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Abstract

Alpha-Synuclein (a-Syn) is an important protein in the pathogenesis of Parkinson disease (PD) as
it accumulates as fibrillar inclusions in affected brain regions including dopaminergic neurons in
the substantia nigra. Elevated levels of a-Syn seem to be crucial in mediating its toxicity. Thus,
detailed information regarding the regulatory mechanism of a-Syn expression in several layers
such as transcription, post-transcription and post-translation is needed in order to devise
therapeutic interventions for PD. Previously, we reported that expression of a-Syn is repressed by
microRNA-7 (miR-7) through its effect on the 3’ -untranslated region (UTR) of a-Syn mRNA.
Here, we show that miR-7 also accelerates the clearance of a-Syn and its aggregates by promoting
autophagy in differentiated ReNcell VM cells. Further, miR-7 facilitates the degradation of pre-
formed fibrils of a-Syn transported from outside the cells. This additional mechanism for reducing
a-Syn levels show miR-7 to be an important molecular target for PD and other alpha-
synucleinopathies.
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Introduction

Parkinson disease (PD) is a common neurodegenerative disorder that affects 2—-3% of the
population over age 65 [21]. It is clinically characterized by disabling motor abnormalities
including bradykinesia, tremor, rigidity, and poor balance. These impairments result from
the progressive loss of dopaminergic neurons in the substantia nigra pars compacta. Loss of
dopaminergic neurons in the substantia nigra and the intracellular inclusions containing
aggregated forms of alpha-Synuclein (a-Syn) are the neuropathological hallmarks of PD.
Although inherited forms of PD only represent 5-10% of all cases, investigations on these
have provided clues to the PD pathogenesis. To date, more than ten distinct genes including
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a-Syn, parkin, dj-1, pink1 and /rrk2have been identified to cause PD when they are mutated
[28]. Among these, a-Syn is thought to be a crucial player in the pathogenesis of PD based
on genetic, pathological, and cellular/molecular lines of evidence [8, 16, 19]. In addition to
point mutations linked to dominantly inherited forms of PD [15, 22, 33], growing evidence
suggests that high levels of a-Syn are harmful to dopaminergic neurons [5, 17]. Therefore,
strategies that downregulate a-Syn levels or its aggregates are attractive targets for
therapeutic intervention. Notably, microRNAs (miRs) have been recognized as critical post-
transcriptional regulators of gene expression with vital roles in various cellular pathways.
miRs are a class of endogenous 21-25 base-long single-stranded RNAs, which inhibit gene
expression by binding to their target sequences mostly in the 3" untranslated region (UTR)
of mRNASs [10]. Growing evidence has suggested that miR dysfunction contributes to the
pathogenesis of neurodegenerative disorders including PD [12]. Previously, we and others
reported that expression of a-Syn is repressed by miR-7 through its effect on the 3’-UTR of
a-Syn mRNA [7, 11, 24].

Autophagy is responsible for eliminating aggregated proteins via their sequestration into
double-membrane vesicles called autophagosomes and their subsequent degradation by
lysosomal proteases after autophagosome/lysosome fusion [23, 25]. Further, it is known that
a-Syn aggregates are degraded by autophagy [31]. Autophagy is a crucial cellular process
and impairment of autophagy can lead to neurodegenerative disorders including PD [1, 2,
30]. The capacity of autophagy in removing toxic protein aggregates offers strategies for
future drug development for neurodegenerative disorders characterized by protein
misfolding and aggregation [18, 26]. Here, we report that miR-7 accelerates the clearance of
a-Syn and its aggregates by promoting autophagy, in addition to repressing a-Syn
expression through acting on the 3’-UTR.

