7.4). After centrifugation at 500g for 10 min, crude 
supernatant was spun at 10,000g for 10 min to pellet intact 
mitochondria. Mitochondrial pellet was washed twice with 
isolation buffer. After this step, supernatant was referred to 
“cytosolic fraction”, and pellet was resuspended in 50 μl 
RIPA lysis buffer with 0.25 mM PMSF and protease inhibi-
tors referred to “mitochondrial fraction”.

Immunocytochemistry and confocal microscopy

Cells were fixed in 2–4% paraformaldehyde (15710; Elec-
tron Microscopy Sciences, Hatfield, PA, USA), or 90% 
methanol for 15 min, then washed three times in PBS, and 
blocked in PBS with 0.1% Saponin (47036; Sigma-Aldrich) 
or 0.1% Triton X-100, 4% Bovine Serum Albumin, and 
5–10% normal goat serum for 60 min. Cells were then 
immunostained with anti-TH (MAB318; EMD Millipore, 
and P40101; Pel-Freez) at 1:250–500, anti-TUJ-1 (T8660 
and T2200; Sigma) at 1:1000, anti-Nanog (14-5768-82; eBi-
oscience) at 1:100, anti-SOX2 (MAB4343; EMD Millipore) 
at 1:1000, anti-SMA (A2547; Sigma) at 1:500, anti-AFP 
(A8452; Sigma) at 1:500, anti-Tra160 (14-8863-82; eBio-
science) at 1:60, anti-OCT4 (ab19857; Abcam) at 1:1250, 
anti-α-syn (211, sc-12767; Santa Cruz) at 1:500 [11], anti-
FOXA2 (sc-6554; Santa Cruz) at 1:1000, anti-LMX1A 
(Ab139726; Abcam) at 1:250, or anti-Miro1 (HPA010687; 
Sigma-Aldrich) at 1:500, and Alexa fluorophore-conjugated 
IgG (Jackson ImmunoResearch Laboratories or Life tech-
nologies) at 1:500–1000. Nuclei were visualized by staining 
with Hoechst 33342 (H3570; Life Technologies) at 1:10,000. 
Adult fly brains were dissected in PBT (0.3% Triton X-100 
in PBS), and incubated with fixative solution (4% formal-
dehyde in PBT) for 20 min. Fixed samples were immu-
nostained with mouse anti-TH (MAB318; EMD Millipore) 
at 1:200. Samples were imaged at room temperature with 
a 20×/N.A.0.60 or a 63×/N.A.1.30 oil Plan-Apochromat 
objective on a Leica SPE laser scanning confocal micro-
scope (JH Technologies), with identical imaging parameters 
among different genotypes in a blind fashion. Images were 
processed with ImageJ (Ver. 1.48, NIH) using only linear 
adjustments of contrast and color.

Induced pluripotent stem cells (iPSCs), neuronal 
differentiation, and western blotting

In Supplementary Methods.
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Statistical analysis

Throughout the paper, the distribution of data points is 
expressed as box-whisker plots or dot-plots, except oth-
erwise stated. The one-way ANOVA post-hoc Tukey test 
was performed for comparisons among multiple groups. 
The Mann–Whitney U test was performed for comparisons 
between two groups. The Chi-square test was performed for 
flying tests.

Results

Miro protein is upregulated in PD postmortem 
brains correlating with α‑syn upregulation

We tested the possibility that increased levels of α-syn in 
the aging PD brain perturb Miro regulation. We immunob-
lotted Miro1 protein in lysates of the frontal and temporal 
cortices of postmortem brains from twenty PD patients aged 
70–91 years, and twenty age-matched healthy controls (Sup-
plementary Fig. 1a). Eighteen patients are apparently spo-
radic, and two patients have family history but with unknown 
genetic mutations (Supplementary Fig. 1a). We found that 
protein levels of both Miro1 and α-syn were significantly 
upregulated in PD patients as compared to controls, while 
other OMM markers including Mitofusin2 and VDAC, and 
kinesin heavy chain (KHC) which forms a complex with 
Miro, remained unchanged (Fig.  1a–c, Supplementary 
Figs. 1b, 2a). Interestingly, we observed that the matrix pro-
tein, ATP synthase subunit β (ATP5β), was upregulated in 
the temporal cortex (Fig. 1c, Supplementary Fig. 2a), which 
suggests a possibility of inefficient mitophagy in the aging 
PD brain. It appears that the OMM proteins Mitofusin2 and 
VDAC are otherwise unaffected, probably because Mito-
fusin2 and VDAC are digested through proteasomes rather 
than lysosomes during mitophagy [8] and their degradation 
still occurs in those PD cases. The protein level of Miro1 
significantly correlated with that of α-syn, but not with gen-
der, age, or postmortem delay (Fig. 1d, e, Supplementary 
Figs. 1c–e, 2b–d).

