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Abstract

Multiple system atrophy (MSA) is a demyelinating neurodegenerative disorder characterized by
accumulation of aggregated a.-synuclein (aSyn) inside oligodendrocyte precursors, mature
oligodendroglia, and neurons. MSA dysfunction is associated with loss of trophic factor
production by glial and neuronal cells. Here, we report that recombinant wild type human aSyn
uptake by OLN-93, an oligodendroglia cell-line, reduced brain-derived neurotrophic factor
(BDNF) expression. Furthermore, OLN-93 cells stably transfected with human wild type or an
MSA-associated mutant aSyn, A53E that produces neuronal and glial inclusions, reduced BDNF
MRNA to nearly unmeasurable qPCR levels. Curiously, another MSA-associated aSyn mutant,
G51D that also produces neuronal and glial inclusions, caused only a trend toward BDNF mRNA
reduction in transfected OLN-93 cells. This suggests that oligodendrocyte-associated BDNF loss
occurs in response to specific aSyn types. Treating OLN-93 cells with 160 nM FTY720
(Fingolimod, Gilenya®), a Food and Drug Administration (FDA) approved therapeutic for
multiple sclerosis, counteracted BDNF downregulation in all aSyn OLN-93 cells. FTY720 also
restored BDNF mRNA in OLN-93 cells treated with recombinant aSyn, as measured by gPCR or
semiquantitatively on agarose gels. Immunoblots confirmed that FTY720 increased histone 3
acetylation in OLN-93, and chromatin immunoprecipitation assays showed increased acetylated
histone 3 at BDNF promoter 1 after FTY720. Moreover, OLN-93 cells treated with valproic acid,
a classic histone deacetylase inhibitor, confirmed that increasing acetylated histone 3 levels
increases BDNF expression. Cumulatively, the data suggest that FTY720-associated histone
deacetylase inhibition stimulates BDNF expression in oligodendroglial cells, raising the possibility
that MSA patients may also benefit by treatment with FTY720.
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Introduction

Synucleinopathies are aging-related neurodegenerative disorders characterized by the
accumulation of aSyn aggregates inside neuronal and glial cells. These pathologies include
Parkinson’s disease (PD), dementia with Lewy bodies (DLB), and multiple system atrophy
(MSA) (Goedert and Spillantini, 1998; Spillantini, 1999; Spillantini and Goedert, 2000). In
PD and DLB, aSyn accumulates inside neuronal cells, the very cells that make it. However,
in MSA, aSyn accumulates in the myelin-producing oligodendroglia (OLG) cells, which
normally do not express aSyn (Reyes et al., 2014). Among the synucleinopathies, MSA
stands out because it is a demyelinating neurodegenerative disorder that can progress from
diagnosis to death within 5-10 years (Jellinger, 2014; Stefanova and Wenning, 2016). The
hallmark lesions of MSA are the so-called Papp-Lantos bodies, also called glial cytoplasmic
inclusions (GCI) that are enriched in aggregated aSyn in the cytosol of OLG cells (Jellinger,
2014; Miller et al., 2004; Wakabayashi et al., 1998). Similar lesions are also present in the
oligodendrocyte precursor cells (OPC) that normally give rise to mature OLGs throughout
life (May et al., 2014). GCls in MSA are believed to cause OLG cell death, which leads to
neuronal demyelination and subsequent neurodegeneration (Jellinger, 2014; Stefanova and
Wenning, 2016). As is the case for all demyelinating disorders, the loss of axonal
myelination in MSA is accompanied by a loss of other supportive factors that OLGs
normally provide to neurons, such as neurotrophic factors (Ettle et al., 2016; Ubhi et al.,
2012).

In the past ten years, accumulating evidence suggests that aSyn is secreted by neurons and
can spread cell-to-cell in a prion-like manner (Emmanouilidou et al., 2010; Goedert et al.,
2010), though there are conflicting data regarding whether aSyn is normally expressed by
OLGs (Djelloul et al., 2015; Miller et al., 2005). Abundant data suggest that MSA pathology
occurs after aSyn uptake by OLG cells (Ettle et al., 2014; Kisos et al., 2012; May et al.,
2014; Pukass and Richter-Landsberg, 2014), and that the source of aSyn inside OLGs is
likely neuronally-derived (Reyes et al., 2014). Also, multiple lines of evidence show that
aSyn accumulation in neurons and OLGs can induce abnormal gene expression,
independently of aSyn-aggregation-related cell death (Goers et al., 2003; Kim et al., 2014;
Ma et al., 2014; May et al., 2014; Siddiqui et al., 2012; Yuan et al., 2010; Zhou et al., 2013).
The pattern of expression of BDNF in MSA brain suggests that atypical BDNF expression
contributes to MSA pathology (Kawamoto et al., 1999). Furthermore, BDNF levels are
reduced in MSA mice that express human aSyn under OLG- or OPC-specific promoters
(Ubhi et al., 2010), and aSyn overexpressing OPC cells also downregulate BDNF expression
(May et al., 2014). Thus, aSyn accumulation in OLGs is thought to cause a loss of trophic
support to neurons.

