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Abstract

MicroRNA (miRNA) are short sequences of RNA that function as post-transcriptional regulators
by binding to target mRNA transcripts resulting in translational repression. A number of recent
studies have identified miRNA as being involved in neurodegenerative disorders including
Alzheimer’s disease (AD), Parkinson’s disease (PD) and Huntington’s disease (HD). However,
the role of mMiRNA in Multiple System Atrophy (MSA), a progressive neurodegenerative disorder
characterized by oligodendroglial accumulation of alpha-synuclein remains unexamined. In this
context, this study examined miRNA profiles in MSA cases compared to controls and in
transgenic (tg) models of MSA compared to non tg mice.

The results demonstrate a widespread dysregulation of miRNA in MSA cases, which is
recapitulated in the murine models. The study employed a cross-disease, cross-species approach to
identify miRNA that were either specifically dysregulated in MSA or were commonly
dysregulated in neurodegenerative conditions such as AD, Dementia with Lewy bodies,
Progressive Supranuclear Palsy and Corticobasal Degeneration or the tg mouse model equivalents
of these disorders. Using this approach we identified a number of miRNA that were commonly
dysregulated between disorders and those that were disease-specific.

Moreover, we identified miR-96 as being up regulated in MSA. Consistent with the up regulation
of miR-96, mRNA and protein levels of members of the solute carrier protein family SLC1A1 and
SLC6A6, miR-96 target genes, were down regulated in MSA cases and a tg model of MSA. These
results suggest that miR-96 dysregulation may play a role in MSA and its target genes may be
involved in the pathogenesis of MSA.
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INTRODUCTION

MicroRNA (miRNA) are short (~ 22 nucleotide) RNA molecules that function as post-
transcriptional regulators by binding to complementary sequences on target MRNA
transcripts, typically resulting in translational repression or target degradation and gene
silencing (Ambros, 2001; Moss, 2002; Berezikov, 2011). miRNA each have hundreds of
target genes, therefore dysregulation in a single miRNA may have a widespread effect
across a variety of cellular pathways and process. While miRNA have been studied in
neurodegenerative disorders such as Alzheimer’s disease (AD) (Lukiw, 2007; Barbato et al.,
2009; Sethi & Lukiw, 2009; Schonrock et al., 2010; Shioya et al., 2010; Wang et al., 2010;
Delay & Hebert, 2011; Geekiyanage & Chan, 2011; Satoh, 2011), Parkinson’s disease (PD)
(Barbato et al., 2009; Harraz et al., 2011; Margis & Rieder, 2011) and Huntington’s disease
(HD) (Enciu et al., 2011; Lee et al., 2011), they remain unexamined in Multiple System
Atrophy (MSA).

MSA is a progressive neurodegenerative disorder characterized clinically by symptoms such
as autonomic dysfunction and motor abnormalities and neuropathologically by
oligodendrocytic accumulation of alpha-synuclein (a-syn) (Lantos & Papp, 1994;
Wakabayashi & Takahashi, 2006; Yoshida, 2007). In MSA, the motor, autonomic and non-
motor deficits are not responsive to conventional antiparkinsonian treatments and there are
no therapies available for MSA. MSA patients display considerable neuronal loss in the
striatum, cerebellum, brainstem and cortex, accompanied by astrogliosis, microgliosis and
myelin loss (Wakabayashi & Takahashi, 2006; Yoshida, 2007). Comparable
neuropathological alterations have been observed in transgenic (tg) mice over expressing
human a-syn (h-asyn) under the control of an oligodendrocytic-specific promoter (MBP-
myelin basic protein) (Shults et al., 2005b) and in other tg mice over expressing h-asyn
under the proteolipid protein (PLP) (Kahle et al., 2002) and the 2,' 3'-cyclic nucleotide 3'-
phosphodiesterase (CNP) promoter (Yazawa et al., 2005).

Typically, previous studies of neurodegeneration have compared the miRNA profile of a
single neurodegenerative disease state against control levels, however there remains a need
for more detailed analysis of miRNA profiles across neurodegenerative disorders compared
to each other and controls. This type of cross-disease analysis will enable identification of
miRNA that are commonly dysregulated across a number of diseases and those that are
disease-specific. Identification of such disease-specific miRNA profiles will help elucidate
common disease-related pathways and those which may be central to the pathogenesis of a
particular disorder and may also enable identification of gene and/or protein biomarkers for
particular neurodegenerative disease states.

In this context, this study sought to examine the miRNA profile from humans diagnosed
with MSA and to compare them to profiles from patients diagnosed with Dementia with
Lewy Bodies (DLB), AD, Progressive Supranuclear Palsy (PSP) and corticobasal
degeneration (CBD) to control samples to identify miRNA profiles that distinguished MSA
from these other disorders. In addition, we conducted a parallel examination of miRNA
profiles from two tg lines that model MSA (an intermediate and high expressor line),
DLB/PD, AD and tauopathy respectively and compared these profiles to each other and to
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non tg mice. Furthermore, a human versus tg model comparison was conducted to identify
disease-common and disease-specific miRNA that correlate between the tg mice models and
human patients.

We demonstrate widespread miRNA dysregulation across neurodegenerative conditions in
both humans and mice. Moreover, we show that our tg model of MSA recapitulates the
altered miRNA profile observed in human MSA patients. Finally we identified an MSA-
related miR-96 dysregulation in both tg mice and humans, and were able to demonstrate
dysregulation of miR-96 target MRNA and protein in mice and humans.

MATERIAL AND METHODS

Human cases

All cases were from the Alzheimer Disease Research Center (ADRC) at the University of
California, San Diego (UCSD). The materials were collected and utilized with the written
consent of the subjects and the study conforms with The Code of Ethics of the World
Medical Association (Declaration of Helsinki), printed in the British Medical Journal (18
July 1964). Cases selection for this study was based on neuropathological examination and
determination of diagnosis of MSA, DLB, AD, PSP and CBD. Group demographics are
presented in Supp. Table 1.