We next immunostained Miro1 in the substantia nigra 
from five PD patients and five matched healthy controls 
(Supplementary Fig.  1a). The specificity of the immu-
nostaining signals of anti-Miro1 was verified in human neu-
rons when Miro1 was knocked down [19] (and described 
later). Miro1 and α-syn immunofluorescence was both 
significantly higher in TH-positive dopaminergic neurons 
in PD patients compared to controls (Fig. 2). The matrix 
proteins ATP5β and medium-chain acyl-CoA dehydroge-
nase (MCAD) were also upregulated in PD patients (Fig. 2), 
which could be due to an impairment in mitochondrial 

clearance. Taken together, Miro1 and α-syn proteins accu-
mulate in postmortem brains of idiopathic PD.

Miro protein is upregulated in human neurons 
and flies expressing α‑syn

We next proceeded to validate our findings from human 
brains in complementary cultured human cell and in vivo 
models. We found that in HEK293T cells overexpressing 
wild-type SNCA or pathogenic SNCA-A53T, endogenous 
Miro1 was significantly upregulated, while the mitochon-
drial markers Mitofusin2, Drp1, VDAC, and ATP5β, and 
PD-linked proteins LRRK2, PINK1, and Parkin were unal-
tered (Fig. 3a). Misregulation of Miro1 occurred at the pro-
tein level, since Miro1 mRNA levels were unaffected (Sup-
plementary Fig. 2e). We also expressed human wild-type 
SNCA or pathogenic SNCA-A53T in flies [37] and detected 
endogenous Drosophila Miro (DMiro) levels [38]. Expres-
sion of α-syn, either ubiquitously by Actin-GAL4 or selec-
tively in neurons by elav-GAL4, resulted in an upregulation 
of DMiro protein in 15-day old adult flies (Fig. 3b). This 
upregulation was specific to DMiro, because additional 
mitochondrial markers including milton (the Drosophila 
ortholog of TRAK1/2), Marf (the Drosophila homolog of 
Mitofusin), OPA1, MIC60, and ATP5β were not affected 
(Fig. 3b). Next, we examined Miro1 protein levels in iPSC-
derived neurons from healthy human subjects and PD 
patients harboring SNCA mutations. Because those neurons 
converted from human patients express endogenous mutant 
α-syn protein, this system circumvents potential confounds 
caused by overexpression of α-syn. We used three iPSC 
lines reprogrammed from PD patients bearing SNCA muta-
tions: SNCA-A53T-I (generated in house; Supplementary 
Fig. 3, 4); SNCA-A53T-II (NINDS repository; ND50049); 
and SNCA-triplication (NINDS repository; ND34391). We 
also included three wild-type control iPSC lines: Wild-type-I 
[19]; Wild-type-II (NINDS repository; ND41864); and Wild-
type-III (Stanford Stem Cell Core). We differentiated iPSCs 
to neurons expressing tyrosine hydroxylase (TH), the rate-
limiting enzyme for dopamine synthesis (Supplementary 
Fig. 4a–d) as previously described [19], and imaged axons 
at day 22–26 after differentiation. We confirmed a signifi-
cant increase in the number of cells immune-positive for 
endogenous α-syn protein in all three pathogenic SNCA lines 
(Supplementary Fig. 4e). We then transiently transfected 
those neurons with mito-dsRed to label mitochondria and 
immunostained endogenous Miro1 [19]. In neuronal axons, 
Miro1 co-localized with mito-dsRed and its expression 
on mitochondria was significantly upregulated in all three 
pathogenic SNCA lines (Fig. 3c). We confirmed this upregu-
lation of Miro1 protein in mutant neurons by immunoblot-
ting (Fig. 3d). Elevation of Miro1 protein was not due to 
increased Miro1 mRNA expression (Supplementary Fig. 5a). 
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Fig. 1  Miro1 is upregulated in postmortem brains of PD patients. a 
Frontal cortical brain lysates were analyzed by immunoblotting as 
indicated. Quantification of the band intensities for the frontal cor-
tex (b) and temporal cortex (c). Each sample was run 5–10 times in 
different gels, and the intensity of each band is normalized to that of 