Because many of the MSA models described above relied on aSyn overexpression in OPC or
OLG cells, which may or may not be a natural mechanism for aSyn accumulation (Djelloul
et al., 2015; Miller et al., 2005; Reyes et al., 2014), we sought to measure the impact of aSyn
uptake versus aSyn overexpression on the expression of BDNF by OLG cells. Furthermore,
we sought to establish whether deleterious effects of aSyn accumulation in OPC/OLG cells
was specific, or might also be triggered by the synuclein family member, beta-synuclein
(bSyn) (Jakes et al., 1994). In addition, we evaluated the pre-clinical efficacy of FTY720 (2-
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Amino-2-[2-(4-octyl-phenyl)-ethyl]-propane-1,3-diol hydrochloride) in OLG cells. This
drug stands out as a first-line pharmacological intervention for MSA by its BDNF
stimulatory effects in vitro and in vivo (Deogracias et al., 2012; Di Pardo et al., 2014;
Efstathopoulos et al., 2015; Hait et al., 2015; Heinen et al., 2015; Miguez et al., 2015; Noda
et al., 2013; Vargas-Medrano et al., 2014) and also because as an FDA approved drug, it
could be fast-tracked as a neuroprotective MSA therapy as recently done for pediatric Rett
syndrome patients (ClinicalTrials.gov identifier NCT02061137). With this in mind, we
assessed the impact of FTY720 on BDNF expression in OLN-93 cells as it relates to MSA,
while modulating aSyn accumulation by either uptake or overexpression. Finally, we
evaluated the mechanism of action by which FTY720 influences BDNF expression in OLGs.

2. Materials and methods

2.1. Cell culture

OLN-93 cells were generously provided by Dr. Jeffrey D. Macklis (Harvard Stem Cell
Institute, Boston, MA) and Christiane Richter-Landsberg (Carl von Ossietzky Universitat;
Oldenburg, Germany). OLN-93 cells were grown in Dulbecco’s Modified Eagle’s Medium
with high glucose (Sigma-Aldrich, St. Louis, MO, Cat.D5648-10X1L), supplemented with
10% heat-inactivated fetal bovine serum (FBS) (GE Healthcare Life Sciences HyClone
Laboratories, Logan, Utah, Cat. SH300071.03). Non-transfected OLN-93 cells were grown
in medium containing 50 U/mL penicillin and 50 pg/mL streptomycin. Transfected OLN-93
cell lines were grown in medium with added G418 sulfate (0.8 mg/mL) (Corning Life
Sciences Inc., Corning, NY, Cat. 61-234-RG). Incubation was maintained at 37 °C with 10%
COs.

2.2. Site-directed mutagenesis and transfection to establish stable aSyn OLN-93 cell lines

In order to generate plasmids to express G51D-aSyn and A53E-aSyn mutant forms, we used
a pcDNAZ3.1 plasmid containing human wild type aSyn (WT-aSyn) that we have used before
(Perez et al., 2002). Single amino acid substitutions were achieved using a QuickChange XL
Site-Directed Mutagenesis kit (Agilent Technologies, Santa Clara, CA, Cat. 200516)
following the manufacturer’s protocol. The G51D-aSyn and A53E-aSyn mutations were
then verified by automated DNA sequencing (University of Texas at El Paso Genomic
Analysis Core Facility, Department of Biology).

OLN-93 cells were transfected in 6 wells plates using 1 pg of plasmid vector (pcDNA3.1) as
a control or human aSyn plasmids (WT-aSyn, A53E-aSyn, or G51D-aSyn) using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, Cat. 11668-019) and Opti-MEM (Thermo
Fisher Scientific, Waltham, MA, Cat. 22600-134). A separate well was mock-transfected
using no plasmid. Selection of stably transfected clonal cell lines was accomplished using
G418 sulfate (1 mg/mL) with clones chosen after all mock transfected cells had died.

Monoclonal cell lines were obtained by the limiting dilution selection method. At 3-5 days
after the initial seeding into 96 well plates, wells containing a single colony were identified
and selected for transfer and expansion. Stably transfected OLN-93 clonal aSyn lines were
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then selected for comparison based on aSyn levels measured by immunoblotting and
immunocytochemistry.

2.3. Drugs and aSyn or bSyn treatment

For all assays that included drugs or recombinant proteins treatments, cells were seeded and
grown in antibiotic-free medium during the entire assay. FTY720 (AbMole BioScience,
Kowloon, Hong Kong, Cat. M1712) was prepared in ethanol and cells were treated at 160
nM as in our earlier studies using MN9D dopaminergic cells (Vargas-Medrano et al., 2014).
Similarly, valproic acid (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, Cat. sc-202378)
was prepared in double distilled sterile water and cells were treated with 150 uM or 75 uM
concentrations. Full length, non-tagged, recombinant human wild type aSyn and
recombinant human wild type bSyn expressed in £. coli were purchased from rPeptide LLC
(Bogart, GA, Cat. S-1001-2 and S-1003-2, respectively) and prepared as instructed by the
manufacturer. Briefly, lyophilized recombinant aSyn and bSyn were reconstituted to a 1
mg/mL (~69 uM) solution using double distilled sterile water. Cells were treated with
recombinant human aSyn or bSyn at 1 uM final concentrations.

