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Abstract

Many chronic neurodegenerative disorders share a common pathogenic mechanism involving the
aggregation and deposition of misfolded proteins. Recently, it was shown that these aggregated
proteins could be transferred from one cell to another via extracellular nanovesicles called
exosomes. Initially thought to be a means of cellular waste removal, exosomes have since been
discovered to actively participate in cell-to-cell communication. Importantly, various inflammatory
and signaling molecules, as well as small RNAs are selectively packaged in these vesicles.
Considering the important role of environmental manganese (Mn) in Parkinson’s disease (PD)-like
neurological disorders, we characterized the effect of Mn on exosome content and release using an
MN9D dopaminergic cell model of PD, which was generated to stably express wild-type human
a-synuclein (aSyn). Mn exposure (300 uM MnCls) for 24 h induced the release of exosomes into
the extracellular media prior to cytotoxicity, as determined by NanoSight particle analysis and
electron microscopy. Strikingly, Western blot analysis revealed that Mn treatment in aSyn-
expressing cells increases the protein Rab27a, which regulates the release of exosomes from cells.
Moreover, next-generation sequencing showed more small RNAs in exosomes isolated from Mn-
exposed cells than the control exosomes. Our miRNA profiling analysis led to the discovery of
increased expression of certain miRNAs previously shown to regulate key biological pathways,
including protein aggregation, autophagy, inflammation and hypoxia. Collectively, our results
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provide a glimpse of Mn’s role in modulating extracellular miRNA content through exosomal
release from dopaminergic neuronal cells and thus potentially contributing to progressive
neurodegeneration. Further characterization of extracellular miRNAs and their targets will have
major impacts on biomarker discovery and translational strategies for environmentally linked

neurodegenerative diseases including PD.
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1. Introduction

Chronic exposure to high concentrations of the metal manganese (Mn) can cause
neurotoxicity and manganism, which is a neurological syndrome consisting of movement
abnormalities that shares many Parkinsonian features (Aschner et al., 2009; Dobson et al.,
2004; Kwakye et al., 2015). Manganism does not present as clinical Parkinson’s disease
(PD) because it lacks nigrostriatal dopaminergic neuron damage and the classic response to
levodopa. In addition to high dose exposures, low dose exposures through contaminated air,
food and water have been shown to cause neurobehavioral abnormalities (Fulk et al., 2017;
Mergler et al., 1999; Racette et al., 2017; Sen et al., 2011). Unlike PD, Mn accumulates in
and damages the globus pallidus rather than the substantia nigra (SN). Neurochemically, Mn
exposure affects the GABAergic neurotransmitter system more than dopaminergic
neurotransmission (Guilarte et al., 2006). Given the Mn deposition in the globus pallidus, the
correspondingly increased T1-weighted MRI signal in the extra-pallidal basal ganglia
(caudate and putamen) has been studied as a potential marker of neurotoxicity associated
with Mn exposure (Criswell et al., 2015; Sen et al., 2011). In clinical settings, differential
diagnosis of Mn-induced Parkinsonism is primarily based on the Unified Parkinson Disease
Rating Scale, Motor Subsection 3 (UPDRS3). However, the UPDRS3 scale can only be
applied when motor symptoms are present and MRI is too expensive to be widely accessible
throughout the world as an effective early biomarker for Parkinsonism.
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To bridge the gap in affordable, reliable quantitative diagnostic tests for these neurological
disorders, molecular biomarker discovery becomes an increasingly important goal if we are
to diagnose Parkinsonism in early, presumably asymptomatic stages. Current candidate
biomarkers are heavily based on individual proteins related to the pathogenesis of PD in
CSF and brain tissues, which if done antemortem, involves invasive techniques and
surgeries. Hence, we urgently need to develop and validate noninvasive screening tests for
the early detection of neurodegenerative diseases. In this context, blood-based assays for
proteins, antibodies and circulating extracellular RNAs could prove particularly fruitful as
biomarkers in diagnosing neurodegenerative diseases.

Micro-RNA (miRNA) is a class of non-coding RNA (ncRNA), whose final product is an
approximately 18- to 22-nucleotide long functional RNA molecule that represses translation
and regulates degradation of their target mMRNAs by binding complementary regions of
messenger transcripts. Recent findings in various disease processes ranging from cancer to
cardiovascular disease have found that miRNAs play a crucial role in disease pathogenesis
and have potential as biomarkers and therapeutic agents (Eacker et al., 2009; Lin and
Gregory, 2015). Exploring miRNA involvement in PD has focused on miRNA expression in
the midbrain and its role in the functioning of dopaminergic neurons. In late 2007, a study
determined that miR-133b, which is specifically expressed in healthy midbrain
dopaminergic neurons, was deficient in midbrain tissues isolated from PD patients (Kim et
al., 2007). Since then, several miRNAs controlling autophagy regulation (miR-124,
miR-320a and miR-325) and a-synuclein synthesis (miR-7 and miR153) in experimental
models of PD have been identified (Alvarez-Erviti et al., 2013; Martins et al., 2011,
Saugstad, 2010). More recently, Khoo et al. (Khoo et al., 2012) identified PD-predictive
biomarkers through an analysis of global miRNA expression patterns of circulating miRNAs
in PD patients and age-matched healthy individuals.

