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Abstract

a-Synuclein is a key protein in the pathogenesis of Parkinson’s disease as it accumulates in fibrillar form in affected brain
regions. Misfolded a-synuclein seeds recruit monomeric a-synuclein to form aggregates, which can spread to anatomically
connected brain regions, a phenomenon that correlates with clinical disease progression. Thus, downregulating a-synuclein
levels could reduce seeding and inhibit aggregate formation and propagation. We previously reported that microRNA-7
(miR-7) protects neuronal cells by downregulating a-synuclein expression through its effect on the 3’-untranslated region
of SNCA mRNA; however, whether miR-7 blocks a-synuclein seeding and propagation in vivo remains unknown. Here, we
induced miR-7 overexpression in the mouse striatum unilaterally by infusing adeno-associated virus 1 (AAV-miR-7) followed
by inoculation with recombinant a-synuclein preformed fibrils (PFF) a month later. Compared with control mice injected
with non-targeting AAV-miR-NT followed by PFF, AAV-miR-7 pre-injected mice exhibited lower levels of monomeric
and high-molecular-weight a-synuclein species in the striatum, and reduced amount of phosphorylated a-synuclein in the
striatum and in nigral dopamine neurons. Accordingly, AAV-miR-7-injected mice had less pronounced degeneration of the
nigrostriatal pathway and better behavioral performance. The neuroinflammatory reaction to a-synuclein PFF inoculation
was also significantly attenuated. These data suggest that miR-7 inhibits the formation and propagation of pathological
a-synuclein and protects against neurodegeneration induced by PFF. Collectively, these findings support the potential of
miR-7 as a disease modifying biologic agent for Parkinson’s disease and related a-synucleinopathies.
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Introduction

Parkinson’s disease (PD) is characterized by progressive
degeneration of various neuronal populations, includ-
ing prominently dopaminergic neurons in the substan-
tia nigra pars compacta (SNpc), and accumulation of
a-synuclein (a-syn) in Lewy bodies and Lewy neurites
[1, 2]. The initial oligomerization followed by fibrilli-
zation of a-syn is believed to be critical steps leading
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to neuronal dysfunction and death [3, 4]. Growing body
of evidence suggests that seeds of misfolded a-syn can
recruit endogenous monomeric a-syn to form aggregates
that can propagate across interconnected neural networks
[5, 6], a phenomenon that correlates with the progres-
sive nature of the disease and the emergence of additional
clinical manifestations over time [7]. These pathologic
aggregates are typically hyperphosphorylated at serine
129 (pS129), and antibodies raised against pS129-a-syn
are commonly used to detect these aggregates in studies
of postmortem human brains and animal models of synu-
cleinopathies [8, 9].

A number of factors have been identified to play a
role in the formation and propagation of a-syn aggre-
gates, including increased expression of a-syn, impaired
dephosphorylation, decreased clearance, and factors that
promote oxidative stress [10—-14]. The identification of
families with duplication or triplication of the SNCA gene
encoding a-syn linked to dominantly inherited PD and
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dementia with a gene dosage effect is a powerful evidence
for the role of a-syn levels in its pathologic aggregation
and neurotoxicity as a gain of function [15]. Additionally,
normal dopaminergic neurons differentiated from human
embryonic stem cells (hESCs) form pS129-a-syn-positive
aggregates when challenged with recombinant a-syn pre-
formed fibrils (PFF), while heterozygous and homozy-
gous deletion of the SNCA gene in these neurons using
CRISPR/Cas9 technology renders these neurons mark-
edly resistant to the formation of such aggregates, with
SNCA™~ neurons not exhibiting any [16]. Thus, reduc-
ing endogenous a-syn levels is a viable strategy to pre-
vent the formation and transmission of pathologic a-syn
aggregates.

MicroRNAs (miRNAs) are a class of highly conserved
small RNAs that regulate diverse cellular processes by
base pairing with the 3'-untranslated regions (UTRs) of
their target mRNAs, which leads to inhibition of protein
translation or degradation of the target mRNA transcript
[17]. Emerging evidence from postmortem brain analyses
and animal model studies has suggested that dysfunction
of miRNAs contributes to neurodegenerative disorders
including PD [18-20]. The first miRNA identified to regu-
late a-syn levels is microRNA-7 (miR-7) [21], which is
evolutionarily conserved among vertebrates and enriched
in the brain. miR-7 directly downregulates a-syn expres-
sion by binding to the SNCA mRNA 3'-UTR, reducing
a-syn levels and toxicity in cultured dopaminergic cells
[21]. In addition to repressing a-syn levels, miR-7 targets
other mRNAs that contribute to neuronal homeostasis
including oxidative stress, mitochondrial health, glyco-
lysis, apoptosis, and inhibition of inflammasome activa-
tion [22-26]. Conversely, miR-7 is decreased in the SNpc
of patients with PD, and loss of miR-7 regulation leads
to a-syn accumulation and dopaminergic neuronal loss
in vitro and in vivo [27]. All these findings suggest that
miR-7 has potential for slowing PD progression. However,
whether miR-7 inhibits seeding, fibrillization, and propa-
gation of a-syn in vivo, and consequently, protects against
the neurodegeneration induced by pathologic a-syn aggre-
gates remains unexplored.