2.4. Immunoblots

Protein concentrations in cell lysates were determined by the bicinchoninic acid assay
(Smith et al., 1985). Total proteins (25-50 g per lane) were separated by SDS-PAGE,
transferred to nitrocellulose membranes, blocked with 5% non-fat dry milk, and then
incubated with primary antibodies overnight at 4 °C. Primary antibodies for immunoblotting
included anti-aSyn (Santa Cruz Biotechnology Inc., Cat. sc-7011-R) (1:200 dilution), anti-
bSyn (Novus Biologicals, Littleton, CO, Cat. NB100-79903) (1:1000 dilution), anti-AcH3
(Lys9/Lys14) (Cell Signaling Technology, Inc., Danvers, MA, Cat. 9677) (1:500 dilution),
anti-total histone H3 (Cell Signaling Technology Inc., Cat. 96C10) (1:500 dilution), anti-
phosphorylated ERK1/2 (Tyr204) (Santa Cruz Biotechnology Inc., Cat. sc-7383) (1:200
dilution), anti-total ERK1/2 (Santa Cruz Biotechnology Inc., Cat. sc-93) (1:200 dilution) and
anti-p-actin (Cell Signaling Technology Inc., Cat. 3700 or 4970) (1:1000 dilution). All blots
were imaged using the Odyssey system (LiCor Biosciences, Lincoln, NE, model # 9210)
and quantified with Image Studio software (LiCor Biosciences).

2.5. Immunocytochemistry

OLN-93 cells were seeded on 8-well chamber slides (Nalge Nunc International, Rochester,
NY, Cat. 154534) previously coated with poly-L-lysine (Sigma-Aldrich, Cat. P1274-100
MG) and grown overnight. For aSyn uptake assays, cells were then treated with 1 pM
recombinant human wild type aSyn or vehicle (PBS) for 12 h. After respective treatments,
cells were washed gently with PBS, fixed with 4% paraformaldehyde for 25 min at room
temperature (RT) and subsequently incubated for 30 min at RT in a permeabilization/
blocking solution containing 1% bovine serum albumin and 0.1% triton-X 100 in PBS. Cells
were then incubated with the primary anti-aSyn antibody Syn-1 (BD Biosciences, San Jose,
CA, Cat. 610787) (1:100 dilution) overnight at 4 °C. Cells were then incubated with Cy5-
conjugated anti-mouse secondary antibody (Thermo Fisher Scientific, Cat. A10523) (1:1000
dilution) for 1 h at RT and subsequently washed and incubated with ActinGreen 488
following manufacturer’s instructions (Thermo Fisher Scientific, Cat. R37110). Samples
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were coverslipped using Vectashield mounting medium plus DAPI (Vector Laboratories,
Burlingame, CA, Cat. H-1500). Images were obtained using the Olympus FluoView-1000
confocal microscope (Olympus, Center Valley, PA).

2.6. Gene expression assessment

Total MRNAS were extracted from OLN-93 cells using the RNeasy Plus Mini Kit (Qiagen
Inc., Valencia, CA, Cat. 74134) and retro-transcribed with a High Capacity RNA-to-cDNA
Kit (Thermo Fisher Scientific, Cat. 4387406), as per manufacturer’s instructions. RNA
concentration and purity was assessed using NanoDrop 2000 spectrophotometry (Thermo
Fisher Scientific). RNA integrity and genomic DNA contamination were assessed using 28
s/18 s rRNAs band ratios in an RNA “bleach” gel as described by Aranda et al. (2012). The
MRNAs were measured using real time quantitative PCR (gPCR) in a RealPlex Mastercycler
2 (Eppendorf, Hauppauge, NY). Relative expression of mMRNAs was evaluated using
Tagman probe assays (Thermo Fisher Scientific) for rat BDNF (Cat. Rn02531967_s1), rat
NGF (Cat. Rn01533872_m1) and rat GAPDH (Cat. Rn01775763_g1) and eukaryotic 18 S
ribosomal RNA (Cat. 4332641) as internal controls. Reactions were carried out in triplicate
using GoTaq gPCR Master Mix (Promega, Madison, WI, Cat. A6001). For qualitative PCR
assessment of BDNF and GAPDH expression, the amplicons from the gPCR assays were
loaded into a 1% agarose gel containing ethidium bromide for UV imaging. According to
the manufacturer, the 142 bp and 174 bp bands are the correct respective sizes of the
amplicons produced by rat BDNF and Gapdh in Tagman assays.

2.7. Chromatin immunoprecipitation with qPCR (ChIP-gPCR)

Chromatin immunoprecipitation (ChIP) was performed using the Pierce Magnetic ChIP Kit
(Thermo Fisher Scientific, Cat. 26157) following manufacturer’s instructions with one
modification: all incubations with buffers requiring supplementation with protease/
phosphatase inhibitors cocktail were also supplemented with 100 uM valproic acid in order
to inhibit residual activity of histone deacetylases (HDAC) and to preserve the levels of
acetylated histones throughout remaining incubations. Immunoprecipitation was performed
with overnight incubation at 4 °C with the ChlP-validated anti-AcH3 antibody (same used
for immunoblots, section 2.4) in a 1:50 dilution. Immunoprecipitation with a normal rabbit
IgG antibody was also performed as negative ChIP control. Previous to
immunoprecipitation, 10% of every sample was separated and later used as input. Relative
abundance of sequences of Gapdh and BDNF promoters in immunoprecipitated DNA was
quantified by ChIP-gPCR using ChiP-validated primers for rat Gapdh promoter (fwd-
TGAGAGAGGCCCAGCTACTC and rev-AGGGCTGCAGTCCGTATTTA), rat BDNF
promoter 1 (fwd-TTCGATT-CACGCAGTTGTTC and rev-GCAGCCTCTCTGAGCCAGT)
and rat BDNF promoter 4 (fwd-GCGCGGAATTCTGATTCTGGTAAT and rev-
GAGAGGGCTCCACGCTGCCTTGACG) (Koo et al., 2015). ChIP-qPCR reactions were
carried out in triplicate in a RealPlex Mastercycler 2 using USB HotStart-1T Sybr Green
gPCR Master Mix (Thermo Fisher Scientific, Cat. 75760). Results of the ChIP-qPCR values
for immunoprecipitated samples were normalized to the percentages of their respective
inputs from 3 independent experiments.
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2.8. Statistics

