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ABSTRACT: α-Synuclein is a chaperone-like protein impli-
cated in Parkinson’s disease (PD). Among α-synuclein’s
normal functions is an ability to bind to and stimulate the
activity of the protein phosphatase 2A (PP2A) catalytic
subunit in vitro and in vivo. PP2A activity is impaired in PD
and in dementia with Lewy Bodies in brain regions harboring
α-synuclein aggregates. Using PP2A as the readout, we
measured PP2A activity in response to α-synuclein, ceramides,
and FTY720, and then on the basis of those results, we created
new FTY720 compounds. We then measured the effects of
those compounds in dopaminergic cells. In addition to stimulating PP2A, all three compounds stimulated the expression of brain
derived neurotrophic factor and protected MN9D cells against tumor-necrosis-factor-α-associated cell death. FTY720-C2 appears
to be more potent while FTY720-Mitoxy targets mitochondria. Importantly, FTY720 is already FDA approved for treating
multiple sclerosis and is used clinically worldwide. Our findings suggest that FTY720 and our new FTY720-based compounds
have considerable potential for treating synucleinopathies such as PD.
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Protein phosphatase 2A (PP2A) is a ubiquitous hetero-
trimeric dephosphorylating enzyme consisting of a

structural A subunit, a catalytic C subunit, and regulatory B
subunits.1 The A and C subunits form a core PP2A enzyme
dimer that binds to different regulatory B subunits to affect
PP2A localization.2 PP2A is an important modulator of normal
neuronal function,3 and the enzyme is found localized to
mitochondria.4 We discovered that the catalytic subunit of
PP2A interacts with the small chaperone-like protein α-
synuclein (α-Syn), in dopaminergic neuronal cells and brain,
in a manner to stimulate PP2A activity.5,6 We were also the first
to show that α-Syn localizes to mitochondria.7 α-Syn has a
tendency to aggregate in neurons to form the pathognomonic
lesions named Lewy bodies and Lewy neurites in diseases
collectively referred to as synucleinopathies. These include
Parkinson’s disease (PD), dementia with Lewy Bodies (DLB),
multiple system atrophy (MSA), and Alzheimer’s disease.8

PP2A activity is impaired in post-mortem brains from PD,
DLB,9 and Alzheimer’s disease.10 In PD, aggregation of α-Syn
contributes not only to dysregulation of PP2A9 but also to
impaired mitochondrial function and oxidative stress, partic-
ularly in dopaminergic neurons of the midbrain substantia nigra
pars compacta.11 This raises the possibility that therapies aimed

at enhancing PP2A activity and mitochondrial function may be
advantageous for treating PD.
We12 and others13 have thus been exploring PP2A as a novel

therapeutic target for PD. To this end, we began searching the
literature for PP2A-stimulatory compounds and identified
FTY720,14 also called fingolimod, a synthetic sphingosine
analogue that has been FDA approved as Gilenya, for treating
relapsing-remitting multiple sclerosis (MS). FTY720 is given
orally and readily crosses the blood−brain barrier15 and data
suggest that the drug significantly improves the health of MS
patients.16 FTY720 mode of action includes an ability to block
the exit of lymphocytes from the lymph nodes, thereby
preventing their entry into blood and/or the central nervous
system. FTY720 can also be phosphorylated by sphingosine
kinase 2 (SPHK2), after which FTY720-P can bind to
sphingosine 1 phosphate receptors (S1PRs), which are widely
expressed on brain neurons, oligodendrocytes, astrocytes, and
microglia. Important new findings demonstrate that phosphory-
lated and unphosphorylated forms of FTY720 both confer
significant neuroprotection in vitro and in vivo.17
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Sphingosine-1-phosphate (S1P) and ceramides are bio-
logically active signaling molecules that contribute to cell fate
decisions. In contrast to ceramides, which tend to promote cell
death, S1P typically enhances cell survival.18 Both sphingosine
and FTY720 can be efficiently phosphorylated by SPHK2,
allowing them to bind to and activate S1P receptors at the cell
surface, although receptor-independent functions have also
been reported.19 Importantly, FTY720 is neuroprotective in
numerous animal models17,20,21 and has been shown to
stimulate the expression of brain derived neurotrophic factor
(BDNF),22 which has significant neuroprotective effects on
dopaminergic neurons. Together these findings raise the
possibility that FTY720 could be a novel therapy for treating
synucleinopathies such as PD, perhaps by both neuroprotective
and PP2A modulatory effects.
We previously demonstrated that α-Syn stimulates PP2A