In the present study, we report that transgenic overexpres-
sion of miR-7 using an AAV vector in the mouse striatum
attenuates the formation and propagation of hyperphospho-
rylated and high-molecular-weight (HMW) a-syn, reduces
the inflammation, and protects nigrostriatal dopaminergic
neurons against the toxicity of recombinant a-syn preformed
fibrils (PFF). These neuropathological markers are associ-
ated with better behavioral performance. Our findings col-
lectively demonstrate for the first time the ability of miR-7 to
mitigate the phenotype of a progressive a-synucleinopathy
model in vivo.
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Methods
Animals

Male C57BL/6 J mice (4 weeks) were obtained from the
Jackson Laboratories (Bar Harbor, ME). Animals were
housed with food and water ad libitum in 12-h light and dark
cycles. All the experimental procedures and postoperative
care were carried out in accordance with the NIH Guide for
the Care and Use of Experimental Animals and approved by
the Rutgers-Robert Wood Johnson Medical School Institu-
tional Animal Care and Use Committee.

Preparation of Recombinant a-Synuclein Fibrils

pT7-7 plasmid containing mouse a-syn cDNA [28, 29] was
used to generate a-syn. Purification of a-syn protein and
preparation of PFF were done as detailed previously [9, 10].

Stereotaxic Surgery

AAV1-EFla-hsa-miR-7-1-eGFP (AAV-miR-7) and AAV 1-
EFla-ctl-miR-eGFP (AAV-miR-NT) were ordered from
Vector Biolabs (Malvern, PA). This AAV vector expresses
human pre-miRNA hsa-mir-7-1 (which is identical to the
mouse miR-7 sequence) or a scrambled pre-miR sequence
under an EFla promoter, which also drives eGFP reporter
expression (Fig. 1A). Mice were randomly divided into
three groups: group 1 received AAV-miR-NT followed by
phosphate buffered saline injection (NT +PBS), group 2
received AAV-miR-NT followed by a-syn PFF inoculation
(NT +PFF), and group 3 received AAV-miR-7 followed by
a-syn PFF inoculation (miR-7 + PFF). Studies began for all
mice at 2 months of age with unilateral injection of AAV-
miR-NT or AAV-miR-7. a-syn PFF or PBS was injected
1 month after AAV injection. Mice were anesthetized with
ketamine hydrochloride (100 mg/kg, i.p.) and xylazine (10
my/kg, i.p.) before each stereotactic surgical procedure. Both
AAV-miR-NT and AAV-miR-7 were diluted to 2.6x 10"
GC/mL before use. One microliter of each AAV vector
was injected into the right dorsal striatum (A-P: 0.2 mm,;
M-L: —2.0 mm; D-V: —2.6 mm) at a rate of 0.2 L per min
using a 10-uL Hamilton Neuros syringe equipped with a
33-gauge needle and attached to a Quintessential Stereotaxic
Injector (Stoelting, Wood Dale, IL). To prevent reflux, after
each injection, the needle was left in place for 5 min before
removal. All of the animals recovered on a heating pad at
37 °C and were monitored regularly. One month later, a-syn
PFF (5 pg) or 2.5 uLL PBS was injected stereotaxically into
the same coordinates as the virus injection. The procedures
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Fig. 1 Overexpression of miR-7 in striatal neurons of mice 1 month
after AAV injection. A Map of AAV-miR-7 vector. B Timeline of
in vivo experiments. C Representative images of miR-7 and GFP
expression in the dorsal striatum of AAV-miR-7 or non-targeting
AAV-miR-NT-injected mice. For miR-7 detection, in situ hybridiza-
tion utilized a specific or scrambled probe. Scale bar=100 pm. D

for PFF and PBS injections were the same as those for virus
injection. Six months following a-syn PFF or PBS injec-
tion, behavior assessments were performed before mice were
euthanized and brains were recovered for histological and
molecular analyses.