Histograms represent mean + standard deviation (SD) from 3 or more independent
experiments. Unpaired Student’s t-tests or one-way ANOVA were performed using Prism 6
(GraphPad Software Inc., La Jolla, CA), with significance set to p < 0.05. Relative mRNA
expression was calculated and statistically analyzed using the comparative Ct method
(278ACY and the Relative Expression Software Tool (REST-2009) (Qiagen Inc.) (Pfaffl et al.,
2002). Whisker box plots generated by REST-2009 for relative mRNA expression
demonstrate the median (midline inside the box), interquartile ranges 1 and 3 (upper and
lower edges of the box), as well as maximum and minimum expression values (top and
bottom whiskers) (Pfaffl et al., 2002).

3. Results

3.1. Uptake of recombinant human wild type aSyn and bSyn by OLN-93 cells

Modeling OLG aSyn uptake after Reyes et al. (2014), we exposed OLN-93 cells to 1 uM
recombinant human wild type aSyn or vehicle for 12 h. We also treated cells with 1 uyM
recombinant human wild type bSyn for 12 h, to control for the effects of another member of
the synuclein family. Treated cells were then prepared for evaluation of aSyn and bSyn
uptake. Immunoblots of cell lysates confirmed the presence of aSyn and bSyn only in cells
treated with recombinant human wild type aSyn or bSyn respectively (Fig. 1A and B).
Immunocytochemistry of OLN-93 cells treated with recombinant human wild type aSyn
confirmed the presence of aSyn signal (Fig. 1C, red signal in upper right frame); while cells
treated with vehicle only had no aSyn immunoreactivity (Fig. 1C). Taking into account
previous reports showing interaction between aSyn and B-actin (Bellani et al., 2010;
Esposito et al., 2007; Zhou et al., 2004), we confirmed aSyn internalization in OLG cells by
confocal microscopy, which showed co-localization of aSyn (red) with B-actin (green)
producing yellow merged signal only in aSyn treated cells (Fig. 1C, at arrowheads). We next
assessed whether aSyn or bSyn internalization produced similar effects on BDNF expression
in OLN-93 cells.

3.2. asSyn, but not bSyn internalization, downregulates BDNF mRNA which is
counteracted by FTY720 in OLN-93 cells

Using qPCR, we saw that OLN-93 cells treated with 1 pM recombinant human aSyn for 12
h had significant reduction in BDNF mRNA as compared to vehicle-treated cells (Fig. 2,
white whisker box). However, cells treated for 12 h with 1 uM recombinant human bSyn
produced no significant change in BDNF mRNA as compared to vehicle-treated cells (Fig.
2, light gray whisker box). Also, to determine if aSyn uptake may have affected other
BDNF-related neurotrophic factors, we assessed the relative expression of another key
member of the neurotrophin family, nerve growth factor (NGF) (Park and Poo, 2013).
Interestingly, NGF mRNA in OLN-93 cells was not significantly affected by recombinant
human aSyn internalization (1.43 mean fold change, 95% confidence interval 0.77-2.5, p =
0.2), suggesting a relatively specific effect of aSyn uptake on BDNF in OLGs.

Similar to our earlier assessment in neuronal cells (Vargas-Medrano et al., 2014), we found
that using 160 nM FTY720 treatment of OLN-93 cells for 12 h significantly increased
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BDNF expression as measured using gPCR (Fig. 2, dark gray whisker box). To assess if
FTY720 might also counteract the BDNF downregulation in response to recombinant human
aSyn uptake, we treated OLN-93 cells with 160 nM FTY720 in the presence of 1 uM
recombinant human aSyn for 12 h. Cells exposed to this double treatment returned to
baseline BDNF levels seen in vehicle-treated cells (Fig. 2, black whisker box). This suggests
that FTY720 has the ability to counteract the negative effects of aSyn accumulation in OLGs
with regard to BDNF expression.

3.3. aSyn can be stably expressed in OLN-93 cells

In stably transfected OLN-93 aSyn-cells, we confirmed the absence of aSyn in our empty
vector transfected cells and equivalent aSyn levels in cell lysates prepared from the various
OLN-93 cell lines as assessed by immunoblot (Fig. 3A). We also confirmed intracellular
aSyn (red signal) in OLN-93 cells stably transfected with wildtype (WT-aSyn), G51D-aSyn,
or A53E-aSyn as evaluated by immunocytochemistry. As expected, the empty vector control
cells were negative for intracellular aSyn immunoreactivity (Fig. 3B).