Materials and Methods

Cell culture and transfection

Human neural progenitor cell line ReNcell VM (EMD Millipore) were cultured in DMEM:
F12 growth medium supplemented with 1X B27 (Life Technologies), 1X glutamax (Gibco),
10 U/ml heparin (Sigma-Aldrich), 50 ug/ml Gentamycin (Gibco), 20 ng/ml basic fibroblast
growth factor 2 (bFGF-2, Sigma-Aldrich) and 20 ng/ml epidermal growth factor (EGF,
Sigma-Aldrich). Cells were cultured at 37°C in a humidified atmosphere of 5% CO,.
ReNcell VM can be differentiated into neuron-like cells by two different protocols. For
standard differentiation (std), cells were seeded at 30,000 cells/cm? in a laminin-coated plate
and cultured to confluency in growth medium over a 3—4 day period. Differentiation was
initiated by omitting growth factors. Alternatively, ReNcell VM cells were differentiated into
dopaminergic neurons by the pre-aggregation differentiation (pre-agg) protocol requiring
dibutyryl-cAMP and GDNF [6]. Transfections were performed using Lipofectamine
RNAiMax (Invitrogen) with pre-miR-SC (scrambled) (Ambion), pre-miR-7 (Ambion).

Viral vectors and transduction

HEK?293T cells were used for generation of lentivirus as reported previously [4]. Lentiviral
vector pLemiR (Open Biosystems, GE healthcare) containing human pri-miR-7-2 gene as
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well as red fluorescent protein (RFP) gene as a bicistronic transcript was used for generating
lenti-miR-7 virus. Concentrated virus (1 x 1010 TU/ml) was used to transduce differentiated
ReNcell VM cells at a multiplicity of infection (MOI) of 10. Adeno-associated virus 2
(AAV?2) containing a-Syn gene (1.5 x 1013 viral genomes (vg)/ml) or eGFP gene (8.1 x
1012 vg/ml) were obtained from the vector core of University of North Carolina. These
concentrated AAV?2 virus were used to transduce differentiated ReNcell VM cells at an MOI
of 1 x 10° vg per cell.

Western blot analysis

Cells were rinsed with ice-cold phosphate-buffered saline (PBS) and lysed in PBS
containing 2% sodium dodecy! sulfate (SDS) with protease cocktail and phosphatase
inhibitors (Roche). Cell lysates were sonicated for 30 sec and protein concentrations were
quantified using BCA Protein Assay Reagent (Thermo Scientific). Cell lysates were
analyzed by Western blotting as reported previously [13] using anti-a-Syn (BD Biosciences,
Cat# 610786), anti-GFP (Santa Cruz Biotech., Cat# sc-8334), anti-LC3B (Cell Signaling,
Cat# 4108), and anti-p-actin (Sigma-Aldrich, Cat# A5316), followed by incubation with
horseradish peroxidase-conjugated anti-mouse antibody or anti-rabbit antibody. Band
intensity was measured using Image J (NIH).

Immunocytochemistry

To stain a-Syn, cells were washed with phosphate-buffered saline (PBS), fixed with 4%
paraformaldehyde in PBS, permeabilized with 0.5% Triton X-100 in PBS, and blocked with
5% donkey serum in PBS. Cells were then incubated with anti-a-Syn (SYN-1, BD
Biosciences, Cat# 610786) diluted in PBS containing 1% bovine serum albumin (BSA),
overnight at 4°C. After washing with PBS, cells were incubated with Alexa Fluor 488-
conjugated anti-mouse 1gG (Jackson Immunoresearch) diluted in PBS containing 1% BSA
for 1h. For nuclear staining, cells were incubated with 1 pg/ml 4”,6-diamidino-2-
phenylindole (DAPI) (Sigma-Aldrich) in PBS for 1 min. After washing with PBS, cells were
analyzed under a fluorescence microscope (Axiovert 2000, Carl Zeiss). The number of cells
containing a-Syn aggregate(s) were counted in 7 different microscopic fields containing 10—
20 lentivirus-transduced cells. To stain LC3 puncta, cells transfected with pre-miRs for 48h
were fixed and permeabilized, and incubated with anti-LC3B (Cell Signaling Technology,
Cat# 4108) overnight at 4°C. Subsequently, cells were incubated with rhodamine red-
conjugated anti-rabbit 1gG. The number of cells containing LC3 puncta were counted in 7
different microscopic fields including 10-20 cells, and the percentage of cells containing
LC3 puncta was calculated. In addition, the number of LC3 puncta in a cell was counted
from 20 LC3 puncta-containing cells.