In Situ Hybridization of miR-7

In situ hybridizations were performed as described [30] with
30-pm cryosections of mouse brains. The sections were
dried at room temperature for 30 min, followed by fixation
in 10% formalin (Sigma-Aldrich, St. Louis, MO) for 10 min.
After washes in PBS, sections were acetylated in acetic
anhydride/triethanolamine. After proteinase K treatment
(10 mg/mL) for 10 min, sections were pre-hybridized in a
hybridization solution (50% formamide, 5 X saline-sodium
citrate buffer (SSC), 0.5 mg/mL yeast tRNA, 1 X Denhardt’s
solution) at room temperature for 4-5 h. DIG-labeled miR-7
and scrambled probe (5 pmol) (LNA miRCURY probe;
Exiqon) were denatured in a denaturing buffer by heating at
80 °C for 5 min and then hybridized to the sections at 55 °C
overnight. After post-hybridization washes in 0.2 x SSC at
60 °C, the in-situ hybridization signals were detected using
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Relative a.-syn level (%)

Representative images of co-localization of GFP and NeuN immu-
nofluorescence in the dorsal striatum of AAV-injected mice. Scale
bar=25 pm. E Western blot and quantitative analysis of monomeric
a-syn protein in striatal lysates. Data shown are means+SEM (n=3
per group; * p <0.05; two-tailed unpaired #-test)

nitro-blue-toluidine/5-bromo-4-chloro-3-indolyl-phosphate
(Sigma, St. Louis, MO) developer solution for 6 h, with light
blue cytoplasmic staining being positive. The images were
taken by a Leica DMi8 microscopy.

Immunohistochemistry and Immunofluorescence

Mice were perfused transcardially with PBS followed by
10% formalin (Sigma, St. Louis, MO), and the brains were
removed and post-fixed in 10% formalin at 4 °C overnight.
After dehydration by 30% sucrose, brains were sectioned
using a cryostat at 30-pm thickness, and slices were col-
lected as sets with the same interval. For immunohisto-
chemistry, free-floating sections were washed in PBS con-
taining 0.05% Triton X-100 (PBST) and then incubated
for 30 min with 0.3% H,0, to quench endogenous per-
oxidase activity. The sections were soaked with a block-
ing buffer (5% goat serum and 0.05% Tween-20 in PBS)
and then incubated with primary antibodies dissolved in a
dilution buffer (1% serum in 0.05% Tween-20 in PBS) at
4 °C overnight. Vectastain elite ABC kit (Vector Laborato-
ries, Burlingame, CA) and 3.3’-diaminobenzidine (Sigma-
Aldrich, St. Louis, MO) were used for amplifying and color
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development. For striatal TH staining, an elliptical area of
interest (AOI) of the same size that encompasses the stria-
tum was applied to all the sections. For pS129-a-syn stains,
four striatal sections and six SNpc sections per brain were
counted. For Iba-1 staining in the striatum, four sections
per brain were analyzed. Staining intensity and pS129-a-
syn-positive cell counts were obtained by Image Pro Plus
as previously described [10]. Intensity calibration was set to
the level of a blank area in each image. Hue, saturation, and
intensity (HSI) was used for color selection with the stand-
ard parameters of H: 0-30, S: 0-255, and I: 0-160. To count
only positively stained cells, color selection was adjusted
according to the antibody used and background intensity.
Stains that were smaller than 4 pixels were excluded from
the analysis. For immunofluorescence staining of NeuN,
free-floating sections were washed in PBST, and then
soaked with a blocking buffer at room temperature for 1 h.
Sections were incubated with a primary antibody over-
night at 4 °C and fluorescent secondary antibody for 1 h at
room temperature. Images were captured by a Leica DMi8
microscopy. The primary antibodies used were anti-pS129-
a-syn (#015-25,191, WAKO, Richmond, VA; 1:10,000),
anti-Iba-1 (#019-19,741, WAKO, Richmond, VA; 1:100),
anti-TH (T2928, Sigma, St. Louis, MO, 1:3000 in stria-
tum, and 1:5000 in the substantia nigra), and anti-NeulN
(MAB377AS5, Sigma, St. Louis, MO; 1:100).