Animal samples

Mice from 5 different tg lines and age-matched non tg mice were in this study. A detailed
summary of the models used in this study is provided in Supp. Table 2, briefly this study
used tg mice expressing human (h) alpha-synuclein (asyn) under the control of the
oligodendrocyte-specific Myelin Basic Protein (MBP) (Lines MBP1-hasyn and MBP29-
hasyn (medium and high expressers respectively) (Shults et al., 2005a), tg mice expressing
hasyn under the control of the mThy1.2 promoter (mThy1-hasyn tg) (Rockenstein et al.,
2002), tg mice expressing human APP751 cDNA containing the London (V7171) and
Swedish (K670M/N671L) mutations under the regulatory control of the murine (m)Thy-1
gene (mThy1-hAPP tg) (Rockenstein et al., 2001) and tg mice over-expressing TAU441
bearing the missense mutations VV337M and R406W under the control of the brain specific
murine Thy-1 promoter (mThy1-htau) (Kindly donated by JSW Life Sciences GmbH, 8020
Graz, Austria)(Flunkert et al., 2013). These tg models and non tg controls were used for the
initial mMiRNA microarray profiling (n=4 for the non tg, MBP1-hasyn tg, Mthy1-hasyn tg,
mThy1-hAPP tg and mTHy1-htau tg groups and n=3 for the MBP29-hasyn tg group) and
independent samples from a different cohort of mice were used for the subsequent g°PCR
validation (n=5 for each group). All mice used in this study were male. The MBP29 mice
rapidly develop pathology and as such were used at an age of 3 months, all other tg mice
used in this study were 6 months of age, an age representing full onset of pathology.
Determination of mouse genotype was assessed via genomic DNA extracted from tail
biopsies and analyzed by PCR amplification, as previously reported (Rockenstein et al.,
2002). Following NIH guidelines for the humane treatment of animals, under anesthesia
mice were sacrificed and brains removed. The right hemibrain was immersion-fixed in 4%
paraformaldehyde in PBS pH 7.4 and the left hemibrain was kept at —80°C for and was
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subsequently used for miRNA isolation. UCSD is an Institutional Animal Care and Use
Committee accredited institution and the UCSD Animal Subjects Committee approved the
experimental protocol followed in all studies according to the Association for Assessment
and Accreditation of Laboratory Animal Care International guidelines. Additionally, all
experiments were carried out in accordance with the Guidelines laid down by the NIH
regarding the care and use of animals for experimental procedures.

miRNA isolation and quality control

Total RNA containing miRNA was isolated from murine and human frontal cortex samples
using the miRNAeasy kit (Qiagen) as per the manufacturer’s protocol. The concentration
and quality of RNA were determined using a spectrophotometer and a Bioanalyzer 2100
(Agilent Technologies, Santa Clara, CA, USA). All samples used in this study had 260:280
ratios above 1.8 and RIN values of 8 or greater.

miRNA profiling in mouse and human

The miRNA profiles of the non tg and tg mice were analyzed using the miFinder RT?
miRNA PCR Array system (SABiosciences), as per the manufacturer’s protocol. This array
profiles the expression of the 88 most abundantly expressed and bestcharacterized miRNA
sequences (based on miRBase version 14). Comparative miRNA profiling of human control
(n=4) and MSA (n=3) samples was also conducted using this assay to provide a means of
comparing profiles across the same platform. Analysis was performed using the web-based
RT2 Profiler™ PCR Array Data Analysis (http://pcrdataanalysis.sabiosciences.com/pcr/
arrayanalysis.php). Detailed miRNA profiling across the human samples from controls,
MSA, DLB, AD, CBD and PSP (all n=4) was on the OneArray® Human microRNA
Microarray v3. This microarray contains 99.94% of Sanger miRBase version 17 human
miRNA content and uses spotted probes to interrogate 1087 human miRNA. This analysis
was out-sourced to Phalanx Biotech Group who performed the comparison. Phalanx Biotech
Group also performed subsequent statistical analysis of the comparative miRNA expression
levels identified using the OneArray system.

RT-qPCR validation of miR-96 levels

Independent validation of miR-96 levels across the murine and human samples was
performed using miScript Primer Assays for murine and human miR-96 (Qiagen) as per the
manufacture’s protocols. The PCR cycling parameters were: 95 °C for 10 min followed by
40 cycles of (95 °C for 15 sec; 60 °C for 35 sec and 72 °C for 30 sec). Finally, a dissociation
protocol was also performed at the end of each run to verify the presence of a single product
with the appropriate melting point temperature for each amplicon. The amount of studied
cDNA in each sample was calculated by the 2°ddCT comparative threshold cycle method
and expressed as fold change across groups compared to controls.

RT-qPCR analysis of miRNA machinery

Levels of mMRNA for components of the miRNA processing machinery (Drosha, DiGeorge
syndrome critical region (DGCR8), Exportin-5 (XPO5), Dicerl and AGO2) in all the
murine and human cases were analyzed by RT-gqPCR. Primers were designed using
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OligoPerfect™ Designer online tool (Life Technologies). All reactions were run in triplicate
on the BioRad iQ5 system and the mean expression values of each triplicate were used for
data analysis. Gene expressions were normalized using Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). Primer sets used for validation are provided in Supp Table 3. The
PCR cycling parameters were: 50 °C for 2 min, 95 °C for 10 min, and 40 cycles of 94 °C for
15 s, 60 °C for 1 min. Finally, a dissociation protocol was also performed at the end of each
run to verify the presence of a single product with the appropriate melting point temperature
for each amplicon. The amount of studied cDNA in each sample was calculated by the
27ddCT comparative threshold cycle method and expressed as fold change across groups
compared to controls.

MRNA target identification and validation

Potential targets of mouse and human miR-96 were retrieved from three wellestablished
target prediction programs: Targetscan (Lewis et al., 2005; Grimson et al., 2007), Pictar
(Krek et al., 2005) and Microcosm(Rehmsmeier et al., 2004)). The top 50 targets from each
database were analyzed and targets appearing across databases were chosen for subsequent
RT-gPCR validation, primers sets for mRNA targets are provided in Supp Table 4. Primers
were designed using OligoPerfect™ Designer online tool (Life Technologies). The PCR
cycling parameters were: 50 °C for 2 min, 95 °C for 10 min, and 40 cycles of 94 °C for 15 s,
60 °C for 1 min. Finally, a dissociation protocol was also performed at the end of each run to
verify the presence of a single product. The amount of studied cDNA in each sample was
calculated by the 22ddCT comparative threshold cycle method and expressed as fold change
across groups compared to controls.

Luciferase reporter constructs and luciferase reporter assay validation of miRNA target

proteins

The effect of miRNA on gene regulation was monitored by co-transfecting 300ng human
and mouse mir-96 and the luciferase reporter gene into HEK293 cells. Reporter constructs
were obtained from Genecopoeia (Maryland, USA). The 3’-UTR of SLC1A1 and SLC6A6
were cloned downstream of the luciferase open reading frame. In addition to human and
mouse mir-96 that could bind to the corresponding UTR, negative control (scrambled human
and mouse mir-96) was transfected with the corresponding luciferase reporter plasmid for
each gene analyzed. The luciferase activity was measured 24 hrs after transfection and is
expressed as percentage of control + standard deviation.

Immunoblot analysis of target proteins

Briefly as previously described (Ubhi et al., 2010), twenty micrograms of protein per case,
from the particulate fraction of the human (control vs MSA) or mouse (non transgenic vs
MBP-a-syn transgenic) brain homogenates, was loaded onto 4-12% Bis-Tris (Invitrogen)
SDS-PAGE gels, transferred onto Immobilon membranes, washed and blocked in BSA.
After an overnight incubation with antibodies against SLC1A1 (Mouse monoclonal, 1:1000,
Abcam, (ab78395)), SLC6AG6 (rabbit polyclonal, 1:1000, Santa Cruz (sc-135257)) or a-syn
(rabbit polyclonal, 1:1000, Millipore (AB5038)), membranes were incubated in appropriate
secondary antibodies, reacted with ECL and developed on a VersaDoc gel-imaging machine
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(Bio-Rad, Hercules, CA). The samples were processed and analyzed blind coded and in
duplicate to confirm the reproducibility of the results. For analysis of the bands in the
western blots the Quantity One (Biorad) program was used. Briefly, the digital images were
maximize at first followed by creating a box around the specific band with the volume tools
and then image analysis while previously setting the volume report options that includes the
integrated pixel intensity in the volume of interest. The value was corrected to the
background gray value of the blot and then expressed as signal over beta-actin ratio (mouse
monoclonal, 1:1000; Sigma) to correct for loading.