3.4. WT-aSyn and A53E-aSyn expression in OLN-93 cells blocks BDNF expression

Using qPCR to measure BDNF expression in stably transfected OLN-93 aSyn cells, we
were surprised to find that empty vector cells and G51D-aSyn clonal cells had similar BDNF
expression (1.05 mean fold change, 95% confidence interval 0.78-1.57, p = 0.9), while two
OLN-93 clonal lines that expressed WT-aSyn or A53E-aSyn had no BDNF amplification
even after the full 40 cycles of qPCR. This lack of amplification prevented quantitative
assessment of BDNF expression in those cell lines using gPCR. However, we demonstrate
the differences in BDNF expression in OLN-93 aSyn clonal cells using a semi-quantitative
approach in which we visualized the amplification products generated by gPCR on agarose
gels (Fig. 4A). This allowed us to demonstrate the 142 base pair (bp) BDNF cDNA
amplicon in both empty vector and G51D-aSyn transfected cells (Fig. 4A, lanes 1 and 4),
which was essentially absent in the gPCR products from WT-aSyn or A53E-aSyn cell lines
at baseline (Fig. 4A, lanes 2 and 6). When data were quantified from multiple experiments,
the near complete absence of BDNF expression by WT-aSyn and A53E stable cell lines was
evident (Fig. 4B). As an internal control, we saw that 174 bp Gapdh amplicons were
equivalent in all stably transfected OLN-93 cell lines (Fig. 4A). Moreover, similar to our
findings after aSyn uptake (section 3.2), NGF expression was not significantly altered in any
of our aSyn stably transfected OLN-93 cell lines as compared to empty vector control cells
as assessed using qPCR (Fig. 5).

3.5. FTY720 significantly increases BDNF expression in OLN-93 clonal cell lines

Empty vector transfected cells expressed BDNF (Fig. 4A, lane 1) and 12 h treatments with
160 nM FTY720 significantly increased BDNF expression in all stably transfected aSyn
OLN-93 cell lines (Fig. 4A, lanes 3, 5 and 7), visualized on agarose gels showing the BDNF
amplicons generated by gPCR. Only after FTY720 treatment, was BDNF amplification
observable in stably transfected WT-aSyn and A53E-aSyn cell lines (Fig. 4A, lanes 5 and 7
as compared to lanes 4 and 6, respectively). Importantly, the fact that FTY720 increased
BDNF mRNA in all OLG aSyn lines allowed us to analyze BDNF expression in WT-aSyn
and A53E-aSyn cell lines by qPCR as demonstrated in Fig. 4C, with the value of empty
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vector control cells shown as the dashed line set at 1.0. Even after FTY720 treatment, BDNF
mMRNA levels remained significantly lower in WT-aSyn (Fig. 4C, white whisker box) and
AB53E-aSyn (Fig. 4C, black whisker box) cells as compared to empty vector control cells.
Similar to what we observed in non-transfected OLN-93 cells (Fig. 2), stably transfected
G51D-aSyn cells had an significant increase in BDNF expression in response to FTY720
(Fig. 4A, lane 5 as compared to lane 4; Fig. 4C, gray whisker box).

3.6. FTY720 and valproic acid increase global levels of AcH3 in OLN-93 cells

On immunoblots we noted that 12 h of 160 nM FTY720 treatment of OLN-93 cells
produced a significant increase in global acetylation of histone 3 (AcH3) (Fig. 6A, lane 2
and 6B). We saw no significant increase in phosphorylated/active ERK1/2 (pERK1/2) levels
at 12 h after FTY720 treatment (1.42 + 0.34 SD, p = 0.1, Student’s t-test). Others have
reported that short term (5-45 min) treatments with 1 uM FTY720 induce a transient
increase of pERK1/2 levels in OLG cells, while 100 nM FTY720 treatments do not elicit
such response (Coelho et al., 2007). In order to test a potential transient elevation of
pERK1/2 levels with 160 nM FTY720, we treated the OLN-93 cells for 5, 15 and 45 min.
These short term treatments with 160 nM FTY720 for 5, 15 and 45 min, did not change
PERK1/2 levels in OLN-93 cells (5 min 1.31 £ 0.31 SD, p = 0.43; 15 min 0.89 £ 0.17 SD, p
=0.57; 45 min 0.96 £ 0.03 SD, p = 0.23; Student’s t-test). This suggests that FTY720-
associated effects in OLN-93 cells may have occurred by increasing histone acetylation, as
FTY720 is a confirmed inhibitor of HDACs (Hait et al., 2014, 2015). This encouraged us to
perform the following control experiments in which we measured the impact of valproic acid
on AcH3. To parallel our FTY720 experiments, we treated OLN-93 cells for 12 h with 75
UM or 150 pM valproic acid. Immunoblots show that both doses of valproic acid increased
AcH3 levels in OLN-93 cells (Fig. 6A, lanes 3 and 4), which when quantified from multiple
experiments confirmed increased AcH3 in response to both FTY 720 and valproic acid (Fig.
6B).

3.7. HDAC inhibition increases BDNF expression in OLN-93 cells

Valproic acid is a prototypical HDAC inhibitor that has previously been shown to induce
BDNF expression in neuronal and glial cells (Fukuchi et al., 2009; Wu et al., 2008; Yasuda
et al., 2009). In our experiments in which OLN-93 cells were treated with 75 uM and 150
UM valproic acid, we noted that only the higher dose (150 uM) significantly increased
BDNF expression (1.6 mean fold change, 95% confidence interval 1.31-1.86, p < 0.001) at
12 h in OLN-93 cells, by qPCR. This provides support that increased acetylation of histone
3 in OLN-93 cells contributes to increasing BDNF expression.