Automated Analysis of TH-Positive Neuron Counting

For each mouse brain, six sections through the rostral-caudal
extent of the SNpc at 150-pum intervals were analyzed. Sec-
tions were imaged using a Leica DMi8 microscope with a
10 % objective. Stitched SNpc digitized images with a resolu-
tion of 0.22 pm per pixel were then uploaded to the Aiforia™
Cloud Version 4.8 image processing and management plat-
form (Aiforia Inc., Cambridge, USA) for processing with deep
learning convolutional neural networks (CNNs) and super-
vised learning. This computer-assisted cell counting method
based on supervised machine learning and automated image
recognition is described in detail and validated [9, 31, 32]. A
supervised, multi-layered CNN was trained on annotations
from digitized TH-stained coronal slices from 3 cohorts to
quantify high-quality tissue and count TH-positive cell bodies.
The algorithm was trained on both diverse and representative
whole-slide images in the dataset (using 72.22% of the total
dataset) to create a generalizable machine-learning model.
The TH neuron algorithm was trained on a total of 1563
object annotations across 65 images and resulted in a total
verification error rate 1.86% (False positive=1.09%; False
negative=0.77%) compared to the input annotations. Known
artifacts of the staining procedure were identified and trained
into the artificial intelligence (AI) model to exclude them
from the analysis as background. Final Al model analysis was
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applied to manual ROIs that were provided in the Aiforia™
Cloud platform.

Western Blot Analysis

Cultured cells and striatal tissue samples were extracted in
2% SDS in PBS containing phosphatase inhibitor cocktail
set IT (Calbiochem, La Jolla, CA). Samples were sonicated
and cleared at 140,000 X g for 10 min. Protein concen-
trations were determined using the BCA assay (Thermo
Fisher Scientific, Waltham, MA). Lysates (20 ug) were
mixed with 4 X protein loading buffer (Li-Cor, Lincoln,
NE), separated on a NuPage 4-20% (GenScript, Pis-
cataway, NJ), and transferred onto a nitrocellulose blot-
ting membrane (Cytiva, Marlborough, MA). Blots were
blocked in an Intercept (TBS) blocking buffer (Li-Cor,
Lincoln, NE) for 1 h. Primary antibodies were diluted
in Intercept T20 (TBS) antibody diluent and incubated
with the membranes at 4 °C overnight. Membranes were
washed three times in TBS-Tween and incubated in diluted
IRDye 800CW or IRDye 680RD secondary antibody (Li-
Cor, Lincoln, NE) for 1 h at room temperature. Following
washing, membranes were scanned by a Li-Cor Odyssey
CLx infrared imaging system. Images were analyzed by
using Image Studio Lite Software (Li-Cor, Lincoln, NE).
For detection, immunoblots were performed using anti-
bodies against: a-syn (ab21284, Abcam, Cambridge, MA;
1:1000), GFP (#2955, Cell Signaling Technology, Dan-
vers, MA; 1:2000), and B-actin (A5441, Sigma-Aldrich,
St. Louis, MO; 1:10,000).

Generation of SH-SY5Y Cells Stably Overexpressing
miR-7

Lentivirus production, including lenti-miR-NT and lenti-
miR-7 were packaged as described previously [23]. Len-
tiviral vector pLemiR encodes human pri-miR-7-2 and
Turbo Red fluorescent protein (tRFP) within a bicistronic
transcript, which allows easy tracking of miR express-
ing cells. SH-SYSY cells with stable integration of each
construct (tRFP positive) were selected using 2 pg/mL
of puromycin (Sigma, St. Louis, MO) after 48 h of virus
transduction. Western blot analysis (Fig. S1A, B) shows
SH-SYS5Y cells stably overexpressing miR-7 reduces
a-syn levels by 46% compared to negative control lenti-
miR-NT transduced cells.

Cell Viability Assay

Cell viability was measured using a CellTiter 96 aqueous
3-(4,5-dimethylazol-2-yl)-5-(3-carboxymethoxyphenyl)-
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2-(4-sulfophenyl)-2H-tetrazolium (MTS) reagent (Pro-
mega, Madison, WI), according to the manufacturer’s
instructions.

Behavior Assessments

Behavioral assessments were performed at 6 months post-
a-syn PFF injections. To test nesting behavior, each mouse
was housed separately in a cage with a 5-cm square cot-
ton nestlet (Ancare, Bellmore, NY, USA) for 24 h. Each
cage was then scored blindly depending on the condition of
nesting material on a scale ranging from 1 (non-shredded)
to 5 (maximally shredded) [33]. For the rotarod test, mice
were placed on a rotating cylinder (diameter =4.5 cm) with
a coarse surface for firm grip and were trained for four trials
for the first four days: the first two trials are acquisition tri-
als with an increasing speed from 4 to 20 rpm in 180 s, and
the last two trials are probe trials with an accelerating speed
of 0.2 rpm/s, increasing from 4 to 40 rpm in 180 s. On the
fifth day, mice were tested for 3 actual probe trials, latency
on the rod before falling was measured, and the average of
3 trials taken for analysis.

Statistical Analysis

Data are presented as means + S.E.M. and analyzed by either
one-way analysis of variance (ANOVA) followed by Tukey’s
multiple comparison test or unpaired ¢ test unless otherwise
stated. Significance was determined at p <0.05.