Importantly, miRNAs are also found in blood (Chen et al., 2008; Lawrie et al., 2008;
Mitchell et al., 2008). Such circulating miRNAs are remarkably stable even under harsh
conditions (Chen et al., 2008; Mitchell et al., 2008), thus making peripheral blood a potential
non-invasive source of circulating miRNAs to facilitate biomarker discovery in humans.
Exosomes are nano-sized vesicles (50-150 nm) that are released from many cell types into
the extracellular space (EL Andaloussi et al., 2013; Thery et al., 2002; Zondler et al., 2017).
These vesicles are widely distributed in various body fluids and can easily cross the blood—
brain and other barriers. Tremendous interest has emerged over the years in exosome
research because of its potential role in disease pathogenesis and biomarker discovery
(Alderton, 2015; Anastasiadou and Slack, 2014; Couzin, 2005; Minton, 2015; Thery et al.,
2002). Numerous examples exist of miRNAs as putative biomarkers of occupational and
environmental exposures to neurotoxicants, including polycyclic aromatic hydrocarbons
(Deng et al., 2014), dioxin (Feitelson and Lee, 2007), metal-rich particulate matter (Volinia
et al., 2006), arsenic (Dai et al., 2009), and many others (Vrijens et al., 2015). Growing
evidence suggests that circulating miRNAs play a significant role in the pathogenesis of
many chronic diseases, including PD. For example, differences have been found in miRNA
expression in circulating plasma miRNAs of PD patients compared to control subjects
(Cardo et al., 2013; Khoo et al., 2012; Kim et al., 2007).
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Recently, several miRNAs regulating the synthesis of a-synuclein (aSyn), the hallmark
protein of PD, as well as autophagy and apoptosis, were identified in experimental models of
PD (Alvarez-Erviti et al., 2013; Heman-Ackah et al., 2013; Kabaria et al., 2015; Wang et al.,
2015). Yet, despite its prevalence, the effect of metals on extracellular miRNAs, specifically
the mechanisms by which Mn exerts its neurotoxic effects and its relationship with aSyn
secretion and transmission in the context of human health are not well studied thus far.
Hence, in this study, we use Mn as an environmental neurotoxicant to examine its effects on
aSyn aggregation, secretion and the cell-to-cell transmission of extracellular miRNASs via
exosomes to manipulate recipient cell gene expression. To further elucidate the molecular
mechanisms of Mn-induced neurotoxicity, we used miRNA deep-sequencing and custom
miRNA PCR array technology to investigate the role of exosomes in Mn neurotoxicity.

2. Materials and Methods

2.1 Chemicals and reagents

Fetal bovine serum (FBS), L-glutamine, Lipofectamine 2000, Alexa fluorophore-tagged
secondary antibodies, Hoechst nuclear stain, penicillin, streptomycin, and other cell culture
reagents were purchased from Life Technologies (Gaithersburg, MD). Mouse p-actin
antibody, DMEM media, Mn chloride (MnCl,.4H,0) and all other chemicals were obtained
from Sigma (St. Louis, MO). Antibodies for Rab27a, Caspase-3 and aSyn (Syn 211) were
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). The antibody against
aSyn (Synl) was purchased from BD Bioscience and anti-GFP was obtained from Abcam
(Boston, MA). Western blot supplies and the Bradford protein assay kit were purchased
from Bio-Rad Laboratories (Hercules, CA). Exosome-depleted FBS was purchased from
SBI Biosciences (Mountain view, CA).

2.2 Cell culture and stable expression of human wild-type aSyn

For aSyn release and exosome isolation experiments, we created a GFP-tagged a.Syn stably
expressing MN9D dopaminergic cell line. Expression plasmids for human full-length a.Syn-
pPMAXGFP and control pMAXGFP vectors (Lonza) were transfected into MN9D cells using
Lipofectamine 2000 reagent (Invitrogen) and grown in DMEM (D5648; Sigma)
supplemented with 50 1U/ml penicillin, 50 pug/ml streptomycin, and 10% FBS. For stable
transfection, MN9D cells were selected after culturing in 400 pug/ml of geneticin for one
week post-transfection, and then selected cells were cultured in media supplemented with
200 pg/ml of geneticin to maintain the stable transfection. GFP-positive a.Syn-expressing
(MN9D_Syngrp) and vector control (MNOD_EVrp) cells were further selected by
FACSAria 111 (BD Bioscience) high-speed sorting flow cytometer to obtain homogeneously
transgene-expressing cell populations.