To confirm the specificity of the results, the same samples from the human and mouse
brains were incubated with incubated with alternative antibodies against SLC1A1 (rabbit
polyclonal, 1:1000, Alomone (AGC-023)) and SLC6A6 (rabbit polyclonal, 1:1000,
Millipore (AB5414P)) from a different source.

Immunohistochemical analysis of target proteins

As previously described (Ubhi et al., 2010), vibratome sections (40um) were
immunolabeled overnight with antibodies against SLC1A1 (Mouse monoclonal, 1:100,
Abcam, (ab78395)), SLC6AG6 (rabbit polyclonal, 1:100, Santa Cruz, (sc-135257)), and total
a-syn (rabbit polyclonal, 1:100, Millipore, AB5038) followed by incubation with species-
appropriate secondary antibodies (1:2000, Vector Laboratories). Sections were reacted with
3,3’-Diaminobenzidine and transferred to SuperFrost slides (Fisher Scientific, Tustin, CA)
and mounted under glass coverslips with anti-fading media (Vector Laboratories). The
samples were processed and analyzed blind coded and in duplicate to confirm the
reproducibility of the results.

A total of 10 digital images from the frontal cortex (1024 x 1024 pixels) per section were
captured per case using the Olympus BX54 bright-field digital microscope at 400X
magnification. Two serial tissue sections of the brains (20 digital images) were processed
and analyzed per human and mouse case. Immunostained sections were analyzed with the
NIH Program Image J. Briefly, the digital color images were converted to gray scale
followed by applying a threshold over a region of interest and optical density determination
to each of files. Black, gray and white box were used as reference point to estimate
maximum and minimum values and calibrate the system. The individual values for the 10
images per section were averaged and expressed as corrected optical density per human or
mouse case.

To confirm the specificity of the results, the same samples from the human and mouse
brains were incubated with incubated with alternative antibodies against SLC1A1 (rabbit
polyclonal, 1:1000, Alomone (AGC-023)) and SLC6A6 (rabbit polyclonal, 1:1000,
Millipore (AB5414P)) from a different source.

Double immunolabeling and confocal microscopy studies

To determine the co-localization between SLC1A1 and SLC6A6 with a-syn, neuronal and
glial markers double-labeling experiments were performed. For this purpose, vibratome
sections were double immunolabeled with the SLCA1 or 6 antibodies and rabbit polyclonal
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antibodies against a-syn (Millipore, affinity purified polyclonal, 1:500 (AB5038P)) or
monoclonal antibodies against NeuN (Millipore, neuronal marker (MAB377)) or GFAP
(Millipore, astroglial markers (MAB3402)). The SLC1A1 and SLC6A6 immunoreactive
cells were detected with the Tyramide Signal Amplification™-Direct (Red) system (1:100,
NEN Life Sciences, Boston, MA) while asynuclein, GFAP and NeuN was detected with
FITC tagged antibodies (Vector, 1:75). All sections were processed simultaneously under
the same conditions and experiments were performed twice in order to assess the
reproducibility of results. Sections were imaged with a Zeiss 63X (N.A. 1.4) objective on an
Axiovert 35 microscope (Zeiss) with an attached MRC1024 LSCM system (BioRad)

Statistical analysis

RESULTS

Statistical analysis of the OneArray system was conduced by and provided by the Phalanx
Biotech Group, who compared the expression levels of the specific probes to control probes
and provided comparison tables comparing miRNA profiles across the human disease
groups compared to controls (Supp. table 5). Complete details are found online athttp://
www.phalanxbiotech.com/technology/microRNA_performance.php. As indicated above,
statistical analysis of the murine groups and the initial human MSA samples was conducted
using the web-based RT2 Profiler™ PCR Array Data Analysis Tool (http://
pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php) (Supp. Table 6). For the purposes
of miRNA profiling, a 2-fold up or down regulation with p<0.05 was deemed significant

All other data are presented as mean+ SEM unless otherwise stated.. Data was analyzed and
the graphs were generated using the PRISM software package (GraphPad).

Comparison of miRNA profiles between MSA and the MBP-hasyn tg models

In order to examine miRNA profiles across species we isolated and compared miRNA
profiles from the frontal cortex of human control and MSA samples and from transgenic
mouse models of MSA. We compared the miRNA profiles from MSA cases (Figure 1A, C)
with those in the MBP1ha-syn tg and MBP29-hasyn tg mice (Figure 1B, C) using the
miFinder RT2 miRNA PCR Array system (SABiosciences). These assays are composed of
the 88 most investigated miRNA and provide a good overview of miRNA dysregulation. Of
the 88 miRNA present on the human plate, there was an overlap of 47 miRNA that were
also present on the mouse plate, of these 47, 40 (85%) were similarly dysregulated in both
humans and tg mice (Figure LA-C). The greatest disparity was seen in members of the let-7
miRNA family, which appeared to be up regulated in the human cases compared to controls
but down regulated or unchanged in the MSA tg mice compared to non tg mice (Figure 1C).
Regressions analysis was conducted between the groups analyzed and demonstrated a slight
but statistically significant correlation between the human MSA samples and the tg mouse
models (human vs. MBP1-hasyn r2=0.2093, p=0.00122; human vs. MBP29-hasyn
r?=0.25197, p=0.00032) and strong correlation between the tg mouse models (r2=0.75081,
p=3.5527x10(-15))
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This comparison demonstrated that the tg mouse models of MSA recapitulate the altered
miRNA signature observed in human cases, indicating that the MBP tg lines are a suitable
model in which to investigate miRNA-related MSA mechanisms and pathways.

Comparative analysis of miRNA dysregulation in MSA and other neurodegenerative
disorders in humans

In order to examine the miRNA profiles across a variety of neurodegenerative disorders we
isolated and examined miRNA from the frontal cortex of human samples of patients
diagnosed with MSA, DLB, AD, PSP and CBD and from controls (Figure 2A). The
rationale for comparing MSA with DLB is based on the shared characteristic a-syn
accumulation observed in these disorders. AD, PSP and CBD were chosen as these disorders
are associated with abnormal tau accumulation and alterations in tau aggregation have
reported in MSA, albeit to a lesser extent than involved in frank tauopathies (Cairns et al.,
1997; Nagaishi et al., 2011). Additionally, the clinical features of MSA, PSP and CBD
overlap to some degree (Gilman et al., 1999; Kurata et al., 2011).

