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Abstract

Disease-modifying strategies for Parkinson disease (PD), the most common synucleinopathy, represent a critical unmet
medical need. Accumulation of the neuronal protein alpha-synuclein (aS) and abnormal lipid metabolism have each been
implicated in PD pathogenesis. Here, we elucidate how retinoid-X-receptor (RXR) nuclear receptor signaling impacts these
two aspects of PD pathogenesis. We find that activated RXR differentially regulates fatty acid desaturases, significantly
reducing the transcript levels of the largely brain-specific desaturase SCDS5 in human cultured neural cells and PD patient-
derived neurons. This was associated with reduced perilipin-2 protein levels in patient neurons, reversal of aS-induced
increases in lipid droplet (LD) size, and a reduction of triglyceride levels in human cultured cells. With regard to aS
proteostasis, our study reveals that RXR agonism stimulates lysosomal clearance of aS. Our data support the involvement
of Polo-like kinase 2 activity and aS S129 phosphorylation in mediating this benefit. The lowering of cellular aS levels was
associated with reduced cytotoxicity. Compared to RXR activation, the RXR antagonist HX531 had the opposite effects
on LD size, SCD, aS turnover, and cytotoxicity, all supporting pathway specificity. Together, our findings show that RXR-
activating ligands can modulate fatty acid metabolism and aS turnover to confer benefit in cellular models of PD, including
patient neurons. We offer a new paradigm to investigate nuclear receptor ligands as a promising strategy for PD and related
synucleinopathies.
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MUFA  Monounsaturated fatty acid
NR Nuclear receptor

PBS Phosphate-buffered saline
PD Parkinson’s disease

PDD Parkinson's disease dementia
PFA Paraformaldehyde

Plk2 Polo-like kinase 2

pS129 Phospho-S129 aS

PUFA Polyunsaturated fatty acid
PVDF Polyvinylidene fluoride
gPCR Quantitative polymerase chain reaction
RXR Retinoid X receptor

SCD Stearoyl-CoA desaturase
SNCA Alpha-synuclein

TBS Tris-buffered saline

TG Triglycerides

UPS Ubiquitin proteasome system
WB Western blot
Introduction

The accumulation of proteinaceous inclusions in the brain
is a common feature among neurodegenerative diseases.
Alpha-synuclein (aS)-rich inclusions in neuronal somata
(Lewy body, LB) and neurites (Lewy neurite, LN) are the
defining neuropathological hallmarks of neurodegenerative
diseases [1] collectively called synucleinopathies. These
diseases include Parkinson’s disease (PD), PD dementia
(PDD), and dementia with Lewy bodies (DLB). Of the
synucleinopathies, PD is the most prevalent, affecting nearly
10 million people worldwide [2]. PD is characterized by
bradykinesia, rigidity, postural instability, and tremor as
well as non-motor symptoms, all of which worsen over
time [3]. Current treatments for PD are aimed at symptom
management. No approved therapies exist to cure, slow, or
halt this debilitating disease. Therapeutic strategies thus
represent a critical unmet medical need.

The disease-associated protein oS, encoded by the SNCA
gene, is a conserved, 14 kilo-Dalton synaptic protein linked
to both familial (fPD) and sporadic PD. While the underlying
causes of sporadic PD remain largely unknown, the SNCA
gene locus has shown the strongest signal in genome-wide
association studies (GWAS) [4] and has also been found as
a modifier of age at onset of sporadic PD [5, 6]. Moreover,
SNCA was the first mutant gene (A53T) identified to cause
autosomal dominant PD [7] and, since then, several other
missense mutations—A30P [8], E46K [9], H50Q [10],
G51D [11, 12], AS3E [13], A53V [14], and A30G [15]—
have each been identified as causative of fPD. Importantly,
genomic duplication and triplication of the SNCA locus lead
to life-long increase in wild-type (WT) oS levels, causing
aggressive, early-onset forms of fPD [16-20]. Indeed, age
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at motor symptom onset and rate of motor progression to
death correlate with the level of SNCA expression [5]. In
accord, some early-onset sporadic PD patients have been
identified to have increased oS burden despite absence of
known PD-associated monogenic mutations or extra copies
of SNCA [21].

While the abundant neuronal protein oS has thus
been firmly linked to neuronal loss in the brains of PD
patients, its exact role in PD pathogenesis remains poorly
understood. Diverse mechanisms including proteotoxicity,
disturbed vesicle trafficking, mitochondrial dysfunction,
and dysregulated protein clearance have all been suggested
[22, 23]. Emerging evidence implicates perturbed lipid
balance and metabolism as important factors in the disease
[24-26]. Accordingly, in addition to their aS accumulation,
LBs have been reported to be enriched in lipids and
membranous organelles [27-30]. aS itself has physiologic
and pathogenic interactions with membrane phospholipids
[31-34] and with fatty acids (FAs) [35, 36], and it can alter
lipid homeostasis [37]. Overexpression of aS promotes lipid
droplet (LD) formation [38—40], and changes in LD content
and distribution have been associated with aS toxicity,
neurodegeneration, and altered membrane trafficking
[24-26], indicating an intimate connection between oS
expression and FA homeostasis. Supporting this notion, LD
accumulation has been identified by histology of neurons
in PD patient brains [41]. Collectively, these observations
suggest that modulating PD-relevant lipid phenotypes
could serve as a useful strategy for aS-directed therapeutic
intervention.

Nuclear Receptors (NRs) are transcription factors that
have the ability to perceive extracellular cues as well as
altered intracellular environments to initiate downstream
homeostatic responses. Indeed, activated NRs can modulate
a diverse array of pathways affecting cell proliferation,
development, mitochondrial function, and FA metabolism
through targeted genes [42—44]. Given their important role
in physiology and their ability to respond to small lipophilic
ligands, NRs have emerged as valuable therapeutic targets
and generated interest in neurodegenerative diseases in the
past decade [43, 45]. To function, non-steroidal ligand-
activated NRs require retinoid-X-receptor (RXR) as a
heterodimerization partner [42, 44, 46, 47]. Indeed, small-
molecule drugs have been explored as activators of RXR
signaling and were shown to impart neuroprotective effects
associated with improved memory and cognition in models
of certain neurologic diseases including Alzheimer’s and
Huntington’s disease [48-52]. In toxin-based cellular
and murine models of PD, RXR ligands have provided
promising results in neuroprotection [53-55]. Despite these
observations, the impact of activating RXR on aS-based
models of PD, and any direct or indirect effect on aS, have
largely remained unexplored.
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Here, we systematically examined both RXR agonism
and antagonism using pharmacological modulators to
explore how RXR signaling influences PD-relevant
phenotypes in cellular models. In particular, we focused
on FA metabolism and oS proteostasis, both strongly
implicated in PD pathobiology. Our results show that
pharmacological activation of RXR using multiple small-
molecule agonists (LG1069/bexarotene, LG754 and
HX630) ameliorates cytotoxicity in M17D human neural
cells expressing aS. Mechanistically, our data indicate
that RXR agonism differentially regulates FA desaturases,
namely stearoyl-CoA desaturase (SCD1 vs. SCDS5) and
delta6-desaturase (FADS2). In both aS-expressing human
MI17D cells and aS triplication PD patient-derived neurons,
SCDS transcript levels were significantly reduced upon
RXR agonism. Further, we found that pharmacological
activators of RXR limit aS-induced increases in LD size,
reduce levels of the LD-associated protein perilipin-2,
and mediate reduction of triglycerides in aS-expressing
human M17D cells. We discovered that RXR activation
triggers clearance of aS via lysosomal pathways. Our data
suggest the involvement of Polo-like kinase (P1k2) activity
vis-a-vis aS serine-129 phosphorylation in mediating this
clearance. The effects of RXR activation on LD size, SCD,
aS turnover, and cytotoxicity were reversed by the RXR
antagonist HX531, showing pathway specificity. These
multifaceted results indicate that RXR-activating ligands
can ameliorate PD-relevant phenotypes in cellular models
of synucleinopathy and offer a new direction to explore NR
ligands as potential therapeutics for PD and DLB.