Preparation of pre-formed fibril (pff) of a-Syn

Full-length a-Syn cDNA was cloned into pGEX-4T-1 (GE Healthcare) as a GST fusion.
GST-a-Syn recombinant protein was purified using glutathione Sepharose column, and a.-
Syn was isolated after cleaving between GST and a-Syn by thrombin. a-Syn pff was
prepared as previously reported [29].
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Statistical analysis

Results

Quantitative data are presented as means £ SEM or means + SD and statistical significance
between two groups was analyzed by student’s t-test. Level of significance was set at p <
0.05.

We previously reported that miR-7, which is highly expressed in the tyrosine hydroxylase
(TH)-positive nigral neurons, represses a-Syn expression by targeting the 3’-UTR of its
MRNA [11]. Because strategies targeting the removal of preformed a-Syn aggregates are
thought to be viable options in PD therapeutics, we sought to investigate whether miR-7
facilitates the degradation of preformed a-Syn aggregates. For this, we employed a human
neural progenitor cell line, ReNcell VM, which can be differentiated into neuron-like cells
[3, 4, 6]. Cells can be differentiated by two different protocols, but we chose the standard
differentiation method because endogenous a.-Syn expression was negligible (Fig. 1A),
where the majority of a-Syn was expressed from the transduction of AAV2-a-Syn virus.
After 7 days of differentiation, cells were infected with AAV2-a-Syn, and followed by the
transduction of lentivirus encoding miR-7 or scramble sequence (SC) (Fig. 1B). We found
that overexpression of miR-7 in differentiated ReNcell VM cells using lenti-miR-7 virus
(Dharmacon) resulted in a dramatic decrease in the level of monomeric and high molecular
weight (HMW) forms of a-Syn expressed from AAV2-a-Syn (Fig. 1C). In contrast, miR-7
overexpression was not able to decrease the level of eGFP, which is expressed from AAV2-
eGFP, the same vector as AAV2-a-Syn (Fig. 1C). This result suggests that the decrease of
a-Syn upon miR-7 overexpression is not due to the inhibition of de novo expression of a-
Syn. As we utilized AAV2-a.-Syn that lacks the 3'-UTR in this experiment, we also suggest
that overexpression of miR-7 can decrease a.-Syn levels without targeting the 3’-UTR of the
a-Syn mRNA. In particular, immunocytochemistry studies showed that a.-Syn aggregates
are significantly reduced by overexpression of miR-7 in differentiated ReNcell VM cells
(Fig. 2A). While a 64 £ 5.2% (mean + SEM) of cells contained a-Syn inclusion(s) as
indicated by arrowheads in control cells (Ienti-miR-SC), overexpression of miR-7
significantly reduced the percentage of cells having aggregates to 28 + 4.6% (Fig. 2B). As
autophagy is known to clear the protein aggregates [23, 25], we tempted to determine
whether miR-7 overexpression leads to the degradation of a-Syn and its aggregates by
promoting autophagy. We found that the decrease of a-Syn is prevented by the addition of
lysosome inhibitors, NH4Cl/leupeptin (AC/LP) (Fig. 3A). Further, miR-7 expression
increased the conversion of LC3-1 to LC3-11 (lower band of LC3B), which indicates
increased autophagosome formation (Fig. 3B). Addition of lysosome inhibitors further
increased the level of LC3-I1, suggesting that the increase of LC3-11 upon miR-7
overexpression is due to an increase of autophagy influx. In addition, we found that
transfection of miR-7 significantly increased both the percentage of cells having LC3 puncta
and the number of LC3 puncta in a cell compared to miR-SC-transfected cells (Fig. 3C and
3D). Therefore, these results suggest that miR-7 promotes the clearance of a-Syn and its
aggregates by promoting autophagy. Next, we investigated whether overexpression of miR-7
facilitates the degradation of a-Syn aggregates transported from outside the cell. Exposure
of preformed-fibril (pff) of a-Syn to differentiated ReNcell VN cells generates intracellular
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a-Syn aggregates, and these a-Syn aggregates are significantly reduced by overexpression of
miR-7 (Fig. 4A). While a 33 £ 5% (mean + SEM) of cells contained a-Syn inclusion(s) as
indicated by arrowheads in control cells (Ienti-miR-SC), overexpression of miR-7
significantly reduced the percentage of cells having aggregates to 17 + 1% (Fig. 4B). In
addition, Western blot analysis showed that exposure of a-Syn pff to differentiated ReNcell
VN cells generates HMW as well as monomeric a.-Syn, and the levels of these forms of a-
Syn were also decreased by overexpression of miR-7 (Fig. 4C). Further, this decrease of a-
Syn is prevented by the addition of NH,4Cl/leupeptin, but not by lactacystin, a proteasome
inhibitor, corroborating our conclusion that miR-7 overexpression facilitates the degradation
of a-Syn/its aggregates by promoting autophagy.

