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Abstract

In searching for Parkinson’s disease (PD) pharmacotherapies we began studying FTY720, a food
and drug administration (FDA) approved drug. We also created derivatives, FTY720-C2 and
FTY720-Mitoxy, and began assessing them. Here we treated dopaminergic MN9D cells with
FTY720s then measured microRNA (miRNA) levels by PCR arrays. We discovered that all three
FTY720s increased miR376b-3p, while FTY720-C2 also increased miR-128-3p, miR-146b-5p,
miR-7a-5p, and miR-9-5p, and FTY720-Mitoxy also increased miR-30d-5p. Investigations
revealed that some miRNAs downregulate alpha-synuclein, while others reduce apoptosis,
suggesting that FTY720s may act to reduce synucleinopathy and dopaminergic neuron loss in PD
and related disorders.
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Parkinson’s disease (PD) is a neurodegenerative disorder with neither a cure nor an approved
treatment that will slow or stop disease progression. PD motor symptoms arise after
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extensive loss of substantia nigra pars compacta dopaminergic neurons. In searching for
novel PD therapeutics, our laboratory identified FTY720 (Gilenya, Fingolimod), an FDA-
approved multiple sclerosis drug with neuroprotective effects [1]. We also synthesized
FTY720-derivatives, FTY720-C2 and FTY720-Mitoxy, and have shown that all three
FTY720s: protect MN9D dopaminergic cells from TNF-a-mediated apoptosis, increase
cellular metabolism, and increase neuroprotective brain derived neurotrophic factor (BDNF)
at both the mRNA and protein level [2]. In preclinical mouse models, FTY720 reduces
enteric nervous system Lewy-body-like aSyn aggregation, improves behavior, and
diminishes dopaminergic neurotoxicity [1,3,4]. Importantly, all three FTY720s target the
brain. We have also shown that FTY720-C2 and FTY720-Mitoxy are not phosphorylated
and thus will not cause immunosuppression [5,6]. In addition, BDNF protein levels are
increased in A53T mutant transgenic mice treated with FTY720, which is associated with a
decrease in miR206-3p expression [1], a micro RNA (miRNA) that downregulates BDNF
levels [1].

Endogenous miRNAs are 17-24 base-pair (bp) single-stranded non-coding RNAs.
Regulation of gene expression by miRNAs has been reviewed [7] and shows that miRNAs
are transcribed from the genome as primary miRNA (pri-miRNA), which has a hairpin
structure where a mature miRNA is implanted. In the nucleus, pri-miRNA is cleaved by
Drosha, an RNase 11 that generates precursor miRNA (pre-miRNA). Pre-miRNA is then
exported to the cytosol where it is cleaved by Dicer, another RNase I11 that releases a ~22
base pair miRNA duplex, after which one of the duplex strands is the mature miRNA.
Mature miRNA is then assembled into the miRNA Induced Silencing Complex (RISC) to
target a complementary mRNA. Since miRNAs target mMRNA transcripts to stimulate mRNA
degradation or to repress translation of MRNA into protein, it can be said that an inverse
relationship exists between mature miRNAs and the protein product of targeted mRNAs. In
this study, we measured the effects of FTY720s on mature neuronal miRNA expression as
detailed below.

MNO9D dopaminergic cells of low-passage, were grown on TPP® plates (LPS, Inc.,
Rochester, NY, USA) in Dulbecco’s modified Eagle’s medium (DMEM; D5648; Sigma-
Aldrich Co, St Louis, MO, USA) supplemented with 10% fetal bovine serum (HyClone,
Logan, UT, USA) at 37 °C in 5% CO,. As determined in previous time-dependent and dose-
dependent-response studies [2], we used the optimal low dose to treat MN9D cells, 160 nM
FTY720, FTY720-C2, FTY720-Mitoxy or vehicle (ethanol) alone for 24 h. Our prior studies
also confirmed that FTY720s used at this dose do not stimulate cell proliferation but do
enhance metabolism [2]. Afterward, cells were harvested for miRNA extraction using the
miRNeasy kit (Qiagen, Cat# 217004, Germantown, MD, USA) as per the manufacturer with
the added on-column treatment of an RNase-free DNase kit (Qiagen, Cat# 79254). RNA
concentration and quality were confirmed using Nanodrop 2000 (Thermo Scientific,
Waltham, MA, USA) and a bleach gel [8], respectively. Once we confirmed RNA quality,
reverse transcription was performed using miScript Il RT kit (Qiagen, Cat# 218160) and the
cDNA product was then used as the starting material for quantitative PCR (qPCR) using the
commercially available miRNA PCR Array plate (Qiagen, Cat# MIMM-107Z) and the
miScript SYBR Green PCR kit (Qiagen, Cat# 218075). The array plates were run using the
Mastercycler Eppendorf Gradient S thermocycler (Eppendorf, Hauppauge, New York,
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USA). Data were analyzed with Qiagen web-based tools [9], using the following PCR
controls SNORD68, SNORD72, SNORD95, SNORD96A, and RUN6-6P for normalization.
An analysis of putative mRNA targets for miRNAs whose expression was significantly
increased by FTY720s was made using online miRDB [10] and TargetScan [11] databases.