Materials and methods

Antibodies. Human oS (mouse, Thermo Fisher 4B12; rat,
Enzo Life Sciences 15G7), human pS129 oS (rabbit, Cell
Signaling Technology DIR1R; rabbit Abcam MJFR13),
GAPDH (mouse, Abcam 6C5), LC3B (rabbit, Cell Signaling
Technology #2775), p62 (Cell Signaling Technology
#5114), p3-tubulin (Abcam #18,207), LAMP1 (Abcam
#25,245), SCD1 (Abcam #236,868) and 4-hydorxynonenal
(Millipore Sigma #5605). The two bands immunoreactive to
SCD1 antibody are specific for SCD1 and absent in knock-
out cell lysates as per manufacturer (Abcam). Secondary
antibodies were anti-rabbit Fluorescent LiCor IRDye
800CW, anti-mouse Fluorescent LiCor IRDye 680RD, anti-
rat Fluorescent LiCor IRDye 680RD.

Cell Lines, cell culture, transfections. Tet-on M17D-TR/
aS::YFP [56] and M17D/aS stably transduced cells [57]
have been described before and were cultured at 37 °C
in a 5% CO, atmosphere in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% FBS and 2 mM
Glutamine supplement (Gibco). Lipofectamine 2000

(Invitrogen) was used for transient transfection according
to the manufacturer’s instructions.

iPSC neuron culture. The SNCA triplication iPSC
line was obtained from The European Bank for induced
pluripotent Stem Cells (EBiSC) (#EDi0001-A) along with
the isogenic CRISPR-corrected control line (#EDi0001-A4),
in which the start codon of two copies of the SNCA gene
had been disrupted by CRISPR/Cas [18, 58]. Each line
was transduced with TetO-Ngn2-Puro to establish “NR”
(neurogenin-2 4+ rtTA) iPSCs. Neurogenin-2-mediated
differentiation was achieved with minor modification to
previous protocols [59, 60]. All neurons were grown on
Matrigel (Corning Life Sciences) coated plates and used
for experiments between DIV17-21. Medium was replaced
completely on DIVS (Neurobasal medium supplemented
with B-27, BDNF/GDNF/CNTF/Dox/Puromycin), and 50%
on DIV8 (same media as DIV5), DIV12 (same media as
DIVS5 except no Dox and Puromycin) and DIV16 (same as
DIV12). Drugs/vehicle were added for 72 h.

Immunoblotting. M17D cells: Cells were lysed in
1X LDS buffer (NuPAGE, Thermo Fisher Scientific).
Triplication neurons: a modified RIPA buffer (RIPA+ 1%
Triton X-100) supplemented with protease and phosphatase
inhibitors Halt Protease inhibitor cocktail, Thermo Fisher
Scientific) was used. LDS sample buffer was added to 1X
final concentration. All samples were boiled for 10 min
at 98 °C and run on NuPAGE 4-12% Bis-Tris gels
(Invitrogen). Transfers onto either nitrocellulose or PVDF
membranes were performed using program PO on an iBlot
2 (Invitrogen). For experiments involving aS detection,
membranes were first fixed for 10 min in 4% PFA (in PBS).
Membranes were washed 2x with DI water for 5 min and
blocked using PBS Intercept Blocking buffer (LI-COR) for
45 min at room temperature. Membranes were incubated
in primary antibody in Blocking buffer overnight at 4 °C.
For experiments involving measurement of pS129, blocking
was done in TBS Intercept Blocking Buffer (LI-COR), and
primary antibodies diluted in TBS Blocking Buffer. For LC3,
p62, nitrocellulose membranes were used, and blocking and
primary antibody incubation done in 3% BSA/PBS solution.
All membranes were washed 3x in PBS or TBS with 0.1%
Tween-20 and incubated in appropriate secondary antibodies
(LI-COR). Membranes were imaged on an Odyssey CLx
scanner (LI-COR).

Lactate dehydrogenase (LDH) release assay. 4000 cells/
well were plated in a 96-well plate (Corning) and allowed
to adhere for 24 h. They were treated for 2 h with vehicle
(DMSO) or drugs at concentrations indicated in figure
legends before aS::YFP expression was induced with Dox
addition. 72 h post-induction, 80 uL. medium were collected
and used in an LDH release assay (CytoTox 96® Non-
Radioactive Cytotoxicity Assay, Promega) following the
manufacturer’s instructions. aS triplication neurons were
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treated with vehicle (DMSO) or drugs on DIV17 for 72 h.
100 pl medium were collected for LDH release assay.

Live-cell imaging and quantification. Live cell imaging
was performed on an Incucyte Zoom machine (Essen
Biosciences). Lipid droplet dye: Same experimental
set-up as LDH assay except at 72 h, Lipidspot®!® dye
(Biotium) was added and cells incubated with dye for 2 h.
Fluorescence signals were determined to estimate LD size,
number and total integrated intensity quantified using
Incucyte software with the following processing definition:
Adaptive background subtraction, threshold (GCU) 1.2;
edge split on, sensitivity 73; cleanup: hole fill 5 pm?; filters:
eccentricity min 0.2, mean intensity min 2. Lysotracker
Red: Same experimental set-up as LDH assay except at
72 h, Lysotracker™ Deep red (Thermo Fisher Scientific)
was added. Cells were incubated for 1 h and Lysotracker
fluorescence was quantified using the Incucyte software with
the following processing definition: Top hat background
subtraction, radius 10 pum, threshold (GCU) 0.2; edge split
on, sensitivity -8; filters: eccentricity min 140.