Analyses of the miRNA profiles in MSA, DLB, AD, PSP and CBD identified a large
number that were dysregulated in MSA, AD and PSP, while none of the miRNA examined
in DLB or CBD fulfilled our criteria for statistical significance (2-fold up or down
regulation with p<0.05). Notably all of the miRNA dysregulated in MSA, AD and PSP
appeared to be up regulated in comparison to controls. Cross-group analysis also showed
that many of these miRNA were altered in more that one disorder (Table 1, Supp. Table 5),
suggesting that they may play a role in neurodegenerative pathways/processes that are
common across disorders. A number of miRNA specific for each disorder were also
identified. For MSA, of the 543 miRNA examined, 214 (39% of total) were up-regulated in
comparison to control samples and of these 214 dysregulated miRNA, 83 (39% of total
dysregulated) were specific to MSA (i.e. not altered in other disorders) — by definition this
means 131 of the 214 miRNA dysregulated in MSA were also altered in other disorders.
These results, and those for DLB, AD, PSP and CBD, compared to control samples are
summarized in Table 1 and presented in full in Supp. Table 5.

Hierarchical clustering of miRNA profiles across the human groups was consistent with the
summary of miRNA dysregulation in human samples described in Table 1. MSA and AD
cluster together as they display the greatest number of dysregulated miRNAs compared to
controls, PSP samples exhibit a second level pairing with MSA and AD, while the apparent
lack of statistically significant miRNA dysregulation in DLB and CBD causes these sets to
group closer to control samples (Supp. Fig. 1)

Comparative analysis of miRNA dysregulation in the MBP-hasyn tg mice and other tg
models of neurodegeneration

In order to examine the miRNA profiles across a number of different tg mouse models of
neurodegeneration we isolated and examined miRNA from the frontal cortex of tg models of
MSA (MBP1- and MBP29-hasyn tg, intermediate and high expression, respectively), DLB
(mThy1-hasyn), AD (mThy1-hAPP), and a model of tauopathy (PSP/CBD) (mThy1-htau)
and from non tg mice (Figure 2B).
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Analogous to the results in the human samples, we identified a large number of miRNA that
were dysregulated in the MBP1- and MBP29-hasyn tg mice, the mThyl-hAPPtg mice and
the mThy1-htau, while no miRNA examined in the mThy1-hasyn tg mice fulfilled our
criteria for statistical significance. Similar to the results in the humans, cross-group analysis
also showed that many miRNA were altered in more that one mouse model (Table 2, Supp.
Table 6) again suggesting a role in disease-common neurodegenerative pathways/processes,
however a number of miRNA specific for each mouse model were also identified.

For the MBP1ha-syn tg mice 57 of the 88 miRNA examined, (65% of total) were up-
regulated in comparison to non tg samples, 1 (1.1% of total) was down-regulated and of
these 58 dysregulated miRNA, 5 (8.6% of total dysregulated) (let-7b, miR-141, miR-182,
miR-183 and miR-96) were specific to the MBP1ha-syn tg and MBP29ha-syn tg mice. Of
the 58 miRNA dysregulated in the MBP1ha-syn tg, 55, (95%) were similarly altered in the
MBP29-hasyn tg mice (a higher expressor line), while an additional 5 (miR-15b, miR-17,
miR-23b, miR-31 and miR-154) were only dysregulated in the MBP29ha-syn tg mice.
These results, and those for the other tg mouse lines are summarized in Table 2 and
presented in full in Supp. Table 6.

Preserved miRNA machinery in MSA cases and transgenic mice

Having established that there is a widespread dysregulation in miRNA levels in the MSA
cases and transgenic mice, we next examined components involved in miRNA processing in
order to determine whether the miRNA dysregulation observed in these samples was due to
a generalized alteration in miRNA processing.

miRNA processing is a multistage process that converts pre-miRNA into the functional
mature forms and involves and number of different components (Figure 3A). Given the
extensive miRNA dysregulation we observed in the MSA cases and MBP1ha-syn tg we
sought to examine the levels of key components in the miRNA processing pathway as an
alteration in miRNA processing machinery could lead to the observed alterations in miRNA
expression profiles.

In order to determine whether the altered miRNA expression profiles was due to a
generalized alteration in components of the miRNA processing pathway, mRNA levels of
Drosha, DGCRS8, Exportin5, Dicerl and Ago2 were analyzed by RT-gPCR in the human
MSA samples compared to control samples (Figure 3B) and the MBP1-hasyn tg mice in
comparison to non tg mice (Figure 3C). There were no significant alterations at the
transcriptional level of any of the miRNA processing components across any of the groups
examined, indicating that the altered miRNA profiles observed in the human MSA samples
and the MBP1-hasyn tg mice are not due to a generalized deficit in the processing system
but rather may reflect disease-related miRNA dysregulation.

Disease-specific miR-96 dysregulation in MSA

Although out initial comparison of miRNA profiles demonstrated that a number of miRNA
were specifically dysregulated in the MSA cases (Table 1, Supp. Table 5) and the MBP-
hasyn tg mice (Table 2, Supp. Table 6), many of these were either specific for the MBP1-
hasyn tg mice versus other tg mice in comparison to controls or were specific for human
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MSA cases versus other disorders in comparison to controls. However, further detailed
examination of miRNA that were disease-specific for MSA identified the miR-96 cluster
(miR-96, mir-182 and mir-183) as being specifically dysregulated in both the human cases
and the MBP1-hasyn tg mice, additionally the miR-96 paralog miR-1271 (Jensen &
Covault, 2011) was specifically dysregulated in the MSA cases in comparison to controls
(Supp Tables 5, 6). Although let-7b and miR-141 were specifically dysregulated in the
MBP1-hasyn tg mice, they were not significantly altered in the MSA cases, however it was
interesting to note that miR-141* (the miRNA precursor of miR-141) was significantly
altered in the MSA cases (Supp Table 5, Table 6).

The dysregulation of miR-96 across the human (Figure 4A) and mouse (Figure 4B) samples
was validated by RT-qPCR in independent murine samples and the human cases and
demonstrated an 8-fold increase in the MBP1-hasyn tg mice over non tg levels and other tg
models of disease and a 2.5-fold increase in human MSA samples over levels in the control
samples and other disorders.

miR-96 mMRNA target identification and characterization; members of the SLC-protein
family are targets of miR-96 and are dysregulated in MSA

A single miRNA is predicted to potentially regulate over a thousand target genes; the
identification of these target genes is based on degree of sequence complementarity between
the seeding sequence of the miRNA and the mRNA sequence of the target gene (usually in
the 3'UTR of mammalian genes). There a number of different online databases which
predict mouse and human miRNA target genes using different algorithms, each identifying
numerous hits, which are then ranked according to their likelihood as bona fide as, targets.
We used three different online databases (Targetscan (Lewis et al., 2005; Grimson et al.,
2007), Pictar (Krek et al., 2005) and Microcosm(Rehmsmeier et al., 2004)) to identify the
top 50 predicted human and murine targets of miR-96. This analysis demonstrated that a
number of target families occur frequently across the human and murine predicted target
lists (Table 3).

Members of the solute carrier protein (SLC) family were the most frequently occurring
family with members of the FOXO and SOX family also heavily represented. In addition to
being particularly over-represented as targets of miR-96 (Table 5), the SLC proteins were
highly ranked in Targetscan as targets of mmu-miR-182, mmu-miR-183 and hsa-miR-1271
(the human paralog of miR-96), (data not shown).