2.3 Western blotting

Whole-cell lysates or exosome lysates were prepared using modified RIPA buffer containing
protease and phosphatase inhibitor cocktail (Thermo Scientific, Waltham, MA), as described
previously (Brenza et al., 2016; Harischandra et al., 2014). Cell lysates containing equal
amounts of protein were separated on a 12-15% SDS-polyacrylamide gel. After separation,
proteins were electro-blotted onto a nitrocellulose membrane, and nonspecific-binding sites
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were blocked by treating with LI1-COR blocking buffer. Syn-1 (BD Bioscience), GFP
(Abcam), Syn 211 (Santa Cruz), Rab27a (Santa Cruz), Caspase-3 (Cell Signaling), and p-
actin (Sigma) primary antibodies were used to blot the membranes. Membranes were then
developed with IR800-conjugated anti-rabbit or Alexa Fluor 680-conjugated anti-mouse
secondary antibody for 1 h at RT. Western and slot blot images were captured with the
Odyssey IR Imaging system (LI-COR) and data were analyzed using Odyssey 2.0 software.

2.4 Immunocytochemistry (ICC)

For ICC, cells were plated on 50 pg/mL PDL-coated 12-mm glass coverslips. Cells were
washed with PBS and incubated in 4% paraformaldehyde for 30 min at RT. After fixing, the
cells were washed with PBS and incubated in blocking agent (2% BSA, 0.05% Tween-20,
and 0.5% Triton X-100 in PBS) for 45 min. Cells were then incubated with antibodies
against human aSyn (Syn 211; Santa Cruz, 1:500) and GFP (Abcam 1:2000) overnight at
4°C or the cytoskeleton marker Phalloidin (Alexa Fluor 647 phalloidin, Invitrogen) for 30
min at RT. After primary incubation, the cells were washed and incubated in the dark for 90
min with Alexa-488 and -555 dye-conjugated secondary antibodies (Invitrogen, 1:1000).
Hoechst 44432 was used as a nuclear stain and the coverslips were then mounted on glass
slides and viewed with 63x and 43x oil objectives using a Leica DMIRE2 confocal
microscope.

2.5 Exosome isolation

Various methods for isolating exosomes from biological fluids have been developed by
exploiting specific traits of exosomes, such as their density, shape, size and surface proteins
(Sunkara et al., 2016). However, each of these isolation methods has its own unique set of
advantages and limitations (Kowal et al., 2016). In this regard, coupling differential
centrifugation with filtration isolates an appreciable quantity and purity of exosomes.
Briefly, MN9D_Syngep and MN9D_EVep cells at 70-80% confluency were treated with
or without 300 pM Mn in medium containing 10% exosome-depleted FBS for 24 h. For each
exosome sample, conditioned media from two T175 flasks were pooled with an original
seeding density of 10 million cells per flask. After treatment, the cell culture supernatant
was collected and spun at 300 x g for 10 min to remove cells and then again at 10,000 x g
for 15 min to exclude cell debris from the supernatant. The resulting media was then passed
through a 0.22-um syringe filter (Millipore) to remove any remaining particles or cell debris,
and the filtrate was centrifuged at 100,000 x g for 90 min using a Beckman Optima L-100
XP ultracentrifuge. The pellet containing exosomes was washed once with cold PBS and
centrifuged again at 100,000 x g for 90 min using a Beckman optima MAX ultracentrifuge.

2.6 Nanoparticle tracking analysis (NTA)

Ultracentrifuged exosome samples were used for NTA, as previously described (Zamanian et
al., 2015). Briefly, isolated exosomes were resuspended in 500-1000 ul PBS, from which
approximately 300 ul was loaded into the sample chamber of an LM10 unit (NanoSight,
Amesbury, UK) using a disposable syringe. Sample durations of 30-60 sec per sample were
analyzed with NTA 2.3 software (NanoSight). Samples containing higher numbers of
exosomes were diluted before the analysis and their relative concentrations were then
calculated according to the dilution factor.
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2.7 Transmission electron microscopy (TEM)

Purified exosomes were resuspended in 200 ul PBS. We mixed 20 pl of each sample with
uranyl acetate 2% (w/v), incubated them for 5 min, and then 5 ul were applied to carbon-
coated copper grids. Images were taken using a JEOL 2100 200-kV scanning and
transmission electron microscope (STEM) with a Thermo Fisher Noran System 6 elemental
analysis system. TEM was operated at 80 kV and images were obtained at 18000—20000x
magnification.

2.8 Exosomal RNA extraction and characterization

For detection of RNA species in exosome samples isolated from MN9D_Synggp and control
MN9D_EVep cells that were either Mn-stimulated or vehicle-treated, we used the
miRCURY RNA isolation kit (Exiqon; 30010) per manufacturer’s protocols. After
extraction, a Nanodrop spectrophotometer was used initially to determine the concentration
and quality of the RNA preparation. Then RNA quality, yield, and size of exosomal small
RNA were analyzed using the Agilent 2100 Bioanalyzer (Agilent Technologies, Foster City,
CA) with the Agilent RNA 6000 Nano Kit as described previously (Zamanian et al., 2015).