Immunofluorescence. aS triplication neurons were
seeded at 7000 cells/well of a Matrigel-coated 96-well
plate. Vehicle or drug treatment was performed as described
under iPSC neuron culture. Cells were fixed with 4%
paraformaldehyde in 20% sucrose, permeabilized and
blocked in TBS containing 0.1% Triton and 5% goat serum.
Samples were incubated with primary antibodies (LAMP1,
B3-tubulin) in the same solution overnight at 4 °C, washed
with TBS, followed by incubation with appropriate Alexa
Fluor secondary antibodies. After a second round of washes,
Hoechst dye (Thermo Fisher Scientific) was added for 5 min
at room temperature and cells were washed again to remove
excess dye. Images were acquired using InCell Analyzer (GE
Healthcare) at 40X. Nuclei were defined and LAMP1 signal
intensity computed using ImageJ. 40 neurons were analyzed
for DMSO and drug treatment, analyst was blinded to the
image category. DAPI positive neurons were segmented
using “Triangle” threshold algorithms, ImageJ. The LAMP1
signal intensity was measured via DAPI ROIs (Regions of
Interest).

Lysosome inhibition. Identical experimental set-up as
LDH assay, except at 96 h cells were treated with LG1069
and either 3-MA (10 mM) or Ammonium Chloride (AmClI,
30 mM) for 4-6 h, followed by cell lysis and subsequent
immunoblotting.

Triglyceride extraction. Triglyceride extraction and
quantification from cell lysates was carried out with
the Triglyceride Assay Kit (Abcam, #65,336) as per
manufacturer’s instructions. Colorimetric measurements
were done on a SpectraMax Plus 384 Microplate Reader
(Molecular Devices LLC).

RNA extraction, reverse transcription, and q-PCR.
aS::YFP: 300,000 cells/well of a 6-well plate (Corning)
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were plated and allowed to adhere for 24 h. aS::YFP
expression was induced for 72 h, followed by treatment for
48 h with vehicle (DMSO) or 2 uM LG1069. Cells were
pelleted, washed and frozen at —20 °C till further use.
iPSC neurons: 250,000 DIV4 neurons/well of Matrigel-
coated 24-well plate were used. Treatment paradigm
was as described in the “iPSC neuron culture” section
above. RNA extraction was performed with mirVana™
miRNA Isolation Kit, without phenol (Thermo Fisher
Scientific #AM1561) as per manufacturer’s instructions.
RNA purity was then assessed through High Sensitivity
RNA Screen Tape assay in 2200 TapeStation system
(Agilent) and RNA concentrations were determined by
Nanodrop. cDNA was synthesized with SuperScript IV
VILO Master Mix (Invitrogen, #11756050) in a Thermal
cycler (BIORAD). TagMan RT qPCR was performed
using probes for SCD1 (Thermo Fisher Scientific
Hs01682761_m1, #4331182), SCD5 (Thermo Fisher
Scientific Hs00227692_m1, #4331182), SNCA (Thermo
Fisher Scientific Hs00240906_m1 #4331182), and
Beta-2-Microglobulin (B2M) (Thermo Fisher Scientific
Hs00187842_m1, #4331182). The reaction was run on
a QuantStudio Flex 7 qPCR system and the delta-delta
threshold cycle (AACt) calculations were made using
QuantStudio software (ThermoFisher Scientific).

Lipidomics. 1.5 million cells were plated in a 10 cm dish
(Corning) and allowed to adhere for 24 h. They were induced
for aS::YFP expression for 72 h and treated for 48 h with
vehicle (DMSO) or 2 uM LG1069. Uninduced, untreated
cells were used for baseline readings and grown in parallel to
treated cells. Cells were pelleted and counted. Equal numbers
of cells were collected for each condition, washed with PBS,
and stored at —80 °C until shipment to OmegaQuant (Sioux
Falls, SD). Phospholipid FA composition was analyzed at
OmegaQuant by gas chromatography with flame ionization
detection. Desaturation indices (DI) were computed as
ratio of product to substrate FAs for FADS2 (C18:3n6 to
C18:2n6 ratio), FADS1 (C20:4n6 to C20:3n6 ratio) and SCD
(C16:1n7 to C16:0, C18:1n9 to C18:0 ratios). DI values
computed for induced cells and induced/treated cells were
normalized to uninduced, untreated cells.

Statistical analyses. Statistical analyses were performed
by t-test (2 groups) with or without Welch’s correction or
one-way ANOVA (>2 groups) with Sidak’s or Dunnett’s
multiple comparison post hoc test. For non-parametric tests,
Kolmogorov—Smirnov test was performed. Grubbs method
(0.05) was used to identify outliers. Only one data point was
identified by this method and removed (Fig. 3A(FADS?2))..
The number of independent experiments (N) and p-value for
criteria of significance are described in the figure legends.
Values in graphs are mean =+ SD. All statistical analyses
were done using GraphPad Prism version 10 following the
program’s guidelines.
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Results

Pharmacological activation of RXR nuclear receptors
improves cellular health of aS-expressing human
neural cells

To search for an interplay between RXR activity and oS
in cellular models of PD, we took advantage of our pre-
viously reported [56] human M17D neural cells that, in
the presence of doxycycline (Dox), express YFP-tagged
WT aS (Fig. 1A). Our lab as well as other groups have
utilized human M17D cultured cells for therapeutic dis-
covery and validation [37, 56, 57]. The well-characterized
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Fig. 1 Effect of pharmacological RXR modulators on aS-expressing
M17D human neural cells. A Left, uninduced control (-) cells.
Right, doxycycline (Dox) induction of ‘tet-on” WT aS::YFP expres-
sion in M17D cells. Bright-field (cells identified by Incucyte live-cell
microscopy shown in orange) and YFP fluorescence images (inset)
at t=72 h. Scale bar, 100 pm. B Left, chemical structure of RXR
agonist LG1069. Right, cytotoxicity measured by lactate dehydroge-
nase (LDH) release assay in uninduced (=) vs. induced plus DMSO
vehicle-treated (Dox) vs. induced plus 1 pM LG1069-treated cells.
aS::YFP induction for 72 h post-treatment. Final readout of the LDH

small-molecule RXR agonist LG1069 (Fig. 1B, left), also
known as bexarotene, is an FDA-approved potent RXR
agonist currently used for treatment of cutaneous T-cell
lymphoma [61]. Beneficial effects of this small-molecule
RXR-agonist have also been reported in neurodegen-
erative models of Alzheimer’s disease, Huntington’s dis-
ease, ALS, and a 6-OHDA toxin-based model of PD [48,
51-53]. However, its potential benefits in aS-based models
of synucleinopathy and effects on aS itself have been unad-
dressed. To assess if LG1069 can ameliorate aS-related
cytotoxicity, human M17D cells were induced to express
WT aS::YFP in the presence or absence of LG1069, and
lactate dehydrogenase (LDH) release was measured as a
proxy for compromised cell health. aS:: YFP expression
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assays was absorbance at 490 nm, plotted relative to uninduced cells
(). N=4. C Chemical structure of RXR agonist HX630 and LDH
release assay analogous to B, but 1 uM HX630 was applied. Quan-
titation relative to induced vehicle-treated cells (Dox). N=3. D
Chemical structure of RXR agonist LG100754. LDH release assay
analogous to C, but 1 uM LG100754 was applied. N=4. E Chemical
structure of RXR antagonist HX531 and LDH release assay analo-
gous to C and D, but 1 pM and 5 pM HX531 were used. N=3. All
data are mean + SD. ns not significant, ***p <0.001, ****p <(0.0001
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markedly increased LDH release into the medium rela-
tive to uninduced cells, consistent with aS-related toxic-
ity (Fig. 1B, right). Addition of LG1069 attenuated LDH
release, indicating an improvement in cell viability and
reversal of oS toxicity (Fig. 1B, right). Next, we tested
additional pharmacological RXR agonists, HX630 [62]
and LG754 [63] in the LDH release assay. Treatment with
HX630 (Fig. 1C, Left) or LG754 (Fig. 1D, top panel) were
similarly associated with decreased LDH release and thus
improved cell viability (Fig. 1C, D). We reasoned that if
these beneficial effects were via RXR signaling, an RXR-
selective antagonist, HX531 [64] (Fig. 1E, Left), would
impact cellular health negatively. To test this hypothesis,
cells were treated with vehicle (DMSO) or increasing
concentrations of HX531 (Fig. 1E) and LDH release was
assayed. Indeed, an elevation in LDH release was observed
upon treatment with 5 uM HX531 relative to control cells
(Fig. 1D). The use of pharmacological modulators, both
agonists and an antagonist, collectively demonstrate that
signaling via RXR can alter the viability of aS-expressing
human neural cells and that small-molecule agonists of
RXR activity can mitigate aS-mediated impaired health
of these cells.