3.8. FTY720 specifically increases histone acetylation at the BDNF promoter in OLN-93
cells

Chromatin immunoprecipitation (ChlIP) assays are the gold-standard to determine if a
pharmacological or a molecular change in histone acetylation functionally influences BDNF
gene expression (Fukuchi et al., 2009; Tian et al., 2010; Wu et al., 2008; Yasuda et al., 2009;
Zeng et al., 2011). To assess this in our cells, we used ChlIP assays to evaluate the
relationship between parallel increases in BDNF expression and AcH3 in response to
FTY720 at BDNF promoter 1 (BDNF-P1) and promoter 4 (BDNF-P4), as both of these
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promoters respond to changes in histone acetylation by HDAC inhibition (Fukuchi et al.,
2009; Yasuda et al., 2009). We measured AcH3 levels in OLN-93 cells at BDNF-P1 and
BDNF-P4 after 12 h treatments with 160 nM FTY720 or vehicle. ChIP-gPCR assays for
both of these promoters revealed that the relative AcH3 level at BDNF-P1 was significantly
increased by FTY720; however, AcH3 levels at BDNF-P4 showed only a trend toward an
increase (Fig. 7). In order to control for potential effects on other promoters or nonspecific
binding of the anti-AcH3 antibody, we also measured AcH3 levels at the Gapdh promoter, as
this promoter is known to have high AcH3 levels but is not typically affected by treatment
with HDAC inhibitors (Khobta et al., 2010; Makarona et al., 2014; To et al., 2008). This
allowed us to show that AcH3 levels in the Gapdh promoter were not changed in response to
FTY720 (Fig. 7). ChIP-gPCR assays of the same BDNF and Gapdh promoters, using normal
rabbit IgG as a negative control, showed extremely low (<0.15% of input) in fact nonspecific
1gG binding to these promoters (Fig. 7). Thus, we conclude that the changes in histone
acetylation induced by 12 h FTY720 treatment in OLN-93 cells effectively and specifically
remodeled chromatin of at least one of the promoters that regulate BDNF expression.

3.9. Uptake of aSyn has no effect on AcH3 levels in OLN-93 cells

Since aSyn can affect gene expression by reducing histone acetylation in neuronal models
(Goers et al., 2003; Kontopoulos et al., 2006; Siddiqui et al., 2012), we explored this
mechanism as a potential cause for the BDNF downregulation observed in our cells.
However, on immunoblots we noted that 12 h after 1 uM recombinant human aSyn
exposure, OLN-93 cells showed no significant differences in global AcH3 levels (Fig. 6C
and D).

4. Discussion

aSyn pathology occurs in several neurodegenerative disorders, in which aSyn forms Lewy-
like protein aggregates in neurons of PD and DLB brains. In contrast, in MSA, aSyn
accumulates in OLG cells. As previously mentioned, multiple lines of evidence support the
hypothesis that the aSyn in GCls in MSA brain derives from aSyn secreted by neurons. In
this study, we used OLN-93 cells to assess if: (1) there are differences in response to aSyn
uptake or aSyn overexpression in OLG cells regarding BDNF expression; (2) if MSA mutant
aSyn similarly affects BDNF expression in OLN-93 cells; (3) FTY720, the FDA-approved
multiple sclerosis drug, can counteract the negative effects of aSyn in OLGs; and (4) the
contribution of FTY720-induced histone acetylation to stimulate BDNF expression.

Abnormal BDNF expression occurs in MSA patients and MSA models (Kawamoto et al.,
1999; May et al., 2014; Nishimura et al., 2005; Ubhi et al., 2010). We found that uptake of
WT recombinant human aSyn produced a marked downregulation of BDNF expression in
OLN-93 cells. Previous studies of aSyn uptake models in OPC/OLG cells used aSyn
concentrations ranging from 0.7 to 5 uM recombinant aSyn protein (Ettle et al., 2014; Kisos
etal., 2012; May et al., 2014; Pukass and Richter-Landsberg, 2014; Reyes et al., 2014). For
example, after 1 uM recombinant aSyn uptake, Ettle et al. (2014) showed that aSyn
accumulation in differentiating OPCs impairs their expression of myelin basic protein.
Control experiments of bSyn uptake, in which we did not detect changes in BDNF
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expression, also suggest that the observed BDNF downregulation is a specific response to
aSyn accumulation. In fact, both aSyn uptake and aSyn overexpression downregulated
BDNF expression in OLN-93 cells, with more profound effects seen in WT-aSyn and A53E-
aSyn stably transfected lines. The recently discovered A53E aSyn mutation was found in a
family with early onset PD and MSA (Ghosh et al., 2014; Pasanen et al., 2014). Another
recently identified MSA aSyn mutant, G51D (Fares et al., 2014; Kiely et al., 2013), also
decreased BDNF expression in OLN-93 stable cell lines, though less profoundly than WT or
AB3E aSyn. Others report a loss of BDNF in OLG cell lines overexpressing human wild
type aSyn, that may cause failure of progenitors, the OPC cells, to differentiate into mature
OLG cells (May et al., 2014). The same report noted that OPC differentiation impairment
occurs in human MSA brain (May et al., 2014). The degree of BDNF downregulation seen
in our studies (moderate vs undetectable) suggest that aSyn overexpression may intensify the
BDNF loss compared to aSyn uptake, however, cumulatively the data suggest that aSyn
effects on BDNF can be appropriately modeled either by aSyn overexpression or aSyn
uptake. Whether particular aSyn species typically have greater effects on BDNF expression
will be important to further evaluate when recombinant A53E or G51D aSyn proteins are
available for use in aSyn OLG uptake models.

As a control we also assessed NGF expression in OLN-93 cells in response to aSyn uptake
and aSyn overexpression. It is important to note that aSyn did not significantly alter the
expression of NGF (Fig. 5), another major neurotrophin in OLG cells. This strongly
suggests that, at least with regard to neurotrophins, there is not a global effect induced by
aSyn accumulation in OPC/OLG cells.