2.9 Next-generation sequencing of exosomal RNA

After Mn stimulation, whole conditioned media was sent to SBI Bioscience for exosome
isolation and preparation of exoRNA libraries compatible with sequencing on the Illumina
NGS platform. The amplified indexed libraries were then resolved in a polyacrylamide gel
from which the desired bands are excised in a streamlined gel purification method. The
recovered amplified libraries were then analyzed on the Illumina sequencing platforms
(HiSeq, MiSeq, and Genome Analyzer 1) with about 300M reads per sample to generate
substantial sequencing depth. After sequencing, reads were de-multiplexed based upon their
unique index sequence and then assigned to their appropriate input samples identities. We
used the Maverix exoRNA analysis pipeline (Maverix Biomics; San Mateo, CA) along with
open-source tools, including bowtie for alignment and DESeq for differential expression
analysis. Raw reads were trimmed and filtered based on quality to remove adaptor sequence
and spike-in controls. The scores used for trimming and filtering were specific to the
sequencing platform. Sequences were then mapped to a reference genome of choice to
determine sequence identities and relative abundances of various RNA types such as
ncRNA, antisense transcripts, and miRNA.

2.10 miRNA profiling and data validation

Total RNA that includes small non-coding miRNA was purified from exosomes isolated
from untreated and Mn-stimulated MN9D_Synggp cells using miRCURY RNA isolation kit
(Exiqon; 30010) following manufacturer’s instructions. RNA quality was determined post-
isolation using a Nanodrop 2000 instrument. For miRNA validation studies, SYBR green-
based custom miScript miRNA PCR Array (Qiagen, MD) was used. Our miRNA PCR array
consisted of 48 miRNAs comprising 43 previously identified miRNAs and five internal
controls including miRTC controls (miRTC: Reverse transcriptase gPCR; Qiagen) at 45
thermal cycles while PPC (Positive gPCR Controls, Qiagen) C; values ranged from 18 to 20.
Our assay also consisted of C. elegans microRNA cel-miR-39 as synthetic microRNA spike-
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in control, and SNORD61 and SNORDG68 were used as endogenous reference RNA for
relative quantification of target miRNAs. However, in the final data analysis, SNORD61 was
used as a housekeeping miRNA. RNA was reverse transcribed using the miScript Il RT Kit
(Qiagen) in HiSpec buffer, and diluted cDNA was mixed with universal primer and SYBR
Green dye before being added to the wells of 96-well plates containing lyophilized primer.
The plates were run on a Stratagene MX3005P instrument (Agilent technologies) and the
expression of individual miRNAs was analyzed using the obtained C; values. The plate assay
was performed per manufacturer’s protocol and fold changes in miRNA expression were
calculated using the C; value of the normalizing control.

2.11 Statistical analysis

3. Results

Prism 4.0 software was used to analyze data from two or more independent experiments,
each with n = 6. Student’s t-test was used to find significant differences between treatment
and control groups. Differences with p < 0.05 were considered significantly different.

3.1 Manganese induces exosome release from an aSyn transgenic cell model of PD

Transgenic dopaminergic neuronal cell lines constitutively expressing GFP-tagged human
wild-type aSyn or vector control were established by stably transfecting MN9D mouse
dopaminergic cells with either plasmid pMAXGFP_aSyn (MN9D_Synggp or aSyn cells) or
PMAXGFP_EV (MN9D_EVggp or Vector cells). The MNID cell model is widely used in
PD research (Ay et al., 2015; Jin et al., 2014). ICC analyses with human-specific aSyn
antibody (Syn 211) indicate that >90% of the a.Syn cells were positive for the transgene
human aSyn, and that all Vector cells were positive for GFP but not for human a.Syn (Fig.
1A). Western blot analyses indicate a low-level expression of endogenous aSyn in both cell
types and strong expression of the higher molecular weight (~45 kDa), GFP-tagged a.Syn in
aSyn cells (Fig. 1B).

The miRNAs carried from cell-to-cell can silence corresponding mRNAs in target cells
(Stoorvogel, 2012). Exosome biogenesis and release are mainly regulated by Rab GTPases,
while Rab27a and Rab27b function in multivesicular bodies (MVB) docking at the plasma
membrane (Ostrowski et al., 2010). Therefore, we exposed both aSyn cells and Vector cells
to 300 uM Mn for 24 h and analyzed the expression of Rab27a, a GTPase responsible for
MVB fusion with the plasma membrane and exosome release. Mn exposure markedly
increased Rab27a expression in aSyn cells when compared via Western blot to Vector cells
exposed to Mn under same conditions (Fig. 2A). This result suggests that Mn can modulate
the cellular endosomal sorting mechanism to induce exosome vesicles. To determine
whether Mn exposure induces exosome release, we collected the extracellular media
following Mn exposure and isolated exosomes by ultracentrifugation method. To
characterize the exosomes, NanoSight particle analyses were performed. The diameter of
our isolated vesicles, 129 + 7.05 nm (Fig. 2B), was comparable and consistent with
previously published reports on cell culture-derived exosomes (Danzer et al., 2012;
Emmanouilidou et al., 2010). To further confirm that these extracellular vesicles manifest
the characteristic morphology of exosomes, we analyzed these vesicles with TEM. Our TEM
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micrographs readily detect the distinct exosome morphology and size (Fig. 2C) often
reported in the literature (Alvarez-Erviti et al., 2011; Chen et al., 2013; Danzer et al., 2012),
indicating that Mn exposure indeed induces cells to release exosome vesicles into their
micro-environment.