actin and averaged. n = 20. Mann–Whitney U test. The band intensi-
ties of actin are not different among all subjects (P > 0.26). Correla-
tion analysis of the Miro1 and α-syn protein levels for the frontal cor-
tex (d) and temporal cortex (e). *P < 0.05, **P < 0.01, ***P < 0.001 
for all figures unless otherwise stated
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In summary, Miro is upregulated in flies and human neurons 
with genetic mutations in SNCA.

Partial reduction of Miro rescues mitophagy 
phenotypes and neurodegeneration in iPSC‑derived 
neurons with SNCA mutations

We explored the cellular consequences of upregulation of 
Miro on both polarized and depolarized mitochondria. On 
polarized mitochondria, upregulation of Miro may increase 
mitochondrial motility. To test this possibility, we live-
imaged mitochondrial movement labeled by mito-dsRed 
in neuronal axons. At the steady state, the mitochondrial 
membrane potential (ΔΨm), detected by TMRM staining, 
was higher in iPSC-derived SNCA-A53T neurons compared 

to wild-type neurons (Supplementary Fig. 5b; no treat-
ment). We did not detect enhanced mitochondrial motility 
in SNCA-A53T neurons (Supplementary Fig. 5c, d; no treat-
ment) despite higher Miro protein levels in those neurons 
(Fig. 3c), which is consistent with several observations in 
rodent neurons showing that mild overexpression of Miro 
does not increase mitochondrial motility [41, 42].

On depolarized mitochondria, accumulation of Miro 
could delay the arrest of mitochondria and the initiation of 
mitophagy (Fig. 4a), because Miro needs to be removed in 
a timely fashion for mitophagy to start [19]. To test this 
hypothesis, we applied the Complex III inhibitor Antimycin 
A to trigger mitophagy [2, 19, 42] in iPSC-derived neurons. 
We confirmed that application of Antimycin A for 15 min 
significantly depolarized the ΔΨm (Supplementary Fig. 5b). 

Fig. 2  Miro1 is upregulated in substantia nigra dopaminergic neu-
rons of PD patients. a Immunostaining on paraffin slides of substan-
tia nigra was performed as indicated. The specificity of the immu-
nostaining signals of anti-Miro1 was verified in Hsieh et al. [19] and 
Figs. 3c and 4b. b The fluorescent intensity of each marker is normal-

ized to that of TH within the same neuron, and the normalized values 
from 10 to 47 neurons from five imaging fields are averaged for each 
subject. n = 5 subjects. Mann–Whitney U test. The fluorescent inten-
sities of TH in individual TH-positive neurons are indistinguishable 
among all subjects (P = 0.3988). Scale bars: 20 µm
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Fig. 3  Miro is upregulated in human neurons and flies express-
ing α-syn. Lysates of HEK cells (a) and of 15-day-old flies (b) were 
immunoblotted as indicated. The band intensity of each protein is 
normalized to that of Tubulin from the same experiment. n = 6 inde-
pendent experiments for a and 3 for b. For each individual experi-
ment in b, 12 fly heads (elav-GAL4 group) and 8 fly whole bodies 
(Actin-GAL4 group) were lysed. c iPSC-derived neurons were trans-
fected with mito-dsRed and EGFP, immunostained with anti-Miro1, 
and imaged at day 22–26. The specificity of the immunostaining sig-
nals of anti-Miro1 was verified in Hsieh et al. [19] and Fig. 4b. The 

right panel is the quantification of the Miro1 intensity normalized 
to that of mito-dsRed. The fluorescent intensities of mito-dsRed are 
indistinguishable among all lines (P = 0.2973). P < 0.001 when each 
mutant line is compared with every control line. n = 67–172 neurons 
from 3 to 6 independent transfections. Scale bars: 20  µm. d iPSC-
derived neurons 22  days after differentiation were lysed and immu-
noblotted. The band intensity of Miro1 was normalized to that of 
Tubulin from the same blot and expressed as a fraction of the mean of 
“Wild-type-II”. n = 6. Mann–Whitney U test
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Following Antimycin A treatment, whereas in wild-type 
neurons mitochondrial motility significantly stopped in both 
anterograde and retrograde directions at 25 min, in SNCA-
A53T neurons mitochondria did not stop movement until 
70 min (Supplementary Fig. 5c, d). The mitochondrial inten-
sity in wild-type neurons was efficiently reduced at 70 min 
after treatment, while at the same time in SNCA-A53T 