Pharmacological activation of RXR in aS-expressing
human neural cells reduces lipid droplet size
and decreases triglycerides

NRs are known to modulate cellular lipid metabolism
through targeted gene regulation [44, 65]. Lipids play an
important role in a number of cellular pathways associated
with PD such as oxidative stress, endosomal-lysosomal path-
way dysfunction, ER stress, and altered immune responses.
Indeed, several genes involved in lipid metabolism have been
identified in GWAS as risk factors for PD [66]. Lipidomic
studies have also reported PD-related lipid alterations in
both patient brains and plasma [25, 26, 67]. LDs are a central
hub for FA storage and metabolism in cells [68, 69]. They
consist of a core of neutral lipids, predominantly triacylg-
lycerols (TGs) and sterol esters, surrounded by a monolayer
of phospholipids. Accumulation of LDs within dopaminer-
gic neurons of PD patient brains has recently been reported
[41], implicating their relevance to PD. Given that NRs
modulate lipid pathways, and alterations in these pathways
are associated with PD, we asked whether pharmacological
activation of the RXR might impact LDs. We treated M17D
cells expressing oS:: YFP with the RXR agonist LG1069 and
visualized LDs with a neutral lipid dye (Lipidspot, Biotium)
by Incucyte live-cell imaging. Automated software was sub-
sequently used to quantify different parameters of LDs such
as count, size, and total integrated intensity (Fig. 2A). Com-
pared with uninduced cells, aS::YFP expression led to an
increase in size, number, and thus total integrated intensity
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of LDs (Fig. 2A). As a control, the addition of Dox to paren-
tal M17D cells did not affect LDs (Supplementary Fig. 1).
This indicated an aS-dependent effect, which is consistent
with studies in multiple model systems such as yeast cells,
Drosophila, and rodent neurons showing an elevation of LDs
upon oS expression (37-39). Next, treatment of aS::YFP-
expressing cells with LG1069 led to a reduction in LD size
while LD number was unchanged (or only slightly reduced),
resulting in decreased LD integrated intensity (Fig. 2A). To
confirm this effect, we used another RXR-agonist (HX630)
in the same experimental paradigm. HX630-treated cells
exhibited a reduction in LD size (Fig. 2B). In contrast, treat-
ment with RXR antagonist HX531 markedly increased LD
size (Fig. 20C).

LDs are ubiquitous organelles that serve as intracellular
stores by compartmentalizing lipids, mainly in the form
of TGs. We hypothesized that the smaller LDs observed
upon LG1069 treatment could therefore reflect a reduction
in cellular TG accumulation. To test this hypothesis, we
extracted total TGs from «S:: YFP-expressing human M17D
cells in the absence or presence of LG1069. Relative to
untreated cells, we observed a reduction in total cellular
TGs upon LG1069 treatment (Fig. 2D). Taken together, our
results suggest that RXR activation alters FA metabolism,
decreasing TG levels and thus LD size.

RXR modulation impacts FA desaturases
differentially

Targeted regulation of FA desaturases by NR ligands
[70-72] can lead to alterations in cellular lipid metabo-
lism. We, therefore, asked whether RXR agonism impacts
the activity of FA desaturases in our neuronal models. We
chose to focus on the key desaturases in humans, Delta5-
desaturase (D5D, also known as FADS1), Delta6-desatu-
rase (D6D or FADS2), and stearoyl-CoA desaturase (SCD,
also D9D), with D6D/FADS2 and SCD being implicated
in TG/LD metabolism [56, 73, 74]. These enzymes cata-
lyze the biosynthesis of monounsaturated FAs (MUFAs) in
the case of SCD and polyunsaturated FAs (PUFAs) in the
case of D5D and D6D by introducing double-bonds in the
fatty acyl chain. To assess the impact of RXR agonism on
FA desaturase activity, we administered LG1069 or vehicle
to aS::YFP-expressing M17D cells. Untreated, uninduced
cells were considered as the baseline control (indicated as
a grey dashed line in Fig. 3A). Lipids were extracted under
all three conditions (from uninduced/untreated cells, from
aS-induced only cells and from aS-induced/LG1069-treated
cells), hydrolyzed to individual fatty acyl chains, derivatized
as FA methyl esters, and quantified by gas chromatography
with flame ionization detection (GC-FID, OmegaQuant,
Sioux Falls, SD). This approach provided an unbiased
estimate of the ratio of the PUFAs gamma-linolenic acid
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LG1069 (1 uM). Incucyte live-cell microscopy (green: aS::YFP, red:
lipid droplets =LDs visualized by Lipidspot®'®. Middle left, Incucyte-
based quantification of LD size relative to uninduced untreated cells
(=). Middle right, quantification of LD count. Right, quantifica-
tion of LD integrated intensity. N=4. B Analogous to A, but RXR
activator HX630 (1 uM) was applied. Quantitation of LD size rela-

(18:3n-6) to linoleic acid (18:2n-6), which is related to
D6D desaturase activity (Fig. 3A, left graph). Conversion
of dihomo-y-linolenic acid (20:3n-6) to arachidonic acid
(20:4n-6) served as an indicator of D5D desaturase activity
(Fig. 3A, middle left graph). Lastly, the desaturation index
(DI; mono-unsaturated to saturated FA ratio) for FAs of 16
carbons (C16:0, palmitic acid; C16:1n7, palmitoleic acid;
Fig. 3A, middle right graph) or 18 carbons (C18:0, stearic
acid, C18:1n9, oleic acid; Fig. 3A, right graph) as a meas-
ure of SCD activity. Interestingly, induced expression of
aS::YFP led to a pronounced increase in D6D activity and
a smaller rise in SCD C16DI activity, with little effect on
D5D activity and or SCD C18DI activity (Fig. 3A). Treat-
ment with LG1069 resulted in significant reduction of D6D
activity, a modest decrease in D5D activity, and a subtle
augmentation in SCD C16DI and C18DI (Fig. 3A).