The SLC group of membrane transport proteins include over 300 members organized into 51
families typically located at the membrane of the cell or intracellular organelles which act as
transporters allowing the transport of a variety of solutes through the membrane (Hediger et
al., 2004; Ren et al., 2007; Featherstone, 2011). Of the SLC members predicted to be targets
of miR-96, the neuronal/epithelial high affinity glutamate transporter, SLC1A1 (Kanai &
Hediger, 2004a) and the taurine transporter, 3. C6A6 (Anderson et al., 2009; Kristensen et
al., 2011) appear on both the murine and human tables and may represent miR-96 target
genes that are conserved across species.
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Quantitative RT-PCR was performed in the MBP1-hasyn tg mice and MSA cases (Figure
4B) in order to examine mRNA levels of S.C1A1 and S_C6A6 in these groups. The results
demonstrate a modest but significant reduction in both mRNA transcripts in the MBP1-
hasyn tg mice compared to non tg controls (Figure 4B) and in SLC6A6 in the MSA cases
compared to controls (Figure 4B), with a trend towards a decrease (p=0.08) in S_.C1A1,
suggesting that these are bona fide targets of miR-96.

The SLC1A1 and S_.C6A6 targets were validated using a Luciferase reporter assay. HEK293
cells were co-transfected with human or mouse mir-96 and a luciferase reporter construct
consisting of the 3’-UTR of human or mouse SLC1A1 and SLC6A6 cloned downstream of
the luciferase open reading frame. There was a statistically significant decrease in luciferase
activity when the 3’-UTR of human or mouse SLC1A1 and SLC6A6 was transfected with
human or mouse mir-96 (Figure 4C), while transfection with the negative control (scrambled
human or mouse mir-96) had no effect on luciferase activity.

Immunoblot analysis of SLC1A1 and SLC6AG6 protein levels demonstrated a significant
decrease in SLC 1A1 and SLC6AG6 in the homogenates from the frontal cortex of MSA
cases compared to control (Figure 5A-E)) and dramatic decrease in the levels of both SLC
proteins in the MBP1ha-syn tg mice compared to non tg controls (Figure 5F-J).

As expected both MSA cases and the MBP1-hasyn tg mice displayed a robust increase in
levels of a-syn in comparison to controls and non tg mice, respectively (Figure 5A,F,
respectively). In order to confirm the immunoblot results, two different commercial
antibodies against SLCA1A and SLC6A6 were used for the analyses, both yielded
comparable results. Immunoblot analysis of SLC6A6 was performed using the 49kDa band,
bands were also observed at around 60 and 107kDa (Supp. Fig. 2 showing a full blot with
the Santa Cruz antibody, comparable results were observed with the Millipore antibody).

Consistent with the immunoblot results, immunohistochemical analysis demonstrated a
robust decrease in SLC6A6 and SLC6AG6 levels in the frontal cortex of human MSA cases in
comparison to normal controls (Figure 6A—F). Levels of both SLC proteins were also
significantly decreased in the frontal cortex of MBP1-hasyn tg mice in comparison to non tg
mice (Figure 61-N). Again, as anticipated both MSA cases and the MBP1-hasyn tg mice
displayed a robust increase in levels of a-syn in the frontal cortex in comparison to controls
and non tg mice, respectively (Figure 6G, H, O, P). In order to confirm the
immunohistochemical results, two different commercial antibodies against SLCA1A and
SLC6AG6 were used for the analyses, both yielded comparable results (data from additional
antibody not shown).

Collectively these results demonstrate that the up regulation of miR-96 observed in the MSA
cases and MBP1-hasyn tg mice leads to the downstream transcriptional repression of target
genes and the subsequent reduction of these targets at the protein level.

SLC proteins co-localize predominantly with neurons

In order to further characterize the location of the SLC1A1 and SLC6A6 expression in the
cortex of MBP1-hasyn tg mice we conducted double-labeling studies with the astroglial
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marker GFAP and the neuronal marker NeuN. Consistent with previous studies, we
demonstrate abundant SLC1AL expression in the brain, including cortical neurons (Torp et
al., 1997; Utsumi et al., 2001; Otis et al., 2004) (Fig. 7A, arrows) and neuronal SLC6A6
expression (Smith et al., 1992; Warskulat et al., 2007) (Fig. 7B, arrows). Furthermore we
show a-syn positive oligodendrocytes in close proximity to the SLC1A1 annSLC6A6
positive neurons and glia (Fig. 7A, B, indicated by ‘n’).

DISCUSSION

The present study sought to investigate miRNA dysregulation in both humans and tg models
of neurodegeneration with the eventual aim of identifying disease-specific miRNA profiles
in MSA. We showed that in MSA, AD and PSP cases and in the corresponding tg models
there was widespread up regulation of miRNA, furthermore we identified an alteration in
miR-96 in MSA.

Previous studies into miRNA dysregulation in neurodegeneration have typically compared a
single disease state with control (Asikainen et al., 2010; Schonrock et al., 2010; Wang et al.,
2010; Delay & Hebert, 2011; Harraz et al., 2011; Lee et al., 2011; Li et al., 2011; Margis &
Rieder, 2011; Satoh, 2011), and while this is informative of the dysregulation of a particular
miRNA in that disease it does not allow the evaluation of the role of that miRNA in
neurodegeneration per se. We demonstrate a widespread dysregulation of miRNA across
neurodegenerative conditions in both the humans and mice, and while a number of these
were commonly dysregulated across a number of diseases and tg models, a particular subset
were found to be specific for MSA and some of the other disorders examined.

The importance of a cross-disease approach to miRNA dysregulation is exemplified by the
comparison of the results from this study with previous studies in AD that have reported up-
regulated levels of miR-146a in tg mouse models of AD (Li et al., 2011; Wang et al.,
2012a). Consistent with these results we also see a 4-fold up-regulation of miR-146a in our
mThy1-hAPP tg mice, however we also observe murine miR-146a dysregulation in mouse
models of MSA, DLB and tauopathy. Moreover, in the humans while miR-146a is up
regulated in human AD samples (although it did not meet our stringent criteria for
significance (x2-fold regulation and p<0.05)), a similar level of up-regulation was observed
in MSA and CBD. Furthermore, levels of miR-146a* (the precursor of miR-146a) were
significantly up regulated in MSA and PSP. Similarly, a recent study reported that levels of
miR-34c are elevated in the hippocampus of AD patients and tg mouse AD models (Zovoilis
et al., 2011), consistent with this study we also observe an up-regulation of miR-34c in our
mThy1-hAPP tg model of AD, however we see a similar degree of up-regulation in the
MBP and mThy1-htau tg models. miR-146a and miR-34c have been reported to target genes
involved in immune and inflammatory signaling (Wang et al., 2012a; Wang et al., 2012b)
and cell cycle progression, cellular senescence and apoptosis via SIRT1 and p53
(Yamakuchi & Lowenstein, 2009) respectively, these are all potential pathways that may
have a relevance across a number of neurodegenerative conditions.