Results

Validation of miR-7 Overexpression in the Mouse
Striatum via AAV Delivery

To verify that miR-7 overexpression protects against a-syn
PFF in a cellular model ahead of in vivo studies, we first
demonstrated that human neuroblastoma SH-SYSY cells
stably transduced with a lenti-miR-7 vector indeed have
reduced a-syn protein levels detected by Western blotting
and are protected against a-syn PFF-induced cell death
(Fig. S1). In vivo studies were then carried out by infusing
AAV-miR-NT or AAV-miR-7 unilaterally into the right stri-
atum of 2-month old mice. One month after viral transduc-
tion, miRNA expression was evaluated by in situ hybridiza-
tion (Fig. 1C). Both AAV-miR-NT and AAV-miR-7 yielded
strong GFP expression, whereas only AAV-miR-7-infused
brain sections showed a robust miR-7 signal using a miR-7
specific probe. Scrambled in situ probes showed no signal
in either AAV-miR-7 or AAV-miR-NT-infused brain sec-
tions. These results indicate that AAV-miR-7 infused into
the mouse striatum expresses miR-7 robustly, and that

1 month is sufficient time for its expression, which supports
the design of the present in vivo experiments (Fig. 1B).

AAV1 is commonly used to target local populations
of neurons after direct injection. To check the type of
cells transduced with the AAV vectors used in the pre-
sent study, immunohistochemical staining for the neuronal
marker NeuN was done. Our data showed that all GFP-
positive cells stained for NeuN, indicating that AAV vec-
tors infected only striatal neurons (Fig. 1D; Fig. S2A) as
reported previously [34]. It is noted that overexpression of
miR-7 in the striatum does not affect the number of stri-
atal neurons (Fig. S2B). Western blot analysis of striatal
lysates from AAV-injected mice showed that overexpres-
sion of miR-7 significantly downregulates a-syn protein
levels by 30% (Fig. 1E). These data support the ability of
miR-7 delivered via viral vector to reduce a-syn expres-
sion in the mouse brain.

miR-7 Prevents the Nucleation and Propagation
of pS129- a -syn in a-syn PFF-Inoculated Mice

To examine whether miR-7 impacts pS129-a-syn nuclea-
tion and propagation in the a-syn PFF model, striatal and
SNpc tissue sections were stained with p-a-syn antibody. As
described previously with this model [5], abundant pS129-
a-syn-labeled cells were found in the striatum and SNpc
ipsilateral to control AAV-miR-NT pre-injected and a-syn
PFF-inoculated side, and fewer pS129-a-syn immunoreac-
tive neurons were detected in the contralateral hemisphere
(Figs. 2A—C and 4C, H). On the other hand, compared with
AAV-miR-NT pre-injected mice, AAV-miR-7 pre-injected
and PFF-inoculated brains had less abundant pS129-a-syn
immunoreactivity in both the ipsilateral and contralateral
striata (Fig. 2A—C) as well as in the ipsilateral nigral neurons
(Fig. 4C, H). Compared with AAV-miR-NT pre-injected
and a-syn PFF-inoculated brains, in which 13% of residual
tyrosine hydroxylase (TH)-positive SNpc neurons contained
pS129-a-syn, this figure was only 5.4% in AAV-miR-7 pre-
injected and PFF-inoculated brains (Fig. 4H). As expected,
brains that were injected with PBS instead of PFF had no
pS129-a-syn immunoreactive neurons.

To examine whether miR-7 impacts a-syn protein levels
in vivo, striatal lysates from the 3 mouse groups were exam-
ined by Western blotting. Monomeric a-syn was detected
in all groups but increased by 63% in PFF-inoculated and
AAV-miR-NT pre-injected mice compared to control PBS-
injected animals. PFF inoculation also resulted in the accu-
mulation of HMW oligomers (Fig. 2D—F). On the other
hand, AAV-miR-7 pre-injection resulted in 21% reduction
of monomeric a-syn and 27% reduction of HMW com-
pared with AAV-miR-NT pre-injected mice, substantiat-
ing our previous in vitro observations using differentiated
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Fig.2 AAV-miR-7 prevents the formation of pS129-a-syn and high
molecular weight (HMW) a-syn. A Representative images of pS129-
a-syn staining in the striatum ipsilateral and contralateral to the
injected side 6 months post-a-syn PFF injections. Scale bar=50 pm.
B, C Quantification of pS129-a-syn-positive cells in the ipsilateral
(B) and contralateral (C) striatum of mice inoculated with a-syn PFF

human neuron-like ReNcell VM cells [35]. These findings
suggest that by reducing endogenous mouse a-syn protein
levels, miR-7 prevents seeding initiated by injected PFF and
reduces the accumulation of pathologic a-syn.