We analyzed the expression levels of 84 neuronal miRNAs in MN9D neuronal cells in
response to FTY720s using gPCR. Data from three independent experiments confirmed that
miR376b-3p levels were increased after treating cells with FTY720, FTY720-C2, or
FTY720-Mitoxy for 24 h (Fig. 1). The fold changes in miR376b-3p were increased by 52,
42, and 53% above the vehicle group respectively. Regarding FTY720-C2, this FTY720-
derivative significantly increased the levels of miR-128-3p, miR-146b-5p, miR-7a-5p, and
miR-9-5p by 27, 33, 38, and 51% above vehicle respectively (Table 1). Furthermore,
FTY720-Mitoxy also significantly increased miR-30d-5p by 14% (Table 1).

In many diseases including PD, mitochondrial dysfunction plays a role in
neurodegeneration. Identifying treatments that can improve mitochondrial function may thus
identify beneficial new therapeutics. As mentioned above, miR-376b-3p was up-regulated by
all three FTY720s and it is known that miR-376b-3p targets a protein called mitochondrial
fission factor (MFF) in a manner to suppress its ability to induce mitochondria fission [12].
In response to stress, MFF recruits dynamin-related protein 1 (Drpl) then promotes
excessive mitochondrial fission, which can induce apoptosis. Inhibition of Drpl has been
shown to be protective of dopaminergic neurons [13]. Our results suggest that all three
FTY720s have the ability to suppress MFF/Drpl-dependent mitochondrial fission and
should thus help protect cells from apoptotic death.

It was exciting to see that FTY720-C2 significantly increased the levels of four additional
miRNAs, miR-128-3p, miR-146b-5p, miR-7a-5p, and miR-9-5p (Table 1). Recently, it was
demonstrated that miR-128, acting through the neurotrophic receptor tyrosine kinase 3
(NTRK3), upregulates the protein B-cell lymphoma 2 (Bcl-2), an anti-apoptotic protein that
reduces cell death [14]. Regarding miR-146b-5p, it directly attenuates interleukin (IL)-1b-
induced IL-5 release in human astrocytes, an important mechanism in inflammation that can
lead to apoptosis [15], suggesting that miR-146b-5p may help reduce neuroinflammation
and neuronal cell death. Among the most important findings for FTY720-C2 with regard to
PD is the significant increase in miR-7a-5p, which targets the PD-associated SNCA gene.
Though mice express miR-7a and 7b, humans express only miR-7, and all three miR-7s
target the same 8-mer sequence of SNCA. Binding of miR-7 to SNCA is neuroprotective as
it serves to reduce alpha-synuclein (aSyn) protein levels, which then reduces the risk of aSyn
PD pathology (synucleinopathy) [16]. Using /n silico analyses we found that miR-7a-5p
targets caspase 9, a pro-apoptotic protein, further suggesting that miR-7a-5p is an anti-
apoptotic miRNA. Regarding the miR-9 family, it has received considerable attention based
on its role in the regulation of neurogenesis [17]. Although the miR-9-5p literature remains
somewhat limited, its demonstrated role in neurogenesis is promising. Finally, we
discovered that FTY720-Mitoxy significantly increased miR-30d-5p, which prevents
cerebral injury by inhibiting autophagy-mediated microglial effects that modulate the
inflammatory response [18]. Our study thus shows important discoveries regarding
protective miRNA increases that may help preserve dopaminergic function while reducing
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aSyn pathology in response to FTY720s, which may provide beneficial therapeutics for PD
and related disorders. In future cell and mouse studies, we plan to assess if the identified
miRNAs indeed regulate the proposed targets in a manner to enhance neuronal viability
related to PD.
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Fig. 1.

Ef%ect of FTY720s on miR-376b-3p levels. Levels of miR-376b-3p are elevated in MN9D
cells treated 24 h at 160 nM of all three FTY720s: FTY720, FTY720-C2, and FTY720-
Mitoxy as compared to vehicle treated control cells. Data represent the mean fold change of
3 independent experiments + 95% confidence intervals. Student’s t-tests, *p < 0.05.
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