Discussion

In the present study, we have found that overexpression of miR-7 leads to an increased
degradation of a-Syn and its aggregates by promoting autophagy. In our experimental
conditions, human a-Syn was overexpressed by AAV2-a.-Syn infection or by pff
introduction in differentiated ReNcell VM cells. In both conditions, overexpression of miR-7
significantly reduced the level of a-Syn and its aggregates, as shown by
immunocytochemistry and Western blot analyses. In addition to finding that miR-7 increases
the formation of LC3 puncta, the observation that the miR-7-mediated decrease in a-Syn
expression was prevented by lysosome inhibitors, supports our conclusion.

We previously reported that miR-7 represses a.-Syn expression by targeting the 3’-UTR of
its MRNA. Therefore, we believe that miR-7 could decrease the level of a-Syn by two
mechanisms: one is by repressing a.-Syn expression by targeting the 3’-UTR of its mRNA,
and the other is by facilitating the degradation of a-Syn protein/aggregates by promoting
autophagy. This latter effect appears to be particularly important in clearing the a-Syn
aggregates transported from outside the cell and in preventing further seeding and
intracellular aggregation formation, thereby protecting against aggregate propagation. These
two effects on lowering a-Syn level demonstrate miR-7 to be an excellent molecular target
for potential disease-modifying therapeutics.

Although the precise mechanism behind our observation is currently unknown, we suggest
that it could involve the miR-7-mediated reduction of negative factors for autophagy. Among
the reported targets of miR-7, epidermal growth factor receptor (EGFR), an oncogenic
receptor tyrosine kinase, reportedly regulates autophagy [32]. Active EGFR inhibits the
autophagy pathway by inhibiting Beclinl activity by catalyzing tyrosine phosphorylation.
Thus, it is possible to speculate that miR-7-mediated repression of EGFR expression results
in increased autophagy, and subsequently in the degradation of a-Syn/its aggregates.
Specifically, Gefitinib (trade name Iressa), a chemical inhibitor of EGFR tyrosine kinase
[27], can be tested for its ability to facilitate the degradation of a-Syn/aggregates in the
cellular system. Gefitinib is a drug used for certain breast and lung cancers [27]. Similarly,
c-Abl tyrosine kinase inhibitor, Nilotinib, a drug for acute myelogenous leukemia, was
shown to protect cells from DA neuron death in MPTP-intoxicated mouse model [14], and
has further shown early promise in patients with Parkinson’s disease with dementia and
Lewy body dementia [20]. In addition, it was reported that mMTOR mRNA is targeted by
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miR-7 [9]. Inhibition of MTOR activity is well known to promote autophagy, thus it is
possible to speculate that miR-7-mediated decreases in mTOR expression leads to
stimulation of autophagy and subsequently increased degradation of a-Syn. Successful
identification of miR-7 targets involved in promoting autophagy might provide a clue into
therapeutic avenues for pharmacological interventions of EGFR or mTOR using Gefinitib or
Torin, respectively.