miR-7 Attenuates the Neuroinflammation in a-syn
PFF-Inoculated Mice

a-Syn is known to activate microglia in various experi-
mental paradigms including human microglial cells iso-
lated from surgically resected human temporal lobe tissue,
mouse primary microglial cultures, and in mice overex-
pressing a-syn [36, 37]. a-Syn PFF inoculation of the
mouse brain also induces a robust microglial activation
[38, 39]. To examine the impact of miR-7 on the neuro-
inflammation induced by a-syn PFF inoculation, striatal
sections were stained with the microglial marker Iba-1.
Compared with PBS injection, a-syn PFF inoculation sig-
nificantly increased the number of reactive microglia both
in the striatum ipsilateral to the injection site (12-fold) and
to a lesser extent in the contralateral striatum (sixfold)
(Fig. 3). AAV-miR-7 pre-injection resulted in a marked
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following AAV injection. Data shown are means+SEM (n=5 per
group; * p<0.05, ** p<0.01; two-tailed unpaired r-test). D Western
blot of striatal lysates from all 3 groups. E, F Quantitative analysis of
monomeric a-syn (E) and HMW a-syn (F) in panel D. Data shown
are means+SEM; * p<0.05, ** p<0.01, **** p<(0.0001; one-way
ANOVA or two-tailed unpaired 7-test)

repression of the microglial reaction to PFF injections,
reducing the number of these inflammatory cells by 70%
in the ipsilateral striatum and by 54% in the contralateral
side. These findings indicate that miR-7 attenuates the
neuroinflammatory response to a-syn PFF in vivo.

miR-7 Protects Dopaminergic Neurons in a-syn
PFF-Inoculated Mice

To study whether miR-7 protects nigral dopaminergic neu-
rons from PFF-induced death, we first assessed the integrity
of nigrostriatal terminals in the 3 mouse groups. TH immu-
nostaining in the striatum revealed that a-syn PFF injections
reduced dopaminergic terminals in the ipsilateral striatum
by 63% in AAV-miR-NT pre-injected mice compared to
only 20% in AAV-miR-7 pre-injected mice, representing a
43% protection (Fig. 4A, D). As described previously [5,
10], no changes in TH immunoreactivity were detected in
the contralateral striatum in any mouse group (Fig. 4A, E).
Similarly, immunohistochemical staining of the SNpc for TH
and counting these neurons using Al model analysis showed
marked loss of ipsilateral nigral dopaminergic neurons in
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a-syn PFF-inoculated mice. Compared with a 65% loss of
these neurons in AAV-miR-NT pre-injected mice, only a
13% decrease was seen in AAV-miR-7 pre-injected mice,
representing a 52% protection (Fig. 4B, F). No changes in
the number of TH-positive neurons in the contralateral SNpc
occurred with PFF or AAV injections (Fig. 4B, G). These
results collectively indicate that miR-7 protects against
degeneration of dopamine neurons and their terminals
caused by a-syn PFF inoculation and seeding.

miR-7 Protects the Behavioral Impairment Induced
by a-syn PFF Inoculation

To determine whether the preservation of nigrostrial dopa-
minergic neurons seen in AAV-miR-7 pre-injected and
a-syn PFF-inoculated mice translates to their behavioral
performance as well, nest building and latency to fall from
the rotarod test were assessed 6 months after a-syn PFF
inoculations as described previously shortly prior to sacrific-
ing the animals [10, 40]. Mice inoculated with a-syn PFF
showed significantly impaired nesting behavior and abil-
ity to stay on the rotarod compared to PBS-injected mice,
whereas AAV-miR-7 pre-injected animals exhibited mark-
edly improved performance (Fig. 5). For nesting behavior,

compared with AAV-NT +PBS group, PFF inoculation
reduced scores by 38%, while this figure was only 5% in
AAV-miR-7 + PFF animals, yielding a 33% protection. And
for the rotarod test, latency to fall was shortened by 42%
in PFF-inoculated mice, and by 14% in AAV-miR-7 pre-
injected + PFF mice, resulting in a 28% protection. These
behavioral improvements in AAV-miR-7 pre-injected mice
are consistent with the histopathologic data shown above.

Discussion

The present findings demonstrate that AAV-miR-7 can pre-
vent the neurodegeneration induced by exogenously admin-
istered a-syn PFF in the brains of wild-type mice. Overex-
pression of miR-7 in the striatum of mice markedly reduced
monomeric and HMW a-syn, attenuated the accumulation
and propagation of pS129-a-syn, repressed neuroinflamma-
tion, and preserved the integrity and function of nigrostriatal
dopaminergic neurons. This improved the neuropathological
profile resulting from miR-7 overexpression translated to
mitigation of the behavioral impairment induced by a-syn
PFF inoculation.