neurons mitochondria were not significantly degraded (Sup-
plementary Fig. 5c, e). This delay in arresting and clearing 
damaged mitochondria in SNCA-A53T neurons has also been 
observed by us in iPSC-derived neurons from PD patients 
with the LRRK2G2019S mutation [19], and occurred in iso-
genic iPSC-derived human neurons knocking out Parkin 
(Supplementary Fig. 5f–h). Importantly, LRRK2 and Parkin 
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have been both previously shown to target Miro and mediate 
mitophagy [19, 42]. These live-imaging results suggest that 
mitophagy is also delayed in SNCA-A53T neurons.

If this mitochondrial phenotype is due to upregulation of 
Miro (Fig. 3c), one simple approach to rescue the phenotype 
might be is to mildly lower basal Miro levels by RNAi [19]. 
To test this hypothesis, we transfected neurons with mito-
dsRed, EGFP, and RNA duplexes at day 20–22 after neuronal 
induction, and imaged the neurons 3 days later. Neurons posi-
tive for both mito-dsRed and EGFP have also likely obtained 
RNA duplexes [19, 41, 42]. The specificity of Miro1 siRNA 
in human iPSC-derived neurons has been validated by our 
previous studies [19]. We used non-targeting siRNA as a 
negative control. We directly measured Miro1 removal rates 
from depolarized mitochondria by immunostaining endog-
enous Miro1 at different time points following Antimycin A 
treatment. We consistently found that with control RNAi the 
basal levels of Miro1 were higher in SNCA-A53T neurons 
than in wild-type (Figs. 3c, 4b). Notably, after depolariza-
tion it took much longer for SNCA-A53T neurons to remove 
Miro1 than for wild-type, both because there was more Miro1 
to start with and the Miro1 removal rate was slower within 
the first 25 min (Fig. 4b). This delay in removing Miro from 
damaged mitochondria is consistent with our live-imaging 
findings that damaged mitochondria arrest and clearance are 
delayed in SNCA-A53T neurons (Supplementary Fig. 5c–e).

Miro1 RNAi reduced the Miro1 level to 66.76 ± 4.625 
and 65.40 ± 6.220% in wild-type and SNCA-A53T neurons, 
respectively (Fig. 4b). Importantly, Miro1 RNAi significantly 
shortened the time to remove Miro1 in SNCA-A53T neurons 
(Fig. 4b). We next live monitored mitophagy in those neurons 
using a ratiometric pH sensitive biosensor mito-mkeima [5, 

19]. Fusion of mitochondria-containing autophagosomes with 
acidic lysosomes increases the fluorescent ratio of mito-mkeima 
excited by 561 nm over 488 nm. While it took wild-type neu-
rons 65 min to increase the ratio, it took SNCA-A53T neurons 
150 min; reduced to 90 min by Miro1 RNAi (Fig. 4c). These 
results provide evidence that lowering basal Miro1 levels pro-
motes Miro1 removal and mitophagy in SNCA-A53T neurons.

We now have a way to more efficiently initiate mitophagy 
and clear damaged mitochondria in SNCA-A53T neurons 
by partial reduction of Miro1 (Fig. 4c). We next explored 
whether this approach protects those neurons from stress. We 
transfected neuronal cultures with EGFP, and applied Anti-
mycin A for 6 h to induce stress [19]. We identified EGFP-
positive neurons by morphology [19, 42] and dopaminergic 
neurons by TH-immunostaining (Fig. 4d). Consistent with 
iPSC-derived neurons bearing other PD mutations [7, 19, 
26], SNCA-A53T neurons were more sensitive to stress than 
wild-type (Fig. 4d). Notably, TH-positive SNCA-A53T neu-
rons exhibited even more vulnerability than TH-negative 
SNCA-A53T neurons (5.12 ± 1.577% of TH-positive and 
31.33 ± 2.291% of TH-negative neurons were alive after 
treatment, P < 0.0001, Fig. 4d). Miro1 RNAi completely res-
cued stress-induced degeneration of those neurons (Fig. 4d). 
Taken together, pathogenic SNCA-A53T delays Miro1 
removal from damaged mitochondria, impairing the induc-
tion of mitophagy, and increases susceptibility to stress in 
human neurons; lowering Miro1 levels rescues these defects.