While our aSyn uptake and stable expression models used an OPC/OLG cell line and thus
include potential differences with regard to primary cells, the OLN-93 cell line provides a
model with intrinsic characteristics resembling late pre-oligodendrocytes (immature cells)
even when undifferentiated (De Vries and Boullerne, 2010). Further, the differentiation
necessary for primary OPC cells often requires use of pro-differentiating trophic factors,
including BDNF (Coelho et al., 2007; Xiao et al., 2012), which could have introduced
confounding variables regarding the effects of aSyn accumulation and FTY 720 treatment.
Furthermore, the use of an immortalized OPC/OLG cell line also allowed us to generate and
study stably-transfected cells that represent a more homogenous model than transient
transfections would achieve in primary cell cultures.

Regarding the ability of FTY720 to increase BDNF expression, our findings add another
type of neural cell (OPC/OLG) to the list in which this response is observed (Deogracias et
al., 2012; Efstathopoulos et al., 2015; Heinen et al., 2015; Noda et al., 2013; Vargas-
Medrano et al., 2014). Similarly, FTY720 was even able to stimulate BDNF expression
above baseline noted for control OLGs in the G51D-aSyn mutant OLN-93 cell line, which
was the only aSyn stable cell line that did not undergo massive BDNF downregulation.
Importantly, FTY720-associated increases in BDNF completely counteracted the response to
recombinant human WT aSyn uptake and partially reversed the near complete
downregulation of BDNF in WT-aSyn and A53E-aSyn stably transfected OLN-93 cell lines.
These findings provide vital support for FTY720 repurposing for patients with MSA.
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To evaluate the pharmacological mechanisms by which FTY720 increases BDNF expression
in our cells we assessed independent pharmacological targets of FTY720 that are proposed
to have BDNF-inducing properties, (1) activation of S1IPRs (Deogracias et al., 2012) and (2)
inhibition of HDACs (Hait et al., 2014). This allowed us to show that induction of BDNF
expression in OLN-93 cells in response to FTY720 was not accompanied by sustained
increase in pERK1/2, which is a downstream effector of S1PRs. Furthermore, the early
transient changes in pERK1/2 associated with S1PR-mediated signaling in OLG cells
(Coelho et al., 2007) were not detected in our cells after 5, 15 or 45 min treatment with 160
nM FTY720. These experiments suggest that the observed effect of FTY720 in OLN-93
cells does not primarily involve S1IPR-mediated signaling at the 160 nM concentration
evaluated in our study. On the other hand, 160 nM FTY720 for 12 h significantly increased
AcH3 levels, in a manner commonly associated with HDAC inhibition. Furthermore, the
elevated AcH3 levels were detected specifically at promoter BDNF-P1, suggesting that
changes in histone acetylation are responsible for the observed induction of BDNF
expression by FTY720 in our studies. Moreover, treatment with valproic acid, as a positive
control, confirmed that HDAC inhibition alone, without S1PR activation, was sufficient to
increase BDNF expression in OLN-93 cells. Taken together, our molecular and
pharmacological assessments suggest that FTY720 directly contributes to BDNF induction
in OLN-93 cells by inhibiting HDAC activity.

In summary, our data also suggest that FTY720 has the potential to treat MSA by its ability
to increase BDNF expression as well as by counteracting BDNF downregulation in response
to aSyn accumulation in OPC/OLG cells. Furthermore, research on FTY720 in multiple
sclerosis has identified other key benefits of FTY 720, including a reduction in
neuroinflammation and the promotion of remyelination (Cui et al., 2014; Jung et al., 2007,
Miron et al., 2008, 2010; Noda et al., 2013; Zhang et al., 2015), both of which would also be
beneficial for those with MSA.
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Fig. 1. Uptake of recombinant wild type human aSyn and bSyn by OLN-93 cells.
(A). Immunoblot of OLN-93 cell lysates after 12 h treatment with vehicle (lane 1) or 1 pM

recombinant human wild type aSyn (rh-aSyn, lane 2), and recombinant human aSyn (25 ng)
as positive control (lane 3). A 19 kDa aSyn band is apparent only in OLN-93 cells exposed
to recombinant human aSyn and the positive control, with none noted for vehicle treated
cells. (B). Immunoblot of OLN-93 cell lysates after 12 h treatment with vehicle (lane 1) or 1
UM recombinant human wild type bSyn (rh-bSyn, lane 2), and recombinant human bSyn (25
ng) as positive control (lane 3). A 20 kDa bSyn band is apparent only in OLN-93 cells
exposed to recombinant human bSyn and the positive control, with none noted for vehicle
treated cells. (C). Confocal microscopic images of OLN-93 cells treated with vehicle or 1
UM recombinant human aSyn for 12 h. Cells were stained for aSyn (Syn-1 antibody 1:100
dilution, red signal) and nuclei (DAPI, blue signal) (upper frames) show that aSyn is present
only in OLN-93 cells treated with recombinant human aSyn (rh-aSyn, right frames). Merged
images showing aSyn, DAPI plus B-actin (ActinGreen 488, green signal) (middle frames)
show that aSyn signal is mainly confined to the cytosolic compartment. Enlarged images of
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1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Segura-Ulate et al.