Aggregates of a-syn in Lewy bodies and Lewy neur-
ites are the main pathological hallmark of PD and related
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Fig.4 AAV-miR-7 protects nigral dopaminergic neurons and their
terminals against intrastriatal a-syn PFF injections. A Representa-
tive immunohistochemistry images of tyrosine hydroxylase (TH)
staining of the striatum. Injections were made in the right striatum.
B Representative immunohistochemistry images of TH staining of
the SNpc. C Representative images of pS129-a-syn staining in the
ipsilateral and contralateral substantia nigra pars compact (SNpc).
Scale bar in panels B and C=200 pm. D, E Quantification of TH
staining intensity in the ipsilateral (D) and contralateral (E) striatum

synucleinopathies [41]. The oligomerization and fibrilli-
zation of the normally intrinsically disordered protein
a-syn lead to neuronal dysfunction and death [42]. a-Syn
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Fig.5 AAV-miR-7 improves behavioral performance of a-syn PFF-
inoculated mice. A Performance on the nest building test. B Perfor-
mance on the rotarod. Assessments were made 6 months post-PBS
or a-syn PFF injection. Data shown are means + SEM (n=11-12 per
group; * p<0.05, ** p<0.01, *** p<0.001; one-way ANOVA)
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for all 3 groups. Data shown are means +SEM (n=4-5 per group;
** p<0.01, *** p<0.001; one-way ANOVA). F, G Quantification of
TH-positive neurons in the ipsilateral (F) and contralateral (G) SNpc
for all 3 groups. Data shown are means +SEM (n=4-5 per group;
%% n<0.0001; one-way ANOVA). H Percentage of TH-positive
SNpc neurons containing pS129-a-syn-immunoreactive inclusions
in a-syn PFF-inoculated groups. Data shown are means+SEM (n=5
per group; ** p <0.01; two-tailed unpaired #-test)

aggregates produced in one neuron can be transmitted to
neighboring neurons by sequential events of exocytosis and
endocytosis [43]. This cell-to-cell transmission of patho-
logical a-syn seeds is increasingly thought to underlie the
progression of these neurodegenerative disorders [44—47].
In primary neuron cultures, application of sonicated a-syn
fibrils can induce endogenously expressed a-syn to form
aggregates [6]. Additionally, intrastriatal injection of soni-
cated mouse PFF initiates the aggregation of endogenous
a-syn and spread to remote brain regions [5]. And this
process can be accelerated by elevated levels of intraneu-
ronal a-syn [48]. These findings support the hypothesis that
exogenous aggregates act as seeds that recruit endogenous
a-syn to form pathologic aggregates. Meanwhile, genetic
reduction or deletion of the SNCA gene in human dopamin-
ergic neurons renders these neurons markedly resistant to the
formation of a-syn aggregates induced by PFF [16]. Thus,
reducing endogenous a-syn level is a viable strategy to
repress the formation and propagation of a-syn aggregates
and consequent neurotoxicity.
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miR-7 is a brain-enriched miRNA that plays critical roles
in brain development and neurological disorders, includ-
ing PD [49]. It directly downregulates a-syn expression in
dopaminergic neurons leading to cytoprotection [21], and
its levels have been found to be reduced in serum and mes-
encephalic samples from animal models and patients with
PD [26, 27]. In addition, a study using in vitro and in vivo
models of PD supports that loss of miR-7 impacts a-syn
accumulation, loss of dopaminergic cells, and reduction of
striatal dopamine [27]. Based on these studies, we submit
that miR-7, by lowering a-syn production, would be ben-
eficial to patients with synucleinopathies by inhibiting the
formation and transmission of pS129-a-syn and its toxicity.