Partial reduction of Miro rescues locomotion deficits 
and dopaminergic neurodegeneration in flies 
expressing human SNCA

We also tested the neuroprotective effect of lowering Miro 
protein levels in vivo. Transgenic Drosophila overexpressing 
human α-syn exhibits dopaminergic neurodegeneration [37]. 
Thus, we used the fruit fly as an in vivo model of α-syn-
induced neurodegeneration. We knocked down DMiro by 
RNAi in flies [19] (Supplementary Fig. 6a) overexpressing 
wild-type SNCA or SNCA-A53T in dopaminergic neurons 
driven by TH-GAL4. Adult flies expressing SNCA-A53T, 
but not wild-type SNCA, displayed defective climbing abil-
ity as early as 5 days after eclosion (Fig. 5a). Adult flies 
expressing either wild-type SNCA or SNCA-A53T showed 
impaired flying ability (Fig. 5b). In the adult brain, age-
dependent dopaminergic neurodegeneration was detected 
in the clusters of paired posterior lateral 1 (PPL1) when 
either wild-type SNCA or SNCA-A53T was expressed, and 
in the clusters of paired posterior medial 1/2 (PPM1/2) when 
SNCA-A53T but not wild-type was expressed (Fig. 5c, Sup-
plementary Fig. 6b). Because both wild-type SNCA and 
SNCA-A53T cause DMiro upregulation in neurons, but the 
phenotype appears more severe with SNCA-A53T (Fig. 3b), 
these results suggest that the flying ability and dopaminergic 

Fig. 4  Miro1 RNAi rescues phenotypes in SNCA-A53T iPSC-derived 
neurons. a Schematic representation of upregulation of Miro by α-syn 
expression. b Using immunostaining methods similar as in Fig.  3c, 
the Miro1 intensity normalized to that of mito-dsRed is calculated at 
different time points after 100 μM Antimycin A treatment, expressed 
as a percentage of the mean of “WT-I&II&III, control RNAi, 0 min”. 
The degradation rate of Miro1 (%/min) is calculated within the first 
25  min. WT wild-type. Different lines of the same genotype are 
pooled. n = 158–263 neurons from 6 to 9 independent transfections. 
c Neurons transfected with mito-mkeima are shown. The intensity 
ratio of mito-mkeima is measured at different time points, expressed 
as a fraction of the mean of “WT-I&II, control RNAi, 0 min”. Com-
parisons with “WT-I&II, control RNAi, 0 min”. n = 6–8 axons from 
6 to 8 independent transfections. d Representative ×20 magnifica-
tion images of EGFP-transfected neurons, treated as indicated, and 
immunostained with anti-TH. The density of neurons (identified by 
morphology) is calculated in each condition, from 10 fields each 
transfection from 3 to 6 independent transfections. The densities of 
neurons without Antimycin A treatment (0 μM) but applied with the 
same volumn of the solvent of Antimycin A, ethano, were not signifi-
cantly different among all conditions (P = 0.4966). Comparisons with 
“WT-I&II, control RNAi, no treatment”. Mann–Whitney U test. All 
neurons were 23–25 days after differentiation. Scale bars: c 10 µm; d 
50 µm

◂
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neuronal survival in the PPL1 clusters may be more sensitive 
to upregulation of DMiro. Remarkably, all of the impaired 
climbing and flying abilities and dopaminergic neurodegen-
eration were fully rescued by DMiro RNAi (Fig. 5, Supple-
mentary Movies 1–3). Therefore, partial inhibition of DMiro 
protects the locomotion, flying ability, and dopaminergic 
neuronal survival in an in vivo PD model.