3.2 Manganese-induced exosomes contain miRNAs

Since exosomes reportedly contain a unique RNA profile distinct from that of host cells
(\Valadi et al., 2007), we further analyzed the exosomes for small noncoding RNAs, such as
miRNAs. Exosomal RNA was isolated using the miRCURY RNA isolation kit and small
RNASs were analyzed with the Agilent 2100 Bioanalyzer Lab-on-a-Chip instrument system
(Agilent Technologies). The exosomes we isolated do indeed contain small RNAs (Fig. 3A),
of which about 86% were positive for miRNAs (Fig. 3B), indicating that these exosomes
serve as cargo vessels for the transport and release of RNAs into extracellular spaces during
Mn exposure. Interestingly, the total RNA load was higher in aSyn cell exosomes as
compared to exosomes isolated from control vector cells.

3.3 Manganese exposure leads to differential expression of small RNAs

To examine the identity and abundance of small RNA changes upon Mn exposure, we
performed next-generation exosome RNA sequencing in exosomes. Given the role of aSyn
in Parkinsonism and other types of synucleinopathies, we focused on a.Syn cells and the role
of Mn in modulating small RNA cargo in exosomes. We isolated exosomes from a.Syn cells
treated with Mn or vehicle, purified the exoRNA and built Illumina NGS libraries. These
libraries were then sequenced using 1x 50-bp single-end Illumina HiSeq NGS runs to
provide enough depth for RNA sequence identification. Our small RNA subtype profiles
(Fig. 4A) revealed gross changes in miRNA, ribosomal RNA (rRNA), transfer RNA (tRNA)
and ncRNA expression, indicating that Mn exposure altered small RNA profiles in
exosomes. We also compared the miRNA changes in Mn-stimulated exosomes to those in
vehicle-treated exosomes. After filtering out those with low miRNA expression in either
sample, our analysis indicates (Fig. 4B) substantially greater changes in miRNA expression
in Mn-stimulated exosomes. Our volcano plot analysis of log2 fold changes in normalized
expression with control group indicates that 43 miRNAs (blue dots) were differentially
expressed among all miRNASs (red and blue dots) in the Mn-stimulated exosome sample.
Together, these results indicate that Mn exposure significantly alters extracellular miRNAS
released via exosomes.

3.4 Validation of miRNA targets through custom miScript PCR array technology

After identifying differentially expressed miRNAs through RNA-sequencing, we further
performed miRNA gPCR to validate our RNA-Seq results. Our custom miRNA PCR array
consisted of 48 miRNAs, including 43 previously identified miRNAs and five internal
controls for expression normalization. Normalized data were analyzed with MATLAB to
generate a heat map (Fig. 5A). Averaged fold changes were displayed as a volcano plot to
show the fold change and significance of all differentially expressed miRNAs (Fig. 5B). P-
values are corrected for multiple comparisons and changes with p<0.05 were marked
significant (Red dots). Among several miRNAs, twelve miRNAs including miR-210-5p,
miR128-1-5p, miR-505-5p, miR-325-5p, miR-16-5p, miR-1306-5p, miR-669b-5p,
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miR-125b-5p, miR-450b-3p, miR-24-2-5p, miR-6516-3p and miR-1291 significantly
increased to 2.5- to 15-fold (Fig. 5C-N) in Mn-stimulated exosomes in comparison to
vehicle-stimulated exosomes.

4. Discussion

In the present study, we show that Mn exposure induces the release of extracellular miRNASs
by altering the exosomal pathway in a model of PD. The miRNAs are small non-coding
RNAs that post-transcriptionally regulate many metazoan genes by binding to partially
complementary sites in target messenger RNAs. It is predicted that miRNAs account for 1—
5% of the human genome and regulate at least 30% of protein-coding genes (Macfarlane and
Murphy, 2010; Rajewsky, 2006). Although little is currently known about the specific targets
and biological functions of miRNAs, they have emerged as key regulators of gene
expression involved in several neurodegenerative disorders, including PD and Alzheimer’s
disease. For instance, miRNAS post-transcriptionally regulate a.Syn, the major component of
Lewy bodies in PD (Kordower et al., 2008). Previously, miR-7 and miR-153 were shown to
target and downregulate a.Syn expression (Doxakis, 2010; Junn et al., 2009), while
inhibition of miR-34b and miR-34c elevated a.Syn levels leading to the formation of aSyn-
containing aggregates (Kabaria et al., 2015).