Since our initial discovery about the relevance of miR-7
to PD linked to repressing a-syn levels [21], a growing
body of evidence has uncovered additional target mRNAs
of miR-7 that lead to neuroprotection in PD as well. For
example, miR-7 protects neuronal cells by downregulat-
ing RelA through promoting glycolysis [22, 24], upregu-
lating the mTOR pathway [50], protecting mitochondria
by preventing opening of the permeability transition pore
through downregulating voltage dependent anion channel 1
(VDACY1) [23], and inhibiting neuronal apoptosis by target-
ing Bax and Sirt2 [25]. miR-7 also reduces oxidative stress
by repressing Kelch-like ECH-associated protein 1 (Keapl)
expression and activating Nuclear factor E2-related factor
2 (Nrf2) [51]. Additionally, in a-syn PFF challenged cel-
lular model, miR-7 facilitates the clearance of a-syn aggre-
gates by promoting autophagy [35]. The protective effects
of downregulating a-syn levels can also be achieved using
antisense oligonucleotides (ASOs) or shRNA delivered by
AAV [52], as demonstrated in AAV-mediated a-syn overex-
pression, PFF transmission, and the rotenone model of PD in
rodents [53-55]. It is notable that the level of a-syn knock-
down in the present study (30%) is similar to the degree of
knockdown found to be efficacious in previous studies using
ASO or shRNA, which may serve as a reference value for
dosage setting in future clinical trials. The decreased expres-
sion of miR-7 in the substantia nigra of PD patients [27] and
its multi-faceted neuroprotective actions [22-25, 35, 50, 51]
point to added therapeutic value of miR-7 gene therapy in
this disease.

Considerable interest has been generated in recent years
in neuroinflammation as an important contributor to the
pathogenesis of PD. a-Syn and its aggregates are well
known to activate microglia [39, 56-58], while microglia in
turn exacerbate a-syn-mediated neurotoxicity and increase
oxidative stress [59]. In an inflammatory environment, the
formation and propagation of a-syn aggregates are accel-
erated [60]. Besides a-syn, miR-7 targets Nod-like recep-
tor protein 3 (NLRP3) expression and modulates NLRP3
inflammasome activation [26]. Thus, it is conceivable that
miR-7 may exert additional beneficial effects by directly

regulating NLRP3 expression in microglia while regulat-
ing a-syn in neurons. In the present study, AAV-miR-7
infected only neurons, suggesting that the effects of miR-7
in neurons are sufficient to mitigate neuroinflammation. A
plausible possibility is that miR-7 reduces oxidative stress
through two pathways. First, miR-7 reduces a-syn levels and
attenuates its aggregation, which is known to induce reactive
oxygen species (ROS) generation and consequent inflam-
mation [61-64]. And second, miR-7 increases Nrf2 activity
with a consequent upregulation of antioxidant genes, heme
oxygenase 1 (HO-1), and glutamate-cysteine ligase modifier
subunit (GCLM) by suppressing Keap1 [51].

Some studies using the shRNA approach to knock down
SNCA have raised questions about possible toxicity in the
form of decreased TH expression and even loss of TH neu-
rons [65, 66]. However, long-term SNCA knockdown using
shRNA delivered by AAV in the substantia nigra did not
cause significant functional deficits in the ascending dopa-
minergic projection or neurodegeneration [52]. The present
study showed no indication of any toxicity of miR-7 as
the number of striatal NeuN-positive neurons was no dif-
ferent between AAV-miR-7 and control AAV-NT-injected
brains. The safety profile of miR-7 is also supported by a
study whereby stereotactic injection of miR-7 mimics into
the striatum had no significant effect on TH* cell number
in A53T'"¢ mice [26]. Considering that miR-7 has other
mRNA targets besides SNCA that contribute to neuronal
homeostasis including oxidative stress, mitochondrial health,
glycolysis, apoptosis, and inhibition of inflammasome acti-
vation [22-26], it is likely that these functions provide added
means of neuroprotection.

In the present study, AAV-miR-7 was delivered prior to
a-syn PFF inoculation, thus demonstrating the protective
effect of this therapeutic approach against future seeding
and subsequent neurodegeneration. Whether this approach
can also reverse existing pathology is supported by a recent
study showed that knocking down a-syn using a single
intracerebroventricular injection of SNCA-targeted ASO at
14 or 21 days following intrastriatal a-syn PFF injection
can remove established a-syn pathology and prevent dopa-
minergic cell loss [53]. Thus, strategies that reduce a-syn
protein levels might modulate the equilibrium between the
soluble and misfolded forms of the protein, leading to grad-
ual clearance of existing pathology. The clinical implica-
tions of this notion are clear since considerable pathology
is already present when Parkinson symptoms first emerge,
and innovative therapeutics such as discussed here will be
used in symptomatic individuals for the foreseeable future
until pre-symptomatic identification of at-risk individuals
becomes routine and the safety profile of these therapeutics
is well established.

In conclusion, the present study provides the first dem-
onstration that overexpression of miR-7 in the mouse brain
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through an AAV vector reduces pS129-a-syn propagation
and attenuates the neurodegeneration and behavioral defi-
cits induced by PFF inoculation. These findings suggest the
translational potential of AAV-miR-7 and support develop-
ing this biologic as a disease-modifying therapeutic agent
for PD and related synucleinopathies.
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