To better understand the distinct and contrasting effects
of LG1069 on LDs, TGs and SCD desaturation index, we
chose to consider both SCD1 (ubiquitously expressed) and
SCD5 (brain-specific expression), the two human isoforms
of SCD [74, 75]. We first asked whether the subtle increase
in SCD activity in response to LG1069 (Fig. 3A) correlated
with the expression of one or both SCD isoforms. WB
analysis of LG1069-treated vs. untreated cells suggested
that LG1069 modestly increases SCD1 protein levels
(Fig. 3B). Conversely, treatment with the RXR antagonist
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tive to induced vehicle-treated cells (Dox). N=3. C Analogous to
A, but RXR antagonist HX531 (5 pM) was applied. Quantitation
of LD size relative to induced vehicle-treated cells (Dox). N=3. D
Induced M17D/aS::YFP cells treated with vehicle or RXR activator
LG1069 (2 uM). Triglyceride (TG)/total protein quantification rela-
tive to vehicle control. N=3. All data are mean+ SD. ns not signifi-
cant, ¥*p <0.05. **p <0.01. ***p <0.001. ****p <0.0001. Scale bars,
20 pm

HX531 decreased SCD1 levels in a dose-dependent manner
(Fig. 3C). Because we were unable to validate commercially
available SCDS5-specific antibodies, we quantified the brain-
specific SCD5 enzyme (alongside SCD1) at the mRNA
level by quantitative PCR (qPCR) (Fig. 3F). Consistent
with protein levels, LG1069 also increased SCD1 mRNA
(Fig. 3F). In sharp contrast, SCD5 transcripts were
substantially reduced upon LG1069 treatment (Fig. 3F).
We next analyzed aS/FA interplay in response to RXR-
activation in PD patient-derived aS triplication iPSC neu-
rons as a cellular model of humans with PD. Increased
levels of aS via triplication of the endogenous aS locus
causes early-onset, severe PD [16]. To test whether RXR
agonism alters SCD1 protein levels similar to our obser-
vation in human M17D cells, aS triplication and isogenic
control neurons were treated with either vehicle or LG1069.
WB quantification revealed an LG1069-dependent increase
in SCD1 levels in aS triplication, but not in isogenic con-
trol neurons (Fig. 3D). Conversely, RXR antagonism via
HX531 led to a reduction of SCD1 levels in the triplication
neurons (Fig. 3E), signifying RXR pathway specificity. We
next asked how SCD5 transcript levels respond to RXR ago-
nism in the triplication neurons: similar to our observation
in human M17D cells, LG1069 agonist treatment induced a
decrease in SCDS transcripts (Fig. 3G). RXR activation with
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Fig.3 Activated RXR signaling impacts cellular fatty acid desatu-
rases differentially. A Fatty acid desaturase activities based on
desaturation indices (DI) in induced/vehicle (Dox) vs. induced/
LG1069 (Dox, LG1069) human MI17D/aS::YFP cells (baseline:
uninduced untreated cells set to 1). From left to right: Delta6 desat-
urase (FADS2) DI (C18:3n6 to C18:2n6 ratio), Delta5 desaturase
(FADS1) DI (C20:4n6 to C20:3n6 ratio), Delta9 desaturase (SCD)
DI (C16:1n7 to C16:0, C18:1n9 to C18:0 ratios). N=2. B Top, WB
analysis of SCD1 levels in uninduced and induced M17D/aS::YFP
cells, treated with vehicle DMSO or RXR agonist LG1069 (1 uM);
loading control: GAPDH. Bottom, quantification of SCD1/GAPDH
ratios in induced/LG1069 (Dox, LG1069) cells relative to induced/
vehicle treated cells (Dox, set to 1). N=3. C Analogous to (B), but
RXR antagonist HX531 (1 uM and 5 uM) was used. N=3. D Top,

LG1069 also led to a decrease in LD-associated protein,
perilipin-2 in the triplication neurons (Fig. 3H) [76].

Next, we assessed the implication of RXR agonism
on altered FA desaturase activity of SCD and FADS?2,
when considered together. The slight increase in SCD
activity in conjunction with substantial reduction of
FADS2 activity (Fig. 3A) points toward an altered MUFA/
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WB analysis of SCD1 levels in PD patient-derived aS triplication
iPSC neurons and isogenic control (Corrected), vehicle- vs. LG1069-
treated (1 uM). Bottom, quantification of SCD1/GAPDH ratios rela-
tive to the respective vehicle control (—; set to 1). N=3. E Analogous
to D, but RXR antagonist HX531 (3 uM) was applied to triplication
neurons. N=4. F qPCR analysis of SCD1 and SCD5 mRNA levels
in induced M17D/aS::YFP cells, vehicle (Dox)- vs. LG1069-treated
(2 uM; Dox/LG1069). N=3. G qPCR analysis of SCD5 mRNA lev-
els in aS triplication iPSC neurons, vehicle (—)— vs. LG1069-treated
(1 uM; LG1069). N=3. H Analogous to D, but WB analysis of per-
ilipin-2 (Plin2) and GAPDH; quantitation of Plin2/GAPDH ratio rela-
tive to untreated control (—). N=3. All data are mean+SD. ns not
significant, *p <0.05. **p <0.01. ***p <0.001. ****p <(0.0001

PUFA balance upon RXR-activation. In the phospholipid
membrane, incorporation of MUFAs can lead to
displacement of PUFAs. This is associated with reduced
lipid peroxidation, resulting in improved cellular health
[77,78]. To assess this aspect, we studied the widely used
marker 4-Hydroxynonenal (4-HNE) as a proxy for lipid
peroxidation. A reduction in 4-HNE signal was observed
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upon LG1069 treatment in both aS-expressing human
neural cells (Supplementary Fig. 2A) and patient oS
triplication neurons (Supplementary Fig. 2B).

Activation of RXR reduces aS accumulation
in human neural cells

Given the importance of aS in PD/DLB, we asked whether
RXR activation impacts oS per se (Fig. 4A). M17D human
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Fig.4 LG1069 lowers oS protein level with concomitant rise in
phosphorylation at S129. A Top, uninduced and induced M17D/
oS::YFP cells were treated with vehicle or the RXR activator
LG1069 (1 uM). WB to total aS (mAb 15G7), pS129 aS (pAb MJFR-
13), and GAPDH as a loading control. Middle, «S/GAPDH ratios
of Dox-induced vehicle-treated (Dox, set to 1) vs. LG1069-treated
cells (Dox, LG1069). Bottom, pS129/total aS ratios for the same
samples as in the middle panel. N=4. B Quantitative PCR (qPCR)
analysis of aS mRNA in Dox-induced M17D/aS::YFP cells treated
with vehicle (Dox, set to 1) or 1 pM RXR activator LG1069 (Dox,
LG1069). N=3. C Constitutively expressing M17D/aS cells were
treated with vehicle or the RXR activator LG1069 (4 pM). WB
to total aS (mAb 15G7), pS129 oS (pAb MJFR-13), and GAPDH