activity in dopaminergic MN9D cells and PC12 cells as well as
in the brains of α-Syn transgenic mice.23 Using recombinant
proteins and cell-free assays we herein measured the dose-
dependent stimulation of PP2A catalytic subunit by recombi-
nant wild type α-Syn (detailed methods in the Supporting
Information). PP2A activity increased in response to α-Syn,
with the most potent effect noted for 5.0 μM (Figure 1).

Ceramide is the basic structural unit of all sphingolipids, and
both ceramides and sphingolipids play key roles in brain
development as well as in neurodegeneration.24 Ceramides are
known to stimulate PP2A activity,1,25 so we next assessed PP2A
activation in response to different length ceramides to compare
their effects to α-Syn. Using 5.0 μM concentrations of ceramide
C2, C6, and C10, we saw similar PP2A stimulation in response
to C2 and C6, while C10 had little if any effect (Figure 2a). We
then assessed a dose response of C2-ceramide on PP2A
activation and found similar stimulation of PP2A catalytic
subunit in response to 2.5−10 μM concentrations (Figure 2b).

As mentioned above, though stimulatory of PP2A activity,
ceramides tend to induce neuronal cell death.18,26 In contrast,
both S1P and FTY720 tend to be neuroprotective, especially at
low doses.27 Others have demonstrated that cellular PP2A
activation occurs in response to the parent compound
FTY720.28 To assess this in our model systems, we first
measured FTY720 effects on PP2A in cell-free assays and then
in cultured cells. We found that 5.0 μM FTY720 significantly
stimulated the activity of recombinant PP2A catalytic subunit
(Figure 3a). Using PC12 cells, we noted that cellular PP2A was

significantly more active 30−120 min after 5.0 μM FTY720
treatment as compared to baseline PP2A activity in vehicle
treated cells (Figure 3b), verifying PP2A activation by FTY720
in dopaminergic cells.28

Having determined that PP2A activity was stimulated by
FTY720 and, further, that C2 ceramide significantly stimulated
PP2A within the range observed for α-Syn (Figure 1), we then
elected to modify FTY720 by adding a C2 moiety, not a C2-
ceramide, to create the novel compound FTY720-C2, as a
potentially more efficacious compound to counteract the
abnormalities induced by synucleinopathy in neurodegenerative
diseases9 (Scheme 1).

As previously noted, mitochondria are organelles that
become severely compromised in PD, and furthermore, PP2A
is often found localized to the outer membrane of these
organelles.4,29 With a goal of targeting FTY720 to mitochondria
we generated beta-triphenylphosphoniumpropanamide-
FTY720, which we call FTY720-Mitoxy (Scheme 2).
Triphenylphosphonium salts are lipophilic cations that are
capable of conveying molecular cargo to mitochondria.30 This
localization is thought to occur by the positive charge of a
tetravalent phosphonium distributed over the large surface area,

Figure 1. α-Syn stimulates PP2A activity in cell-free assays. Data
represent the mean ± SEM of 4−7 experiments performed in
duplicate. ns, not significant; * p < 0.05; *** p < 0.001 (ANOVA).

Figure 2. (a) PP2A activity in cell-free assays in response to 5.0 μM
C2-, C6-, and C10-ceramides. (b) Dose effect of C2-ceramide on
PP2A. Data represent mean ± SEM of 4 independent experiments. ns,
not significant; ** p < 0.01; *** p < 0.001 (ANOVA).

Figure 3. Evaluation of PP2A activity in response to 5.0 μM FTY720
in (a) cell-free assays and (b) PC12 cells. Data represent the mean ±
SEM of 3−6 independent experiments performed in duplicate. * p <
0.05; ** p < 0.01 (t test, a; ANOVA, b).