Of the 88 miRNA examined in the mice, 58 (66%) were found to occur in more than one
disease model, of these disease-common miRNA, a significant overlap was seen in the
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mThy1-hAPP and mThy1-htau tg models (40 of the 88 miRNA examined (45%) were
commonly dysregulated in these two models). Given the neuropathological overlap of these
models (both display alterations in tau (Rockenstein et al., 2001) (Manfred Windisch,
personal communication), is not unconceivable that should any miRNA play a role in tau-
related neuropathology, it would be similarly altered in both models. It is noteworthy that in
the humans 125 of the miRNA dysregulated in AD, 32 (25%) are also dysregulated in PSP.

miRNA have also been investigated in PD and a number of miRNA have been reported to
be either involved in either a-syn repression (miR-7 and miR-153) (Junn et al., 2009;
Doxakis, 2010), expressed in cells that are specifically lost in PD (miR-133b regulated
maturation and function of midbrain dopaminergic neurons) (Kim et al., 2007) or associated
with polymorphisms linked to PD risk (Wang et al., 2008; de Mena et al., 2010). While we
observed no alterations in miR-7 or miR-153, miR-133b was increased in the MSA and AD
cases. Interestingly in addition to miRNA that regulate a-syn, key PD related proteins have
themselves been reported to alter miRNA. For example LRRK2, which when mutated
causes PD type 8 (PARKS) (Seol, 2010), has been reported to interact with miR-184* and
let-7 in drosophila (Gehrke et al., 2010). These miRNA are thought to regulate protein
synthesis and levels of dp and e2f1 (targets of miR-184* and let-7, respectively) are
reportedly critical for LRRK2 pathogenesis in the fly (Gehrke et al., 2010).

It was surprising that, despite some dysregulation in the mThy1-hasyn tg mice compared to
controls, none of the miRNA we examined reached significance according to our criteria. It
likely that these results are a function of the assay used to analyze the mouse samples; the
miFinder RT2 miRNA PCR Array system (SABiosciences) had 88 of the ‘most well-
documented’ miRNA, however most of these were cancer-related with a few that reported to
be altered in AD, which may account for the relative abundance of miRNA observed to be
dysregulated in the models of AD and tauopathy and the apparent dearth of miRNA
dysregulation in the mThyl-hasyn tg mice. However it is noteworthy that the analysis of
human DLB cases also did not identify any miRNA that fulfilled our significance criteria,
these results are consistent with a recent study of small RNAs from the cerebral neocortex of
subjects with various forms of dementia (Hebert et al., 2013). However, a number of
miRNA reportedly dysregulated in a-syn (A30P) tg mice (miR-10a, miR-10b and mir-32)
(Gillardon et al., 2008) were also dysregulated in the MBP-hayn tg mice (both MBP1-and
MBP29-hasyn), although they were also altered in the mThy1-hAPP tg mice — again
highlighting the value of a cross-disease comparison.

In addition to identifying disease-common miRNA, this study identified miRNA that were
specific for each disorder/model. Identification of such disease-specific miRNA is crucial in
elucidating potential mechanisms that may be particular to a given disorder and which
provide clues as to novel aspects of disease progression and pathology. Another key aspect
of miRNA research is the extent to which miRNA profiles in tg animal models of a
particular neurodegenerative disease replicate the miRNA profiles of human patients with
that disorder. Given that miRNA-based therapies are a major area of academic and
commercial focus (Roshan et al., 2009; Gambari et al., 2011; Junn & Mouradian, 2011;
Kasinski & Slack, 2011), this knowledge will be invaluable when trying to distinguish
disease-related miRNA and develop potential miRNA-based therapeutics.
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We were particularly interested in MSA and the degree to which miRNA dysregulation in
humans was recapitulated in theMBP1-hasyn tg mice. We identified 5 miRNA that were
specific for the MBP1- and MBP29-hasyn tg mice (let-7b, miR-141, miR-182. miR-183 and
miR-96), 3 of these 5 (MiR-182, miR-183 and miR-96) were members of the miR-96 cluster
(all within 10kb of each other, perhaps indicating a stretch of sequence specifically
perturbed in MSA) and given that miR-96, and its paralog miR-1271 were also dysregulated
in humans, we chose to focus on miR-96 for this study. Given a recent report that miR-1271
is more abundant in the human brain than miR-96 (Jensen & Covault, 2011), it is important
that it is also overexpressed in MSA. A number of studies reported a role for miR-96 in
cancers including those effecting the liver (Ladeiro et al., 2008; Chen et al., 2011), lungs
(Ma et al., 2011; Nymark et al., 2011; Zhu et al., 2011), bladder (Han et al., 2011; Yamada
et al., 2011; Wang et al., 2012b) and prostate (Navon et al., 2009; Schaefer et al., 2010a;
Schaefer et al., 2010b) and it has also been implicated in diabetic retinopathy and retinal
degeneration (Loscher et al., 2007; Xu et al., 2007; Loscher et al., 2008; Wu et al., 2011)
and zinc homeostasis (Mihelich et al., 2011), however its role in neurodegeneration remain
unexamined.

Having chosen to focus on miR-96, we sought to identify its mMRNA targets. Traditionally
this is done using databases that employ algorithms to predict targets based in the degree of
complementarity between the seed sequence of the miRNA and the 3'UTR of putative
targets and then rack the results from the strongest target, with the greatest degree of
homology, to less likely targets. As different databases tend to use different predictive
algorithms (Sethupathy et al., 2006; Xu, 2007), we chose to use three different databases,
Targetscan (Lewis et al., 2005; Grimson et al., 2007), Pictar (Krek et al., 2005) and
Microcosm(Rehmsmeier et al., 2004) to draw up a list of putative targets and to focus our
analysis on the top 50 targets predicted by these database in both humans and mice. This
cross-database, cross- species type of analysis provides strong leads to targets that are not
only highly likely to be bona fide miR-96 targets but also identifies those that may be
conserved from mouse to human. Using this approach we identified a number of interesting
putative targets including FOXO, SOX, Fyn, and neuregulin, which have been previously
implicated in neurodegeneration (Chin et al., 2005; Go et al., 2005; Kanao et al., 2010;
Manolopoulos et al., 2010; Monsalve & Olmos, 2011; Roberson et al., 2011; Scales et al.,
2011), furthermore we identified the SLC family of proteins as being highly over-
represented as targets of miR-96, across the databases and in both humans and mice.
Importantly SLC proteins are also highly ranked targets of miR-182, miR-183 and miR-
1271 underlining their potential importance as downstream targets of miR-96 dysregulation.

The SLC group of membrane transport proteins include over 300 members organized into 51
families based on a greater than 20-25% sequence homology (Hediger et al., 2004;
Featherstone, 2011) to each other and are involved in the transport of a diverse group of
solutes. Most members of the SLC group are located on the cell membrane but some
members are located on intracellular organelles such as the mitochondria (Maynard et al.,
2008; lacobazzi et al., 2009; Morciano et al., 2009). Members of this family have been
identified in other studies as being PD-relevant (Santosh et al., 2009). Of the SLCs predicted
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to be targets of miR-96, SLC1A1 and SLC6A6 were common in the human and mouse
predictions.

Of these targets, we were particularly interested in SLC1A1 based on a number of pieces of
evidence; firstly polymorphisms in family members of this protein have been associated
with MSA (Soma et al., 2008) and have been linked to the hypothesis that oxidative stress is
associated with the pathogenesis of MSA (Soma et al., 2008). We observed a decrease in

S C1A1 mRNA in both the humans and the mice, however the greater decrease in murine
SLC1A1 mRNA compared to human is likely due to the greater fold increase in miR-96
observed in the MBP1-hasyn tg mice compared to the humans cases (8-fold increase in the
tg mice compared to the 2.5-fold increase in humans).