The N‑terminus of α‑syn is required to interact 
with and upregulate Miro

We explored the molecular mechanisms underlying α-syn-
dependent upregulation of Miro. Because we have shown 

that α-syn accumulation does not affect Miro mRNA expres-
sion (Supplementary Figs. 2e, 5a), α-syn should influence 
Miro at the protein level. Previous studies have provided 
evidence that α-syn can localize to the OMM [12, 18, 20, 
23, 30], and thus α-syn may associate with Miro in the same 
complex to affect Miro turn-over. In HEK293T cells, we 
also detected exogenously expressed wild-type α-syn and 
α-syn-A53T in both the mitochondrial and cytosolic frac-
tions (Fig. 6a). By co-immunoprecipitations, we identified 
that Myc-Miro1 co-complexed with both wild-type HA-α-
syn and HA-α-syn-A53T, but showed stronger binding to 
the latter (Fig. 6b). To map the domain of α-syn required 
for Miro interaction, we expressed HA-tagged full-length 

Fig. 5  DMiro RNAi rescues phenotypes in α-syn-expressing flies. 
a Climbing ability of adult flies. n = 18–71 flies. One-way ANOVA 
post-hoc Tukey test. b Flying ability. The percentage of flies that are 
scored as a “1” (able to fly) is shown in blue bars, and the percent-
age of flies that are scored as a “0” (unable to fly) is shown in red 
bars. n = 27–70 flies. The Chi-square test is used as the data is cate-

gorical. c Confocal stack images show dopaminergic (DA) neurons in 
adult brains in the PPL clusters immunostained with anti-TH. Quan-
tification of the DA neuron number in both the PPL1 (one side) and 
PPM1/2 clusters. n = 12–19 brains. One-way ANOVA post-hoc Tukey 
test. Scale bar: 27.5 µm. Comparisons with “TH-GAL4” except other-
wise indicated
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(FL) α-syn, amino acids 42–140, or amino acids 1–95 [6], 
in HEK293T cells along with Myc-Miro1. We found that 
α-syn (42–140) significantly disrupted the binding to Miro1 
(Fig. 6c), suggesting that the N-terminus of α-syn is required 
for interaction with Miro1. We next expressed T7-tagged FL 
DMiro and DMiroΔTM (transmembrane domain deleted) 

along with HA-α-syn in HEK293T cells and determined 
their associations. DMiro has highly conserved domains and 
DMiroΔTM releases DMiro from the OMM to the cytosol 
[17]. We found that DMiroΔTM significantly reduced the 
binding to α-syn (Fig. 6d). Taken together, α-syn and Miro 
form a complex on the OMM.

Fig. 6  Miro interacts with α-syn. a Mitochondrial fractionation shows 
overexpressed α-syn in the mitochondrial and cytosolic fractions. 
Similar results were repeated for four times. b–d  HEK cells were 
transfected as indicated and immunoprecipitated (IP) for detecting 
interactions between Miro and mutant α-syn (b) or truncated α-syn 
(c), or between truncated DMiro and full-length α-syn (d). The band 
intensity of IP-ed Miro is normalized to that of IP-ed HA-SNCA. For 

(c), the band intensities of Myc-Miro1 in “Input” are normalized to 
those of GAPDH. Compared with the genotype in the far left. n = 5 
independent experiments. Mann–Whitney U test. For all experiments, 
an empty pcDNA3.1 vector was transfected when the SNCA vector 
was not transfected. e Schematic representation of accumulated Miro 
and delayed mitophagy
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We consistently observed upregulation of exogenously 
expressed Myc-Miro1 by overexpression of HA-α-syn in 
HEK cells (Fig. 6b, c, input). Deletion of the N-terminal 
amino acids 1–41 of α-syn compromised the ability of α-syn 
to upregulate Miro1 (Fig. 6c, input). Therefore, the N-termi-
nus of α-syn is essential both for binding to and for elevating 
Miro1 protein.

α‑Syn’s impact on Miro is independent of the LRRK2 
and PINK1–Parkin pathways

It is known that the PINK1–Parkin and LRRK2 pathways 
mediate Miro removal from the damaged mitochondrial 
surface to the cytosol. Mitochondrial depolarization trig-
gers interactions of Miro with LRRK2, PINK1, and Par-
kin, and these interactions facilitate Miro removal (Fig. 6e) 
[19, 42]. It is possible that α-syn interferes with LRRK2 
and the PINK1–Parkin axis to stabilize Miro on the OMM. 
Because PINK1 functions upstream of Parkin recruitment 
to Miro and damaged mitochondria [19], we determined 
whether α-syn disrupts Miro binding to Parkin or LRRK2. 
We expressed EGFP-α-syn and Myc-Miro1 in HEK cells, 
and applied CCCP, which depolarizes mitochondria, for 
10 min [19, 42]. We discovered that the presence of exces-
sive α-syn did not affect Myc-Miro1 interactions with either 
endogenous LRRK2 or Parkin following CCCP treatment 
(Supplementary Fig. 6c). Thus, α-syn does not significantly 
interrupt LRRK2 and Parkin recruitments to Miro on dam-
aged mitochondria (Fig. 6e). This result suggests that the 
LRRK2 and PINK1–Parkin pathways are not influenced 
by α-syn accumulation, and is consistent with our observa-
tions in various α-syn-dependent PD models showing nor-
mal turn-over rates of Mitofusin/marf (Figs. 1, 3), a known 
target of PINK1/Parkin for proteasome degradation [8, 32].