Evidence also suggests that exposure to environmental neurotoxicants such as pesticides and
metals can increase a.Syn expression and protein aggregation, thereby contributing to the
pathogenesis of PD (Betarbet et al., 2000; Giasson and Lee, 2000; Rokad et al., 2016). Thus,
it is crucial to understand the molecular mechanisms underlying aSyn aggregation driven by
environmental factors. Additionally, exposure to environmental toxicants is thought to
account for most sporadic PD cases, however, the effect of neurotoxic chemicals on
extracellular miRNA in regulating gene expression and disease pathogenesis is poorly
studied. Chronic occupational exposure to high levels of Mn by welding, mining, dry cell
battery manufacturing and Mn-rich agro-chemicals is known to cause PD-like manganism,
which is similarly characterized by tremors, rigidity and psychosis (Olanow, 2004; Racette
et al., 2012; Racette et al., 2016). Furthermore, Mn neurotoxicity leads to neuronal
apoptosis, aSyn upregulation and aggregation in cell culture as well as in animal models
(Cai et al., 2010; Harischandra et al., 2015; Hirata, 2002), providing direct experimental
evidence for a close relationship between Mn and the aSyn proteins implicated in PD. To
further understand the role of Mn in miRNA dysregulation, we created wild-type human
aSyn constitutively expressing dopaminergic cells, which we exposed to inorganic Mn. We
subsequently collected exosomes from conditioned culture media, and for the first time,
analyzed environmental neurotoxicant-driven miRNA changes in exosomes obtained from
an /in vitromodel of Mn overexposure.

Our results from the wild-type human aSyn-expressing cell culture model clearly
demonstrates that Mn exposure significantly upregulated Rab27a (Fig. 2A), the small
GTPase responsible for membrane fusion of multivesicular bodies (Ostrowski et al., 2010;
Pfeffer, 2010), releasing exosomes to the extracellular environment. TEM analysis of
enriched exosomes clearly shows characteristic ‘saucer-like’ morphology (Fig. 2C), or
flattened sphere, bounded by a lipid bi-layer (Thery et al., 2002) that collapses during
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sample preparation for TEM (Raposo et al., 1996). Further analysis also indicates exosome
particle diameter ranging between 50 — 150 nm, generally the accepted size range for
exosomes (Greening et al., 2015; Lane et al., 2015). Complementary to TEM, our NTA of
exosomes determined the size distribution well within that for exosomes with the mean
particle size of 129 nm (Fig. 2B). These characteristics are consistent with the observed size
and morphology of internal vesicles in multivesicular endosomes. However, given that the
size range of exosomes often overlaps with a class of extracellular vesicles that result from
outward budding of the cell membrane, such as microvesicles, it is likely that some of these
shedding vesicles are also present in our exosome preparations.

Recently, miRNAs were identified in exosomes, suggesting that miRNAs can be transferred
between cells through exosomes, thereby mediating target gene repression in neighboring or
distant cells and subsequently modulating recipient cells. Exosomal miRNASs also play an
important role in disease progression. For example, they can stimulate angiogenesis and
facilitate metastasis in cancers (Anastasiadou and Slack, 2014; Melo et al., 2014), promote
neurodegeneration (Thompson et al., 2016; Vella et al., 2016), and regulate host-parasitic
interactions (Buck et al., 2014; Zamanian et al., 2015). Furthermore, it appears that the
loading of miRNAs into exosomes is a selective process since exosomal miRNA signatures
do not simply reflect the miRNA composition of the parent cell, but rather a distinct set of
miRNAs assembled to carry out specific biological functions (Gibbings et al., 2009;
Koppers-Lalic et al., 2014). In our study, we isolated and enriched small RNAs from
exosomes and analyzed the small RNA content through the Agilent 2100 bioanalyzer (Fig.
3A). While exosomes isolated from both Vector and a.Syn cells contained significant
amounts of RNAs in the range of 20-150 nt, the RNA load present in exosomes isolated
from Vector cells (both untreated and Mn-treated) was smaller compared to that in aSyn cell
exosomes (both untreated and Mn treatment). This is particularly interesting, considering
gene triplication and mutations are directly involved with familial PD (Singleton et al., 2003;
Stefanis, 2012), while aSyn gene-environment interactions are speculated to govern the
sporadic form of PD (Rokad et al., 2016; Ross and Smith, 2007). To further investigate
possible Mn-induced miRNA changes in aSyn-expressing cells, we carried out genome-
wide miRNA expression profiling for all known miRNAs using Illumina sequencing. Our
global small RNA expression data profiles showed significant changes in miRNA, rRNA,
antisense long non-coding RNAs (IncRNA) and short interspersed elements (SINE) in
exosomes isolated from a.Syn cells treated with Mn when compared to vehicle-treated cells
(Fig. 4A). To determine potential changes in the miRNAs, we used DESeq to calculate fold
change and statistical significance for all differentially expressed genes between vehicle- and
Mn-treated aSyn cells. Volcano plots revealed 43 miRNAs differentially expressed in Mn-
stimulated a.Syn exosomes relative to control exosomes.