S C1A1 codes for the neuronal/epithelial high affinity glutamate transporter (EAAT3/
EAACLI) that is widely expressed in the hippocampus, basal ganglia and cerebellum (Beal et
al., 2005) and selective loss of this transporter has been implicated in olivopontocerebellar
atrophy (Dirson et al., 2002), the cerebellar form of MSA. EAAT3/EAACL uptake of
cysteine provides substrate for neuronal glutathione synthesis (Aoyama et al., 2012) which
plays a key role in both antioxidant defenses and intracellular zinc binding (Won et al.,
2010) and a recent report has suggested that cysteine uptake by EAAC1 is important for zinc
homeostasis and neuronal antioxidant function (Won et al., 2010). The link between
EAAT3/EAACI and zinc levels is particularly relevant to a-synucleinopathies such as
MSA, given that the 5' promoter region of a-syn contains two zinc-finger domains that
regulate a-syn transcription (Clough et al., 2009), dysregulation of zinc may modulate a-syn
transcription. Additionally, the neuronal double zinc finger protein (ZNF231) is enhanced in
MSA (Hashida et al., 1998) and elevation of ZNF231 expression has been hypothesized to
be involved in the pathogenesis of MSA (Hashida et al., 1998). Furthermore, EAAT3/
EAACL1 have been implicated in excitotoxicity (Kanai & Hediger, 2004b) and may play a
role in the pathogenesis of MSA (Perez-Navarro et al., 1999)

S_C6AG6 is a taurine transporter(Chen et al., 2004; Tomi et al., 2008; Anderson et al., 2009;
Kristensen et al., 2011) and taurine has been reported to have neuroprotective activity this
targets, in addition to SLC1AL, is an interesting candidate for further, more detailed, studies
aimed at elucidating potential mechanism that may linked alterations in these target with the
specific pathogenesis of MSA. It is important to note the while we chose to focus on the
SLC family; other interesting genes have been reported to be associated with this family,
most notably Nuclear respiratory factor 1 (nrfl). The nrfl gene encodes a transcription
factor which activates the expression of genes involved in the regulation of cellular growth
and nuclear genes required for respiration. Additionally nrfl has been implicated in the
transcription and replication of mitochondrial DNA and in neurite outgrowth (Goffart &
Wiesner, 2003; Jaiswal, 2004; Pierce et al., 2008; Biswas & Chan, 2010) . In the present
study, levels of SLC1AA and SLC6A6 were examined in models of neurodegeneration at an
age that may represent late-stage pathology:; therefore it is important to note that changes in
these proteins may reflect mechanism related to a general degenerative process such as
excitotoxicity in these mice. Further studies are necessary in order to elucidate the
relationship between the expression of SLC1AA and SLC6A6 and cellular changes related

to degeneration.
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The colocalization studies were particularly revealing as they show SLC1A1 and SLC6A6
expression in neuronal and glial cells neighboring the a-syn-positive oligodendrocytes.
While the full implications of these cellular expression profiles remains to be fully defined,
it may suggest a possible feed back mechanism whereby miRNA dysregulation in one cell
type may affect protein expression in neighboring cells. One hypothesis may be that this
communication is mediated by miRNA circulating in exosomes (Hannafon & Ding, 2013;
Turchinovich et al., 2013), a mechanism that has recently been reported to be involved in
oligodendrocyte-neuronal communication (Fruhbeis et al., 2013).

While we chose to pursue a cross-disease and cross-species approach for our study, it is
worth noting that a number of other parameters could have justifiably been chosen. For
example we chose to focus on a single-region and single time point in our study and chose a
time point at which all tg mice models were exhibiting the pathological signs of the disease,
however examination of other time points (presymptomatic, early-stage or advanced
pathological), or a comparison across time points, could also have been conducted and
would have likely provided equally interesting comparisons. For example, previous studies
have shown that neural miRNAs are involved at various stages of synaptic development,
formation and maturation (Martino et al., 2009; Gao, 2010; Smith et al., 2010; Siegel et al.,
2011). Obviously the time points of human tissue are not as easy to dictate however it can be
supposed that these would also provide informative comparisons. We also chose to examine
miRNA profiles from miRNA isolated from the frontal cortex of our mice, however recent
studies have reported that miRNA profiles change across regions (Juhila et al., 2011;
Pichardo-Casas et al., 2012). The authors recognize that the present study is underpowered
as it utilized a small number of MSA samples. Further studies, with a larger sample size are
necessary in order to clarify the role of miR-96 and its targets in MSA. Future studies would
benefit from a non-biased assessment of miR-96 targets and the inclusion of microarray
experiments to simultaneously analyze transcriptome-wide expression changes between the
models and controls. Strategies to determine global microRNA targets using miR-96
knockdown and mimics followed by microarray analysis allowing comparison with in silico
findings would also prove instructive.Although a cross-disease/species/time point and brain
region approach would be the gold standard for miRNA research in neurodegeneration, it is
clearly beyond the scope of a single study and such comparisons are likely to be the result of
multi-center approaches to miRNA investigation.

CONCLUSIONS

The results from this study have important implications in understanding disease-related
pathways and processes and the identification of target miRNA, modulation of which may
have a therapeutic indications via the regulation of target gene expression profiles in
neurodegenerative conditions. The findings of MSA-related changes in miR-96 suggest that
miR-96 modulation may be a disease-specific biomarker and may have a potential
therapeutic value in MSA in particular.
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Figure 1. Comparison of miRNA profiles between M SA cases and transgenic models of M SA
(A) miRNA profiles from control (n=4) and MSA (n=3) cases. (B) miRNA profiles from

non tg (n=4), MBP1-hasyn tg (n=4) and MBP29-hasyn tg (n=3) mice. All samples were
analyzed using the miFinder RT2 miRNA PCR Array system (SABiosciences) in order to
enable comparison across species. Of the 88 genes present on the human and mouse plates,
47 were identical, these 47 are depicted. The colors indicate the magnitude of fold change
over the group average, green indicates down regulation while red indicates up regulation.
(C) Comparative fold regulation of the 47 miRNA displayed. Changes that met our selection
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criteria of + 2-fold regulation and p<0.05 are in bold and italicized * indicates p<0.05, **
indicates p<0.01 calculated based on a Student’s t-test of the replicate 2” (- Delta Ct) values
for each miRNA. (D) Venn Diagram showing overlapping miRNA dysregulation between
the human MSA cases and the two tg mouse models. CNT = Control, MSA = Multiple
System Atrophy
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HUMAN MOUSE