Page 18

nuclear and perinuclear area (lower frames) show co-localization of aSyn and p-actin
(arrowheads pointing to yellow spots) mainly in the perinuclear area. Scale bar = 50 pum.
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Fig. 2. aSyn but not bSyn uptake affects BDNF mRNA in OLN-93 cells treated =+ FTY720.
Analysis of qPCR (n = 3 assays/condition) show that OLN-93 cells exposed to 1 uM

recombinant human wild type aSyn (rh-aSyn) for 12 h had significantly less BDNF
expression (white whisker box). OLN-93 cells exposed to 1 pM recombinant human wild
type bSyn (rh-bSyn) for 12 h had no change in BDNF expression (light gray whisker box).
OLN-93 cells treated with 160 nM FTY720 for 12 h had significantly increased BDNF
expression (dark gray whisker box) and OLN-93 cells double treated with 1 uM recombinant
human aSyn + 160 nM FTY720 for 12 h (black whisker box) returned to normal levels as
noted in vehicle-treated cells. Dashed line represents vehicle-treated baseline values, at 1.0.
Statistical analysis and whisker box plots were generated using REST-2009 suite (as
described in Section 2.8). ***p < 0.001.
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Fig. 3. Expression of aSyn in the OLN-93 stably transfected cell lines.
(A). Immunoblot of lysates of OLN-93 cell lines expressing empty vector, WT-aSyn, G51D-

aSyn, or A53E-aSyn show aSyn only in cells transfected with aSyn-plasmids. (B). Confocal
microscopic images of OLN-93 cell lines expressing empty vector, WT-aSyn, G51D-aSyn,
or A53E-aSyn show aSyn immunoreactivity (Syn-1 antibody 1:100 dilution, red signal) only
in aSyn-transfected cell lines. Stained nuclei are also shown in blue (DAPI). Scale bar = 50
pm.
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Fig. 4. Impact of aSyn and FTY720 on BNDF expression in stably transfected OLN-93 cell lines.
(A). Representative agarose gel of qPCR data showing BDNF cDNA amplicon (142 bp) in

untreated (-) and 12 h FTY720-treated (+) cells. Data are shown as follows: OLN-93 cells
expressing empty vector (lane 1), WT-aSyn (lanes 2 and 3), the G51D-aSyn mutant (lanes 4
and 5) and A53E-aSyn mutant (lanes 6 and 7). BDNF amplicons are absent in WT-aSyn that
were untreated (lane 2) but present in FTY720-treated WT-aSyn cells (lane 3). Likewise,
BDNF amplicons are absent in untreated A53E-aSyn cells (lane 6) but present in FTY720-
treated A53E-aSyn cells (lane 7). BDNF amplicons are present in G51D-aSyn cells at
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baseline (lane 4) and increased after FTY720 treatment (lane 5). Gapdh amplicons (174 bp)
are equivalent for all conditions. (B). Untreated cell BDNF amplicon band intensities from
multiple agarose gels (n = 3) confirm a significant loss of signal in WT-aSyn and A53E-
aSyn OLN-93 cell lines. One-way ANOVA; ***p < 0.001. (C). The gPCR for BDNF in
FTY720-treated cells shows that BDNF expression remained significantly lower in WT-
aSyn cells (white whisker box) and A53E-aSyn cells (black whisker box) compared to
untreated empty vector cells (dashed line at 1.0). BDNF expression in FTY720-treated
G51D-aSyn cells (gray whisker box) is increased above untreated empty vector cells (dashed
line at 1.0). Statistical analysis and whisker box plots were generated using REST-2009 suite
(as described in Section 2.8). ***p < 0.001.
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Fig. 5. Impact of aSyn on NGF expression in stably transfected OLN-93 cell lines.
Analysis of qPCR (n = 3/cell line) for NGF expression in OLN-93 cell lines shows that all

the aSyn expressing cell lines (whisker boxes) have similar levels of NGF expression
compared to empty vector transfected cells (dashed line at 1.0). Statistical analysis and
whisker box plots were generated using REST-2009 suite (as described in Section 2.8).
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Fig. 6. Impact of FTY720, valproic acid and aSyn uptake on AcH3 levels in OLN-93 cells.
(A). Representative immunoblot showing levels of AcH3 and total histone H3 in lysates

from OLN-93 cells treated with vehicle, FTY720 (160 nM), or valproic acid (VPA, 75 uM or
150 uM) 12 h treatments. (B). Histogram of AcH3 levels (n = 3/condition) in OLN-93 cells
treated with vehicle, FTY720 160 nM, VPA 75 uM or VPA 150 puM for 12 h. One-way
ANOVA,; *p < 0.05, **p < 0.01 and ***p < 0.001 (C). Representative immunoblot showing
levels of AcH3 and aSyn in lysates from OLN-93 cells treated with vehicle or 1 uM
recombinant human aSyn (rh-aSyn) for 12 h (D). Histogram of AcH3 levels (n = 3/
condition) in OLN-93 cells treated with vehicle or 1 uM recombinant human aSyn for 12 h

show no difference between treatments. Student’s #test.
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Fig. 7. FTY720 specifically increases BDNF promoter 1 histone 3 acetylation (AcH3) in OLN-93
cells relative to controls.

ChIP-gPCR analysis (n = 3/condition) normalized as percentage of input, shows that 12 h
160 nM FTY720 significantly increases AcH3 levels at BDNF promoter 1 (BDNF-P1), but
not BDNF promoter 4 (BDNF-P4), which shows a trend toward an increase as compared to
vehicle treated cells. FTY720 does not change AcH3 levels at the Gapdh promoter. Control
ChIP-gPCR assays using normal rabbit 1gG (IgG) antibody shows only extremely low
nonspecific binding for all conditions. Student’s #test; *p < 0.05.
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