Scheme 1. Generation of FTY720-C2a

aReagents and conditions: (a) CHCl3, NaHCO3 (aq.), 0 °C−rt, 14 h,
88%.
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provided by the three phenyl groups, which results in a
lipophilic species that is able to pass through the cell membrane
lipid bilayer followed by an accumulation at the mitochondrion
due to the high inner membrane potential of that organelle.
Using the new compounds, we next compared the effects of

FTY720, C2-ceramide, FTY720-C2, and FTY720-Mitoxy on
recombinant PP2A catalytic subunit in cell-free assays. All
compounds significantly stimulated recombinant PP2A activity,
with ∼8-fold stimulation by C2-ceramide and by the C2
modified FTY720-C2, and ∼4-fold stimulation of PP2A by
FTY720 parent compound and mitochondrial localizing
FTY720-Mitoxy (Figure 4a). This range of PP2A activation

was similar to α-Syn (Figure 1), an endogenous stimulator of
PP2A activity in neuronal cells.5,6,9,11 We next confirmed PP2A
activation by FTY720, FTY720-C2, and FTY720-Mitoxy in the
dopaminergic neuronal cell line, MN9D (Figure 4b).
To assess potential neuroprotective effects in the MN9D

cells, we measured the metabolic activity of cells treated 72 h
with 0.01−5.0 μM of all FTY720-based compounds. In these
longer term cultures by 3 days, cell death was noted in response
to >1.5 μM concentrations of all three compounds (not
shown), while doses in the range of 0.04−0.16 μM enhanced
metabolism (Figure 5a), but cell division was not affected (cell
number % control; vehicle 100 ± 4.15; FTY720 98 ± 3.69;
FTY720-C2 91.44 ± 2.05; FTY720-Mitoxy 101.37 ± 3.28; p =
0.25, ANOVA).
Because FTY720 can stimulate BDNF expression in neuronal

cells by 24 h,22 we measured BDNF mRNA levels at baseline
(vehicle) and in response to 24 h treatment with 0.16 μM

FTY720, FTY720-C2, or FTY720-Mitoxy (Figure 5b). BDNF
mRNA levels were significantly increased by all three FTY720
compounds in MN9D cells. Nevertheless, the data suggested
that the FTY720-based compounds have neuroprotective
properties. The substantia nigra of PD patients has high levels
of tumor necrosis factor alpha (TNF-α), a pro-inflammatory
cytokine that induces apoptosis in differentiated MN9D
dopaminergic cells.31 We differentiated MN9D cells for 72 h
during which we treated with 0.16 μM FTY720, FTY720-C2, or
FTY720-Mitoxy ± 1 ng of TNF-α. Cell counts, using
established methods,32 verified that all FTY720 compounds
significantly blocked toxicity associated with 8 h TNF-α
treatment of dopaminergic neuronal cells (Figure 5c,d).
Cumulatively, these findings support further preclinical

assessment of all three FTY720 compounds for their potential
utility as therapeutics for PD and related neurodegenerative
disorders with synucleinopathy.
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Scheme 2. Generation of FTY720-Mitoxya

aReagents and conditions: (a) triphenylphosphonium hydrobromide,
CH2Cl2, 0 °C−rt, 3 h, 100%; (b) Et3N, CH2Cl2, 0 °C−rt, 23 h, 82%.

Figure 4. Activation of PP2A in (a) cell free assays using 5.0 μM
FTY720, C2-ceramide, FTY720-C2, or FTY720-Mitoxy; and (b)
MN9D cells by 5.0 μM FTY720, FTY720-C2, or FTY720-Mitoxy.
Data represent the mean ± SEM of 3−4 independent experiments. * p
< 0.05; ** p < 0.01; *** p < 0.001 (ANOVA).

Figure 5. Differentiated MN9D cell response to FTY720, FTY720-C2,
and FTY720-Mitoxy as measured by (a) MTS reactivity, (b)
quantitative RT-PCR for BDNF mRNA, 2−(ΔΔCt), and (c,d) counts
of viable cell after treatment with FTY720-based compounds ± TNF-α
and assessed by (c) DAPI and (d) Trypan blue staining. Data are from
3−4 independent experiments; mean ± SEM; ns, not significant; * p <
0.05; ** p < 0.01; *** p < 0.001 (ANOVA).
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