(loading control). Middle, «S/GAPDH ratios of vehicle-treated (set
to 1) vs. LG1069-treated cells. N=6. Bottom, pS129/total aS ratios
analogous to the middle panel. N=3. D Left, M17D human neural
cells transfected with aS 129A (phospho-deficient) or WT treated
with vehicle or the RXR activator LG1069 (2 pM). WB to total aS
(mAb 15G7) and GAPDH. Right, aS/GAPDH ratios of all 4 condi-
tions. N=3. E Top, WB to total aS (mAb 15G7), pS129 aS (pAb
MIJFR-13), and GAPDH for Dox-induced M17D/aS::YFP cells
treated with LG1069 in absence (Dox/LG1069) or presence of
0.1 uM PIk2 inhibitor TCS7005 (Dox/LG1069/TCS). Middle, quan-
titation of aS/GAPDH ratios. Bottom, pS129/total aS ratios. N=3.
All data are mean+SD. ns not significant, *p<0.05. **p<0.01.
*##%kp < 0.001. #*+**p <0.0001
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neural cells expressing aS::YFP were treated with vehicle
or LG1069, and lysates were probed for total S and phos-
phoserine-129 oS (pS129) by WB (Fig. 4A). Strikingly,
LG1069 treatment reduced aS levels. This was concomitant
with a rise in pS129 relative to untreated cells (Fig. 4A).
To ascertain whether the loss in aS signal was a result of
transcriptional repression or protein turnover, we subjected
the vehicle- and LG1069-treated cells to qPCR. No signifi-
cant change was observed in S transcript levels (Fig. 4B),
indicating that LG1069 treatment alters oS at the protein
level. Cells treated with the HX630 agonist similarly showed
reduced oS levels and increased pS129 vs. untreated cells
(Supplementary Fig. 3). To validate that the effect of RXR
agonism on aS is independent of dox induction and pres-
ence of the YFP tag, we next treated M 17D cells that stably
express untagged oS. Exposure to LG1069 again led to a
decrease in aS levels and an increase in pS129 (Fig. 4C).

To investigate the participation of pS129 in the
LG1069-mediated down-regulation of aS, we used two
complementary approaches: (i) a mutational approach by
converting serine-129 to alanine (S129A mutant); and (ii)
a pharmacological approach by using a potent inhibitor,
TCS7005, of PIk2 activity [79]. PIk2 is a serine/threonine
kinase known to phosphorylate oS at position S129 [80, 81].
We first expressed either WT or S129A mutant aS in human
neural M17D cells for 48 h prior to LG1069 treatment.
24 h post-treatment, WB revealed decreased aS WT
levels relative to vehicle alone, as expected, while S129A
abrogated the aS-lowering effect of LG1069 (Fig. 4D). Next,
when the P1k2 inhibitor TCS7005 was added to LG1069-
treated oS::YFP cells, we observed a reduction in pS129
levels and rise in aS level (Fig. 4E). Together, these data
indicate that the LG1069-mediated lowering of aS levels
is dependent on Plk2 activity and associated with S129
phosphorylation.

RXR agonist promotes lysosomal clearance of aS
in human neural cells

The ubiquitin—proteasome system (UPS) and the autophagy-
lysosomal pathway (ALP) are the major degradation path-
ways that cells use to maintain protein homeostasis. While
the UPS degrades most short-lived proteins [82], the ALP
is involved in the bulk degradation process by which longer-
lived macromolecules and dysfunctional organelles can be
cleared [83]. To determine whether the ALP is involved
in the RXR-mediated reduction of aS, we used a targeted
strategy. First, we asked whether acidic lysosome content
in cells was influenced by LG1069 treatment. We labeled
LG1069-treated and untreated aS::YFP-expressing M17D
human neural cells with LysoTracker Red, a fluorescent
dye that labels acidic cellular compartments, most notably,
lysosomes. Quantification of the LysoTracker fluorescence
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intensity revealed a significant increase in LG1069-treated
cells relative to untreated cells (Fig. 5A). We then examined
two commonly used markers of the ALP pathway, p62 and
microtubule-associated protein 1B light chain-3 II(LC3II).
Quantitative WBs of LC3II and p62 in lysates of LG1069-
treated vs. untreated cells showed an increase in LC3II and a
decrease in p62 levels (Fig. 5B and C). To corroborate these
findings, we tested whether pharmacological ALP inhibi-
tion would alter the observed reduction of aS by LG1069.
For this purpose, we chose 3-methyladenine (3-MA) and
ammonium chloride (AmCl), two widely used ALP inhibi-
tors [84]. Treatment with AmCl in the presence of LG1069
led to an increase in aS levels and a decrease in pS129 sig-
nal when compared to LG1069-only treated cells (Fig. SD).
A closely similar effect was observed upon treatment with
3-MA in presence of LG1069 (Fig. 5E). Our results indicate
that LG1069 enhances lysosomal clearance of oS in M17D
human neural cells.

Pharmacological RXR activation triggers lysosomal
aS clearance in patient-derived aS triplication
neurons

We next analyzed PD patient iPSC-derived oS triplication
neurons reflecting the chronic and endogenous aS state.
We differentiated aS triplication and corrected control neu-
rons to DIV17 and assayed total and pS129 aS levels in the
absence or presence of LG1069 by WB (Fig. 6A). Upon
treatment with LG1069, no significant change in aS levels or
pS129 was observed in the control neurons (Fig. 6A). How-
ever, in triplication neurons, LG1069 induced a decrease in
total aS levels and a relative rise in pS129 levels compared
to vehicle control (Fig. 6A). Conversely, treating the aS trip-
lication neurons with the RXR antagonist HX531, increased
aS levels and decreased pS129 relative to vehicle control
(Fig. 6B). LG1069 modestly reduced LDH release while the
RXR antagonist HX531 increased its release (Supplemen-
tary Fig. 4A and 4B, respectively). Collectively, these data
show that RXR signaling modulates levels of endogenous oS
in PD patient neurons and alleviates cytotoxicity. Given the
rise in pS129 upon LG1069-treatment, we investigated the
participation of Plk2 kinase. Pharmacological interference
using the small-molecule BI2536, which potently inhibits
PIk2 activity [85], led to a significant decrease in pS129 sig-
nal and a reversal of the LG1069-mediated reduction of aS
(Fig. 6C). These results are fully in line with our outcomes in
M17D human neural cells (Fig. 4E). Given our observation
in the M 17D human neural cells that the lysosomal pathway
is involved in oS turn-over, we asked if markers associated
with this pathway such as p62, LC3 and LAMPI1 are also
altered in the triplication neurons upon LG1069-treatment.
Comparison of LG1069- to vehicle-treated neurons showed
a decrease in p62 (Fig. 6D), an elevation of LC3 (Fig. 6E),
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Fig.5 RXR signaling pathway mediates lysosomal clearance of aS.
A Left, induced M17D/aS::YFP human neural cells were treated
with vehicle or the RXR activator LG1069 (1 pM) for 72 h. Visu-
alization of lysosomal content (LysoTracker; red) and aS::YFP fluo-
rescence images (green) at t=72 h. Scale bar, 25 pm. Right, quanti-
fication of LysoTracker signal integrated intensity relative to vehicle
treatment (set to 1). N=4. B Left, Analogous to A, WB to LC3 and
GAPDH (loading control). Right, quantification of LC3II/GAPDH
ratios relative to vehicle treatment (set to 1). N=4. C Analogous to
B, but WB to p62 and GAPDH. Quantification of p62/GAPDH ratios
relative to vehicle treatment (set to 1). N=2. D Top, induced M17D/

and increased levels of endogenous LAMP1 visualized by
immunofluorescence microscopy (Fig. 6F). Taken together
these observations suggest that RXR activation promotes
lysosomal clearance of endogenous aS in PD patient tripli-
cation neurons.