Following the identification of differentially expressed miRNAs through RNA-Seq, we
performed miRNA gPCR to validate our RNA-Seq results using multiple experimental
replicates. Our normalized data identified 12 miRNAs significantly upregulated (Fig. 5C—N)
in Mn-stimulated aSyn exosomes when compared to exosomes isolated from vehicle-
stimulated a.Syn cells. Our data indicate that Mn exposure significantly increased expression
of miR-16 (Fig. 5G), a member of the evolutionarily-conserved miR-15/107 family
consisting of miR-15a, miR-15b, miR-16, miR-103 and miR-107, miR-195, miR-424,
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miR-497, miR-503 and miR-646 (Wang et al., 2014). This group of miRNAs shares a
sequence (AGCAGC) near the 5" end that complements with an overlapping list of mMRNA
targets (Nelson et al., 2011). Members of the miR-15/107 family play key roles in gene
regulation involved in cell division, metabolism, stress response and angiogenesis and have
been implicated in pathological processes including cancer, cardiovascular and
neurodegenerative diseases (Finnerty et al., 2010; Muller et al., 2014). Recently, proteomic
analysis of mouse brain tissues identified a number of additional putative miR-16 targets in
vivo, including aSyn and transferrin receptor 1 (TfR1) (Parsi et al., 2015). Importantly, the
T/TTR system facilitates the uptake of Mn (Aschner et al., 2007), which is a known binding
partner of aSyn resulting in its aggregation (Uversky et al., 2001). Furthermore, gain-of-
function studies in mouse hippocampal HT22 cells with miR-16 mimics show that both
aSyn and TfR1 are significantly downregulated /n vitro (Parsi et al., 2015). Our analysis
also indicated that Mn exposure significantly increased miRNA-128 (Fig. 5D), which is
widely and abundantly expressed in the postnatal developing brain, but its functions are not
well understood (Lewis, 2014). A recent study revealed that miR-128 plays a crucial role in
regulating the excitability of dopamine D1 receptor-expressing neurons in the striatum by
targeting ERK2 expression (Tan et al., 2013), and increasing its expression protects against
chemically-induced Parkinsonian motor deficits in mice (Tan et al., 2013). However, in the
AAV-aSyn rat model of PD, miR-128 represses transcription factor EB (TFEB), a major
transcriptional regulator of the autophagy-lysosome pathway, increasing the vulnerability of
nigral and ventral tegmental area dopamine neurons to aSyn toxicity (Decressac et al.,
2013).

Our analysis also showed a significant increase in miR-210, which is known to promote a
hypoxic phenotype (Grosso et al., 2013). Others reported elevated levels of miR-210 in
circulating miRNAs in plasma samples of patients suffering from cerebral ischemia and
stroke (Ouyang et al., 2013). Importantly, miR-210 decreases mitochondrial function by
directly targeting COX10 (cytochrome ¢ oxidase assembly protein), an important factor of
the mitochondrial electron transport chain, leading to the generation of reactive oxygen
species (ROS) (Chen et al., 2010). Given that Mn neurotoxicity is mainly associated with
mitochondrial dysfunction, leading to decreased oxidative phosphorylation and oxidative
stress (Rao and Norenberg, 2004), this may reveal a miRNA-mediated link between cellular
stress, oxidative phosphorylation, ROS and metal homeostasis. Our previous studies show
that Mn-induced mitochondrial dysfunction activates PKC8&-dependent pro-apoptotic
signaling pathways in dopaminergic neurons (Afeseh Ngwa et al., 2011; Kitazawa et al.,
2005). Our results also showed that Mn exposure significantly increased miR-325, which
previously was shown to be upregulated during TNF-a.-mediated inflammation
(Chakraborty et al., 2015) and hypoxia-reoxygenation injury (Bo et al., 2014), leading to
oxidative stress. Importantly, miR-325 is known to suppress the apoptosis repressor with
caspase recruit domain (ARC), an anti-autophagic protein, thus promoting the autophagic
cascade (Bo et al., 2014).