Figure 2. miRNA profilesin human cases and murine models of neur odegener ation
(A) miRNA was isolated from the frontal cortex of MSA, DLB, AD, PSP, CBD cases and

normal controls and analyzed using the OneArray® Human microRNA Microarray Phalanx
Biotech Group. A total of 543 miRNA were analyzed and are presented as the mean miRNA
levels in each group. (B) miRNA isolated from the frontal cortex of MBP1-hasyn tg,
MBP29-hasyn tg, mThyl-hasyn, mThyl-hAPP, mThyl-htau and non tg mice analyzed
using the miFinder RT2 miRNA PCR Array system (SABiosciences). A total of 88 miRNA
were analyzed and are presented as the mean miRNA levels in each group. The colors
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indicate the magnitude of fold change over the group average, green indicates down
regulation while red indicates up regulation. MSA = Multiple System Atrophy, DLB =
Dementia with Lewy Bodies, AD = Alzheimer’s Disease, PSP = Progressive supranuclear
palsy and CBD = Corticobasal degeneration.
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Figure 3. Preserved miRNA processing machinery in M SA cases and MBP1-hasyn tg mice
(A) Schematic of the miRNA processing pathway. In order to examine whether any

components of the miRNA processing machinery were altered in the (B) MSA cases or (C)
the MBP1-hasyn tg mice, mRNA levels of Ago2, DGCRS, Dicerl, Drosha and Exportin5
(XPO5) were analyzed by gPCR in comparision to normal controls and non tg mice,
respectively. MSA = Multiple System Atrophy. Error bars represent mean £ SEM.
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Figure 4. Specific miR-96 dysregulation in M SA cases and M BP1-hasyn tg mice
(A) gPCR validation of miR-96 levels in human MSA, DLB, AD, PSP and CBD cases

compared to normal controls and of miR-96 levels in MBP1-hasyn tg, mThyl-hasyn,
mThy1-hAPP and mThyl-htau compared to non tg mice. MSA = Multiple System Atrophy,
DLB = Dementia with Lewy Bodies, AD = Alzheimer’s Disease, PSP = Progressive
supranuclear palsy and CBD = Corticobasal degeneration. Error bars represent mean +
SEM. * Indicates a significant difference (p< 0.05) between the MSA cases and other
disease groups or a significant difference (p< 0.05) between the MBP1-hasyn tg and other
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mouse groups analyzed by one-way ANOVA and Dunnett’s post hoc test. (B) gPCR
validation of SLC1A1 and SLC6A6 in human MSA cases compared to controls and MBP1-
hasyn tg compared to non tg mice. (C) The effect of miRNA on gene regulation was
monitored by co-transfecting 300ng human and mouse mir-96 and the luciferase reporter
gene. The 3/-UTR of SLC1A1 and SLC6A6 were cloned downstream of the luciferase open
reading frame. In addition to human and mouse mir-96 that could bind to the corresponding
UTR, negative control (scrambled human and mouse mir-96) was transfected with the
corresponding luciferase reporter plasmid for each gene analyzed. The luciferase activity
was measured 24 hrs after transfection is expressed as percentage of control + standard
deviation shown. * Indicates statistically significant (p-value of <0.05) difference from
control miRNA calculated using one-way ANOVA.
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Figure 5. Reduced mRNA and protein levels of SLC-family proteinsin M SA casesand M BP1-
hasyn tg mice

(A, F) Representative immunoblots of SLC1Al and SLC6A6 and a-syn protein levels in
human MSA cases compared to controls and MBP1-hasyn tg compared to non tg mice,
respectively. (B) Analysis of SLC1A1 protein levels using the Abcam antibody (top bar in
(A)). (C) Analysis of SLC1A1 protein levels using the Alomone antibody (second bar in
(A)). (D) Analysis of SLC6AG6 protein levels using the Santa Cruz antibody (third bar in
(A)). (E) Analysis of SLC6AG6 protein levels using the Millipore antibody (fourth bar in
(A)). (G) Analysis of SLC1A1 protein levels using the Abcam antibody (top bar in (F)). (H)
Analysis of SLC1A1 protein levels using the Alomone antibody (second bar in (F)). (1)
Analysis of SLC6AG6 protein levels using the Santa Cruz antibody (third bar in (F)). (J)
Analysis of SLC6AG6 protein levels using the Millipore antibody (fourth bar in (F)).MSA =
Multiple System Atrophy. Error bars represent mean + SEM. (C-D) * Indicates a significant
difference (p< 0.05) between the MBP1-hasyn tg and non tg mice. (F-H) * Indicates a
significant difference (p< 0.05) between the MSA and control samples, analyzed by one-
way ANOVA and Dunnett’s post hoc test.
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Figu_re 6. Immunohistochemical analysis of SL C-family proteinsin M SA cases and MBP1-hasyn
tg mice

(gA, B) Representative image of SLC1A1 levels in control and MSA samples, respectively.
(C) Analysis of SLC1AL1 levels in control and MSA samples. (D, E) Representative image
of SLC6AG6 levels in control and MSA samples, respectively. (F) Analysis of SLC1AL levels
in control and MSA samples. (G, H) Representative image of a-syn levels in control and
MSA samples, respectively. (I, J) Representative image of SLC1AL levels in non tg and
MBP1-hasyn tg mice, respectively. (K) Analysis of SLC1AL levels in non tg and MBP1-
hasyn tg mice. (L, M) Representative image of SLC6AG6 levels in non tg and MBP1-hasyn
tg mice, respectively. (N) Analysis of SLC1AG6 levels in non tg and MBP1-hasyn tg mice.
(O, P) Representative image of a-syn levels in non tg and MBP1-hasyn tg mice,
respectively. All images are from the frontal cortex. MSA = Multiple System Atrophy. Scale
bar = 25uM. Error bars represent mean + SEM. In (C, F) * indicates a significant difference
(p< 0.05) between the MSA and control samples and in (K, N) * indicates a significant
difference (p< 0.05) between the MBP1-hasyn tg and non tg mice, analyzed by one-way
ANOVA and Dunnett’s post hoc test.
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Figure 7. Confocal co-localization analysis of SLC1A1 and SLC6AG6 in the frontal cortex of
MBP1-hasyn tg mice

(A) Colocalization of the SLC1A1 signal with astroglial (GFAP) and neuronal (NeuN) cell
markers and with a-syn-positive oligodendrocytes. (B) Colocalization of the SLC6AG6 signal
with astroglial (GFAP) and neuronal (NeuN) cell markers and with a-syn-positive
oligodendrocytes. Scale bar = 30uM. Arrows indicate cells in which the proteins of interest
colocalized, ‘n’ indicates neighboring cells that are positive for a-syn and SLC1A1 or
SLC6AG.
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Table 2

Summary of miRNA dysregulation in MBP1-hasyn tg, mThyl-hasyn, mThyl-hAPP and mThy1-htau
compared with non-tg mice

MBP1-hasyn mThyl-asyn mThyl-hAPP mThyl-htau

tg tg tg tg
Up-regulated 57 0 62 39
Down-regulated 1 0 0 5
Disease-specific 5 0 3 5

miRNA that met selection criteria of + 2-fold regulation and p<0.05 are included.
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Table 3

High-frequency mRNA targets of miR-96

Target Human databases M ouse databases

SLC family 9
FOXO family 5
SOX family 3
FYN 1
DCX 0
MSN 1
GRK6 2
NLGN2 2

N © P P N W o1 ©

Predicted human and mouse mir-96 targets were members from particular gene families and a number appeared frequently across the databases and
across species, these are summarized here.
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