Discussion

The preponderance of genetic, GWAS, and histopathological
evidence highlights both the synaptic protein aS and
aberrations in lipid metabolism as key players in PD
pathobiology. Therefore, modulating both oS biology
and lipid metabolism could serve as useful strategies for
therapeutic intervention in PD and other synucleinopathies.

aS::YFP cells were treated with vehicle, LG1069 (2 uM) or LG1069
(2 M) + ammonium chloride (AmCl, 30 mM). WB to total aS (mAb
15G7), pS129 oS (pAb MJFR-13), and GAPDH (loading control).
Middle, quantification of «S/GAPDH ratios relative to vehicle treat-
ment (set to 1). Bottom, pS129/total aS ratios relative to vehicle treat-
ment (set to 1). N=3. E Analogous to D, but 3MA (10 mM) instead
of AmCI was used. Top, WB. Middle, quantification of aS/GAPDH
ratios relative to vehicle treatment (set to 1). Bottom, pS129/total
oS ratios relative to vehicle treatment (set to 1). N=4. All data are
mean + SD. *p <0.05. **p <0.01. ***p <0.001. ****p <0.0001

Here, we focus on modulating the RXR nuclear receptor
signaling pathway and assess its impact on both oS and FA/
lipid biology in cellular models of PD.

NRs form a unique superfamily of transcription
factors that bind intracellular ligands and cell-permeable
extracellular ligands directly. Thus, activated NRs have
the capability to translate both environmental changes and
intracellular metabolic alterations into distinct physiological
responses by regulating gene expression. Malfunctioning
NRs cause a wide array of diseases and inherited disorders
[43, 86]. Their ligand-responsive nature renders NRs
susceptible to modulation by synthetic ligands, which
currently make up nearly 16% of all FDA-approved drugs
[87].
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Fig.6 Treatment of PD patient-derived oS triplication neurons with
RXR pathway modulators. A Top, WB to total aS (mAb 4B12), phos-
pho-serine129 oS (pAb DIR1R) and GAPDH (loading control) levels
in patient-derived oS triplication iPSC neurons and isogenic control
(Corrected), vehicle vs. LG1069-treated (1 uM). Middle, quantifi-
cation of total «S/GAPDH ratios, relative to the respective vehicle
control (set to 1). Bottom, pS129/total aS ratios relative to vehicle
treatment (Ctrl, set to 1). N=4. B Analogous to A, but 3 utM RXR
antagonist HX531 was applied to triplication patient neurons. Middle,
aS/GAPDH ratios relative to vehicle treatment (Ctrl, set to 1). Bot-
tom, pS129/total aS levels relative to vehicle treatment (Ctrl, set to
1). N=4. C oS triplication neurons treated with LG1069 (1 uM) or
LG1069 (1 uM) plus PIk2 inhibitor BI2536 (P1k2i, 0.5 uM). WB to
total aS (mAb 4B12), pS129 oS (pAb DIRIR), and GAPDH (load-

To evaluate RXR signaling in PD-relevant cellular
models, we leveraged the availability of several different
small-molecule activators (LG1069/bexarotene, LG754,
and HX630) and an RXR-antagonist, HX531, in our well-
validated Dox-inducible aS:: YFP expression system [56] in
M17D human neural cells and PD patient-derived neurons.
We found that RXR agonism using the aforementioned acti-
vators ameliorates aS-induced cytotoxicity as evidenced by a
reduction in LDH release (Fig. 1B-D). In contrast, treatment
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ing control). Middle, quantification of aS/GAPDH ratios relative to
LG1069 treatment (set to 1). Bottom, pS129/total aS ratios relative
to LG1069 treatment (set to 1). N=2. D Analogous to A, but WB
to p62 and GAPDH. Quantification of p62/GAPDH ratios relative
to vehicle treatment (Ctrl, set to 1) in aS triplication neurons. N=2.
E Analogous to D, but WB to LC3 and GAPDH. Quantification of
LC3/GAPDH ratios relative to vehicle treatment (Ctrl). N=3. F
aS triplication neurons, vehicle (Ctrl, left two images) vs. LG1069
(right two images). LAMP1 immunofluorescence (IF; green) or
LAMPI1 + p3-tubulin IF (red); nuclei were visualized via DAPI stain-
ing (blue). Scale bar, 15 um. Quantification of LAMP1 integrated
intensity relative to vehicle (Ctrl). N=3. All data are mean+SD. ns
not significant, *p <0.05. **p <0.01. ****p <(0.0001

with the HX531 antagonist worsened aS-associated cytotox-
icity (Fig. 1E). The elevated toxicity seen upon aS expres-
sion was accompanied by LD abundance (Fig. 2A). This
is in keeping with studies in multiple model systems rang-
ing from yeast and Drosophila to rodent neurons, where
expression of aS leads to LD accumulation [37-39]. In
primary cortical neurons, a connection between aS cyto-
toxicity, lipids, and LD has also been reported [37]. In addi-
tion, a number of PD patient brains have been reported to
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have significant neuronal LD accumulation by postmortem
examination [41]. Interestingly, treatment of aS-expressing
MI17D human neural cells with RXR agonists (LG1069 and
HX630; Fig. 2A-B) reversed the aS-triggered increase in
LD size, while pharmacological inhibition of RXR activity
with the antagonist HX531 led to a further increase in LD
size (Fig. 2C). These results suggest that both aS and RXR
pathway can influence LDs. We previously identified TG and
diglyceride abundance to be associated with excess cellular
aS and the accumulation of LDs [37]. Therefore, we asked
if the reduction in LD size might influence cellular TGs and
found a significant decrease in total cellular TGs upon treat-
ment with LG1069 (Fig. 2D), suggesting that LD size serves
as an indicator of TGs in the context of RXR activation [88].