Based on function classification, some miRNAs are classified as pro-inflammatory
molecules, and some are anti-inflammatory (Ponomarev et al., 2013). Our miRNA data show
a marked Mn-induced increase of miR-125b (Fig. 5J), a known pro-inflammatory miRNA,
providing evidence for a novel mechanism whereby environmental toxicants modulate
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miRNA expression and exert inflammatory responses. The pro-inflammatory miRNA-125
increases M1 activation of macrophages by targeting IRF4, increasing responsiveness to
IFN-v, and most importantly for antigen presentation, by upregulating MHC class 11, CD40,
CD80 and CD86 (Chaudhuri et al., 2011). We also identified multiple miRNAs, including
miR-450b and miR-669b (Fig. 51), previously shown to target known aging-associated
pathways (Dimmeler and Nicotera, 2013; Inukai and Slack, 2013). Interestingly, a recent
plasma-based circulating miRNA biomarker study also identified miR-450b and miR-505
(Fig. 5K and 5E) as reliable biomarkers with highest predictive power of 91% sensitivity and
100% specificity in diagnosing PD (Khoo et al., 2012). In addition, our Mn treatment also
markedly increased miR-24 (Fig. 5L), which has been shown to be upregulated in PD, MSA
(Vallelunga et al., 2014), and other prominent synucleinopathies in humans. We also
detected other miRNAs, including miR-1306, miR-6516 and miR-1291, which have not
been directly linked to a disease mechanism, and thus would warrant further study. Although
some miRNAs, such as miR-128, seem to have pleiotropic effects in biological systems, the
role of this miRNA in Mn neurotoxicity has yet to be defined.

In conclusion, we report that the environmental neurotoxicant Mn can induce the release of
miRNA-containing exosomes into the extracellular milieu, potentially modulating host cell
gene expression. Our results identified a pool of mMiRNAs previously shown to regulate
multiple biological pathways, including mitochondrial function, inflammation, autophagy
and protein aggregation. Future studies should investigate how to utilize these miRNAs as
biomarkers of Mn toxicity in humans as well as to identify new mechanistic pathways
contributing to degenerative processes in environmentally linked Parkinsonisms.
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Highlights

. Exposure to an environmental neurotoxin, Mn, can actively modulate
exosome RNA cargo.

. Mn induces Rab27a to increase extracellular RNA via exosomes.

. Mn treatment alters exosomal small RNA profiling.

. Mn upregulates several miRNAs related to key biological pathways to
neurodegeneration.

. Exosomal miRNAs could represent potential biomarker of Mn-induced

toxicity.
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Figure 1. Generation of GFP-tagged stable human a-synuclein-expressing MN9D cells
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(A) Immunocytochemical analysis depicting stably expressed GFP-tagged wild-type human
aSyn protein in MN9D dopaminergic cells. The aSyn-expressing cells exhibited strong

ubiquitous expression of aSyn, whereas Vector cells showed no detectable aSyn
immunoreactivity. (B) Stable expression of aSyn was determined by Western blot analysis.

A 45-kDa band corresponding to the molecular mass of GFP-fused human a.Syn was

detected in a.Syn-expressing cells, whereas no human-specific aSyn expression appeared in
Vector cells. However, both human aSyn-expressing and control cells showed low levels of
endogenous mouse a.Syn expression.
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Figure 2. Manganese induces exosome release from neuronal cells

(A) Western blot analysis shows increased Rab27a expression upon Mn exposure in aSyn-
expressing cells (upper panel) and GFP-tagged a.Syn in both vehicle- and Mn-treated a.Syn
cells (lower panel). (B) NanoSight-generated histogram of particle size and abundance of
isolated exosomes. Brownian movement of exosome particles (white arrows) captured by
NanoSight LM10. (insert). (C) Electron micrographs of isolated exosomes revealing that
transmission electron microscopy readily detected exosomes in ultracentrifuged conditioned

medium.
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Figure 3. Exosomal small RNA quantification through bioanalyzer
(A) Exosomal RNASs determined using the Agilent Small RNA Chip. The small RNAs were

predominant in the exosomal RNAs. (B) Small RNA analysis and quantification via
bioanalyzer showing data for RNAs isolated from Vector cells and aSyn cells treated with
Mn or vehicle. Exosomes isolated from a.Syn cells contain significant amounts of small
RNAs in the 25-150 nt range (4, 100 and 150 nt reference peaks labeled). Data represented
here as average trace of four separate experiments for each group.
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Figure 4. Manganese exposure leads to differential expression of small RNAs
(A) Percentage of reads mapping to a variety of small RNA types. Comparison of RNA

profiles between vehicle- (left) and Mn-stimulated (right) samples reveals different
abundances of small RNA subtypes. (B) A volcano plot shows fold change and significance
for every miRNA tested. Plotted points identify both the magnitude and significance of
differential expression for all miRNA for vehicle- and Mn-stimulated samples. P-values are
corrected for multiple comparisons with p < 0.05 (blue dots) considered significant.
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Figure 5. Validation of miRNA targets through custom miScript PCR array technology
(A) Heatmap visualizations of exosomal RNA expression through custom PCR array for all

43 differentially expressed miRNAs identified during RNA-Seq analysis. Each box
represents fold change per biological replicate (n = 7 per group) for both vehicle- or Mn-
stimulated exosome samples. (B) Volcano plot shows fold change and significance for all 43
miRNAs tested (blue and red dots). P-values are corrected for multiple comparisons with p <
0.05 (red dots) considered significant. (C—N) Fold-change histograms for significantly
upregulated miRNAs. Each group represented as mean £ SEM from seven separate
experiments (* p < 0.05, ** p < 0.01 and *** p < 0.001).
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