In summary, the present study provides evidence that miR-7 facilitates the degradation of a-
Syn and its aggregates by promoting autophagy. In addition to repressing a-Syn expression

by targeting the 3’-UTR of its mRNA, this effect of miR-7 on autophagy proves that miR-7

is an attractive target for therapeutic intervention for PD.
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Highlights

miR-7 decreases a-Syn expression independent of targeting 3'-UTR of its
mRNA.

miR-7 facilitates the degradation of a-Syn and its aggregates by promoting
autophagy.

miR-7 accelerates the degradation of pre-formed fibrils of a-Syn transported
from outside the cells.
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Fig. 1.
miR-7 decreases the levels of monomeric and HMW forms of a-Syn. (A) a-Syn expression

is negligible in the neuron-like cells differentiated from ReNcell VM cells with standard
protocol. ReNcell VM cells were differentiated for 13 days as indicated, and then these cells
were subjected to Western blot analyses to detect the expression of a-Syn, and p-actin. Std,
pre-agg and DG denote standard differentiation, preaggregation differentiation and
dibutyryl-cAMP/GDNF, respectively. (B) Time-course showing differentiation and viral
transductions. (C) Cells transduced as indicated were subjected to Western blot analyses to
detect the expression of a-Syn, GFP and p-actin. HMW indicates high molecular weight
complex. # denotes the nonspecific band. These results are representative of three separate
experiments.
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Fig. 2.
Immunocytochemistry showing the decrease of a-Syn aggregates in differentiated ReNcell

VM cells with miR-7 overexpression. (A) A representative figure showing miR-7-induced
decrease of a-Syn aggregates. Lentivirus-infected cells are detected as red fluorescence and
a-Syn expression is detected as green fluorescence. a-Syn aggregates are indicated as white
arrowheads. Scale bar = 50 pm. (B) Cells having a-Syn aggregate(s) were counted in 7
randomly-selected fields comprising 10-20 RFP-positive cells (lentivirus-transduced cells).
The data represent means + SEM. *** p < 0.001. These results are representative of three
separate experiments.
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Fig. 3.

migR—7 decreases the levels of a-Syn and its aggregates through promoting autophagy. (A)
Differentiated ReNcell VM cells transduced as indicated were further treated with AC
(NH4CI (10 mM)) and LP (leupeptin (100 uM)) for 12 h. Cells were subjected to Western
blot analyses to detect a-Syn, LC3B and p-actin. (B) The LC3B-II band is used to measure
autophagy flux. Intensity of the LC3B-1I band was normalized to that of the p-actin band.
The data represent means + SD. * p < 0.05. (C) Representative figures showing that
transfection of pre-miR-7 leads to an increase in the formation of LC3 puncta (red color).
Two pictures are provided for each experimental group. (D) Quantitative data showing the
percentage of cells having LC3 puncta and the number of LC3 puncta in a cell. The number
of cells containing LC3 puncta were counted in 7 different microscopic fields including 10—
20 cells for each sample and the percentage of cells having LC3 puncta was calculated. The
number of LC3 puncta in a cell was counted with 20 cells containing LC3 puncta. The data
represent means + SEM. * p < 0.05. *** p < 0.001. These results are representative of three
separate experiments.
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Fig. 4.

miR-7 decreases the levels of intracellular a.-Syn transported from the outside as pff.
Differentiated ReNcell VM cells were treated with pff (100ng). After 7 days, these cells
were transduced with either lenti-miR-SC or lenti-miR-7 for another 3 days. (A)
Representative figures showing miR-7-induced decrease of a-Syn aggregates (pff).
Lentivirus-infected cells are detected as red fluorescence and a-Syn expression is shown as
green fluorescence. a-Syn aggregates are indicated as white arrowheads. (B) Cells having
a-Syn aggregate(s) were counted in 7 randomly selected fields comprising 10-20 RFP-
positive cells (Ientivirus-transduced cells). The data represent means + SEM. * p < 0.01. (C)
During the period of lentiviral transduction, cells were further treated with AC (NH4CI (10
mM)), LP (leupeptin (100 pM)) or LAC (lactacystin (5 uM)) for 12 h before harvest. Cells
were subjected to Western blot analyses to detect a-Syn and B-actin. Time-course showing
differentiation, PFF exposure, viral transductions and chemical treatments is presented.
These results are representative of three separate experiments.
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