NR agonists have been reported to modulate FA
desaturases such as SCD and FADS2 [70-72]. FA
desaturases play an important role in mobilizing cellular
lipids. Our unbiased lipidomic approach revealed that
activated RXR strikingly decreased FADS?2 activity, and
mildly increased the desaturation index of MUFAs, i.e.,
SCD activity (Fig. 3A). A decrease in FADS2 activity has
been linked to reduced FA re-esterification [73]; in the RXR
agonism paradigm, this could potentially limit re-formation
of TGs. One adverse outcome of RXR agonism could be
build-up of free FAs leading to lipotoxicity. However,
we did not see evidence of overt cytotoxicity of RXR
activation in our cellular models of PD. Instead, we observed
reduced cytotoxicity upon RXR-activation (Fig. 1B-D,
Supplementary Fig. 4A-B). We favor a scenario where FAs
can potentially be channeled upon RXR agonism to improve
FA oxidation. In support, LG1069-activated NR have been
documented to improve mitochondrial oxidative metabolism
and bioenergetics, leading to neuroprotection in a mouse
model of Huntington’s disease [51]. However, additional
studies are required to assess whether RXR modulation
causes this effect in oS PD models.

In addition to FADS2, we found that RXR agonism
differentially impacts the two human isoforms of SCD,
SCD1 and SCD5. While SCD1 levels were elevated, those
of SCDS5 were downregulated by RXR agonist (Fig. 3).
Upregulation of SCD1 has also been noted upon ablation
of SCD2 (murine ortholog of human SCDS5) in mice [87].
Increased SCD1 levels likely explain the observed rise
in the MUFA (C16, C18) desaturation index upon RXR
activation (Fig. 3A). This is not entirely unexpected, since
a similar rise in SCD1 transcript was seen upon LG1069
administration in a model of Huntington’s disease [51].
A decrease in SCDS5 level by RXR agonism makes this
homolog an unlikely contributor to the increased MUFA
desaturation index. However, we see a concurrent decrease
in LD size upon RXR agonism (Fig. 2A-B), potentially
supporting a role of SCDS5 in LD function. This observation
is in keeping with a study that identified SCD5 in a screen

of ~ 18,000 human genes as a gene whose reduction leads
to smaller LDs [89]. In corroboration, we also find that
levels of perilipin-2, an LD-associated protein, is reduced
in LG1069-treated patient neurons (Fig. 3H). Our study
is the first report connecting SCDS5 to LD in presence of
RXR activation. The differential effects on FA desaturases
SCD and FADS?2 imposed by RXR agonism indicated an
altered MUFA and PUFA balance in the cell. Our data raise
the possibility that modest MUFA accumulation by virtue
of increased SCD activity in conjunction with reduced
FADS2 (PUFA) activity could decrease lipid oxidation,
thereby reversing one toxic mechanism by which aS may
cause cellular stress. In support, we found that activation
of RXR leads to reduced 4-HNE signal (Supplementary
Fig. 2A-B). This would predict an associated reduction in
cytotoxicity. In agreement, we found an improvement in
membrane integrity and cell viability upon treatment with
several RXR-agonists (Fig. 1; Supplementary Fig. 4A). Our
data reveal a previously uncharacterized connection between
FA desaturases (SCD, FADS?2) and lipid oxidation as effects
of RXR agonism [90].

oS is strongly implicated in the pathogenesis of PD.
Strikingly, we found that RXR agonists reduced the protein
levels of aS in both our models: M17D human neural cells
and PD patient-derived triplication neurons (Fig. 4A; 6A;
Supplementary Fig. 3). This effect was reversed with use of
the RXR antagonist HX531 (Fig. 6B). Collectively, these
data provide the first evidence of RXR signaling influencing
aS turnover in cellular models of PD. Concurrent with
decreased oS levels upon RXR-activation, our data revealed
a rise in phosphorylation of aS at residue S129 (Figs. 4A,
C; 6A). This pattern was reversed by the antagonist HX531
(Fig. 6B). Pharmacological inhibition of Plk2 negated the
effect of RXR pathway activation on aS and pS129 (Figs. 4E;
6C). In accord, the phosphorylation-preventing S129A aS
mutant lost its ability to be downregulated by RXR agonism
(Fig. 4D). These data implicate pS129 and associated
P1k2 kinase activity in mediating oS turnover. While
pS129 has been largely associated with neurotoxicity and
pathology by virtue of its occurrence in LBS/LNs, emerging
evidence suggests a physiological role separate from that
in LB pathology. For example, brain pS129 is elevated
in environmentally enriched mice exhibiting enhanced
hippocampal long-term potentiation [91]. Neuronal
stimulation also enhances Plk2 kinase activity that triggers
a sustained increase of pS129 in cultured neurons without
overt cytotoxicity [91]. In the latter study, pS129 appeared
to fine-tune the balance between excitatory and inhibitory
neuronal currents. In yeast, the non-phosphorylatable form
of aS, S129A, is more toxic and forms more inclusions than
does its WT counterpart [92], suggesting that serine 129
phosphorylation is beneficial in this scenario. In addition,
in a rodent PD model [93], S129A expression exacerbates
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aS-induced nigral pathology, whereas phosphorylated aS
attenuates aS-induced nigrostriatal degeneration. As for
RXR-mediated pS129 accumulation, further work is needed
to understand how Plk2 becomes activated to modulate aS
phosphorylation.

To delineate the pathway for aS turnover, we altered
the lysosomal degradation pathway with either 3-MA
or ammonium chloride as pharmacological inhibitors.
Both compounds abrogated the RXR agonism effects
(Fig. 5D-E). We found several indications of lysosomal
pathway activation upon RXR activation such as an increase
in LysoTracker staining, increased autophagy-lysosomal
marker LC3, elevated LAMPI intensity, and decreased
p62 levels (Figs. SA—C; 6D-F). Taken together, our data
suggest that RXR activation triggers lysosomal clearance
of aS and is associated with a rise in pS129. In line with
our observations, blocking S129 phosphorylation has been
reported to cause impaired autophagic clearance of aS in
yeast [94]. Moreover, in mammalian cells and rodents,
increasing the level of pS129 by overexpressing Plk2
promoted lysosomal degradation of aS [85]. Suppression
of dopaminergic neurodegeneration and reversal of motor
impairments were also observed in this PIk2 over-expressing
rodent model, supporting a beneficial role of pS129.

As an FDA-approved drug for T-cell lymphoma, the RXR
agonist LG1069/bexarotene, has been explored in models
of Alzheimer’s disease, Huntington disease, ALS, and a
6-OHDA toxin-based PD model, with various reports of
improvements in behavioral symptoms, memory, neuronal
loss, and neurotrophic signaling (48, 51-53, 95, 96).
However, RXR pathway activation has been under explored
in aS-based models relevant to PD/DLB. Our study in
cellular models of PD-relevant aS dyshomeostasis is a novel
step in this direction. Here, we have not only used the widely
reported agonist LG1069/bexarotene as proof of principle
but also utilized other agonists and an antagonist to quantify
the consequences of the RXR signaling pathway relevant to
lipid metabolism and oS homeostasis. RXR partners with
other NR to manifest its effects, so we will next determine
the heterodimeric partner for RXR in mediating the
observed effects and help target more molecularly specific
pathways. We will also focus on dissecting the influence
of RXR activation on other genetic and sporadic forms of
synucleinopathy. Finally, we will search for in vivo efficacy
of appropriate small-molecule RXR agonists in PD mouse
models to establish potential clinical suitability.
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