Discussion

In this study, we have discovered that accumulation of α-syn 
results in an upregulation of Miro protein, in both postmor-
tem brains and iPSC-derived neurons from PD patients, as 
well as in fly PD models. This work provides the first link 
of a central player in PD pathology to a crucial regulator of 
mitochondrial motility and quality control. This link reveals 
a new, unexplored layer of complexity that α-syn toxicity 
has in the aging brain via mitochondria-associated α-syn.

Upregulation of Miro delays mitochondrial clearance via 
mitophagy (Figs. 4, 6e). We have shown accumulation of 
Miro, and probably mitochondria in the substantia nigra and 
temporal cortex of human PD postmortem brains express-
ing elevated, endogenous α-syn (Figs. 1, 2). Importantly, 
we did not find mitochondrial accumulation in HEK cells 
with transient expression of α-syn, young flies expressing 

α-syn, or in the frontal cortex of PD postmortem brains, 
although Miro upregulation is consistently observed in all 
of those models. A long-term insult from α-syn protein may 
be needed for damaged mitochondrial accumulation. It is 
also possible that different cells contain different amounts 
of damaged mitochondria. Cells that contain less damaged 
mitochondria may be more tolerant of impaired mitophagy. 
In contrast, dopaminergic neurons in the substantia nigra are 
constantly under energy crisis and various stresses owing to 
their unique axonal morphology, bioenergetics, and neuronal 
activities, and consequently their mitochondria may more 
often become damaged [29, 35, 36]. It is plausible that in 
those neurons even subtle disturbances in removing Miro and 
initiating mitophagy may accumulate defective mitochondria, 
and over time lead to neuronal cell death (Fig. 6e). We have 
shown that in iPSC-derived neurons Miro upregulation ren-
ders TH-positive neurons higher sensitivity to stress than TH-
negative neurons (Fig. 4d). These results provide evidence 
that mitochondria in dopaminergic neurons experience more 
stress and thus those neurons may be more susceptible to 
accumulated Miro and resultant delayed mitophagy.

Remarkably, partial reduction of Miro by RNAi rescues 
locomotion defects and neurodegeneration in both flies and 
human neurons harboring pathogenic SNCA mutations. We 
and others have shown that Miro RNAi also alleviates neu-
rodegeneration in human neuron and fly PD models linked 
to pathogenic LRRK2 and PINK1 [19, 22]. Our results con-
necting Miro to α-syn and sporadic PD suggest that target-
ing Miro in PD could have broad and effective applications. 
Additionally, the novel phenotypic readouts that we have 
discovered can be used to screen for genes and pathways, 
chemicals, small molecules, and even diets which target 
Miro and mitophagy. It is important to note that a com-
plete depletion of Miro would affect motility of polarized 
mitochondria, and thus a partial reduction while keeping 
the minimum amount of Miro on mitochondria required for 
movement should be the goal for future drug screens and for 
developing and optimizing Miro inhibitors.

We have shown that α-syn protein is incorporated into 
the membrane-associated Miro complex via the N-terminus 
of α-syn. Deletion of the first 41 amino acids does not com-
pletely abolish α-syn interaction with Miro1 in a heterolo-
gous system (Fig. 6c), suggesting that α-syn oligomerization 
or additional domains of α-syn may be involved. Because 
α-syn accumulation does not affect Miro mRNA expression 
(Supplementary Figs. 2, 5), α-syn could either facilitate 
embedding of newly synthesized Miro protein into the OMM 
or prevent extraction of Miro from the OMM for cytosolic 
degradation [42]. These possibilities warrant future investi-
gation. Our study demonstrates the importance of mitochon-
dria-associated α-syn for PD, and positions mitochondria 
at the center of PD pathogenesis with Miro as a potentially 
straightforward therapeutic target.
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